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Hydrogels composites composed of chitosan and activated carbon were prepared for
medical applications using the vapor-induced phase separation process. Since the
gelation process involves mass exchanges between the polymer solution and the air,
the kinetics of mass transfer were investigated through experimental and modeling
approaches. Among the formulation and process parameters, gravimetric measure-
ments exhibited that mass transfers were mostly controlled by the initial ammonia
partial pressure. A nonisotherm mass-transfer model was developed to predict the non-
solvent and solvent exchange rates, therefore, the water and ammonia concentration
profiles within the sample during the process. The numerical results were successively
validated with gravimetrical kinetic curves obtained in a chamber where the process
parameters were controlled. The model aimed also at predicting the pH moving front
along the film thickness. The gelation time could also be predicted for different
operating conditions (formulation and process parameters). © 2009 American Institute of
Chemical Engineers AIChE J, 56: 1593-1609, 2010
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Introduction

Chitosan is the deacetylated form of chitin, a natural
biopolymer mostly extracted from the shells of crustaceans.
After a treatment with concentrated sodium hydroxide or
potassium hydroxide, amino groups are produced along the
initial chitin chain structure leading to chitosan. Thus, the
main difference between chitin and chitosan comes from
the degree of acetylation (DA). Below 60%, the polymer is
called chitosan, whereas it is termed chitin for DA over
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60%."* Due to its numerous biological properties, this poly-
mer is widely studied in the field of wound healing dress-
ings.*® Thus, it has been proven that chitosan under the
hydrogel form could be efficient to cure burns, and that this
material was well tolerated and promoted a good tissue
regeneration.”

Activated carbon (AC) is obtained by heat treatment of
various natural precursors (coal, peat, coconut and wood). A
physical thermal oxidation (pyrolysis followed by an oxida-
tion by steam), or a chemical one (impregnation by a min-
eral agent followed by a pyrolysis), enables to develop a
high-specific surface, going from 500 to 2,000 mz/g.8 The
internal structure of AC is constituted by micropores (diame-
ter of pores lower than 2 nm) and mesopores (between 2 and
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50 nm). In addition to this porous structure, activated carbon
presents oxygen functional groups at the periphery of carbon
layers, which may be involved in adsorption mechanisms.”'°

Composite hydrogels made of both chitosan and AC have
not been studied yet in the medical field. However, a few
works mention the use of this composite for water treatment
applications. Thus, chitosan-encapsulated AC beads were
prepared to adsorb dyes and humic acid from aqueous solu-
tions.'! The Cr (VI) removal from synthetic wastewater
using activated carbon modified with chitosan was also stud-
ied."? Besides, the same kind of adsorbent was used to
remove heavy metals from industrial wastewater.'> As the
feasibility of chitosan-AC composites has been successfully
investigated in water treatment applications, it is believed
that it would also be of great interest to use these composites
for another application related to the medical field: the
wound dressings. Depending on their structure and composi-
tion, some dressings may simply absorb exudates, while
others may inhibit the colonization of microorganisms, but
the search for a material that eliminates both odor and exu-
dates still continues. Actually, chitosan would be used for its
numerous biological properties among which its bioactivity,
its bioresorbability and its biocompatibility. The application
of chitosan hydrogel would interact with and protect the
wound ensuring a good, moist healing environment.'*"* AC,
an efficient adsorbent, would permit to adsorb organic mole-
cules responsible for unsuitable odors. These are the differ-
ent small molecules such as short chain organic acids or
amines like cadaverine or putrescine representing a major
problem for patient.zo’21 Its role would be to ensure an effec-
tive odor control. Finally, chitosan-AC hydrogels would
permit to eliminate both exudates and odors. Over the past
30 years, different odor controlling dressings have been pro-
duced. A comparative study of adsorption performances was
even carried out by Thomas et al.?® However, at present,
there is no product which associates in the same dressing
biological properties and adsorption properties of odors.
Nevertheless, recent studies interested in chitosan-carbon
nanotubes hybrid materials for future biomedical applica-
tions.?>*? According to these studies, the goal would be to
combine the properties of the materials. However, both AC
and carbon nanotubes are very different adsorbents leading
to different types of composites with chitosan.

To prepare chitosan hydrogels, the most commonly used
process is the wet process also called the immersion/precipi-
tation process.z‘F28 It consists in solubilizing the polymer in
an acidic aqueous solution, the acetic acid, most of the
time.>” In a second step, the polymeric solution has to be
submitted to a basic media (sodium hydroxide) to induce the
gelation. The use of an enzymatic process is also mentioned
in literature, but it is not as widespread as the previous one
for chitosan gelation.30 In this case, the basic media permit-
ting the gelation to occur is produced in situ. Some rare
works also mention the chitosan gelation from gaseous am-
monia.”?" This process is the so-called vapor-induced phase
separation (VIPS) process, mainly used to prepare organic
membranes and films from synthetic polymer.** In this
process, nonsolvent vapors penetrate the polymeric solution
and induce the phase separation. It leads to the film forma-
tion with specific pore characteristics depending on several
parameters among which the polymer concentration,** the
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nonsolvent partial pressure in the nonsolvent atmosphere,*>

and the exposure time to the nonsolvent vapors.®'*

The main advantage of the VIPS process is to slow down
the mass transfers involved in the film formation, compared
to more classical elaboration processes such as the wet
process for which the liquid/liquid transfers involve fast sol-
vent-nonsolvent exchanges. Furthermore, using the VIPS
process induces lower solvent extraction rate from the poly-
meric system, and is responsible for slower gel formation;
indeed, the polymer chains stay into contact with a good
solvent during a longer time than for the wet process. In
addition, the VIPS process allows a better control of the
mass-transfers mechanisms, and, therefore, of the gel struc-
turing, which is crucial considering the targeted application:
the wound dressings. With regards to this application, such
hydrogels should be composed of several lalyers.3 A porous
layer, in contact with the wound, allows maintaining a
perfect humidity above it and an efficient drainage of the
exudates. A dense layer, in contact with the atmosphere, pre-
vents a hypothetic bacterial infection to occur. Nevertheless,
it still permits the gas transfers and more specifically the
oxygen transfer, which is necessary to healing. Using the
VIPS process makes possible to prepare at least the homoge-
neous cellular porous layer which will permit water and exu-
dates exchanges since this kind of structure has already been
observed for synthetic polymers.*-"*

Although there is no study reported in the literature con-
cerning the modeling of a natural polymer gelation using
nonsolvent vapors, several works focussed on the modeling
of the vapor induced phase separation for thin films fabrica-
tion. Such modeling studies used the Flory-Huggins theory
to describe thermodynamics and multi-component diffusiv-
ities, in order to simulate the mass transfers within the film.
A first isotherm mass transfer model was developed for the
ternary poly(vinylidene fluoride)/dimethyl formamide/water
system which aimed at predicting the evolution of the con-
centration profile during the film formation.*® Then, another
isotherm model was developed for the quaternary water/N-
methylpyrrolidone (NMP)/poly(ether sulfone) (PES)/poly-
vinyl pyrrolidone (PVP) system.40 This model helped to bet-
ter understand the classical asymmetric structures observed
in the membranes. Later, a nonisotherm model was devel-
oped to integrate the coupling between mass and heat trans-
fers. It was applied for four different systems: cellulose ace-
tate/acetone/water, (vinylidene fluoride)/dimethyl formamide/
water, polysulfone/N-methyl-2-pyrolidone/water and poly
(ether imide)/N-methyl-Z-pyrolidone/water.41 The effect of
the process parameters (relative humidity, air flow rate, tem-
perature) was investigated. Nevertheless, these works
involved only water as the nonsolvent, because all polymers
were highly soluble in an organic media and so, very hydro-
phobic. Moreover, the membrane formation did not involve
a chemical reaction.

To the best of our knowledge, the preparation of hydro-
gels from natural polymer with a control of the process
parameters (temperature, nonsolvent partial pressure) mean-
ing a control of the final structure in terms of porosity was
never carried out. Moreover, the modeling approach was
never applied to the gelation process induced by nonsolvent
vapors. The scope of this work is also to better quantify the
mass-transfer rates during the gelation process by comparing
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Table 1. Physicochemical Properties of Chitosan

Batch Viscosity (¥) M,,
Producer Number DA (%) at 298 K (Pa:s)  (g/mol)
France Chitine 342 20 0.1 180,000

DA: acetylation degree; M,,: molecular weight in weight; (*) given by the producer.

numerical and experimental data. The first part of this article
presents the model which includes a coupling between mass
and heat transfers. The numerical results are then validated
using gravimetric data performed inline during the process.
Last, the model is used to (1) predict the concentration
profiles within the polymer solution during the gelation, (2)
to follow the pH moving front along the film thickness, and
(3) to quantify the gelation time that depends on the process
parameters.

Methodology
Materials

Chitosan and Active Carbon. Chitosan produced from
shrimp shell wastes (batch N° 342) was supplied by France
Chitine Co. (France). It has a 20% degree of acetylation
(producer data and proton magnetic nuclear resonance mea-
surement). Molecular weights were assessed by size exclu-
sion chromatography and multiangle laser light scattering
(MALLS) using TSK-gel G-4000 PWXL and G-6000 PWXL
columns and an IsoChrom LC pump (Spectra Physics). The
columns are connected to a Waters 410 (Waters-Millipore)
differential refractometer. CH;COOH-ammonium acetate
buffer at pH 4.3 is used as eluent. The MALLS detection
was obtained by means of a Wyatt Dawn F detector on line,
operating at 632.8 nm. The polymer solutions (0.1% w:v)
were filtered on a 0.22 um pore-size cellulose acetate
membrane (Millipore) before injection by means of an
injection loop (50 um). Properties of chitosan are given in
Table 1.

Powdered active carbon used in this study is a commer-
cial product from the Pica Co. (St Maurice, France). Its
pore characteristics were determined from N, adsorption
isotherms at 77 K performed with a Micromeritics 2010 an-
alyzer after degas for 48 h at 573 K. The theories of Bru-
nauer et al., Horvath and Kawazoe, and Barrett et al. were
used to calculate specific surface area, micropore volume
and mesopore-size distribution, respectively.“44 The pH at
which the activated carbon surface has no charge (pH at
the point of zero charge or pHpyc) is another important
feature. Its determination was carried out according to the
so-called pH drift method: 100 em® of distilled water solu-
tion was placed in erlenmeyer flasks, and the pH was
adjusted to a value between 1 and 13 by adding HCI or

NaOH 0.1 mol/L. Then a weight of 0.1 g of active carbon
was added, and the final pH was measured after stirring
during 24 h at 293 + 2 K. The pHpyc is the point where
the curve pHgna VS. pHinigar crosses the line pHgngy = pHinma].45
Finally, the surface acidity and basicity of AC particles
were quantified using the Boehm methodology. These
parameters were determined for two main reasons. First,
acetic acid has to be used to solubilize chitosan. The acetic
acid amount must be as close as possible as the stoechio-
metric one, to avoid the polymer hydrolysis that might
occur when the acid is used in large excess. 2240 Thus, the
required amount of acid had to be calculated considering
both the amino-groups on the chitosan and the basic groups
on AC particles surface. Second, acid functions might influ-
ence the concentration gradient of the basic media used to
induce the polymer gelation. Characteristics of the AC used
are given in Table 2.

Methods
Preparation of solutions

The methodology used to prepare the composite solutions
was described in detail in previous work.?® Briefly, chitosan
solutions were obtained by dissolving chitosan powder,
mixed with AC powder, in an acetic acid solution (Laurylab)
to achieve protonation of the polymer. The final chitosan
concentration ranged from 3 to 4% (w:v), whereas the AC
concentration was lower, between 0 and 1.3% (w:v). The
mixture was then stirred for 24 h and stored at 4°C.

During this step, the chemical reaction involved is as
follows

Chit-NH; + AcOH < Chit-NH{ + AcO~ (1)

where Chit-NH, is the chitosan under insoluble form. It reacts
with acetic acid (AcOH) to produce Chit-NH7 , the quaternium
chitosan soluble in water and the acetate ion (AcO™).

Preparation of hydrogels using the VIPS
gelation process

The process is composed of four main elements (Figure 1).
A double walled chamber (Legallais, France) was specially
designed for this application. An external heater, made of a
water bath, permits to set and keep constant the temperature
inside the chamber containing the diluted ammonia solution.
The ammonia vapors will induce the gelation of the chitosan
solution by successive absorption-diffusion mechanisms.
The composition of the gaseous phase above the gel remains
the same because the temperature is well controlled and the
chamber is closed. Initial relative humidity was also mea-
sured for each experiment and ranged between 96 and 98%
4+ 1%. A balance (Precisa XB 320 M, Balco) is placed
below the chamber and allows following inline the sample
weight during the process. Finally, a data acquisition system

Table 2. Physicochemical Properties of Active Carbon

Producer  Diameter (um)  Sggr (mz/g) Vo (cm3/g) % micropore volume  pHpyc  Basic Functions (mol/g)  Acid Functions (mol/g)
Pica 5-60 1,744 1.13 25 9.8 8910°* 291077

Sget: specific surface area; V,: pore volume; pHpzc: pH at the point of zero charge.
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Figure 1. Schematic of the VIPS reactor used in this work.

(Balint) records the mass variations at predefined time steps.
These mass variations should be mainly due to the solvent
(water) and nonsolvent (ammonia) exchanges. Ammonia is
the gelation agent and is first absorbed at the air-solution
interface before transferring by diffusion toward the bottom
of the sample.31 Consequently, a global mass intake is
expected to occur, as it has been previously reported in the
case of membranes formation by the VIPS process.’>
Water transfer could also be involved in the global mass
variation, since it could evaporate depending on the ratio
between the water chemical potential in the solution and in
the gas phase (directly linked to the relative humidity).
Nevertheless, the driving force to this transfer by evapora-
tion should be quite weak in this work because of both the
high-water content in hydrogels, and high-relative humidity
in the gas phase. Finally, a syneresis phenomenon, linked
to the water transfer, and, thus, to a mass variation, might
be expected.47

To prepare the hydrogels, 5 (£0.1) g of the polymeric
solution were poured into a 5 cm inner dia. Petri dish, and
then exposed to ammonia vapors in the closed chamber. The
inner atmosphere of the chamber was presaturated with
ammonia vapors for 1 h before starting the gelation process.
The exposure time to vapors ranged from 4 to 24 h depend-
ing on the experiment. Final thickness was about 2.5 mm.
Then, the samples were rinsed with deionized water and
stored in deionized water at 277 K until use.

The different operating conditions used to prepare the gels
are gathered in Table 3.

Environmental scanning electron
microscopy observations

The produced gels were observed by a Phillips XL 30
environmental scanning electronic microscope (Figure 2).
Whatever the formulation, the polymeric matrix is composed
of symmetric cellular pores (diameter <20 um). These pores
should allow a control of the relative humidity above the
skin, which is required for an efficient healing. In addition,
activated carbon seems to be homogeneously distributed
within the composite, permitting to avoid breaking points
that might be responsible for a low-mechanical strength of
the composites.
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Theory
Geometry and assumptions of the model

The geometry considered for the model is illustrated in
Figure 3. The initial liquid system consists of chitosan and
AC in an acetic acid solution. This liquid system is cast onto
a glass Petri dish placed on the stainless steel plate of the
balance. Gelation from ammonia vapors is governed by a
perpendicular flux. The solvent (water) may simultaneously
evaporate from the system in a perpendicular direction. The
gas phase over the system is characterized by the bulk
temperature 7, (K), the relative humidity, RH (%), the vapor
pressure of each volatile compound P,; (Pa), and the heat-
transfer coefficient ;" (W/m*K). Concerning the gas phase
next to the bottom of the Petri dish, it is characterized by T,
RH and hg"w“.

The basic assumptions of the model are (1) one-dimen-
sional (1-D) diffusion; (2) no chitosan nor AC transfer to the
air side; (3) uniform temperature throughout the system; (4)
ideal gas behavior at the air side; (5) gas-liquid equilibrium
at the air-film interface; (6) no chitosan nor AC interactions
on the activity of the other species; and (7) no chitosan nor
AC interactions on the transport mechanisms.

Thermodynamic model

The thermodynamic model used in literature for ternary
component system is based on the Gibbs free energy of mix-
ing, expressed according to the Flory-Huggins theory.***! In
these works, the classical polymer concentration used for
preparing porous or dense membrane ranged from 10 to 30%

Table 3. Process Parameters

Ammonia
Concentration Relative Exposure
in the Liquid Temperature Humidity Time to
Gel  Phase (% p:p)  of the Bulk (K) (%) Vapors (h)
A 1.625 £ 0.001 303.15 £ 0.5 98 £1 24
B 1.625 £ 0.001 303.15 £ 0.5 97 £ 1 24
C 0.875 £ 0.001 293.15 £ 0.5 9 + 1 4
D 1.625 £ 0.001 293.15 £ 0.5 98 £ 1 6.5
E 1.625 £ 0.001 313.15 £ 0.5 98 £+ 1 4
F 1.625 £ 0.001 293.15 £ 0.5 97 £ 1 6.5
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Figure 2. ESEM observations of the composite hydrogels.

(a) Surface observation, [chitosan] = 4% (w:v), [AC] = 0% (w/v), (b) surface observation, [chitosan] = 4% (w:v), [AC] = 1.3% (w/v),
and (c) cross section observation, [chitosan] = 4% (w:v), [AC] = 1.3% (w/v).

in weight. In this case, the polymer concentration is dramati-
cally lower, since it ranges from 3 to 4% w:v. Consequently,
it is relevant to expect that the polymer does not strongly
affect the water chemical potential in the solution. In addi-
tion, as far as we know, data such as the interaction parame-
ters between chitosan and water and between chitosan and
ammonia have not been reported. Hence, another thermody-
namic model was adopted to describe the gas/polymeric sys-
tem interface equilibrium: the ammonia (NH3) vapor-liquid
equilibrium. The numerical data related to the partial pres-
sure of NH3 over aqueous solutions of NH3, depending on
the mass fraction of ammonia and the temperature, were
found in literature.*®

Mass-transfer model coupled to chemical reactions

When ammonia vapors penetrate into the polymer solu-
tion, ammonia first reacts with acetic acid that was initially
mixed with chitosan with a slight excess to perfectly solubi-
lize the polymer. Then, ammonia reacts with chitosan. This
reaction involves a proton transfer from the quaternium chi-
tosan (Chi-NH7), formed during previous solubilization of
chitosan in acidic media, to the base (NH3) leading to the
gel matrix formation (Chit-NH,), and to the ammonium ion
(NHI) Reaction 2 (Eq. 2) occurs before reaction 3 (Eq. 3)
because AcOH is a stronger acid than Chit- NH (Ko acomy
aco—y = 10772 vs. Ko cnirnis +ichiennz) = 107°%)

AcOH + NH3 & AcO~ + NH 2)
Chit-NH + NH3 < Chit-NH, + NH; 3)

Seven species are, thus, involved in mass-transfer model,
coupled to chemical reactions, considering Eqs. 2 and 3, and
water, the main component of the hydrogels.

Although the acid/base reactions should not represent the
limiting step of the whole process, they were taken into
account to ensure a better modeling of the mass-transfer
mechanisms.*’

The local continuity equation for each component can be
written as follows, if assuming binary Fickian diffusion
within the matrix

Ip;
ot

+ v( l/mvPi) =R, i=1to7 (4)
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where p; (kg/m3) is the local concentration of component i,
and D, (m?*/s) is its mutual diffusion coefficient within the
matrix. R; is a reaction term. Subscripts (7) refer to (1) NH3, (2)
H,0, (3) Chit-NH7, (4) Chit-NH,, (5) AcOH, (6) AcO~, and
(7) NH;. The assumption of binary Fickian diffusion was
consistent since the polymer and the AC concentrations are
very low (<4% w:v and <1.3% w:v, respectively), therefore,
they were assumed not to influence the water and ammonia
transport phenomena.50

However, in this work, Chit-NHgr and Chit-NH, were
supposed not to take part in diffusion phenomena since
the diffusion of the polymer chains was assumed to be
negligible. For both species, Eq. 4 can be simplified as
follows

p;

a5 —Ki &)

As water is not involved in the chemical reactions, its
specific continuity equation can be simplified

T, hy*,RH,P,;

Water and ammonia transfers

LT

Chitosansolution

Glass

sesesssssnnnn H_

Tb, h bdovm

Figure 3. Schematic of the model.
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Considering a general reversible system involving j reac-
tions and i species, the reaction rates r; (mol/m’s) can be
described by the mass action law

=k I "% [ < @)
icreactants ieproducts

where &, and k,r- denote the forward and reverse constants,
respectively. The concentration of species i is denoted as ¢; (mol/
m?). The stoechiometric coefficients are denoted v;; and are
defined as being negative for reactants and positive for products.
The rate of mole variation for a given specie integrates a
contribution from each reaction in which the specie is

involved, so that
R,‘ = Z V,'jl'j (8)
j

Furthermore, initial and boundary conditions must be writ-
ten to solve the system.
The initial conditions apply

p1(0) = ®
p3(0) = Py (10)
p3(0) = p3 (1D
p4(0) = pio (12)
p5(0) = p3o (13)
P6(0) = pgo (14)

p7(0) = (15)

The boundary conditions can be written as follows, assum-
ing impermeable interface at the bottom of the domain (x =
0, solution/substrate interface), and liquid/vapor equilibrium
at the upper interface, (x = H,, solution/air interface)

Ji=0 fori=1t07 (16)
Jo=k[p{(Ty) =i ()] a7
T2 = ka[p5(T) — p5(T)] (18)
Ji=0 fori=3to7 (19)

where J; (kg/mz-s) is the flux of specie i, k; and k, (m/s)
the ammonia and water external mass-transfer coefficients.
P and pi(f) (kg/m3) are the initial concentration and the
concentration of 7 in the polymeric system, respectively. p{
and p§ (kg/m3) are the concentration of ammonia and water
in the external phase (atmosphere). pi and p5 depend on
the bulk temperature. The concentration of these two
species at the interface will be noted pi and pb,
respectively. p) and p) depend on the solution temperature.
In Eq. 19, the acetic acid evaporation is neglected since its
initial amount is very low and it is assumed to quickly
react with ammonia. In addition, the concentrations of water
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and ammonia in the gas phase and at the interface can be
expressed as follows

Py (Tp) x M,

ph == (20)

pj = L) X My @1
o = RH x PSZ(TTb) X M, 22)
gy = Pl T) X M 23)

where, Py,; (T,) is the external saturating vapor pressure of i,
M; the molecular weight of i (kg/mol), and R (J/mol-K) the
ideal gas constant.

Heat-transfer model

During the gelation process, the temperature may change,
mainly due to the water vaporization and ammonia absorp-
tion. Several parameters involved in the mass-transfer
phenomena coupled to chemical reactions depend on the
temperature among which the diffusion coefficients and the
reaction kinetic constants. Hence, it is believed that a better
modeling of the experimental data will be reached including
a coupling between heat and mass transfers in the model.
Since the Biot number was found to be lower than 0.01 for
the numerical conditions (3.3 10°), uniform temperature
was assumed throughout the polymeric system (basic
assumption n°3). A lumped parameter approach was applied
to predict the global heat transfer rate*!

dr WP (T =Tp) + B (T = Ty) +J1AH +J2AH

dt pCpsH; + ngngg + P5sCPssH s

(24)

where p (kg/m®) and Cp (J/kg'K) are the density and heat
capacity, respectively. Subscripts s, g and ss refer to the
polymeric solution, the glass substrate and the stainless steel
plate, respectively. AH,; and AH,, (J/kg) are the heat of
vaporization of ammonia and water, respectively. T (K) is the
temperature of the system, and 7}, (K) is the bulk temperature.
H,, H, and H, (m) represent the solution, the glass Petri dish,
and the stainless steel plate thicknesses, respectively.

Determination of mass and heat-transfer coefficients

The mass-transfer coefficient for free convection of com-
ponent k; can be determined from the empirical correlation
given by Yip and McHugh*'

kiLL'yair,/m 0.25
——=0.2 I d¢; 2
MDy), 0.27(Gr Sc;) (25)
where Gr is the Grashof number, Sc; is the Schmidt number
related to 7, Dy, (m2/s) is the mutual diffusion coefficient of i
in the gas phase, L. (m) the characteristic length of the
interface and y,;;, the log-mean mole fraction difference of
air. The Schmidt number has its standard definition. It is the
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gel A - [chit] =4 % (w:v): [AC] = 0% = gelB - [chit] = 4 % (w:v); [AC] = 1.3 % (w:v)
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Figure 4. Influence of AC on gravimetric kinetics.

W(t) = weight, and W, = initial weight. [NH3]soution = 2%
(w:w); T = 303 K; tyips = 24 h.

ratio between the cinematic viscosity and the diffusion
coefficient. The Grashof number incorporates both the
temperature and the concentration effects on the variation in
the gas-phase density.5] It is expressed as following

L} 1 )
Gr = =8P ——x(apT“) x (T —T))
lua pa Py

(5 () xe-w)| o)

1

where g (m/sz) is the acceleration due to gravity, p, (kg/m3) is
the air density in the gas phase, and u, (Pa-s) is the dynamic
viscosity of air.

The free convection heat-transfer coefficients for the differ-
ent species are also determined using empirical correlations

hL.
Ja

=0.27(Gr Pr)°® (27)
where /, (W/m-K) is the thermal conductivity of air, and Pr is
the Prandtl number. This dimensionless number can also be
calculated using its standard definition. It is the ratio between
the kinematic viscosity and the thermal diffusivity.5 !

Numerical algorithm

The coupled equations, corresponding to mass transport,
heat transfers and chemical reactions, and the associated
boundary conditions were solved numerically using finite
element software: COMSOL Multiphysics. 3.5. Fine meshes
could be employed, thanks to a fast resolution for unidirec-
tional geometry. The mesh was, thus, refined in the zone of
the gas/system interface, where the concentration gradients
were expected to reach maximum values. In addition, a vari-
able time step was used.

Results and Discussion
Experimental results

A global result can be given concerning the kinetic curves
behaviors (Figures 4 to 6). Each gravimetric kinetic can be
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Figure 5. Influence of nonsolvent partial pressure on
gels gravimetric kinetics.

W(t) = weight; W, = initial weight, and typs = 4 h; [chito-
san] = 3.25% (w:v).

divided into two parts, each one corresponding at least to
one specific phenomenon as previously observed when
applying the VIPS process to other systems.35

As the chemical potential of NH3 in the polymeric solu-
tion is assumed to be zero at the beginning of the experi-
ment, there is an ammonia inflow into the liquid film result-
ing in a weight intake (Eq. 17). The ammonia reacts with
the quaternium chitosan formed during the dissolution step,
and then gelation occurs (Eq. 3). Ammonia keeps on trans-
ferring from the vapor phase to the gel phase until the am-
monia chemical potentials in the gel and in the vapor phase
become equal. The decreasing part of the curves corresponds
to a water outflow (Eq. 18). The mass-transfer rate is also
reduced compared to initial ammonia inflow since the water
chemical potential gradient is lower.

Influence of AC on gravimetric study

Figure 4 compares gravimetric curves obtained for a chito-
san hydrogel and a composite chitosan-AC hydrogel. The
only difference between both experiments corresponds to the

4 gelD - [chit] = 3.25 % (w:v) < gelF - [chit] =3.75 % (w:v)
—gel D - [chit] = 3.25 % (w:v), simulation—gel F - [chit] = 3.75 % (w:v), simulation
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1.000

WW,

0.998

0.995

(] 5000 10000 15000 20000
Time (s)

Figure 6. Influence of chitosan concentration on gels
gravimetric kinetics.

W(t) = weight; W, = initial weight, and tyips = 6.5 h;
Pz = 1368 Pa.
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AC amount, all the other parameters, i.e., the initial chitosan
concentration, the bulk temperature, the ammonia concentra-
tion in the solution and the exposure time to the nonsolvent
vapors, being the same.

This result clearly shows that AC does not influence the
global mass exchanges during the gel formation. As a matter
of fact, the consistence of the basic assumption considering
that AC does not play any major role on the whole gelation
process is proved. However, if AC had more surface acidic
functions, then it might be possible to notice a difference in
terms of ammonia intake because these functions would be
neutralized by the basic vapors used to induce the gelation.
Thus, the ammonia gradient should be slightly higher in the
case of the composite gel, leading to a different kinetic
curve.

Influence of nonsolvent partial pressure (Pngs3)
on gravimetric curves

Three different partial pressures were tested: 737, 1368
and 3342 Pa (Figure 5). To create the ammonia vapors, the
ammonia concentration in the liquid bath ranged from
0.875% to 1.625% in weight. These values are in the same
order of magnitude as those reported in previous work using
ammonia to induce gelation.”’

The ammonia partial pressure plays a key role on the
time needed to induce a complete gelation. For the lowest
value of the partial pressure (737 Pa), the weight of the
matrix keeps on increasing during the whole experiment.
When this pressure is set to 1368 Pa, a maximum is
reached after 2 h (7,200 s), and then, the weight of the
system slowly decreases. Finally, for the highest ammonia
partial pressure (3342 Pa), the matrix weight quickly
increases, and a maximum is reached after only 10 min
(600 s), then, the global mass decreases until the end of
the process.

These gravimetric curves highlight the influence of the
nonsolvent partial pressure, which controls the driving force,
as well explained by Caquineau et al. who studied the influ-
ence of the relative humidity in porous membrane formation
using the poly(ether imide)/N-methyl-2-pyrolidone/water sys-
tem.>> In their work, water was the nonsolvent. They exhib-
ited different gravimetric behaviors when RH value was
increased. Furthermore, different gravimetric kinetics under
different RH were also reported in another study dealing
with membrane formation by VIPS process and using
another system (polysul’fone/N—methyl-2-pyrolid0ne/water).52

In this work, the maximum sample weight is reached ear-
lier when increasing the ammonia partial pressure since the
ammonia concentration gradient between the gas phase and
the air/solution interface is higher. As a result, the driving
force for mass transfers is higher leading to higher mass-
transfer rates during the first minutes. In addition, the maxi-
mum value reached in each case is in the same order of
magnitude (w(f)/wo = 1.0025). It can be explained by the
fact the initial polymer amount is the same for each
experiment. It means that the number of protonated sites on
chitosan which are involved in the chemical reaction with
ammonia is the same. In addition, AcOH remaining from the
equilibrium reaction of chitosan solubilization is the same
too.

1600 DOI 10.1002/aic

Published on behalf of the AIChE

Influence of chitosan concentration
on gravimetric curves

The goal of this experiment was to investigate whether
the polymer concentration could significantly influence the
gravimetric kinetics. The choice of the concentration range
was made from previous experiments. With this specific
chitosan batch (342), gels prepared by the VIPS process with
a 3% w:v concentration lead to breakable composites,
whereas for polymer concentration higher than 4% (w:v), the
solutions were too viscous to allow their homogeneous
casting. Thus, it was decided to prepare gels with two inter-
mediary concentrations: 3.25 £ 0.01% and 3.75 £+ 0.01%
(w:v).

An increase of the chitosan concentration is expected to
increase the maximum weight intake since more sites are
available to react with ammonia leading also to higher
ammonia intake. Figure 6 presents the two gravimetric
kinetics obtained for the two different initial chitosan con-
centrations: 3.25 + 0.01% and 3.75 £+ 0.01% (w:v). In terms
of protonated sites, these concentrations correspond, respec-
tively, to the following values: 1.49 107! molcpi.npg3/L and
1.71 107! molcpinas. /L. A slight difference in terms of
weight intakes is observed: the maximum w(#)/w, values are
1.0022 + 0.0001 and 1.0031 =+ 0.0001, reached after 2.2 h
(7,920 s) and 3.5 h (12,600 s), respectively. The maximum
of the curve is reached earlier for the lowest polymer con-
centration, as expected, since the amount of protonated sites
was decreased at lower polymer concentration.

Thus, this parameter slightly affects the gravimetric
kinetics during the gel formation. Moreover, the chitosan
concentration has an effect on the interactions between the
intermolecular chains, since at higher polymer concentrations
the junctions between the polymer chains will be enhanced.
It could also control the final morphology of the hydrogels.
Indeed, as reported in a study on the polysulfone/N-methyl-
2-pyrolidone/water system, it was shown that the pore sizes
were strongly affected by the concentration of the initial
polymer solution.>” When the polymer concentration is
higher, the polymer solution viscosity is higher too and,
thereby, the mobility of the polymer chains is reduced.

Simulation results

An appropriate usual method to follow gelation of chito-
san matrices is rheology. A continuous measurement of both
the storage modulus and the loss modulus during the gela-
tion process permits to define the gel point by plotting the
two moduli at one specific frequency over time.>' Such a
method is very useful to follow the gelation, from a mechan-
ical point of view, since as soon as the storage modulus
becomes higher than the loss modulus, elastic properties
responsible for the gel behavior dominate. Then, it is con-
venient to study the influence on the gelation kinetics of dif-
ferent parameters such as the degree of acetylation or the
polymer concentration. In this case, the gelation is induced
by a pH change due to ammonia intake into the chitosan
solution, and its diffusion toward the bottom of the sample.
Locally in the chitosan solution, as soon as the pH becomes
high enough, the protonated sites of the chitosan chains react
with ammonia leading to the gelation. This phenomenon is
expected to occur quasi immediately after the contact with
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(a) Pnuz = 737 Pa; [chitosan] = 3.25% (w:v), (b) Pngs = 1368 Pa; [chitosan] = 3.25% (w:v), and (c) Pyuz = 3342 Pa; [chitosan] =

3.25% (w:v).

the basic media. Indeed, no delay time is expected in the
gelation process as reported when a chitosan solution is
added dropwise to a basic coagulation liquid.’*>* Thus, the
knowledge of the equilibrium constant of the chemical
reaction involving Chit-NH3 and NH;, and the prediction of
the pH variation inside the solution during the process can
be used in a first approach to predict the moving rate of the
gelation front.

In this section, the results concerning the mass-transfer
simulations are presented in order to discriminate the main
phenomena involved in gelation. A better understanding of
transfers responsible for the final hydrogel morphology is
also expected by analyzing the concentration profiles of all
species.

Gravimetric kinetics
Three main parameters control the external transfers, for a
given chitosan concentration: the ammonia partial pressure
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in the atmosphere, the external mass-transfer coefficients and
the relative humidity. The ammonia partial pressure in the
gas phase above the system controls the ammonia transfer
between the atmosphere and the gas/solution interface,
whereas RH controls the water exchanges between the
atmosphere and the solution. For one specific experiment, all
parameters are known from the operating conditions, the
literature or directly calculated with the model. However, the
value of the relative humidity is more difficult to estimate
with enough accuracy by experimental method. Actually,
this parameter was experimentally estimated with a probe
with a 1% experimental error. Besides, the RH value is
expected to control the water transfer rate (by evaporation)
that is mainly visible in the second part of the gravimetric
curve, after the ammonia intake. During this second step
characterized by a constant drying period, the curve has a
linear trend. Since the sensibility of the slope to the RH
value is very high, the relative humidity will be used in the
numerical model to fit the decreasing part of the gravimetric
curves.
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(a) Pz = 737 Pa; [chitosan] = 3.25% (w:v), (b) Pnuz = 1368 Pa; [chitosan] = 3.25% (w:v), and (c) Pnyz = 3342 Pa; [chitosan] =

3.25% (w:v).

Although a slight difference is observed between
experimental and simulated data, the model gives accurate
predictions comparing to experimental results as shown in
Figures 5 and 6.

Thus, the initial assumption considering that only water
and ammonia are involved in external mass transfers is
relevant (Eqs. 17 and 18). However, because (1) the initial
RH was high (more than 96%), and (2) water is the main
component of the system (>96% in weight), it was previ-
ously expected that the water chemical potential difference
would be low, inducing rather low-water concentration
gradients. Thus, the analysis of ammonia concentration
gradients should be more helpful for a better understanding
of transfers.

Since both experimental and numerical data are in fairly
good agreement, the numerical model could be used to go
beyond in the analysis. Gravimetric kinetics only represents
the global result of the local transfers and chemical reactions
phenomena involved in the gelation. Therefore, concentra-
tion profiles were predicted vs. time using the model in order
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to precise the local mass transfers involved for the different
parts of the kinetic curves.

Ammonia concentration profiles

Figure 7 presents the ammonia concentration profiles over
time for different ammonia partial pressures in the atmos-
phere above the system. Whereas for Pyyz; = 1,368 Pa
(Figure 7b), and Pyy; = 3342 Pa (Figure 7c), ammonia is
available at the bottom of the film (x = 0) after less than
2,600 s (43 min), and about 5,000 s (1 h 23 min), respec-
tively, this is not the case for Pyys; = 737 Pa (Figure 7a).
For this specific operating condition, ammonia reaches the
bottom of the film after 18,000 s (5 h). High-initial ammonia
partial pressures induce high-transfer rates and so, high-
initial ammonia gradients. As a result, ammonia is quickly
available in the whole system thickness to react with chito-
san. On the contrary, for low-ammonia partial pressure, low-
concentration gradients are responsible for the delay in the
ammonia penetration deeper in the chitosan solution. This
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Figure 9. pH profiles.

(a) Pz = 737 Pa; [chitosan] = 3.25% (w:v), (b) Pyuz =
3.25% (w:v).

difference in terms of ammonia availability is also put in
evidence in Figure 8, which reports the ammonia fluxes (J;)
during the first hour of the gelation process. It is confirmed
that (1) gelation is induced by an ammonia inflow, and (2)
the ammonia amount transferred from the gas/solution inter-
face to the solution depends on the initial ammonia partial
pressure, which is also expected to control the time to reach
a complete gelation in the system. In addition, Figure 7
shows that the ammonia transfer mostly happens in the first
three hours (t < 10,800 s) for nonsolvent partial pressure
>1368 Pa with strong concentration gradients in the first
hour. Then, the profiles tend to be flat indicating that the
concentration gradients decrease between the chitosan solu-
tion and the gas phase.

PH profiles

Another way to follow the gelation and to predict the
minimum gelation time is to investigate the progression of
the pH front in the polymeric system. Throughout the pro-
cess, a change of pH happens linked to ammonia diffusion
and chemical reactions occurring in the system. Thus at

AIChE Journal June 2010 Vol. 56, No. 6

Published on behalf of the AIChE

2 25 3

x10°

1368 Pa; [chitosan] = 3.25% (w:v), and (c) Pnyz = 3342 Pa; [chitosan] =

time ¢, the value of the pH depends on the location in the
system.

When ammonia transfers from the vapor phase to the
matrix (Eq. 17), the pH increases because of the dissociation
of ammonia in aqueous phase, described by the following
equation

NH3 + H,O < NH} + OH~ (28)

where OH™ represent the hydroxide ions.

A pH variation is responsible for the gelation process as
explained in literature.®>>>® Thus, measuring the pH or
simulating these data is also a convenient method to follow
the gelation kinetics. Figure 9 presents the pH profiles
obtained for different ammonia partial pressures. At the be-
ginning, the pH is low (<5.5) because chitosan is under
soluble form, since acidic aqueous media (AcOH) was ini-
tially added to protonate chitosan amino groups (Eq. 1). It
was previously shown that when adding a strong base to a
chitosan solution, chitosan remains in soluble state up to a
pH in the vicinity of 6.2. However, further basification
(pH > 6.2) systematically led to the formation of a hydrated
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Figure 10. Chit-NH, concentration profiles.

(a) Pnus = 737 Pa; [chitosan] = 3.25% (w:v), (b) Pniz = 1368 Pa; [chitosan] = 3.25% (w:v), and (c) Pyuz = 3342 Pa; [chitosan] =

3.25% (w:v).

gel-like precipitate.56 The precipitation or gel formation was
due to the neutralization of chitosan amine groups (Eq. 3), and
the consequent removal of repulsive interchain electrostatic
forces which subsequently allowed for extensive hydrogen
bonding and hydrophobic interactions between chains.

From these considerations, gelation can be reached in the
whole matrix as soon as pH > pK,. However, no exact
value, as far as we know, is reported in the literature
because it depends on the chitosan properties such as its
DA.' The chitosan dissociation degree also influences the
pK, since values ranging from 6.1 to 6.7 for different disso-
ciation degrees are reported.”’ Considering data available in
literature, pK, = 6.4 was chosen in this study. The pH pro-
files are, thus, helpful for a better approach of the gelation
time since it is considered that the gel is totally formed
when pH > pK, in the whole thickness of the matrix. For
Pnps = 737 Pa (Figure 9a), pH becomes higher than the
critical value in the full thickness after 18,500 s (5.1 h). For
Pnus = 1368 Pa (Figure 9b), pH = pK, for an exposure
time to vapors ranging from 5,300 s to 5,400 s (1.5 h),
whereas less than 2,600 s (43 min) are required to complete
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the gelation when Py;;; is increased to 3342 Pa (Figure 9c).
These results can be compared to previous conclusions con-
cerning the ammonia concentration profiles. In each case,
the duration required to reach the gelation pH in the whole
system is in the same order of magnitude of the time
required by ammonia to reach the bottom of the system.
Thus, it confirms the fact that the chemical reaction kinetics
are not the limiting step of the process since as soon as am-
monia is in contact with the acidic species (AcOH and Chit-
NHY), neutralization occurs leading to a fast increase of pH
value.

Chitosan concentration profiles

Figure 10 presents the concentration profiles of Chit-NH,.
Since the chemical reactions are clearly not the limiting step
of the process, as soon as the different species come into
contact, meaning as soon as ammonia transfers from the gas-
liquid interface to the liquid, proton exchanges happen very
quickly between the acid, Chit-NHY, and the base, NH;.*
The result is the formation of their conjugated species,

June 2010 Vol. 56, No. 6 AIChE Journal
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Figure 11. Water concentration profiles.

(a) Pnyusz = 737 Pa; [chitosan] = 3.25% (w:v), (b) Pyuz = 1368 Pa; [chitosan] = 3.25% (w:v), and (c) Pnuys = 3342 Pa; [chitosan] =

3.25% (w:v).

Chit-NH, and NH} , respectively. The higher Py, the faster
these concentration fronts will move from the top to the
bottom of the sample. Thus, for the highest value (Pyyz =
3342 Pa), Chit-NH, is present in the whole film thickness in
less than 3,000 s (Figure 10c) whereas for Pyyz = 737 Pa,
almost 18,000 s are required (Figure 10a).

Whatever the operating conditions, the gelation will start
at the top of the sample. The lifetime of this biphasic system
(gel and liquid) depends on Py3, because it controls the
ammonia transfer driving force. For hybrid process involving
simultaneously VIPS and wet process, different authors have
shown that the exposure time to nonsolvent vapors is a cru-
cial factor influencing the final films morphology.32’35 Thus,
different cellular structures have been obtained for different
exposure time to nonsolvent vapors. Although the works
reported in the literature mainly concerned phase inversion
mechanism, it is expected that the exposure time could have
a significant effect on the final gel properties if the sample
was immersed into a pure water bath too early. Indeed, the
immersion should be done once the gelation is finished along
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the whole thickness of the sample. It is also very important
to develop experimental or numerical tools in order to
estimate this gelation time, and then the exposure time to
the nonsolvent vapors.

Water concentration profiles

Concerning the water concentration profiles, Figures 11
and 12 confirm that water evaporates from the matrix for all
operating conditions. The concentration gradient is at maxi-
mum at the beginning of the process. It means that in the
first part of gravimetric kinetics (Figures 4-6), a water out-
flow and an ammonia inflow happen simultaneously. The
ammonia inflow is the predominant phenomenon during this
initial period, resulting in a global system weight increase.
No major difference is observed when the nonsolvent partial
pressure increased. Globally, the low-water chemical poten-
tials difference between the gas phase and the solution is the
same. Therefore, the model input values were almost the
same too, resulting in similar water concentration profiles,
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almost flat. Because water concentration profiles are very
similar whatever the operating conditions, they can be
neglected in the whole matrix structuring. Besides, the very
low-evaporation rate of water will be assimilated to a drying
step in smooth conditions. However, despite low-transfer
rate, the water evaporation is responsible for heat transfer
since its vaporization enthalpy, AH,,, is almost twice the
heat of condensation of ammonia, AH,;, (AH,, = 23 310
J/mol and AH,, = 40 608 J/mol).

Discussion about the concentration profiles
and the pH front

The results concerning the concentration profiles can be
useful to go further in the explanation of the matrix forma-
tion since the presence of local concentration gradients
should be linked to the final gel morphology. Previous work
insisted on the fact that the mechanisms for the symmetric
morphology formation was difficult to explain. Such studies
have linked the symmetrical morphology to the flat concen-
tration profiles of the components involved in the film elabo-
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ration.>” Concerning the wet process, fast exchanges between
solvent and nonsolvent are assumed to be responsible for the
macrovoids formation, which are not acceptable for wound
dressings. Thereby, such exchanges lead to the formation of
a polymer concentrated region near the interface between the
solvent and nonsolvent leading to the formation of a dense
layer.52 Using the vapor induced phase separation process,
the mass-transfer rates are reduced, especially for the solvent
extraction when a solvent with low volatility is chosen. In
this work, the gelation process is induced by ammonia
vapors, and the most important parameter is the ammonia
diffusion rate within the chitosan solution. A symmetric
morphology could be expected if the ammonia diffusion rate
would be slow enough to allow the gelation to occur in the
same conditions in the whole sample thickness. The ammo-
nia concentration profiles (Figure 7) and the moving rate of
pH front (Figure 9) clearly indicated that the mass-transfer
rate were slow, whatever the ammonia partial pressure.
These results confirm that symmetric morphologies and regu-
lar structures can be expected for the final chitosan gels when
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using the VIPS-gelation process. Such results are in agreement
with previous works dealing with the VIPS process for poly-
meric membrane formation, even though the elementary
mechanisms are weakly different, involving no chemical reac-
tion and phase inversion rather than gelation.35 37

One of the major interests of this modeling approach is to
reach data that would be very difficult to get by experimen-
tal methods. Indeed, the VIPS-gelation process was shown to
reduce the mass-transfer rates, leading to symmetric gel
structures, but after the exposure to ammonia vapors, the
chitosan gels are washed in water bath before use. If the wet
process induces a very fast gelation after immersion in the
ammonia bath, the VIPS-gelation process permits to delay
the gelation in the whole sample. It is also necessary to con-
trol the duration of the VIPS stage before the following
washing stage. Modeling the moving rate of the pH front
helps quantifying this gelation time, and the whole process
can be optimized.

Actually, for a low-ammonia partial pressure, Figures 7a,
9a and 10a point out that ammonia is available in the whole
film thickness after almost 18,000 s (5 h), whereas the gel is
expected to be formed earlier at the top surface. Such a
delay is not expected to modify the final gel morphology,
but it is crucial to quantify it with a fairly good precision.
For higher ammonia partial pressures (3342 Pa), the time to
reach complete gelation in the whole thickness is strongly
reduced (<43 min).

Furthermore, a drying of the gel simultaneously occurs
since the chemical potential of water is weakly higher in the
gel than in the air. However, due to the very high RH in the
chamber, this drying stage is performed in very smooth con-
ditions and is also not expected to disturb the gel properties,
even if the VIPS-gelation process is long (24 h). This was
confirmed by the water concentration profiles predicted by
the model (Figure 11), which exhibited very weak concentra-
tion gradients along the sample thickness.

Thus, this new work highlights the complexity to link the
concentration profiles to the final structure in a system involv-
ing chemical reactions leading to gelation, since nothing is
reported in the literature on the VIPS process applied to gela-
tion. In other classical systems, concentration fronts would
permit to conclude on the formation of asymmetric porous
structure. In this specific system, rapid reactions lead to fast
gelation once the ammonia comes into contact with the proto-
nated sites of the chitosan chains. A gelation process con-
trolled by slow mass transfers should also lead to symmetric
structures. Thus, intensive characterization studies will have to
be linked to the simulation results to complete this work.

Conclusions

The understanding of the gel formation and the control of
the final porous structure using the VIPS process and the
modeling tools represent a great challenge. Although the
process is known and the materials, chitosan gels and AC,
are widely used, the VIPS process applied to gelation had
never been done before.

In this work, the formation of chitosan-activated carbon
composite hydrogels by VIPS process was studied through-
out the gelation, using inline gravimetric measurements.
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Whatever the operating conditions, the same gravimetric
behavior was observed. In first part, global increasing of the
system weight occurred, due to an ammonia inflow. It was
followed by a weight loss which was the consequence of
water evaporation.

Different results could be highlighted:

1. The AC particles used do not influence the gravimetric
kinetics.

2. The ammonia partial pressure plays a key role on the
gravimetric behaviors since its increase results in decreasing
the time required to reach the maximum system weight. Ge-
lation time is, as a consequence, lower.

3. Increasing the polymeric concentration results in
increasing the protonated functions to be neutralized by the
ammonia. Thus, the ammonia intake during gelation is
higher at higher polymer concentration.

A nonisotherm mass-transfer model coupled to chemical
reactions was proposed assuming Fickian diffusion and no
chitosan nor AC influence on the water and the ammonia ac-
tivity. It exhibited fairly good agreement with the experi-
mental data obtained inline in the fabrication chamber. The
numerical model permitted to predict the concentration pro-
files of all species. Strong concentration gradients were pre-
dicted for ammonia because it transferred slowly from the
top to the bottom of the matrix. The ammonia transfer
induced a rise of the pH, which permitted chitosan to turn
from soluble (Chit—NH;) to insoluble form (Chit-NH,), and,
thus, gelation to occur. The Chit-NH, concentration profiles
were very pronounced too, leading to concentration fronts.
The water concentration profiles were almost flat whatever
the ammonia partial pressure and the RH value because of
very low-chemical potential difference between the gas
phase and the solution. Following the pH moving front along
the film thickness allowed predicting the gelation time in dif-
ferent conditions. This is crucial for the whole process since
the hydrogel is washed into a water bath after being exposed
to ammonia vapors. The gelation time was shown to be
reduced when the ammonia vapor pressure was increased.

Further works are being performed concerning the charac-
terization of the porous structure by ESEM changing the
operatory conditions. To make it possible, hydrogels will
have to be previously dehydrated with a process allowing a
low shrinkage and as a consequence a low destructuring.
Simulation should be linked to ESEM observations. If obser-
vations of gels prepared under low-ammonia partial pressure
conditions show a global symmetric structure, as expected,
then the composites will form the porous layer in contact
with the wound and another layer, made of a dense structure
will have to be applied above it. Thanks to the conclusion
given by this study, all these works put together should lead
to the optimization of the operating conditions to obtain a
suitable hydrogel for the targeted application.

Notation

¢; = concentration of /, mol/m’
Cp, = heat capacity of glass, J/kg-K
Cp, = heat capacity of the polymeric solution, J/kg-K
Cpys = heat capacity of inox, J/kg-K
Dj;, = mutual diffusion coefficient of i in the gas phase, m?/s
D;;,, = mutual diffusion coefficient of i within the matrix, m>/s
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g = acceleration due to gravity, m/s’
Gr = Grashof number
h = heat-transfer coefficient, W/m>K
K" = heat-transfer coefficient at the air side, W/m>-K
h}l)"‘”“ = heat-transfer coefficient at the bottom of the system,
W/m*K
H, = glass Petri dish thickness, m
Hg = polymeric system thickness, m
Hg, = stainless steel plate thickness, m
AH,; = heat of vaporization of i, J/kg
J; = mass flux of i, kg/m2~s
k; = mass-transfer coefficient of i for free convection, s/m
k’: = forward rate constant of reaction j (its units depend on the
order of the reaction)
ki = reverse rate constant of reaction j (its units depend on the
order of the reaction)
K, ama—) = acid/base equilibrium constant between AH and its
conjugate form A~
L. = characteristic length of the interface, m
M; = molecular weight of i, kg/mol
Pr = Prandtl number
P,; = saturating vapor pressure of i, Pa
P,; = vapor pressure of i, Pa
r; = reaction rate of j, mol/m3-s
R = ideal gas constant, J/mol-K
R; = rate expression for a given specie i, its units depend on the
orders of the reactions in which i is involved
RH = relative humidity in the atmosphere in the reactor, %
Sc¢; = Schmidt number
T, = temperature of the bulk, K
Yairym = log-mean mole fraction difference of air
4o = thermal conductivity of air, W/m-K
v;j = stoechiometric coefficient of specie i in reaction j
pa = air density, kg/m?
p, = density of the glass Petri dish, kg/m3
ps = density of the solution, kg/m*
pss = density of the stainless steal plate, kg/m?
p;i(t) = concentration of i, kg/m3
pio= initial concentration of i, kg/m3

pS = concentration of i in the external phase, kg/m®
pi = concentration of i at the interface, kg/m®
1, = dynamic viscosity of air, Pa-s
AcOH = acetic acid
AcO~ = acetate ion
Chit-NH7 = chitosan under soluble form
Chit-NH, = chtiosan under gel form
NH; = ammonia
NH, = ammonium ion
OH~ = hydroxide ion
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