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The formation of chitosan hydrogels using experimental and modeling approaches are described. Chitosan gelation was
induced by an ammonia intake from a liquid phase (wet process) or a gaseous phase (vapor process), involving three steps:
(i) external mass transfer at the interface, (ii) internal transport within the polymer solution, and (iii) chemical reactions
inducing gelation. The experimental study allowed quantifying gelation fronts speeds from local measurement. The main
resistance to gelation was investigated for both gelation processes. Experimental results exhibited that internal diffusion
through the chitosan matrix was the main resistance in the whole gelation mechanism. The numerical model involved a
coupling between mass and heat transfer phenomena and chemical reactions, in transient conditions. Numerical results
were first validated and then used as a predictive tool to investigate (i) coupled mechanisms localized in the chitosan matrix
and (ii) the influence of operating conditions on gelation rates. VVC 2011 American Institute of Chemical Engineers AIChE J,
58: 2226–2240, 2012
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Introduction

Chitosan is obtained from chitin, a natural biopolymer that
can be found in the shells of crustaceans or in the exoskele-
ton of insects. The main difference between chitin and chito-
san is the proportion of amino groups along the polymeric
chains, characterized by the degree of acetylation (DA). Dif-
ferent values of DA lead to different physico-chemical prop-
erties and especially different solubilities. Hence, chitin is
soluble in some organic solvents whereas chitosan is soluble
in acid aqueous solutions.1,2 Chitosan, under membrane or
hydrogel form, has many interesting biological properties,
making it suitable for the biomedical field, especially as a
dressing for wounds caused by burns or bedsores.3–6 In addi-
tion, it is very well tolerated by tissues and promotes their
effective regeneration.

As soon as the polymeric solution is exposed to a basic
media, chitosan gelation occurs, involving three main mech-
anisms: (i) mass transport of the basic molecule (ammonia
or sodium hydroxide for instance) to the chitosan solution
surface; this step is mainly controlled by local hydrodynam-
ics in the surrounding bulk solution; (ii) diffusion of the ba-
sic molecule through the polymeric system (from the top to
the bottom); and (iii) chemical reaction between the basic
molecule and the chitosan polymer chains, which are ini-
tially under protonated form and are deprotonated by the
chemical reaction. The nature of the interface between the
basic media and the polymeric solution can be either liquid/
liquid or gas/liquid. In the first case, the process is the so
called wet process.7 In literature, the second process is often
called the Vapor Induced Phase Separation (VIPS) process8–11

for synthetic polymers. In this article, it is called the vapor
gelation process since the gelation phenomenon cannot be
assimilated to a phase separation induced by a change of the
thermodynamic state.

In the last two decades, chitosan gelation has been investi-
gated by classic experimental methods such as rheometric or
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light scattering studies.12,13 In a recent paper, another origi-
nal method was investigated, permitting to follow global
mass transfers during the vapor gelation process under per-
fectly controlled process conditions. In such conditions, dy-
namics of chitosan gelation could be followed and investi-
gated. This experimental work was coupled to a modeling
approach: the mass transfer was simulated before the gela-
tion and numerical results were validated using experimental
data collected in-line.14

The modeling approach has not been extensively reported
in literature concerning the biopolymers systems, especially
for chitosan or chitin system. To the best of our knowledge,
only four previous studies have been published aiming at sim-
ulating natural polymer gelation by the vapor process.14–17

Concerning the wet process, the modeling approach has never
been described for chitosan nor chitin hydrogels yet. How-
ever, the modeling of polymeric membranes from synthetic
polymers has been extensively reported in literature, when
membranes are prepared by wet process18–20 or by the VIPS
process.21–24 Concerning the wet process, Cheng et al. (1999)
worked on poly(vinylidene fluoride) (PVDF) membrane for-
mation and managed to predict with good accuracy the mor-
phology of final matrices thanks to mass transfer modeling.18

Later, Fernandes et al. (2001) presented a mathematical model
that described the main features of phase inversion by immer-
sion precipitation.19 Their simulation was based on a planar
geometry and Fickian diffusionnal approach, neglecting cross-
diffusion terms in the expression of mass fluxes. It was able
to reproduce both quantitatively and qualitatively experimental
results regarding to morphological properties. At the same pe-
riod, Kim et al. (2001) studied the formation of asymmetric
membranes and the originality of their work was based on the
setting up of mass transfer formalism at the interface.20

The mass transfer models concerning the VIPS process

were developed later. The first one was proposed by Mat-

suyama et al. (1999).21 Then, Khare et al. (2005) focused on

the modeling of the phase separation for the quaternary sys-

tem polyethersulfone/polyvinyl pyrrolidone/water/NMP.22

Their model aimed at better understanding the asymmetric

morphology obtained by VIPS process. Yip and McHugh

(2006) proposed a model based on the Vrentas and Duda

free-volume theory for four polymeric systems.23 Recently,

Bouyer et al. (2010) investigated (i) the influence of the dif-

fusion formalism on the concentration profiles before phase

separation and (ii) the influence of the formulation and the

process parameters on the membrane morphology in the

upper interface region for the poly(etherimide) (PEI)/1-

methyl-2-pyrrolidone (NMP)/water system.24

Nevertheless, these modeling studies applied to thin films
(membranes or hydrogels) were not validated using local
data. In the best case, gravimetric measurements were con-
ducted in-line and gave global data on the exchange rate
between the polymeric system and the external environment.
However, local measurements were never performed within
the system to obtain local concentration gradients during the
process. The global mass loss (or gain) rates classically used
as the experimental validation depend on both the external
and internal transfer phenomena. Thus, even if such global
measurements are useful, they are not sufficient for validat-
ing complex mass transfer models, which often involve a
coupling between mass and heat transfer phenomena. The
numerical model proposed for the chitosan hydrogel fabrica-
tion must be considered with special attention since it

involves not only a coupling between mass and heat trans-
fers but also a coupling with chemical reactions involved in
the gelation process (deprotonation reaction of the chitosan
by the basic molecule). In such a case, the model is even
more complex and the experimental procedure that must be
developed to obtain local measurements during the gelation
process must be improved to ensure a reliable validation.

The aim of this work is thus to develop such an experi-
mental procedure to follow the formation of chitosan hydro-
gels, in wet and vapor gelation processes. Experimental data
were obtained by a local measurement of the gelation front.
Such an experiment has been conducted in-line and in-situ,
and allowed highlighting the role of the coupled mechanisms
involved in the gel formation (external transfer to the sur-
face/internal transport within the polymeric solution/chemical
reactions). In addition, the dynamics of the wet and vapor
gelation processes will be compared. Such a study will also
be helpful to propose a better validation of the numerical
model, which will be developed in parallel for both the wet
and vapor gelation processes. These models will be useful
for predicting (i) the gelation time depending on the operat-
ing conditions and/or (ii) the expected morphological proper-
ties of the hydrogel. Finally, this article aims at extending
the modeling approach to other geometries or other systems,
to find out the optimal operating conditions to obtained
chitosan hydrogels.

Methodology

Materials

Chitosan. Chitosan samples, produced from shrimp shell
wastes, batch no 111, 112, and 342, were supplied by France
Chitine (France). To determine the degree of acetylation of
samples, chitosan powder was first dissolved at a concentra-
tion of 20 mg/mL (batch no. 111 and 112) or 33 mg/mL
(batch no. 342) in deuterated water with HCl to ensure stoi-
chiometric solubilization of the polymer. The mixture was
freeze-dried three times, to exchange labil protons by deute-
rium atoms. Proton magnetic nuclear resonance measure-
ments were performed at 303 K, using deuterated water as
solvent. Degrees of acetylation were found to be 13.8%,
2.9%, and 20%, respectively.

Molecular weights were assessed by size exclusion chro-
matography 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
were connected to a Waters 410 (Waters-Millipore) differen-
tial refractometer. CH3COOH-ammonium acetate buffer at
pH 4.3 was used as an eluent. 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 lm pore size cellulose acetate mem-
brane (Millipore) before injection using an injection loop (50
lm). Molecular weights (in weight) of chitosan were found
to be 520,000 g/moL, 451,000 g/moL, and 180,000 g/moL,
for batch no 111, 112, and 342, respectively

Methods

Preparation of Solutions. Chitosan powder, distilled water
and bromothymol blue 0.04% wt (Sigma-Aldrich) were mixed.
Due to the transition interval of the color indicator, related to
the pH range 6–7.6, the mixture was blue. Then, acetic acid
(Laurylab) was added to achieve protonation and thus,
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solubilization of the polymer, which lead to the final yellow
solution. The chemical reaction occurring is as follows:14

Chit� NH2 þ AcOH , Chit� NHþ
3 þ AcO� (1)

where Chit-NH2 is the chitosan under insoluble form, and
AcOH is the acetic acid. Chit-NHþ

3 is the quaternium chitosan,
soluble in water, and AcO� is the acetate ion.

Final chitosan concentrations were equal to 2% w/v and
3% w/v, based on preliminary tests. Below 2% or 3% w/v
depending on the batch, the mechanical properties of the
final gels were not sufficient. For larger polymer concentra-
tions, the final solutions were too viscous and it was hard to

obtain a homogeneous casting. Solutions were then stirred
for 24 h and stored at 277.15 K until use.

Gelation of Chitosan Solution Using the Wet Gelation
Process. Ammonia was used as the chemical gelation agent.
It was used in diluted ammonia aqueous solutions (Laurylab)
at different initial concentrations varying from 0.32 mol/L to
2.59 mol/L. These gelation conditions correspond to concen-
tration ranges previously used7 or reported in literature.12

Chitosan solution (5 cm3) were first poured into a grad-
uated measuring tube; then 5 cm3 of ammonia solution were
carefully added to the polymeric solution, using a needle,
not to disturb the liquid/liquid interface and to ensure a regu-
lar diffusion through it (Figure 1a).

The displacement of the gelation front was followed with
a camera, taking pictures at regular time steps, throughout
the gelation process. These photos were then analyzed using
ImageJVR software to plot gelation kinetics. The different
operating conditions are gathered in Table 1.

Gelation of Chitosan Solution Using the Vapor Gelation
Process. In the case of the vapor process, ammonia vapors
were used as the gelation agent under different partial pres-
sures. 5 cm3 of chitosan solution were poured into a grad-
uated measuring tube immersed in a thermostated water
bath, at the same temperature as the one of the gelation
chamber atmosphere. In that configuration, heat transfers
occurring during gelation were mainly due to ammonia
intake and water outflow at the upper interface of the poly-
meric system. Hence, heat conduction through lateral surface
of the graduated measuring tube was neglected.

The tube was then exposed to ammonia vapors (Figure 1b)
generated in a thermostated double walled closed chamber
(Legallais, France), containing an ammonia aqueous solution
(Figure 2). The whole system (polymeric solution in the tube)
was placed onto an inox plate. Using a balance (Precisa XB
320 M, Balco) and a data acquisition system (Balint soft-
ware), the mass variations occurring during gelation could be
monitored in-line and gravimetric measurements were per-
formed for investigating global mass transfer phenomena.14

The whole operating conditions are gathered in Table 2.

Figure 1. Schematic of the wet and the vapor gelation
processes.

(a) wet gelation process. (b) vapor gelation process.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 1. Operating Conditions

Experiment Batch

Chitosan
Concentration

(% w/v) DA (%)
Temperature

(K)

Ammonia
Concentration
(mol L�1)

Ammonia
Partial

Pressure (Pa)

Wet gelation process A 342 3 20 287 0.32 /
B 342 3 20 287 0.64 /
C 342 3 20 287 1.29 /
D 342 3 20 287 1.94 /
E 342 3 20 287 2.59 /
T1 342 3 20 287 1.29 /
T2 342 3 20 301 1.29 /
T3 342 3 20 309 1.29 /
DA1 111 2 13.8 301 1.29 /
DA2 112 2 2.9 301 1.29 /
DA3 342 2 20 301 1.29 /

Vapor gelation process F 342 3 20 293 / 1346
G 342 3 20 293 / 2020
H 342 3 20 293 / 2946
I 342 3 20 293 / 3367
J 342 3 20 293 / 4200
T4 342 3 20 293 / 2946
T5 342 3 20 301 / 4342
T6 342 3 20 309 / 6249
DA4 111 2 13.8 301 / 4342
DA5 112 2 2.9 301 / 4342
DA6 342 2 20 301 / 4342
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Calorimetric Measurements. Calorimetric measurements
were performed to improve the modeling of heat transfers
occurring during the gelation. The experimental process
involved (i) a tailor-made calorimeter, (ii) a resistance-
heated (Bioblock Scientific, Polystat lpros) bath of distilled
water coated with a polystyrene packaging, (iii) a tempera-
ture sensor with a 0.01 K precision (Almemo 2290-8) mea-
suring temperature within the calorimeter and (iv) a data
acquisition system (Data Control) recording temperature
changes. Tests were divided into several steps to evaluate
the heat capacity of the calorimeter, the enthalpy of reaction
between acetic acid and ammonia, the heat capacity of a chi-
tosan solution and the gelation heat. Details of each mea-
surement and numerical data are provided in Appendix A.

Theory

The mathematical model dedicated to the chitosan gelation
process, involving a coupling between mass and heat transfers
and chemical reactions, has been described in a previous pa-
per;14 hence the architecture of the model has not been detailed
in this article, but the main equations have been summarized in
a table. Nevertheless, the previous model was limited to the
vapor gelation process conducted for conditions of free convec-
tion in the external bulk environment. This article aims at inves-
tigating the wet process as well, conducted in various conditions

of hydrodynamics in the bulk liquid phase in contact with the
chitosan solution. Therefore, the description of the boundary
conditions applied during the wet process must be expressed
properly, whatever the hydrodynamic conditions imposed in the
surrounding liquid phase (free or forced convection).

Geometry of the models

The geometries associated to both gelation processes are
illustrated in Figure 3. In wet process, the polymeric system
is initially poured in a graduated measuring tube. Then, an
aqueous solution of ammonia is added very smoothly above
the biopolymer solution to prevent a mixing between the
two liquid phases. Once the ammonia comes into contact
with the chitosan solution, concentration gradients appear
between both phases for each component, leading to mass
transfers by molecular diffusion through the liquid/liquid
interface. Both phases are characterized by the ammonia and
water activities, aa and aw, respectively.

In the vapor gelation process, the gelation rate is con-
trolled by an ammonia inflow through the gas/solution inter-
face. Gas phases over and below the system are character-
ized by the following parameters: the bulk temperature Tb
(K), the relative humidity, RH (%), the vapor pressure of
each volatile compound Pvi (Pa) and the heat transfer coeffi-
cients hupb and hdownb (W/m2 K).

The assumptions corresponding to wet and vapor gelation
models are: (1) one-dimensional Fickian diffusion; (2) no
influence of chitosan on the activity of the other species; (3)
no influence of chitosan polymer chains on the transport
mechanisms of small species.

For the wet process, a uniform temperature was assumed
in the system whereas for the vapor process, the enthalpy
contributions of the mass transfers at the air/solution inter-
face were taken into account. Three other assumptions have
to be considered for the vapor process; they are detailed in
the previous study.14

Thermodynamic model

To simulate the wet process, a continuity condition was
assumed at the liquid/liquid interface.

Figure 2. Schematic of the vapor process.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 2. Mass Transfer Models Related to the Different Compounds Involved

Wet Gelation Process Vapor Gelation Process

Initial Condition
qgi ð0Þ ¼

Boundary Conditions
Neumann

Conditions: Ji(g) ¼ Initial Condition qgi ð0Þ ¼

Boundary Conditions
Neumann

Conditions: Ji(g) ¼
Compound Local mass balance t ¼ 0 g ¼ 0 g ¼ 0.5 g ¼ 1 t ¼ 0 g ¼ 0 g ¼ 1

NH3
@q1
@t �

D1=m

H2
s

@2q1
@g2 ¼ R1 0 0 J1=amm sol 0 0 0 k1 qe1 Tbð Þ � qi1 Tð Þ� �

H2O
@q2
@t �

D2=m

H2
s

@2q2
@g2 ¼ 0 qg20 0 J2=amm sol 0 qg20 0 k2 qe2 Tbð Þ � qi2 Tð Þ� �

ChitNHþ
3

@q3
@t ¼ R3 qg30 0 0 0 qg30 0 0

ChitNH2
@q4
@t ¼ R4 qg40 0 0 0 qg40 0 0

AcOH
@q5
@t �

D5=m

H2
s

@2q5
@g2 ¼ R5 qg50 0 J5=amm sol 0 qg50 0 0

AcO� @q6
@t �

D6=m

H2
s

@2q6
@g2 ¼ R6 qg60 0 J6=amm sol 0 qg60 0 0

NHþ
4

@q7
@t �

D7=m

H2
s

@2q7
@g2 ¼ R7 0 0 J7=amm sol 0 0 0 0
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Concerning the vapor gelation process, the gas-liquid
equilibrium data of the ammonia-water system were used.25

Indeed, the chitosan concentration was very low (2–3% w/v)
and the interaction parameters between—chitosan and
water—and—chitosan and ammonia—have not been
reported in the literature.

Mass transfer model coupled to chemical reactions

The local continuity equation for each component was
written as follows, assuming a binary Fickian diffusion
within the polymer matrix

@qi
@t

þ @

@x
�Di=m

@qi
@x

� �
¼ Ri 1 to 7 (2)

Besides, in this article, a coordinate transform was per-
formed to facilitate the numerical resolution and the compar-
ison between both geometries (film vs. cylindrical)

g ¼ x

Hs

(3)

HS is the position of the upper interface in contact with the
phase containing ammonia (gas or liquid phase depending on
the gelation process). The position of the upper boundary
was fixed and a constant mutual diffusion coefficient in the
polymer solution, Di/m (m2/s), was assumed.

The reaction term Ri took into account both reactions of am-
monia (NH3) with acetic acid (AcOH) and protonated chitosan
(Chit-NHþ

3 ), leading to the formation of acetate ion (AcO�),
insoluble chitosan (Chit-NH2) and ammonium ion (NHþ

4 ).
The PDE describing the mass transfer phenomena were

reminded in Table 2. The initial and boundary conditions are
rapidly discussed in the following sections (especially for the
wet process, which was not simulated in the previous paper).
• Initial conditions:

For both gelation processes, there was no ammonia nor am-
monium ion within the polymeric system at initial time.
Nevertheless, due to Eq. 1, the polymeric system initially
contained small amounts of both chitosan under insoluble
form and acetic acid.
• Boundary conditions:

Considering the wet gelation process, continuity conditions
were assumed at the interface between the chitosan solution
and the ammonia bath (at the position g ¼ 0.5), while
impermeable interfaces were considered at the bottom of the

domain (g ¼ 0, polymer solution/substrate interface) and at
the upper interface (g ¼ 1, ammonia solution/ammonia bath
interface).

In vapor gelation process, impermeable interface was con-
sidered at the bottom of the domain (g ¼ 0, polymer solu-
tion/substrate interface) while flux conditions (Neumann
boundary conditions) were assumed at the upper surface (g
¼ 1, polymeric solution/air interface).

Heat transfer model

A heat transfer model was coupled to the mass transfer
model dedicated to the vapor process for three main reasons:

1. In vapor gelation process, mass transfers including
phase change occurred at the upper interface. Endothermic
absorption and exothermic evaporation should be taken into
account,

2. The external mass transfer rates depend on the air
motion above the air/solution interface and on the molecular
diffusion of transferring components through the boundary
layer. In conditions of free convection, the driving force for
air motion is the air density gradient between the interface
and the bulk, which is mainly controlled by the temperature
gradient. Consequently, the heat transfer rate should be cal-
culated to properly describe the external mass transfer rate.

3. The chemical reactions involved in the gelation pro-
cess could be endo- or exothermic.

In the case of thin films, uniform temperature in the whole
sample was assumed in most of cases, since the heat transfer
by conduction within the sample was generally much faster
than the heat production due to mass exchanges. A lumped
parameter approach is thus sufficient to simulate the temper-
ature variation of the system.26,27 For cylinder geometry
(deeper samples), the thickness is too high to ensure uniform
temperature in the whole sample, therefore the heat equation
should be solved

qiCpi
@T

@t
�rkirT ¼ Q (4)

where qi (kg/m
3), Cpi (J/kg K), and ki (W/m K) were the

density, the heat capacity and the thermal conductivity of i,
respectively. Q (W/m3) was a heat source term (production or
consumption).

Diffusion formalism

Diffusion through the gel was assimilated to diffusion
through water, since the polymer concentration was very low
in the initial polymeric solution and in the forming gel
([water]gel or solution[ 96% w/v). Hence, in a first approach,
diffusion coefficients in gel and aqueous phases were the
same.28 Diffusion coefficient of ammonia in water D1/2 was
calculated for each operating conditions, using Wilke and
Chang correlation29

D1=2 ¼ 7:4� 1012 � ðu�M2Þ0:5 � T

l2 � V0:6
1

(5)

where / was the association factor of water (/ ¼ 2.6), M2 the
molar mass of water (g/mol), l2 the viscosity of water (mPa.s)
and V1 (cm

3/mol) the molar volume of ammonia.

Mass and heat transfer coefficients

Mass and heat transfer coefficients for free convection
have already been discussed in a previous paper,14 but

Figure 3. Geometries of the models.
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specific correlations should be used to describe the external
transfer phenomena in conditions of forced convection. Such
semiempirical correlations are presented below:
• For the wet gelation process, a mechanical mixing in

the ammonia bath was considered to enhance the mass
transfer coefficients at the liquid/liquid interface. There-
fore, a flux condition was applied at the liquid/liquid
boundary (g 5 0.5) and the flux J1 (kg/m2 s) was written
as follows

J1 ¼ k01 � Dq1 (6)

where k01 (m/s) was the mass transfer coefficient of ammonia
in forced convection and Dq1 (kg/m3) was the gradient of
ammonia concentration between both liquid phases. k01 could
be expressed from the expression of the Sherwood number
given by Asai et al. (1983)30

Sh ¼ 0:0119Sc
1=3
sol Ca

6=13½u4 � Re3sol þ Re
08=3
NS �1=4 (7)

k01 ¼
Sh� D1=2

Lc
(8)

The semiempirical correlation involving the Sherwood
number has been obtained in a liquid/liquid reactor with-
out any break-up of the flat interface. In Eq. 7, Scsol
and Resol represented the Schmidt number and the Reyn-
olds number related to the chitosan solution. Ca was the
capillary number between the chitosan solution and the
nonsolvent ammonia solution, u was a correction factor
and Re0NS, a modified Reynolds number in the ammonia
solution

Re0NS ¼ ReNS � mNS
msol

(9)

mNS and msol (m
2/s) were the kinematic viscosities of the am-

monia solution and of the chitosan solution, respectively. In
this work, as there was no stirring of the chitosan solution,
Eq. 7 could be re-written as follows

Sh ¼ 0:0119Sc
1=3
sol Ca

6=13½Re08=3NS �1=4 (10)

• The conditions of forced convection could also be simu-
lated for the vapor gelation process. The conditions of forced
convection corresponded to an air flow rate conducted in
laminar or turbulent hydrodynamic regime. The mass trans-
fer coefficients could be calculated using the following cor-
relation23

kiLcyair;lm
MiDi=g

¼ 0:27� Re0:5Sc0:33i (10)

The Reynolds number characterized the local hydrodynamics
above the interface and was expressed by

Re ¼ qg � u1 � Lc

lg
(11)

where qg (kg/m3) was the density of air, Lc (m) was the
characteristic length of the system (casting film diameter)
and lg (Pa s) was the viscosity of the gaseous phase.

Parameter determination

The parameters such as the molar mass, molar volume
and the density of each constituent as well as the viscosity
of solvent were taken from handbook.25,31 The thermal para-
meters such as the heat capacity and the enthalpy of reac-
tions (DHR) were estimated by dedicated experiments
(cf. Appendix A). With regards to the water volume fraction
in the chitosan solution or gel, the other thermal parameters
were assumed to be the same as for pure water. Other physi-
cal parameters (thermal conductivity of glass or stainless
steel, vaporization enthalpy of water and ammonia) were
found in literature.31 Concerning the diffusion formalism, the
association factor for water was found in literature too.32

The values of the reaction rate constants were estimated
from the paper of Eigen and De Maeyer (1955).33 These
authors aimed at investigating the rate of the neutralization
reaction between H3O

þ and OH� from time dependence of
the dissociation field effect; they determined a rate constant
k ¼ 1.3 1011 L/mol s. The same order of magnitude was
also considered in our study for the reverse and forward con-
stant rates of reactions of NH3 with the acidic species pres-
ent in chitosan solutions (acetic acid, protonated form of chi-
tosan). Indeed, protons exchanges are also involved in these
reactions. Based on the work of Eigen and De Maeyer
(1955), a global reaction order of two was considered, one
for each reactant. Although the literature is poor concerning
the reaction rate constants in the case of acid/base reactions,
one specific study carried out almost three decades ago high-
lighted that protonation of macromolecules was very fast.34

The authors analyzed the kinetic of the protonation of a sur-
face group of a neutral red. They mentioned that the proton
emitter could be excited, dissociated and decayed to the
ground-state anion within 30 ns. Such a study was in agree-
ment with the aforementioned work of Eigen and De Maeyer
and confirmed that the reaction rates involved in our system
are expected to be very fast.

The physical parameters (density, viscosity and thermal
properties of gas and liquid phases) used in the external
mass transfer equations were estimated by expressions
depending on the temperature from handbook.25 The charac-
teristic length of the interface (Lc) was measured. It repre-
sented the equivalent diameter of the transfer area. The value
of the relative humidity in the gelation chamber was experi-
mentally determined for each gelation experiment. The bulk
temperature was maintained constant thanks to a double wall
chamber. Therefore, no adjustable parameters were used in
the model to fit the experimental data. The numerical values
of the parameters used in the model are gathered in Table 3.

Numerical algorithm

The system of partial differential equations describing the
coupling between the chemical reactions and mass and heat
transfer phenomena were numerically solved in one-dimen-
sion (x-axis) using finite element software: COMSOL Multi-
physicsVR 3.5a. The mesh was refined where the concentra-
tion gradients were expected to be the highest, i.e. the inter-
face regions (g ¼ 0.5 for the wet gelation process and g ¼ 1
for the vapor gelation process). In addition, a variable time
step was used to improve the numerical resolution.

Results and Discussion

Both gelation processes are induced by the penetration of
ammonia within the chitosan solution. Since ammonia
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diffused from the top to the bottom of the chitosan solution,
a front of pH change appeared and moved through the solu-
tion. In the polymeric system, the local value of the pH
could be calculated using the following expressions, which
represented (1) the ammonia dissociation, (2) the deprotona-
tion reaction of chitosan and (3) the neutralization of acetic
acid in excess.

pH ¼ pKa1 þ log
NH3

NHþ
4

¼ pKa2 þ log
Chit� NH2

Chit� NHþ
3

¼ pKa3 þ log
AcO�

AcOH

(12)

where pKa1, pKa2, pKa3 were the negative logarithms of the
dissociation constants of NHþ

4 /NH3, Chit-NH
þ
3 /Chit-NH2 and

AcOH/AcO�.
At the top of the domain, the pH became higher than neu-

trality whereas at the bottom it was still lower than neutrality
because ammonia had not reached this region yet. As soon
as the pH increased and overcame neutrality, the deprotona-
tion reaction between ammonia and Chit-NHþ

3 occurred. The
displacement of the pH front was experimentally followed
using a color indicator added during the preparation of the
initial polymer solution. The color indicator had to be cho-
sen so that the equilibrium constant (pKa) of the chitosan

was included in its transition range. Since the pH change
was locally very abrupt (from an acid to a basic pH), the
color change was associated to the gelation, meaning that
the gelation front could be followed by an optical method
using an in-line and non destructive method. This is a classic
procedure reported in polymer engineering.36–38 For instance,
the precipitation front move was previously monitored in the
formation of polyethersulfone films36 and polyphthalazine
ether sulfone ketone membranes.37,38 In those studies, the
precipitation front was due to diffusion of nonsolvent into
the synthetic polymeric system. In our work, chemical reac-
tions were also involved. Moreover, to improve the monitor-
ing of these gelation fronts, the color indicator permitted to
clearly distinguish the interface between the chitosan gel and
the chitosan solution.

On the gelation using the wet gelation process

Gelation using the wet process was based on liquid/liquid
exchanges and involved three main phenomena: (i) the trans-
fer of ammonia between two liquid phases, (ii) its diffusion
through the polymeric system and (iii) a chemical reaction
between ammonia and Chit-NHþ

3 .
The moving of the gelation front was experimentally

observed in an expanded geometry (cylinder) and presented
in Figure 4. At each time step, the relative position of the
gelation front was calculated, until the front reached the bot-
tom of the polymeric system. The corresponding points were
plotted in Figure 5 for increasing ammonia concentrations in
the ammonia bath. Greater the initial ammonia concentration
in the ammonia bath, greater the initial driving force for
NH3 mass transfer, keeping all the other parameters constant.
Thus, Figure 5a showed that gelation front moved faster
when increasing the initial ammonia concentration. To inves-
tigate the nature of the limiting phenomenon to the whole
gelation process, we reported the half-gelation time (time
needed to turn half the initial solution depth into a gelled
system) vs. the initial ammonia concentration. Figure 6a also
showed that the half gelation time tended toward an asymp-
totic value (value tg¼0.25 ¼ 15 h) when the ammonia concen-
tration exceeded 1.29 M. Then, the gelation time could not
be drastically reduced even by increasing the initial driving
force to mass transfers. This point is important for further
industrial issues since the gelation time should be optimized
to optimize the operating costs.

On the gelation using the vapor gelation process

The vapor gelation process involved the exposure of the
chitosan solution to ammonia vapors. Compared to the wet
process, the vapor gelation process was weakly different
since it involved: (i) ammonia transport in gas phase to the
gas/liquid interface, (ii) gas/liquid transfer at the interface,
(iii) ammonia diffusion through the polymeric system
coupled to (iv) chemical reaction between ammonia and
Chit-NHþ

3 . Thus, another phenomenon could contribute to
the whole mass transfer resistance: the solubility of ammonia
in the chitosan solution.

As exposed in the previous section, gelation time was
experimentally followed by the vapor gelation process too.
Figure 5b presents gelation kinetics obtained from five
increasing partial pressures of ammonia in gas phase above
the system. It exhibited that an increase of PNH3 led to a
faster gelation in the range [1300–4200 Pa]. Besides, as
highlighted in Figure 6b, the decrease of the half-gelation
time was faster for the lowest ammonia partial pressures

Table 3. Values of Physical Parameters Used in Gelation
Simulation

Parameter Value Units Reference

Cpchit 4650 J/kg.K Measured
Cpg 750 J/kg.K 31
Cpss 510 J/kg.K 31
Cpw 4184 J/kg.K 31
D2/g 2.58 � 10�5 m2/s 25
g 9.81 m/s2 25
pKa1 9.3 / 35
pKa2 6.5 / 35
pKa3 4.75 / 35
DHR 932.8 � 103 J/kg Measured
DHv1 1371.2 � 103 J/kg 25
DHv2 2256 � 103 J/kg 25

kfj

# 1011 L/mol s 33,34

krj

# 1011 L/mol s 33,34

Lc 13 � 10�3 M Measured
M1 17 � 10�3 kg/mol 25
M2 18 � 10�3 kg/mol 25
M3 162 � 10�3 kg/mol 35
M4 161 � 10�3 kg/mol 35
M5 60 � 10�3 kg/mol 25
M6 59 � 10�3 kg/mol 25
M7 18 � 10�3 kg/mol 25
V1 24.93 cm3/mol 31
RH [96 % Measured
U 2.6 / 32
ka 0.026 W/m K 31
kg 1.05 W/m K 31
kss 16 W/m K 31
k2 0.6 W/m K 31
qa 1.293 kg/m3 31
qg 2230 kg/m3 31
qss 7700 kg/m3 31

#, order of magnitude.
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(PNH3 \ 2020 Pa). Indeed, from PNH3 ¼ 2000–3300 Pa,
the half-gelation time was reduced by only 20% and from
PNH3 ¼ 3300–4200 Pa, its value remained constant. This
result pointed out that the molecular diffusion of ammonia
within the chitosan matrix controlled the whole gelation
kinetics, therefore the transport by molecular diffusion
within the chitosan matrix could be considered as the main
resistance to gelation.

Comparison of gelation kinetics involved in the wet and
the vapor gelation processes

The main difference reported in literature for synthetic
polymers between wet and the vapor processes concerned
the characteristic times involved in phase separation
mechansisms.10 The wet process is very fast and often leads
to macrovoı̈d structures,39,40 whereas the vapor process
(VIPS) induces a strong reduction of the mass transfer rates,
and leads to the formation of more uniform porous struc-
tures.24 More precisely, the vapor process applied to other
polymeric systems including for instance, poly(ether-imide),9

polysulfone41 (phase separation process) or chitin15,16 (gela-
tion process) was reported to be the best way for controlling
the mass transfer rates and thus the structuring mechanisms
too.

In the case of chitosan gelation, a comparison of wet and
vapor processes was only possible considering similar driv-
ing forces for mass transfers. This condition was reached by
calculating the ammonia concentration in liquid phase in
equilibrium with a given ammonia partial pressure. At ther-
modynamic equilibrium, characterized by Henry’s law, it
was possible to calculate the corresponding ammonia con-
centration in liquid phase. Consequently, the gelation time
obtained for wet and the vapor gelation processes could be
plotted using the same x-axis (Figure 6). For similar sample

thicknesses and similar chemical potential of ammonia in the
ammonia medium (liquid bath for the wet process and gas
phase for the vapor gelation process), similar gelation times
were obtained in the range [2000-3500 min]. These curves
pointed out that the two gelation processes were almost the
same considering mass transfer rates. This result was totally
different from the results reported in literature on the elabo-
ration of polymeric matrices by nonsolvent penetration. This
difference can be explained by the initial system configura-
tion: on the one hand, the solvent was an acid aqueous solu-
tion that mainly contained water (its initial concentration in
the chitosan solution was high than 96% w/v); On the other
hand, the chemical potential of ammonia was high in the
ammonia medium whatever the gelation process (ammonia
bath or gas phase). Indeed, in wet process, NH3 was diluted
in an aqueous solution (ammonia bath), i.e. its concentration
was low and the water chemical potential was very high. In
vapor gelation process, the gas phase, which contained am-
monia vapors, was almost saturated by water, characterized
by a relative humidity higher than 95%. Thus, for both proc-
esses, the driving force for the solvent extraction and the
water evaporation was very low and led to very slow transfer
of solvent (water) between the ammonia medium and the
chitosan solution. For that reason, identical driving force for
ammonia transfer (identical chemical potential of NH3) led
to similar transfer rates of NH3 through the chitosan solu-
tion. Moreover, since the chemical reaction involved in the
gelation were fast, the curves representing the half-gelation
times vs. the ammonia concentration exhibited similar trends
whatever the process.

Influence of temperature on gelation kinetics

It was expected that the temperature could influence the
gelation mechanisms since (i) it could affect the external

Figure 4. Gelation fronts observed in the wet gelation process.

[NH3] ¼ 1.29 M. (a) t ¼ 0. (b) t ¼ 5 min. (c) t ¼ 30 min. (d) t ¼ 45 min. (e) t ¼ 1 h. (f) t ¼ 2 h. (g) t ¼ 15.5 h. (h) t ¼ 19.5 h.

(i) t ¼ 42 h. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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mass transfer coefficient, especially for conditions of natural
convection, (ii) the diffusion coefficients of small species
clearly depend on the temperature and (iii) the temperature
could affect the polymer chain mobility.

In wet gelation process, a temperature increase led to an
increase of the diffusion coefficients and consequently the
gelation rate. In vapor gelation process, a temperature
change was expected to affect not only the diffusion coeffi-
cients, but also the initial driving force to mass transfer.
Therefore, the role of the temperature on the gelation rate
was investigated for a high PNH3 value because we previ-
ously showed that for the highest ammonia partial pressure
in the gaseous phase (PNH3 [ 2020 Pa), the gelation time
kept an asymptotic constant value. By this way, the tempera-
ture was expected to affect only the diffusion rate and the
chain interactions, but not the external transfer rate.

In the temperature range tested in this study [287–309 K],
Figures 7a and 7b show that an increase of T automatically
induced a decrease of gelation rate from about 3500 min
(58.3 h) to 2300 min (38.3 h) for the wet gelation process,
and from 2600 min (43.3 h) to 1600 min (26.7 h) for the
vapor gelation process. Such results were in good agreement
with previous works. Indeed, Liu and Gao (2003) have high-
lighted an increase of the mutual diffusion coefficients with
increasing temperature in various polymeric solutions.42 Reis
et al. (2005) have investigated the influence of the tempera-
ture of self and mutual diffusion coefficients in polymeric
solutions,43 and they argued that the essential features of dif-
fusion in the polymeric solution involved segmental mobility

and constrains due to chain connectivity and chain entangle-
ments. This second statement was also reported by Tonge
et al. (2000) who have studied the diffusion of camphorqui-
none in poly(methyl methacrylate)/methyl isobutyrate matri-
ces as a function of temperature in the range [298 K – 323
K].44 Later, Chenite et al. (2006) studied the gelation of chi-
tosan solutions via enzymatic hydrolysis of urea and
observed an exponential decrease of gelation time with tem-
perature.45 In the present work, the temperature played a key
role on chitosan polymer itself, by increasing the mobility of
the polymer chains, and therefore the contact probabilities
between Chit-NHþ

3 and NH3. At the same time, an increase
of temperature enhanced the molecular diffusion rate of am-
monia through the polymeric matrix.

Influence of the acetylation degree on the gelation time

Despite the crucial role of degree of acetylation (DA) on
chitosan properties,46,47 its influence on the gelation rate had
never been reported in the literature. Increasing the degree
of acetylation lead to increasing the number of free amino
groups, and thus to modifying the hydrophobic interactions
with water. The DA defines the initial amount of protonated
functions Chit-NHþ

3 and should also be related to chemical
reaction involved in the gelation process. Figures 7c and 7d
reported the gelation rates in wet and vapor gelation proc-
esses, respectively, and for three polymeric solutions
obtained from three different chitosan. Either using the wet
or the vapor gelation process, the same trend was observed,
highlighting a weak influence of the DA on gelation rate.
Increasing the DA led to reducing the number of amine
functions and thereby to increasing the protonated functions
on the chitosan polymeric chains; as a consequence more
ammonia molecules are needed to induce the gelation and
the gelation time is slightly reduced. Low DA involves high
charge density, which is responsible for electrostatic repul-
sions; thus it prevents the formation of physical junctions
between polymeric chains, and lead to delaying the gelation
process. On the contrary, a higher DA reduces the charge
density of the polymer and promotes the gelation mecha-
nism. The same trend have been put in evidence by Mon-
tembault et al. (2005), who have investigated the gelation of

Figure 5. Experimental and simulated gelation kinetics.

(a) wet gelation process: Batch 342, [chitosan] ¼ 3.00%

w/v. (b) vapor gelation process: Batch 342, [chitosan] ¼
3.00% w/v. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6. Gelation time of half the initial system height
against initial ammonia concentration.

Batch 342, [chitosan] ¼ 3.00% w/v. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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chitosan characterized by various DA in aqueous solution
and using a rheometer.12

To conclude, before the preparation of chitosan matrices,
it was shown that the DA has to be considered with special
attention because its value affected not only the polymer bio-
logical properties but also the whole gelation rate.

Simulation results

Validation of the Model. Once the PDE of the numerical
model were solved using COMSOL MultiphysicsVR 3.5a, the
simulation results were validated for both processes using
experimental data (cf. Figures 5 and 7). A good agreement
was observed between both curves, whatever the operating
conditions (T, PNH3) and the initial formulation (polymer
concentration, DA). Moreover, since the model involves
external mass transfers (free convection), internal mass trans-
port (molecular diffusion) and chemical reactions, such ex-
perimental validation using local data collected in-line (mov-
ing rate of the gelation front) were more reliable than an ex-
perimental validation using only global data (global mass
loss or gain for instance). In addition, the model was vali-
dated for various operating conditions, proving its reliability.
Lastly, all the parameters were determined experimentally or
found in the literature, therefore no adjustable parameter was
used for fitting the experimental curves. As a consequence,
the numerical simulations were then used:
• to improve the understanding of the coupling between

the elementary mechanisms involved in the gelation proc-
esses,

• to predict the gelation rate in various operating condi-
tions.

Local Comparison of the Wet and the Vapor Gelation
Processes. The experimental results exhibited that both ge-
lation processes had similar characteristic times, depending
on the operating conditions. The numerical model could also
be helpful to predict the local concentration profiles through
the sample thickness, at different time scales. Figure 8
reported the variation of pH and ammonia concentration pro-
files. In such cases, the optimal conditions of the driving
forces to mass transfer were chosen for the simulations, i.e.
when the gelation time stopped decreasing and reached a
plateau. For constant temperature conditions and increasing
time steps, Figure 8 highlighted similar ammonia penetration
rates and similar progression rate of the pH fronts whatever
the gelation process. These simulated results pointed out that
because of the ammonia intake, the pH suddenly increased
from 5.4 to 9 and then progressively increased above 10 in
the region located next to the upper interface. Indeed, in the
polymer solution, NH3 formed NHþ

4 cation; since pKa3 \
pKa2, NH3 also reacted with the acetate acid and then with
the protonated form of chitosan (Chit-NHþ

3 ) to form Chit-
NH2. Once NH3 had been consumed for the two acid-base
reactions, it became in excess, and therefore the pH suddenly
increased due to the predominance of the NH3 form in solu-
tion leading to a progression of the pH front from the top to
the bottom of the domain. It can be assumed that the pH front
corresponds to the gelation front not only because the chemi-
cal reactions of deprotonation are very fast but also because

Figure 7. Influence of operating conditions on gelation kinetics.

(a) Influence of temperature in the wet gelation process: Batch 342, [chitosan] ¼ 3.00% w/v. (b) Influence of temperature in the

vapor gelation process: Batch 342, [chitosan] ¼ 3.00% w/v. (c) Influence of degree of acetylation in the wet gelation process: [chito-

san] ¼ 2.00% w/v. (c) Influence of degree of acetylation in the vapor gelation process: [chitosan] ¼ 2.00% w/v. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the bonds between neighboring chitosan chains were expected
to be formed very quickly once Chit-NHþ

3 reacted with NH3.
Effect of Temperature and Hydrodynamic Conditions in

the Bulk Phase (Free or Forced Convection). The influence
of forced convection conditions on the gelation rate was investi-
gated in both wet and vapor gelation processes. All simulation
cases were summarized in Table 4. In each case, the gelled
thickness was calculated after a gelation time of 100 s; more-
over, the time necessary to induce a complete gelation of the
sample (100% of the sample thickness) was calculated. The
gain of time to reach a complete chitosan gelation was then cal-
culated for each case, by comparison with the ‘‘reference’’ case.

In wet process, the influence of the mixing intensity on
the mass transfer coefficient was tested: run 1 corresponded
to the ‘‘reference’’ case; it was conducted without stirring at
298.15 K. From run 2 to 8, the influence of the stirring rate
was investigated and from 9 to 11, the influence of the tem-
perature was tested. Run 12 corresponded to an increase of
temperature in stirring condition. At constant temperature
(298.15 K), as for the vapor process, applying a stirring in
the ammonia bath led to increase the gelled thickness after
100 s and to decrease the gelation time for a complete sam-
ple gelation. Indeed, the reduction of the gelation time was
respectively equal to 14.7%, 21.1%, 22.9%, 26.6%, 27.2%,
and 27.9% when the impeller velocity was successively fixed
to 1, 3, 6, 30, 60, 300 and 600 tours per minute. It was clear
from such values that it was no more necessary to increase
the impeller velocity more than 30 min�1 since the gain in
gelation time was no more interesting. Besides, in conditions

of free convection in ammonia bath, the process temperature
strongly affected the gelation time: an increase of 5 K led to
a decrease of 23.7% of the gelation time and an increase of
25 K to a decrease of more than half the gelation time
(51.2%). In such a case, the temperature did not only influ-
ence the internal diffusion mechanisms (diffusion coefficient
in the chitosan solution) but also the external mass transfer
rate. Indeed, a temperature modification affected both the
diffusion coefficients of the transferring species and the liq-
uid viscosity in the bath, leading to increasing the mass
transfer rate in the ammonia bath. As expected, when apply-
ing the stirring condition at high temperature, the gain in
terms of gelation time was the highest (more than 60% com-
paring to the ‘‘reference’’ case). Nevertheless, the final
choice concerning the process conditions should take into
account the integrity of the chitosan solution. On the one
hand, the stirring rate above the solution should be moder-
ated and on the other hand the temperature should not be
too high to prevent the polymer degradation. For these rea-
sons, the numerical model could be very useful to determine
the best operating conditions whatever the geometry and to
estimate the process duration that would permit a complete
gelation of the chitosan solution.

Concerning the VIPS process, the ‘‘reference’’ case was
conducted in free convection for a sample temperature equal
to 298 K (run 13). From run 14 to 18, increasing air veloc-
ities were simulated; from run 19 to 21, the influence of the
sample temperature was tested, keeping the free convection
conditions; run 22 corresponded to forced convection

Figure 8. Local transfers involved in gelation of chitosan matrices by wet and vapor gelation processes.

Vapor gelation process: PNH3 ¼ 2000 Pa; wet gelation process: [NH3] ¼ 1.29 M; depth: 0.03767 m. (a) Ammonia concentration

profiles. (b) pH profiles. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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conditions conducted at the highest temperature (323.15 K).
For constant ammonia partial pressure, switching from free
to forced convection permitted to enhance the gelation rate,
since the mass transfer coefficient was enhanced. For the
‘‘reference’’ case, 28.7% of the sample thickness was gelled
after 100 s, whereas with increasing the air velocity above
the polymer solution, it increased to 31.1% (u1 ¼ 0.2 m/s),
33.9% (u1 ¼ 0.4 m/s), 35.5% (u1 ¼ 0.6 m/s), 36.5% (u1
¼ 0.8 m/s), and 37.3% (u1 ¼ 1 m/s). The increase rate is
higher for the lowest air velocities and once u1 is suffi-
ciently high, the gain in terms of gelled thickness is lower.
Similar results were observed on the time needed to reach a
complete gelation (decrease of the gelation time of 8.8%,
16.7%, 20.3%, 22.6% and 24.4%, respectively for air veloc-
ities of 0.2, 0.4, 0.6, 0.8, and 1m/s).

The influence of the bulk temperature on the gelation
time was also investigated, keeping first free convection
conditions (run 19–21) and then keeping the highest air ve-
locity (run 22). It was observed that higher the tempera-
ture, lower the gelation time: successive increases of 5 K,
15 K, and 25 K led to the gelation time decreases of 4.4%,

9.9% and 14.4%, respectively. As expected, increasing
both the temperature and the air velocity led to the lowest
gelation time (reduction of 29% comparing to the ‘‘refer-
ence’’ case).

Forced convection allowed reducing the mass transfer li-
mitation at the gas/system interface, but it did not induce a
decrease of the mass transfer resistance in liquid phase.
Hence, comparing runs 14 and 18, a gain of 23.6% on the
gelation depth was obtained for a same exposure time to
vapors (100 s) and identical initial ammonia partial pressure
(PNH3 ¼ 2000 Pa) when increasing u8 from 0 to 0.6 m/s.
When keeping on increasing the air velocity from 0.6 to 1
m/s, the additional gain in terms of gelled thickness was
only about 6% whereas the air velocity almost doubled. Sim-
ilar conclusions could be done concerning the whole gelation
time. Since the temperature affects the internal diffusion
mechanisms, a temperature increase led to increasing the
transfer rate within the solution and since the main limiting
factor to gelation is the internal mass transfer by molecular
diffusion, monitoring the temperature could be useful for
increasing the gelation rate by vapor process.

Table 4. Gelation of Matrices in Forced Convection for Both Gelation Process (Wet and Vapor)

Run Type of Convection Tb (K) u1 (m/s) N (min�1)* tVIPS (s) Depth Gelled (%) Time Gain (%) (100% Gelled)

1 Free 298.15 / / 100 42.0
545 100 /

2 Forced 298.15 / 1 100 42.1
465 100 14.7

3 Forced 298.15 / 3 100 45.4
430 100 21.1

4 Forced 298.15 / 6 100 46.8
420 100 22.9

5 Forced 298.15 / 30 100 48.6
400 100 26.6

6 Forced 298.15 / 60 100 49.0
397 100 27.2

7 Free 298.15 / 300 100 49.4
394 100 27.7

8 Free 298.15 / 600 100 49.5
393 100 27.9

9 Free 303.15 / / 100 48.0
416 100 23.7

10 Free 313.15 / / 100 54.1
329 100 39.6

11 Free 323.15 / / 100 60.1
266 100 51.2

12 Forced 323.15 / 30 100 70.9
192 100 64.8

13 Free 298.15 / 100 28.7
738 100 /

14 Forced 298.15 0.2 100 31.1
673 100 8.8

15 Forced 298.15 0.4 100 33.9
615 100 16.7

16 Forced 298.15 0.6 100 35.5
588 100 20.3

17 Forced 298.15 0.8 100 36.5
571 100 22.6

18 Forced 298.15 1 100 37.3
558 100 24.4

19 Free 303.15 / 100 29.9
704 100 4.6

20 Free 313.15 / 100 31.4
665 100 9.9

21 Free 323.15 / 100 32.4
632 100 14.4

22 Forced 323.15 1 100 37.8
524 100 29.0

Initial solution thickness: 0.0025 m; Run 1 to 12: [NH3]bath ¼ 1.29 mol/L; Run 13 to 22: PNH3 ¼ 2000 Pa.
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Influence of Heat Transfers on Gelation. Experimental
data did exhibit the influence of temperature on gelation
rates; in the model, the expressions of the diffusion coeffi-
cients and the external mass transfer correlations must con-
sequently be temperature-dependant. Moreover, due to
endo- and exothermic contributions of the mass exchanges
at the interface, temperature gradients could appear in the
sample. In this work, due to the low sample thickness, such
gradients are most of times moderate and they do weakly
affect the internal transport properties. Nevertheless, in
vapor process, the sample temperature can be modified due
to the heat production or consumption and a temperature
gradient can be formed in the boundary layer between the
solution interface and the bulk gas phase. Such temperature
variation must be taken into account into the mass transfer
model because it can affect the external mass transport
rates, especially for free convection. Lastly, the heat pro-
duction (or consumption) due to the chemical reaction
should be added to the heat balance, but a preliminary
experimental work allowed neglecting their contribution for
this specific system (cf. Appendix A).

Conclusions

A coupling approach (modeling and experimental) was
developed in this work for investigating the gelation of chi-
tosan solution by a basic medium placed in a liquid bath
(wet process) or a gas phase (vapor gelation process) in con-
tact with the polymer solution. The numerical mass transfer
model coupled chemical reactions and mass and heat transfer
phenomena and it did not contain any adjustable parameter.
The model was validated using experimental data collected
in-line, by following the progression of the gelation front
from the top to the bottom of the sample. The agreement
between the model predictions and a various sets of experi-
mental data exhibited that the model performs adequately
well, meaning that the main elementary mechanisms
involved in the gelation were described fairly well. The ex-
perimental and numerical results showed that the gelation
rate was very similar whatever the process (wet or vapor ge-
lation processes) once the initial driving force for ammonia
transfer is the same (the ammonia chemical potential in the
bulk phase). Moreover, it was pointed out that the main
resistance to transfer was located in the chitosan solution
even if an increase of the external mass transfer coefficient
can affect the whole gelation time for smooth external condi-
tions (free convection or low flow rate in vapor phase or low
stirring speed in wet process). The degree of acetylation
slightly influenced the gelation rate because the DA controls
the number of amino groups on chitosan chains. Besides, the
gelation process was influenced by the temperature because
the gelation was mainly governed by diffusion mechanisms.
Significant decreases of the gelation time were observed
when increasing the temperature of the fabrication chamber.
The influence of the external hydrodynamic conditions for
both processes was investigated by the numerical model. For
each process, the model predictions exhibited that increasing
the external mass transfer rate by imposing a stirring (wet
process) or an air flow (vapor gelation process) allowed
decreasing the gelation time. However, above a critical
value, keeping on increasing the external transfer rate did
not affect the mass transfer resistance no more, which was
located into the bulk phase. Finally, the numerical model
demonstrated that the heat transfer should be coupled to the

mass transfer in the vapor process model since heat con-
sumption or production could affect the external transfer
rate. At last, with regards to the low sample thickness and
the operating conditions used in this work, very weak tem-
perature gradients were obtained in the sample thickness.
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Notation

aa ¼ activity of ammonia
aw ¼ activity of water
ci ¼ concentration of i (mol/m3)
Ca ¼ capillary number

Cpchit ¼ heat capacity of the polymeric solution (J/kg K)
Cpg ¼ heat capacity of glass (J/kg K)
Cpss ¼ heat capacity of inox (J/kg K)
Cpw ¼ heat capacity of water (J/kg K)
Di/g ¼ mutual diffusion coefficient of i in the gas phase (m2/s)
Di/m ¼ mutual diffusion coefficient of i within the matrix (m2/s)

g ¼ acceleration due to gravity (m/s2)
Gr ¼ Grashof number
h ¼ heat transfer coefficient (W/m2 K)
ha ¼ heat transfer coefficient at the interface between the

ammonia solution and the polymeric system (W/m2 K)
hup ¼ heat transfer coefficient at the air side (W/m2 K)

hdown ¼ heat transfer coefficient at the bottom of the system
(W/m2 K)

Hg ¼ glass graduated measuring tube thickness (m)
Hchit ¼ polymeric system thickness (m)
HS ¼ position of the upper interface (m)
Hss ¼ stainless steel plate thikness (m)

DHR ¼ enthalpy of reaction between acetic acid and ammonia
(J/kg)

DHvi ¼ heat of vaporization of i (J/kg)
i ¼ current intensity (A)
Ji ¼ mass flux of i (kg/m2 s)

Ji/amm_sol ¼ mass flux of i in the ammonia solution (kg/m2 s)
ki ¼ mass transfer coefficient of i for free convection (s/m)
ki
’ ¼ mass transfer coefficient of i at the liquid/liquid interface,

in stirring conditions (m/s)
kfj ¼ forward kinetic constant (L/mol s)
krj ¼ reverse kinetic constant (L/mol s)
Lc ¼ characteristic length of the interface (m)
Mi ¼ molecular mass of i (kg/mol)
Pr ¼ Prandtl number

pKa1 ¼ negative logarithm of the dissociation constant of the
NHþ

4 /NH3 couple
pKa2 ¼ negative logarithm of the dissociation constant of the Chit-

NHþ
3 /Chit-NH2 couple

pKa3 ¼ negative logarithm of the dissociation constant of the
AcOH/AcO� couple

Psvi ¼ saturating vapor pressure of i (Pa)
Pvi ¼ vapor pressure of i (Pa)
Q ¼ heat generation or consumption term (W/m3)
R ¼ resistance used to heat the solution within the calorimeter

(X)
Ri ¼ rate expression for a given specie i (mol/L s)
Re ¼ Reynolds number

Re’’ ¼ modified Reynolds number
RH ¼ relative humidity in the atmosphere in the reactor (%)
Sci ¼ Schmidt number
Sh ¼ Sherwood number
Tb ¼ temperature of the bulk (K)
Tf ¼ final temperature inside the calorimeter (K)
Ti ¼ initial temperature inside the calorimeter (K)

Tsample ¼ temperature of the sample (K)
V1 ¼ molar volume of ammonia (cm3/mol)

yair,lm ¼ log mean mole fraction difference of air
H ¼ dimensionless position
ka ¼ thermal conductivity of air (W/m K)
kg ¼ thermal conductivity of glass (W/m K)
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kss ¼ thermal conductivity of inox (W/m K)
K2 ¼ thermal conductivity of water (W/m K)
mNS ¼ kinematic viscosity of the ammonia solution (m2/s)
msol ¼ kinematic viscosity of the chitosan solution (m2/s)
l2 ¼ viscosity of water (cP)
qa ¼ air density (kg/m3)
qg ¼ density of the glass Petri dish (kg/m3)
qs ¼ density of the solution (kg/m3)
qss ¼ density of the stainless steal plate (kg/m3)

qi(t) ¼ local concentration of i (kg/m3)
qi0

g ¼ initial concentration of i (kg/m3)
qei0 ¼ concentration of i in the gas phase (kg/m3)
qii ¼ concentration of i at the interface (kg/m3)
u ¼ correction factor
/ ¼ association factor of water

AcOH ¼ acetic acid
AcO� ¼ acetate ion

Chit-NHþ
3 ¼ chitosan under soluble form

Chit-NH2 ¼ chtiosan under gel form
NH3 ¼ Ammonia
NHþ

4 ¼ ammonium ion
OH� ¼ hydroxide ion
VIPS ¼ vapor induced phase separation
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Appendix A: Calorimetric Measurements:
Numerical Data

• At first, the heat capacity of the calorimeter was deter-
mined. we ¼ 50 � 10�3 kg of distilled water were poured in
the calorimeter immersed in the bath of distilled water
heated up at 303 � 0.1 K. Then, the inside of the calorime-
ter was heated thanks to small electrodes penetrating within
the solution. The heat capacity of the whole system-calorim-
eter and water-Ct (J/K) was calculated thanks to Eq. A1

Q ¼ r � i2 � t ¼ �Cpt � ðTf � TiÞ ¼ �ðCpc þ weCpwÞ
� ðTf � TiÞ

(A1)

where Q (J) is the total heat exchanged, r (X) the resistance
of the electrode, i (A) the current intensity, Cpt (J/K), the
total heat capacity, t (s) the time, Tf and Ti (K), the final and
initial temperatures, respectively. Cpw (J/K kg) is the heat
capacity of water and Cpc (J/K), the heat capacity of the
calorimeter. After several measurements, the mean value of
Cpc was found to be 89.22 J/K.
• The second step was dedicated to the determination of

the enthalpy of reaction between acetic acid and ammonia
DHR (J/mol). To allow a total solubilization of chitosan, a
slight excess (5%) of acetic acid was added. Ammonia first

reacts with this excess before inducing chitosan gelation. To
estimate DHR, 0.59 ml of acetic acid 80% wt were added to
50 g of distilled water. It corresponded to the amount of
acid necessary to prepare 50 g of a 3.5% w/v chitosan solu-
tion. No temperature variation was recorded when acid was
added to water. Then, 0.67 ml of ammonia 28% wt was
added to the mixture. In this case, temperature increased
from 302.53 to 304.08 K and it was possible to calculate the
global heat exchanged using Eq. A2

Q ¼ �Cpt � DT ¼ n� DHR (A2)

where DT (K) is the temperature variation measured and n
(mol) the amount of acid. Finally, DHR was measured to be:
55968.1 J/mol. It was also verified that adding ammonia in
excess did not lead to a temperature change. Hence, the heat
of dilution of ammonia in the present system is 0 J.
• The next step concerned the experimental determination

of the heat capacity of a chitosan solution (Batch 342) Cpchit
(J/K). To do it, the same procedure as the one used to esti-
mate the heat capacity of the calorimeter was used. But in
this case, water was replaced by 50 g of a 3.5% w/v chitosan
solution. The choice of the concentration is related to the
fact that below 3%, final gels are too smooth to be used, and
above 4%, polymeric solutions are too viscous to be homo-
geneously casted. In that experiment, DT was measured to
be 2.1 K. Replacing Cpw by Cpchit in Eq. A1 leads to Cchit

¼ 4650 J/K kg which is rather closed to the heat capacity of
distilled water (Cpw ¼ 4184 J/K kg).
• Finally, the heat of gelation, DHgel (J/mol) was meas-

ured. The necessary amount of ammonia was added to
50 g of a 3.5% w/v chitosan solution. Injection of ammo-
nia had to be quick to permit the homogenization of the
mixture before gelling, and stirring had to be fast. As no
temperature change was recorded, DHgel was 0 J/mol.
Therefore, it was assumed that if heat was created during
the neutralization of chitosan chains by ammonia, it was
balanced by the reorganization of polymeric chains occur-
ring during gelation.
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