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a b s t r a c t

A non-isotherm mass transfer model is developed for gelation of chitin induced by non-solvent. The
system studied in this paper concerns chitin dissolved in LiCl/N-methyl-2-pyrolidone (NMP) at different
concentrations ranging from 0.5 to 5% (w/v), and the water as the non-solvent. The gelation is induced by
the absorption of water vapours using the vapour induced phase separation (VIPS)-gelation process. The
model incorporates coupled heat and mass transfer and due to the very low chitin concentration involved,
binary diffusion within the solution was assumed using temperature- and composition-dependent
mutual diffusion coefficient. The model was validated using experimental data of gravimetric measure-
ments. The experiments were conducted in a fabrication chamber with controlled process parameters
(RH, temperature and air flow conditions) at different chitin concentrations in the initial solution and two
temperatures (20 ◦C and 40 ◦C). The numerical results were in good agreement with the experimental
data, therefore the model has no adjustable parameter for fitting the curves. Then the model was used to
predict the composition of the chitin solution at the gelation time, in order to investigate the influence of

the non-solvent intake and the solvent extraction involved in the gelation mechanisms. The gelation time
was determined by rheological measurements. Results exhibit that the temperature has a great impact
on the gelation time through the chitin chains mobility, the interchain association and the mass transfer
kinetics. Furthermore, the critical solvent quality that induces the gelation was shown to be correlated
to the chitin concentration in the initial solution. Moreover, the chitin chemical structure does not influ-
ence the mass exchanges, but the gelation time is reduced using a chitin source characterized by a higher

igher
molecular weight and a h

. Introduction

Chitin and chitosan are copolymers of �, (1 → 4) linked 2-amino-
-deoxy-d-glucan and 2-acetamido-2-deoxy-d-glucan. Chitosan

s usually prepared from N-deacetylation of chitin, a naturally
ccurring polysaccharide, largely widespread in biomass. The term
hitosan is attributed to copolymers soluble in dilute acidic media
nd then to those with a degree of acetylation (DA) below 60%. On
he contrary, if the DA overcomes 60% the chitin form prevails.

Potential biomedical applications of chitin have been demon-
trated into several areas such as tissue engineering, drug delivery
nd wound dressings [1–4]. Chitin/chitosan materials can be used
n various physical forms such as powders, flakes, and also as

els. Krajewska [5] has previously described the methods used
o prepare chitin-based gels and chitin-based membranes: (i) sol-
ent evaporation method [6], (ii) immersion–gelation process for
hich polymer solution is added to a non-solvent solution, (iii)
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E-mail address: Denis.Bouyer@univ-montp2.fr (D. Bouyer).
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degree of deactylation.
© 2010 Elsevier B.V. All rights reserved.

crosslinking method, (iv) ionotropic gelation method and finally,
(v) freeze-drying method.

Chitin is insoluble in many organic or inorganic com-
pounds as well as in water, but soluble in a mixture of
N,N-dimethylacetamide (DMAc)/lithium chloride (LiCl) [7] or in
a mixture of N-methylpyrrolidinone (NMP)/lithium chloride (LiCl)
[8]. The formation of a weak complex between the lithium ions and
the hydroxyl functions or the amide groups of chitin leads to the
disruption of the hydrogen bondings between polymer chains [9].
Chitin is insoluble and forms gels in water because its structure is
stabilized by interchain physical interactions (hydrogen bondings
and hydrophobic associations).

It was recently demonstrated [10,11] that two conditions are
required for the formation of physical hydrogels from chitin or
chitosan solutions. The first condition is relative to the polymer
concentration in the initial solution. This concentration must be

over the critical concentration of chain entanglements (C*) because
the chain entanglements can form the physical junctions which
are required for the formation of a three-dimensional polymer
network. The second condition concerns the balance between
polymer–polymer interactions and polymer–solvent interactions.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:Denis.Bouyer@univ-montp2.fr
dx.doi.org/10.1016/j.cej.2010.01.037
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his balance must be modified in favour of polymer–polymer inter-
ctions in order to decrease the chitin/chitosan solubility. It has to
each a critical value to achieve the sol–gel transition.

Recently, we were interested in the elaboration of physical
hitin hydrogels obtained from chitin/NMP(5%LiCl) solutions [12].
n this case, the balance between polymer–polymer interactions
nd polymer–solvent interactions was modified thanks to the
hange of the solvent quality of the chitin solution. In other words,
he medium surrounding the polymer chains was modified from a
ood solvent to a bad solvent. The sol–gel transition occurred when
critical amount of non-solvent (water) had penetrated within the
hitin solution.

Two processes have been used to generate the contact between
he chitin solution and the non-solvent. The first one was the
mmersion–gelation process which consisted in immersing the
hitin solution in a coagulation bath containing pure non-solvent
5,8]. In this case, the gel formation was almost instantaneous
ecause of very rapid mass transfers, i.e. it occurred as soon as
he polymer solution came into contact with the non-solvent. This
mmersion–gelation process is the most commonly used technique
o produce chitin gel by contact with aqueous solutions [8,13–16].

e have begun to investigate a second and original process [12]:
he vapour induced phase separation (VIPS)-gelation process. In
his technique, the chitin gelation was induced by the absorption
f non-solvent vapours.

The gels fabricated by the VIPS-gelation process are expected
o be more homogeneous in terms of structure since the change in
he solvent composition is very progressive [12]. The VIPS-gelation
rocess was shown to induce a slower gelation due to a strong
eduction of the mass transfer kinetics comparing to the immersion
rocess for two main reasons: (i) the mass transfer driving force is
ontrolled by gas/liquid equilibrium and (ii) a mass transfer resis-
ance due to gas boundary layer slows down the mass exchanges
etween the solution and the humid air. Using this process, it was
videnced that the water intake rate was strongly reduced. Besides,
he NMP extraction rate was even more affected since its volatility
s very low. Only a few papers [17,18] have dealt with the VIPS-
elation process for chitin/NMP(5%LiCl)/water system. This process
as actually reported as a step in the experimental procedure to
roduce chitin scaffolds [18] or chitin film [17]. Nevertheless this
tep was not fully controlled nor investigated. Recently, the VIPS-
elation process was investigated for the fabrication of chitosan
els, i.e. gels fabricated from the deacetylated form of chitin [19].
n such a case, the gelation has been induced by ammonia vapours,

hich allowed the deprotonation of chitosan function.
Previously, the VIPS process was used for producing polymeric

embranes for many industrial applications. Both experimental
nd modelling works have been developed to better understand
he membrane formation mechanisms and the resulting final

orphology. Numerical approaches aim at describing the whole
ransfer mechanisms during the VIPS process and they integrate
he modelling of: (i) the thermodynamic of the polymeric sys-
em, involving the Flory Huggins theory, (ii) the external mass
xchanges between the cast solution and the humid air and
iii) the internal diffusion into the polymer solution. The first
oint, i.e. thermodynamic study, needs the knowledge of the

nteraction parameters between each component of the mixture:
olvent/polymer, non-solvent/polymer and solvent/non-solvent.
f the interaction parameters are reported in the literature for

ost systems that involve synthetic polymers, their values are
ot known for chitin. Furthermore, the diffusion equations that

escribe the transport phenomena into polymer matrix is quite
omplex. The free-volume theory developed by Vrentras and Duda
1977) [20] for binary systems and later extended to ternary sys-
ems [21] allowed calculating the self-diffusion coefficients in
olymer solutions. Nevertheless, 13 independent parameters must
g Journal 157 (2010) 605–619

be estimated to perform the calculations. Their values are reported
for some polymer/solvent/non-solvent systems including synthetic
polymers but not for the chitin/NMP/water system. Nevertheless,
Vrentras and Duda [22] have reported different methods for deter-
mining the self-diffusion coefficients for different systems and they
have shown that for very low polymer concentrations, the diffusion
coefficients are very close to the diffusion coefficients in pure sol-
vent solution. This condition is quite rare for synthetic system but
is more frequent with natural polymer such as chitin.

This paper aims at better understanding and a better con-
trolling the VIPS-gelation process using both experimental and
modelling approaches. The gelation of chitin solution was moni-
tored by dynamic rheological measurements and a mass transfer
model was developed to predict the variation of the chitin solu-
tion composition during the process. To the best of the author’s
knowledge, neither rheological study nor modelling approach for
investigating the mass transfer kinetics was developed in the lit-
erature for VIPS-gelation process of chitin/NMP(5%LiCl) solutions.
Thus, the mass transfer model developed in this study allows pre-
dicting the variation of the chitin solution composition during the
gelation process. Mass and heat transfers were coupled via the heat
of vapourization due to the water absorption, in order to better
describing the external mass exchanges between the solution and
the air. The numerical results were validated using experimental
data obtained by gravimetric measurements that were performed
in a fabrication chamber. Indeed, the gelation process has been
conducted in a chamber where the process parameters such as
the temperature, relative humidity and air flow rate (i.e. natu-
ral convection in the present study) were fully controlled. Two
temperatures were tested, 20 ◦C and 40 C◦ for two conditions of
RH (43 and 75%) and three chitin concentrations: 0% (pure NMP
solution), 3 and 5% (w/v). Then, since the gelation mechanism is
slow and progressive using this process, it was possible to fol-
low and study the variation of the chitin solution properties as a
function of the time. The sol–gel transition was also monitored by
rheological measurements in order to estimate the gelation time.
The role of the main parameters involved in the gel formation is
discussed (temperature, chitin concentration and solvent compo-
sition). Finally, the influence of the chitin chemical structure was
investigated.

2. Materials and method

2.1. Chitin solution and hydrogel formation

Chitin (degree of acetylation = 76% and viscosimetric molecu-
lar weight M̄v = 76,569 g/mol, batch 1 from France chitine (Orange,
France)), was stored in dry conditions into desiccators where the
relative humidity is less than <3%. LiCl was dissolved during 24 h
in N-methylpyrrolidinone (NMP), from ALDRICH® (Germany), to
obtain a 5% (w/v) LiCl/NMP solution as solvent. Then, chitin was
dissolved in this NMP–5%LiCl solution for various concentrations
(ranging from 0.5 to 5%, w/v). After complete dissolution, the chitin
solution was contacted with water vapours (non solvent) in a fabri-
cation chamber to produce chitin hydrogels. The sol–gel transition
occurs when a critical amount of water had penetrated within the
chitin/NMP solution.

2.2. Gravimetric analysis
Gravimetric analyses were conducted in-line into a dedicated
double-walled chamber (Fig. 1). The diameter and the height of
the chamber are equal to 15 cm and 45 cm, respectively. A specific
weight of chitin solution (3.7 g) was cast into a 5.65 cm diame-
ter Petri dish, leading to a sample thickness equal to 1.43 mm.
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Fig. 1. Schematic of the chamber where t

hen, the chitin solutions were put on a balance Prècisa XB 320 M
0.001 g of precision). The process parameters were controlled in
he fabrication chamber: the temperature was adjusted and kept
onstant (20 ◦C and 40 ◦C) using an external heater. The samples
ere initially heated at the same temperature as the chamber

emperature to prevent water absorption at the top solution sur-
ace at high temperature (40 ◦C). The relative humidity (RH) was

aintained constant using appropriate saline salt solutions. RH
alue of 43 and 75% were obtained using the potassium carbonate
alt (Sigma–Aldrich) and the sodium chloride salt (Sigma–Aldrich),
espectively. A data acquisition system (Balint V.5.00) connected
o the balance allowed monitoring the global mass variation dur-
ng the whole process. During the experiments, the overall mass
ncrease was less than 7%, corresponding to a maximum rising
f 0.26 g. However the absolute error on the gravimetric mea-
urements was 5 × 10−4 g, meaning that this weight variation was
learly discriminated.

Furthermore, a statistical analysis was performed to esti-
ate the repeatability of the experiments. The experiments
ere performed three times for each operating condition, i.e.

or the three chitin concentrations (0, 3, 5%, w/v) and the two
onditions of fabrication temperature (20 ◦C and 40 ◦C). The stan-
ard deviation was calculated using the following expression:

(n
∑

x2 − (
∑

x
2))/(n(n − 1)), where n is the number of mea-

urements and x is the mass values obtained at each time step.
he results (Fig. 3) exhibit that the repeatability was fairly good for
ach operating condition and it confirms that the process parame-
ers (temperature, relative humidity and air flow conditions) were
ell controlled using this fabrication chamber. Therefore, the slight
ifferences between the three curves corresponding to the three
hitin concentrations are significant since the standard deviation is
eak whatever the temperature.

.3. Rheometry

Rheological experiments were performed on a rotational con-
rolled stress rheometer (Haake, Rheostress RS 100, Thermo Fisher
cientific) coupled with the Rheowin software. A dynamic mode

as used for the rheological monitoring during gelation: it con-

isted in applying an oscillatory stress to the sample and then in
easuring the resulting strain. The plate–plate geometry was used

nd the diameter of the plates was 20 mm. The gap varied with the
ample from 1 mm to 1.5 mm.
vimetric measurements were performed.

The values of the stress amplitude were verified to ensure that
all measurements were performed within the linear viscoelasetic
region so that the storage (or elastic modulus G′) and the loss (or
viscous) modulus G′ ′ were independent of the stress. Thus, a stress
sweep test at a frequency of 10 rad/s was performed to define this
region for both kinds of samples (liquid and gel). Then, from this
linear region, an appropriate stress was selected to be as high as
possible in order to avoid too low torque. The applied stress varied
between 8 Pa and about 100 Pa depending on the physical state
of the sample. Using this suitable stress, the elastic and viscous
moduli were measured for a constant-stress frequency sweep with
frequencies ranging from 0.2 rad/s to 100 rad/s. The temperature
of the measurement was controlled by a thermostated bath. The
rheometric tests were carried at the temperature of the fabrication
chamber (20 ◦C or 40 ◦C).

3. Model description

The gelation phenomenon involved during this process is gov-
erned by solvent and non-solvent fluxes perpendicular to the
polymer solution. Initially, the polymer solution is assumed to have
uniform composition, only composed of chitin and NMP (solvent).
The polymer concentration is low in our cases, in the range 0–5%
(w/v). Once the polymer solution is exposed to humid air, the sol-
vent begins to evaporate. The rate of evaporation is low due to
low saturated vapour pressure of NMP. At the same time, the non-
solvent intakes the solution due to a gradient of chemical potential
between the humid air and the air/solution interface. Therefore a
non-isothermal mass transfer will be developed and the heat trans-
fer will be modelled using a lumped parameter approach described
in the following paragraphs.

3.1. Description of the geometry

The geometry for mass transfer in this system is presented in
Fig. 2. The polymer solution is placed in a Petri dish and exposed to
humid atmosphere. In the model formulation, the mass transfer is
assumed to be one-dimensional (in the vertical axis) and governed
by Fickian diffusion; no diffusion will be assumed in the horizontal

axis. Heat transfer will be considered between the bulk gas phase
and the sample but uniform temperature within the solution will be
assumed. The gas phase next to the top side of the polymer solution
is characterized by its temperature Tb (bulk temperature), the rel-
ative humidity RH, the partial pressure of each volatile compound
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Fig. 2. Schematic of the geometry.

ib, and the hup. hdown characterizes heat transfer coefficient next
o the bottom of the Petri dish (glass substrate).

.2. Mass transfer model

The following assumptions are done for the non-isothermal
odel: (i) no polymer transfer to the air side, (ii) ideal gas behaviour

t the air side and (iii) gas–liquid equilibrium at the air–polymer
olution interface. Assuming these assumptions, the model equa-
ions are derived as follows:

∂�i

∂t
= ∂Jv

i

∂z
+ Ri i = 1, 2 (1)

here �i is the mass concentration of component i, defined by:

i = �i

V̂i

(2)

i and V̂i are the volume fraction and the partial specific volume
f component i, respectively. The subscripts refer to water (1)
nd NMP (2). Ri represents a chemical reaction term that can be
ssumed to be null since no chemical reaction is involved between
ater and NMP neither between the polymer chains of chitin and

hose solutes species.
The diffusive fluxes Jv

i
must be precisely examined in this case.

n the case of numerical models that aim calculating mass trans-
er kinetics within a synthetic polymer solution prior to phase
eparation, multicomponent diffusivities are usually considered to
escribe the transport mechanisms. In such cases, the mutual dif-
usion coefficients can be calculated using different friction based
iffusion models [23–25]. Moreover, the knowledge of the self-
iffusion coefficients is often necessary. For diffusion phenomena

nvolved within polymer solutions, the free-volume theory devel-
ped by Vrentras and Duda [20] is usually used for estimating the
alues of the self-diffusion coefficients. However, several parame-
ers must be determined such as the critical hole free volume of the
omponents required for a jump, the glass transition temperature
f the polymer, the pre-exponential factor, the interaction param-
ters. For synthetic polymer systems involved in the fabrication
f solid membranes, a large literature exists and most parameters
re reported or they can be estimated using specific methods [22].

evertheless, for natural polymers such as chitin, these data are
ot available in the literature. Neither the interactions parame-
ers (solvent/polymer, non-solvent/polymer) nor the free-volume
arameters have been reported in previous papers and the values
f the diffusion coefficients are much more difficult to estimate.
g Journal 157 (2010) 605–619

Therefore, another modelling approach was considered for this
system. Since the polymer concentration is very low when using
the chitin (5%, w/v maximum), it was assumed as a first approach
that the diffusion mechanisms were not disturbed by the presence
of the polymer chains. Preliminary experiments were performed
to focus on the influence of the chitin concentration on the global
mass transfer kinetics. Three solutions were prepared in the same
Petri dishes, containing the same initial mass of NMP. One Petri
dish contained pure NMP solution and the two others contained
chitin solutions at 3 and 5% (w/v), respectively. Gravimetric mea-
surements were performed in the fabrication chamber in the same
conditions of relative humidity and temperature. The experiments
were conducted during 24 h in each case. The temperature and
the relative humidity were kept constant using the double shell
chamber and appropriate saturated saline solution. The gravimet-
ric curves are plotted in Fig. 3. They clearly point out that the kinetic
curves are not strongly affected by the chitin concentration, at least
in the range [0–5%, w/v].

Thus, the small molecules of water and NMP were assumed to
transfer within the chitin solution as if they were in a NMP/water
solution. A Fickian diffusion model was also assumed, which was
based on the mutual diffusion coefficient Dwater/NMP. Note that the
diffusion coefficient depends on two parameters: the temperature
and the composition of the polymer solution, and more precisely
the ratio between the water and NMP concentration. The diffusive
fluxes were also expressed as following:

Jvi = Dij
∂�i

∂z
i = 1, 2 (3)

Thus, Eq. (1) can be written as follows (subscripts 1 and 2 corre-
spond to water and NMP respectively):

∂�1

∂t
= ∂

∂z

(
DNMP/water

∂�1

∂z

)
(4)

∂�2

∂t
= ∂

∂z

(
DNMP/water

∂�2

∂z

)
(5)

The mutual diffusion coefficient DNMP/water depends on the ratio
between the NMP and water mole fraction within the solution.
Tkacik and Zeman [26] studied the PES/NMP/water system and
they reported the expression of the DNMP/water as a function of the
NMP mole fraction in a binary system water/NMP. The expression
has been given at 25 ◦C and the Stokes–Einstein relation allowed
calculating the values at 20 ◦C and 40 ◦C:

D = kT

6�a�
(6)

where D is the diffusion coefficient, k is the Boltzmann constant, a
is the molecular radius and � is the dynamic viscosity.

3.3. Initial and boundary conditions

Eqs. (4) and (5) require initial and boundary conditions that can
be written as follows:

At t = 0, �1 = �0
1 = 0, �2 = �0

2 = 1

V̂2
(7)

At z = 0,
∂�i

∂z
= 0 i = 1, 2 (symmetry condition) (8)

The boundary condition at the substrate/solution interface, at z = 0,
corresponds to an impermeable interface for mass transfer:
At z = H,
∂�i

∂z
= kpi[Pib(Tb) − Pii(Ti)] i = 1, 2 (9)

The Neumann condition at the upper interface involves the conti-
nuity of the mass flux at the interface polymer solution/external
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Fig. 3. Comparison between gravimetric curves for different chitin concentr

Table 1
Value of the parameters of the model.

Parameter Value

M1 18 g/mol
M2 99 g/mol
�Hv1 2256 J/g

e
p
a
p
o

c
u

l

w

t
c

3

e
w
c
n

�Hv2 533 J/g
�0

1 1000 kg/m3

�0
2 1030 kg/m3

�0
3 1450 kg/m3

nvironment. kpi represents the mass transfer coefficient of com-
onent i. The partial pressures of water and NMP in the gas phase
re constant during the whole process and depend on the bulk tem-
erature. The local partial pressures at the upper interface depend
n both the temperature of the solution and its local composition.

The saturated vapour pressures of solvent/non-solvent were cal-
ulated using Eq. (10) [23,25,27,28]. The values of the constants
sed in the equations are presented in Tables 1 and 2:

og Psat = A − B

C + T
(10)

here Psat is in kPa and T is in K.
The relation between the partial pressure and the saturated par-

ial pressure for both components are given by the equilibrium
urve water/NMP.

.4. Heat transfer model
Once the mass transfer between the polymer solution and the
xternal environment involves first water absorption and then
ater evaporation, the local temperature of the solution may

hange during the process. This could affect the mass transfer phe-
omena for three main reasons: (i) the partial pressure of both

Table 2
Values of the constants used in the calculation of the satu-
rated pressure of water and NMP (Eq. (10)).

Parameter Water NMP

A 7.942 6.3213
B 1657.5 1709.28
C 227.02 −79.04
ations. T = 20 ◦C and T = 40 ◦C for constant RH = 43%. Initial mass = 3.7 g.

water and NMP directly depend on the air/solution interface tem-
perature. The mass transfer driving force is also affected by a
modification of the temperature during the process. (ii) The internal
diffusion coefficients depend on the temperature: higher the tem-
perature, lower the viscosity and higher the diffusion coefficients.
(iii) The external mass transfer phenomena from the gas phase to
the air/solution interface strongly depend on the local temperature,
especially if natural convection is involved. In such a case, the dif-
ference of the air density between the gas phase and the interface
promotes the air motion; therefore it controls the external mass
transfer rate. The density difference is directly influenced by the
temperature.

Thus, heat transfer must be resolved assuming uniform temper-
ature in the whole thickness of the solution. Indeed the gas-phase
convective resistance to heat transfer is much greater than the con-
ductive resistance in the solution and substrate. The Biot number is
a non-dimensional number that compares the thermal convective
and conductive effect:

Biot = hLc

�
(11)

where h is the external heat transfer coefficient, Lc is the character-
istic length (the film thickness for this modelling problem) and � is
the thermal conductivity of the polymer solution. For this calcula-
tion, the NMP thermal conductivity can be considered with regards
to its volume fraction within the casting film (>95%). Since the Biot
number is lower than 0.01 (4.5 × 10−3 using the most unfavourable
case), the heat transfer rate by internal conductivity is much higher
than the external heat transfer throughout the air/solution inter-
face, meaning that the heat transfer resistance is located into the gas
phase. There is also no internal heat transfer resistance for such thin
samples. Besides, strong evaporation or absorption phenomena
could appear during the gelation process, due to mass exchanges
(solvent extraction and non-solvent absorption). These mass trans-
fer phenomena would lead to local concentration gradients near the
air/solution interface since the mass transfer resistance is located
within the solution (the solvent and non-solvent molecules dif-

fusion is faster in the gas phase than in the liquid phase). Such
mass exchanges would lead to heat production (absorption) or heat
consumption (evaporation) at the air/solution interface. Neverthe-
less, in the case of thin samples, the internal heat transfer along
the whole sample thickness performed by heat conduction would
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e much faster than the heat production due to mass exchanges.
ence, it would ensure uniform temperature in the whole sam-
le even if heat is exchanged with the external environment. This
alance between the heat production and the heat transfer rates
xplain why no temperature gradient are expected for thin sam-
les, characterized by a Biot number lower than 0.01. Thus, uniform
emperature can be assumed along the film thickness. Furthermore,
adiative heat transfer is neglected and average values of the den-
ity, heat capacity and thermal conductivity are used for the model.
he variation of the temperature of the system solution/substrate
an be derived as follows, assuming a lumped parameter approach
23,24,29]:

dT

dt
= −

[
hup

b
(T − Tb) + hdown

b
(T − Tb) + Jv1 �Hv1 + Jv2 �Hv2

�sCpsH + �gCpgHg + �inoxCpinoxHinox

]
(12)

where � and Cp are the density and heat capacity, respectively.
he subscripts s and g refers to the solution and the glass sub-
trate respectively. �Hv1 and �Hv2 are the vapourization enthalpy
f water and NMP, respectively. T is the temperature of the solu-
ion and Tb is the bulk temperature, considered to be the same
bove and below the solution. The initial temperature of the solu-
ion was assumed to be equal to the chamber temperature, i.e. 20 ◦C
r 40 ◦C since the solutions and the casting support were stored at
he same temperature prior to the experiments. Furthermore, the
ssumption of constant chamber temperature during the process
as validated by conducting two blank experiments performed

t 20 ◦C and 40 ◦C and using a thermocouple for monitoring the
emperature. Constant values of the temperature with very low
eviation were experimentally observed, which confirmed that the
ouble-wall chamber used in these experiments was efficient to
aintain constant temperature during a long period.
Note that the model including the coupling between the mass

nd heat transfer can be applied whatever the thickness of the sam-
le. Besides, for thin samples characterized by Biot numbers lower
han 0.01, the lumped parameter approach proposed in the pre-
ious paragraph can be used to estimate the variation of the film
emperature during time. If the thickness of the casting film would
e much higher, the Biot number might exceed 0.01; in such a case,
he heat transfer should be simulated within the film and the model
rchitecture would be weakly modified. Indeed, the heat produc-
ion or consumption would not be immediately balanced by the
eat conduction and a temperature gradient would appear within
he material. The lumped parameter approach used in this study
ould not be used for thicker samples.

.5. External mass and heat transfer coefficients

The external mass and heat transfer coefficients for natural con-
ection can be determined using empirical correlations [28]:

kpiLcyair,lm

Dig

RT

Mi
= 0.27(GrSci)

0.25 (13)

hLc

�g
= 0.27(GrPr)0.25 (14)

air,lm is the log mean mole fraction difference of air, �g is the ther-
al conductivity of air, Lc is the characteristic length of the solution

urface, Pr, Sc and Gr are the Prandtl, Schmidt and Grashof number
espectively, Dig and Mi are the mutual diffusion coefficient and the
olar mass of component i in the gas phase, respectively. kpi is the
xternal mass transfer coefficient. The Prandtl and Schmidt number
an be calculated using their standard definitions:

ci = �g

�gDig
(15)
g Journal 157 (2010) 605–619

Pri = �g

�g�g
(16)

Dig can be calculated using the correlation of Fuller et al. [30]:

Di,air = 1, 43 × 10−7T1.75

PM0,5
i,air

[(
∑

v)i
1/3 + (

∑
v)air

1/3]
2

(17)

where Mi,air is equal to 2(MiMair)/(Mi + Mair), T is the temperature, P
is the pressure (bar), Mi and Mair are the molar mass of component i
and air respectively, and

∑
v are the diffusion volume.

∑
vwater and∑

vair are equal to 13.1 and 19.7 respectively [30] and
∑

vNMP can
be calculated from the diffusive volume of each atom:

∑
vNMP =

76.74.
The Grashof number Gr depend on the density gradient between

the gas phase and the air/solution interface. Both the temperature
and the concentration of the gas phase affect the Grashof number,
which can be expressed as following:

Gr = gL3
c �g

2

�2
g

[
− 1

�g

(
∂�g

∂T

)
P,yi

(T − Tb) −
∑

i

1
�g

(
∂�g

∂yi

)
P,T

(y −yi)

]

(18)

3.6. Numerical simulation

The non-linear differential partial equations, including coupled
mass and heat transfer, were resolved using finite element software
(Comsol Multiphysics 3.5®). The one-dimensional geometrical
domain was meshed using refined mesh near the solution/air inter-
face since the concentration gradient is expected to be greater
in this region; then a geometrical element growth rate was fixed
within the domain. The element size was tested to ensure that the
numerical results do not depend on the mesh refinement. A variable
time step is also assumed for the calculations.

4. Results

The model was first validated using the experimental data
obtained in the fabrication chamber. The relative humidity was
fixed at 43% and two temperatures were tested: 20 ◦C and 40 ◦C.
Even though the chitin concentration was assumed not to strongly
influence (i) the activity coefficients of both water and NMP and (ii)
the transport phenomena within the solution, the simulations were
performed at the three concentrations of chitin (0, 3 and 5%, w/v).
The slight differences between the curves displayed in Fig. 3 are due
to the difference in terms of volume fraction of the polymer. The
aforementioned statistical analysis performed on the gravimetric
measurements showed that the average value of the standard devi-
ation obtained at each time step was ca. 4 × 10−6 g (0.2% of the mean
mass variation). A good repeatability was therefore obtained on the
kinetics data for each operating condition since the process param-
eters were controlled in the fabrication chamber. It is important
to note that there is no adjustable parameter in the model pre-
sented here; the values of the parameters were calculated using
semi-empirical correlations or they were found in the literature.
After being validated for different conditions of temperature, the
model was used to predict the concentration profiles at the gela-
tion time, which was determined using rheological measurements.
It helped focusing on the influence of the solvent quality on the
gelation mechanisms.
4.1. Validation of the model

4.1.1. Kinetics curves
Fig. 4 reports the comparison between the simulated and the

experimental results. The experimental data were obtained in the
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tion and the gas phase is quite low (less than 1.5 ◦C). Nevertheless,
both effects of temperature gradient and composition difference
explain the sudden decrease of the mass transfer coefficients dur-
ing the first 50 min. Once the amplitude of both effects declined, the
ig. 4. Comparison between experimental data and simulated results—43% RH and
0 ◦C.

abrication chamber at 43% RH and 20 ◦C. In order to clarify the fol-
owing figures, the standard deviations are not represented when
omparing with the numerical predictions. As expected, the kinetic
urves do not strongly depend on the polymer concentration since
wo assumptions were assumed: (i) the activity of water and above
ll of NMP does not depend on the chitin concentration and (ii) the
iffusion rate was assumed to be the same as in a binary NMP/water
olution. Fig. 4 exhibits that the agreement between the numerical
esults and the experimental data is good, especially if we remem-
er that there is no adjustable parameter to fit the curves. Besides,
he mass transfer rate is shown to be slightly overestimated at the
eginning of the process, during the first 5 h, and more specifically
uring the first 30 min. The initial mass transfer rate is very high
uring this short period and then a slope change was suddenly
bserved. After 30 min, no other slope change was observed until
he end of the process. This slope change could be explained by two
easons: (i) a sudden change of the external mass transfer rate or
ii) a modification of the polymer solution properties, which could
ffect the internal diffusion mechanisms. Since a simple mutual dif-
usion between NMP and water was assumed within the solution,
he first assumption mentioned was retained. For that reason, the
ariation of the two external transfer coefficients as a function of
ime was plotted in Fig. 5. Two periods can be easily distinguished:
t the beginning of the process, both values of the external mass
ransfer coefficient of water and NMP reach a maximum and then
sudden decrease was observed. The values of kpNMP and kpwater

ere reduced by seven after only 50 min and then their value kept
lmost constant until the end of the process. For conditions of nat-
ral convection, the external mass transfer coefficients depend on
he magnitude of the density gradient between the air/solution
nterface and the gas phase, which can be induced by two effects: (i)
temperature gradient and (ii) a gradient in gas phase composition.
uring the first minutes of the process, both effects reach their peak

ince the initial driving force that induces the mass transfer is max-
mal: at initial time, there is no water within the polymer solution,

.e. its chemical potential is equal to zero. Once the water intakes
he solution, its chemical activity and thus its chemical potential
ncreases, leading to a decrease of the mass transfer driving force.
he phenomenon is strongly reduced for the NMP since the external
Fig. 5. Variation of the water (kp1) and NMP (kp2) external mass transfer coefficients
during time—43% RH, T = 20 ◦C.

atmosphere can be assumed as infinite volume, whose composition
does not change during the process. This assumption is all the more
relevant for this study that the NMP has a very low vapour pres-
sure whatever the temperature (22 Pa at 20 ◦C and 106 Pa at 40 ◦C,
cf. Eq. (10)). Thus, the driving force for solvent evaporation can be
considered constant during the whole process. Fig. 6 reports the
variation of the solution temperature calculated by the model when
the chamber temperature is kept constant at 20 ◦C. Due to exother-
mic water absorption, the solution temperature increases in the
first minutes, besides the temperature gradient between the solu-
Fig. 6. Variation of the temperature during the process—43% RH and 20 ◦C.
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rashof number declined as well and the mass transfer coefficients
eep a constant value until the end of the experiments.

Then, the mass transfer phenomena were simulated at 40 ◦C, for
he same RH. The results are reported in Fig. 7 for the three con-
entrations of chitin (0, 3 and 5%, w/v). The simulated curves are in
airly good agreement with the experimental data even though the
ifference between simulated and experimental curves is higher
han at 20 ◦C. As for the case at 20 ◦C, a slope change is observed
t the beginning of the process. Fig. 9 reports the variation of the
olution temperature as a function of time and points out that
he temperature gradient was too times higher than at 20 ◦C, but
he time to reach the peak was the same. This peak can also be
inked to the sudden decrease of the external mass transfer coef-
cients reported in Fig. 8. After the slope change, the simulated
urves (Fig. 7) kept on increasing until they reached a maximum
fter 14 h, exhibiting a slight delay comparing to the experimen-
al curves. Then, the global mass started to decrease since the rate
f solvent evaporation became larger than the non-solvent intake
ate (Fig. 10). A zoom was done on the y-axis since the decrease
f the fluxes is very strong during the first 30 min. The scale was
hus reduced, which makes the analysis easier. Fig. 10 points out
hat even after 14 h, the water kept on coming into the solution,

eaning that the equilibrium state was not reached; thereby the
ux was shown to tend to zero at the end of the process (24 h).
fter equilibrium, it was also expected that the water intake rate
ould become null and then negative. Indeed, as soon as the sol-

ent evaporates, the water molar fraction in the solution changes
nd the thermodynamic equilibrium cannot be reached.

In addition, the mass transfer coefficients were shown to
ave a different behaviour comparing to the previous conditions
T = 20 ◦C): both of them (for water and NMP) change until the end
f the process. The variation of the mass transfer coefficients calcu-
ated by the numerical model induces a change in the gravimetric
urves: a rapid slow down of the global mass was predicted after

he peak was reached. These decreasing rates were shown to be
reater than those observed with the experimental data, and the
odel seems to overestimate the air motion due to the natural

onvection. This phenomenon is more marked at 40 ◦C than at 20 ◦C
ince the thermal effects due to mass exchanges are higher. It could

ig. 7. Comparison between experimental data and simulated results—43% RH and
0 ◦C.
Fig. 8. Variation of the water (kp1) and NMP (kp2) external mass transfer coefficients
during time—43% RH, T = 40 ◦C.

be explained by the specific geometry of the Petri dish contain-
ing the chitin solution. Indeed, the simulation was assumed to be
one-dimensional and the wall effects were neglected. This assump-
tion is totally relevant for internal mass transfer phenomena, but
hydrodynamics above the solution could be affected by the fact that
the Petri dish wall is higher than the thickness of the solution. The
external mass transfer due to natural convection could be lower
than calculated by the numerical model, which considers infinite
horizontal plate facing up.

The slight overestimation of the initial external mass trans-

fer coefficients by the model induced a slight difference between
the simulated and experimental gravimetric curves. Even if the-
ses deviations were not dramatically strong, it was chosen to test
new simulations using constant external mass transfer coefficients.

Fig. 9. Variation of the temperature during the process—43% RH and 40 ◦C.



D. Bouyer et al. / Chemical Engineering Journal 157 (2010) 605–619 613

F
4

T
o
5
g
F
s
t
a

4

d
c

F
R
k

ig. 10. Variation of the water (J1) and NMP (J2) fluxes during time—43% RH and
0 ◦C.

he values of kpwater and kpNMP were also chosen from the previ-
us simulated curves, by taking the constant values obtained after
0 min at 20 ◦C. At 40 ◦C, time-average values were calculated. The
ravimetric curves simulated using constant kp were reported in
igs. 11 and 12. Both figures exhibit very good agreement between
imulated and experimental curves, meaning that these simula-
ions better predict the mass transfer rates between the solution
nd the gas phase.
.1.2. Concentrations profiles
Then, the water concentration profiles were plotted versus the

imensionless position (z/H), for each condition of temperature and
hitin concentration. Since the chitin concentration was shown to

ig. 11. Comparison between experimental data and simulated results – 43%
H and 20 ◦C – constant mass transfer coefficient: kp10 = 1.55 × 10−9 s/m and
p20 = 3.04 × 10−9 s/m.
Fig. 12. Comparison between experimental data and simulated results – 43%
RH and 40 ◦C – constant mass transfer coefficient: kp10 = 2.15 × 10−9 s/m and
kp20 = 4.2 × 10−9 s/m.

have a weak influence on the kinetic curves, it was chosen to plot
only the curves relative to the highest chitin concentration, i.e. 5%
(w/v). The water volume fraction was reported in Fig. 13 at 20 ◦C
and in Fig. 14 at 40 ◦C.

The variation of the water volume fraction with time is quite dif-
ferent depending on the temperature: after 10,000 s (about 2.8 h),
the water concentration was only about 1.5%v at 20 ◦C but more

than 4.5%v at 40 ◦C. At the end of the process (86,400 s, i.e. 24 h),
the water volume fraction was about 6.2%v at 20 ◦C but about 9.4%v
at 40 ◦C. Besides, whatever the temperature, the concentration pro-
files clearly exhibit that the gradient of water volume fraction are

Fig. 13. Concentration profiles (water volume fraction) into the polymer solution
during time – 5% (w/v) chitin, 43% RH and 20 ◦C – constant mass transfer coefficient:
kp10 = 1.55 × 10−9 s/m and kp20 = 3.04 × 10−9 s/m.
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modulus G′′ (ω) of a sample stored at different times in the fabri-
cation chamber are reported in Fig. 15 (initial polymer solution of
3%, w/v). A variation of both moduli can be observed. During sol–gel
transition, the behaviour of a material changed from that of a liquid
ig. 14. Concentration profiles (water volume fraction) into the polymer solution
uring time – 5% (w/v) chitin, 43% RH and 40 ◦C – constant mass transfer coefficient:
p10 = 2.15 × 10−9 s/m and kp20 = 4.2 × 10−9 s/m.

eak, leading to flat profiles along the solution thickness. The sol-
ent and polymer concentration profiles were not plotted since
hey exhibited concentration profiles with very weak gradient due
o low mass transfer rates. Besides, the gradients are more pro-
ounced at the beginning of the process, especially at 40 ◦C, since
he driving force to mass transfer is maximal at the beginning of the
rocess, leading to faster external mass exchanges. The gradient of
ater volume fraction from the bottom to the top of the solution

s about 1%v at 40 ◦C and even lower at 20 ◦C. It can be concluded
hat the VIPS-gelation process involves low transfer rates that pro-

ote progressive non-solvent penetration in the solution and slow
olvent extraction from the solution.

Therefore, developing a numerical transfer model appears cru-
ial for better understanding the mass exchanges involved in the
el formation using VIPS-gelation process. The model can be used
or predicting the kinetics of the solvent quality modification, i.e.
he molar ratio between the non-solvent and the solvent, or for
stimating the concentration gradients within the solution prior to
he gelation. The final morphology of the gel could be affected by
oth effects.

.2. Use of numerical model for a better understanding of the
elation kinetics

Starting from a homogeneous chitin solution composed of only
hitin and its solvent, the gelation phenomenon is induced if the
ystem becomes unstable in terms of thermodynamics. Using this
pecific system (chitin/NMP), the gelation is induced by the non-
olvent intake. For a polymer with a given molecular weight and a
iven degree of acetylation, the time to achieve the sol/gel tran-
ition may be affected by various parameters: (i) the polymer
oncentration in the initial solution, (ii) the temperature and (iii)
he mass transfer kinetics, i.e. solvent extraction rate and non-
olvent penetration rate.
In this work, the gelation time was monitored by rheological
easurements for increasing chitin concentrations and two differ-

nt temperatures (20 ◦C and 40 ◦C). Using the numerical results on
he mass transfer rates obtained by the numerical model presented
ere, experimental results about gelation time will be discussed.
g Journal 157 (2010) 605–619

4.2.1. Procedure for the determination of the gel point
Different procedures have been proposed to measure gelation

times [31–33]. One of them consists in placing the sample of the
initial solution on the rheometer. In this case, G′ and G′′ are mon-
itored as a function of the time, for a given frequency (ω). This
procedure is easy to perform on a practical point of view, but the
rheological characteristics of the sample are observed for only one
frequency. This is a major drawback because it was already shown
that the gelation time may depend on the frequency used during
the measurement [33].

Another technique was considered in this study: the gelation
process was monitored by measuring the storage modulus G′ and
loss modulus G′′ as a function of the frequency (ω) at different times
during the gelation. This procedure is more time consuming than
the first one but it is distinguished by two major advantages:

• The sample is characterized on a wide range of frequencies (or a
wide range of solicitation rates) and then it is possible to observe
various properties of the sample such as the relaxation of polymer
chains.

• The chitin hydrogel is made in the fabrication chamber but not on
the rheometer. As a consequence, the mass transfers are better
controlled via the process parameters (temperature, RH and air
flow natural convection). Furthermore, the geometry of the poly-
mer solution in the fabrication chamber is more convenient for
calculating the mass transfer kinetics using the numerical model.
Thus, the chemical composition of the sample can be predicted
with better accuracy using this experimental procedure.

Several identical samples were prepared with the same weight
and the same geometry because these parameters influence the
gelation time. They were stored in the reactor in order to induce
gelation (relative humidity: 75%, temperature: 20 ◦C or 40 ◦C). Then,
they were removed from the chamber at different times during
gelation and individually loaded on the rheometer platform.

The curves relative to the elastic modulus G′ (ω) and the viscous
Fig. 15. Variation of G′ and G′′ versus frequency of a chitin solution for increasing
storage time in the fabrication chamber. Polymer concentration in the solution = 3%
(w/v). Relative humidity (RH) = 75%. Temperature = 20 ◦C.
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Table 3
Nomenclature.

Nomenclature Unit Definition

M1 g/mol Molar mass of water
M2 g/mol Molar mass of NMP
Mi,air g/mol Weighted average molar mass of the

component i in the air
Mair g/mol Molar mass of air∑

v m3 Diffusion volume
�i kg/m3 Concentration of component i
Jv
i

kg/(m2 s) Flux of i
Dij m2/s Diffusion coefficient of i
Ri kg/m3 s Reaction term
� – Volume fraction
V̂i m3/mol Molar volume of i
H m Polymer solution thickness
Hg m Glass substrate thickness
Hinox m Inox plate thickness
kpi s/m Mass transfer coefficient
hup J/(m2 s K) Heat transfer coefficient above the

solution
hdown J/(m2 s K) Heat transfer coefficient below the

solution
Pib Pa Partial pressure of i in the bulk
Pii Pa Partial pressure of i at the solution/air

interface
yair,lm – Log mean mole difference of air
R 8314 J/(K mol) Ideal gas constant
T K Temperature of the solution
Tb K Temperature of the bulk
Gr – Heat transfer Grashof number
Sc – Schmidt number
Pr – Prandtl number
�g W/m K Thermal conductivity of air
P Pa Total pressure in the gas phase
ˇ 1/K Coefficient of volumetric thermal

expansion
k J/K Boltzmann constant
a m Molecular radius
� Pa s Dynamic viscosity of the solution
�air Pa s Dynamic viscosity of gaseous phase

2

D. Bouyer et al. / Chemical Engi

o that of a solid. It is generally considered that when G′ < G′′, the
ehaviour of the sample was liquid-like, whereas when G′ becomes

argely over G′′, the material behaves like a gel [34–36]. In the case of
hitin gel, this transition is clearly evidenced in Fig. 15. For the ini-
ial chitin solution (t = 0 min), G′ was lower than G′′. After 180 min of
ater vapours exposure, G′ became higher than G′′. This behaviour
as to be attributed to the development of physical interactions
hydrogen bonding and hydrophobic interactions) between chitin
hains, leading to the formation of a polymer network.

From rheological measurements, it is also possible to distin-
uish “true” gels from “weak” gels or pseudo-gels [35–37]. For a
rue or strong gel, G′ must exhibit a pronounced plateau extending
o an appreciable range of frequencies and must be considerably
igher than the loss modulus in this region. “Weak” gels are char-
cterized by a higher dependence to frequency for the dynamic
oduli, suggesting the existence of relaxation processes occurring

ven at short time scales. A lower difference between moduli val-
es is also observed. When the 3% (w/v) chitin solution is exposed
uring 180 min to water vapour, the value of G′ becomes stable and
ypically one order of magnitude larger than G′′ (Fig. 16). Thus, it can
e considered that the gel obtained with the VIPS-gelation process

s a “true” physical gel in the range of frequency investigated.
Using the procedure described above, gelation kinetics were

nvestigated for various chitin concentrations in the initial solu-
ion (ranging from 0.5 to 5%) and for two temperatures (20 ◦C and
0 ◦C). The results are reported in Fig. 16 (Table 3.).

.2.2. Influence of the temperature on the gelation time
Fig. 16 clearly indicates that the gelation time decreases on

ncreasing temperature. The gelation process may be affected by
he temperature for three main reasons:

An increase of the temperature promotes the molecular mobility
and then it favours the probability of connections between poly-
mer chains, allowing the chitin macromolecules to form physical

junction zones more easily.
As previously demonstrated in the literature [38,39], the temper-
ature plays a major role on low energy interactions involved in
the formation of physical polymer network. In the case of chitosan

ig. 16. Influence of chitin concentration in the initial solution and temperature on
he gelation kinetics.

Dig m /s Diffusion coefficient of component i in
the gaseous phase

Psat kPa Saturated pressure of NMP and water
�Hvi J/kg Vapourization enthalpy of component i
�s kg/m3 Density of the solution
�g kg/m3 Density of the Petri dish (glass)
�inox kg/m3 Density of the inox plate
�air kg/m3 Density of the air
Cps J/(kg K) Heat capacity of the solution
Cpg J/(kg K) Heat capacity of the Petri dish (glass)
Cpinox J/(kg K) Heat capacity of the inox plate
Hg m Thickness of the Petri dish
Hinox m Thickness of the inox plate

Lc m Characteristic length of the system
g m/s2 Gravitational acceleration

 m2/s Cinematic viscosity

substituted with alkyl chains, the temperature favours interchain
associations through hydrophobe–hydrophobe interactions [40].

• Furthermore, as it was shown in the first section of this paper, the
temperature strongly affects the mass transfer kinetics between
the solution and its external environment. Both the water intake
rate in the chitin solution and the solvent removal rate increase
when the temperature is raised. Therefore, the critical water con-
tent required in the system to induce sol–gel transition is reached
more rapidly, leading to faster gelation kinetics.

To appreciate the impact of the temperature on the mass

exchanges, it is interesting to observe, for a given chitin concen-
tration but for different temperatures, the water volume fraction
required for gelation. This volume fraction at the gelation time was
estimated using the mass transfer model (Table 4 and Fig. 17). Note
that the numerical model was validated at 75% RH and the two
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Table 4
Average water volume fraction (�1) and average molar ratio water/NMP (x1/x2)
required for gelation.

Chitin volume fraction 20 ◦C 40 ◦C

�1 x1/x2 �1 x1/x2

0.5% 1.8% 9.6% 1.5% 8.6%
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1.5% 1.5% 8.2% 1.3% 7.2%
3% 1.0% 5.67% 0.9% 5.0%
5% 0.8% 4.5% 0.8% 4.5%

emperatures (20 ◦C and 40 ◦C) by comparing the variation of the
lobal mass of the chitin solution obtained by experiments and the
ne simulated by the mass transfer model. The global water con-
entration that is required to induce the gelation was reported in
able 4. Water concentration was displayed in terms of volume
raction. Moreover, the molar ratio between water and NMP (x1/x2)
as reported at the gelation time, since it represents the solvent

uality. The gelation was expected to occur at a critical value of
his ratio.

The results exhibit that the amount of water at the gel point
as slightly reduced when the temperature was increased. The

ffect is more pronounced at the lowest chitin concentration (0.5%,
/v) since the time to reach the gelation is higher. Thus, this result

onfirms that the temperature has an effect on the gelation time,
ndependently on the modification of the mass transfer kinetics
ue to temperature change. Increasing the temperature affects the
hitin chains mobility and favours the polymer gelling properties
robably through the polymer–solvent interaction parameter �12.
his result is in good agreement with the study of Vachoud et al.
oncerning chitin hydrogels prepared by chemical reaction (acety-
ation of chitosan) [10]. These authors showed that chitin in a given
olvent (water–alcohol media) gelled on increasing temperature.
his property must be related to the hydrophobic associations of
olymer chains, which are favoured by raising the temperature
40].
.2.3. Influence of chitin concentration
It was observed a slight decrease of the gelation time with

ncreasing the chitin concentration in the range 0.5–5% (w/v), what-
ver the temperature (Fig. 16). This result has already been reported

ig. 17. Molar ratio x1/x2 at the gelation time for increasing chitin concentrations
0.5–5%, w/v) – temperature = 20 ◦C and 40 ◦C – relative humidity = 75%.
g Journal 157 (2010) 605–619

in the literature for others polymers [41,42]. Since this study aims
at distinguishing the role of the main parameters involved in the
gel formation, it was interesting to link the solvent chemical com-
position at the gelation time with the chitin concentration of the
initial solution.

Fig. 17 exhibits that the solvent quality (x1/x2) required for
gelation clearly depends on the chitin concentration. This can be
explained by focusing on physico-chemical considerations. During
the sol–gel transition, some of the chain entanglements in the initial
solution are converted into crosslinks that are responsible for the
network formation and for the elastic component of the material.
If the chitin concentration increases, the number of entanglements
between chitin chains is enhanced leading to more favourable con-
ditions for the formation of physical junctions [11]. Therefore, the
solvent quality at the gel point is less modified when increasing the
chitin concentration in the initial solution. At the highest chitin con-
centration (5%, w/v), the amount of water that is necessary to form
a gel is about two times lower than for the lowest chitin concen-
tration (0.5%, w/v). This result was pointed out at the two different
temperatures.

4.2.4. Gelation front
A gelation front was visually observed on the gel samples during

VIPS-gelation process conducted in the fabrication chamber: the gel
was shown to form initially at the upper air/solution interface and
then to progress from the top to the bottom of the Petri dish. By
considering that a critical water content is required to induce the
gelation locally and that the gelation mechanisms is rapid com-
paring to the transfer kinetics, a gelation front may evidence a
water concentration gradient into the chitin solution. In order to
validate this assumption, the molar ratio x1/x2 (water/NMP) was
reported at the gelation time for the four chitin concentrations
(Figs. 18 and 19) and the two temperatures (20 ◦C and 40 ◦C) as a
function of the dimensionless thickness. Both figures confirm that
concentration gradients exist from the bottom to the top of the
chitin solution, leading to the formation of a gelation front. These

results can be explained by two reasons: (i) the rates of mass trans-
fer are slow since they are performed by molecular diffusion and
(ii) the thickness of the solution is about 1.5 mm. At higher temper-
ature, the gradient is more pronounced: the difference of the ratio
x1/x2 is two times higher between the bottom and the top surface

Fig. 18. Profiles of molar ratio x1/x2 at the gelation time for increasing chitin con-
centrations (0.5–5%, w/v) – temperature = 20 ◦C – relative humidity = 75%.
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iments, the experimental global kinetic curve would decrease more
slowly than predicted by the model (cf. Fig. 20). This deviation could
be corrected taking into account the accumulation of NMP in the
gas phase, nevertheless such estimation is very problematic in this
ig. 19. Profiles of molar ratio x1/x2 at the gelation time for increasing chitin con-
entrations (0.5–5% w/v) – temperature = 40 ◦C – relative humidity = 75%.

t 40 ◦C (4%) than at 20 ◦C (2%), whatever the chitin concentra-
ion. This can be explained by the influence of the temperature on

ass transfer kinetics: increasing the temperature leads to increase
he mass transfer driving force through the partial pressure of the
on-solvent. Thus, the external mass transfer resistance is strongly
ffected by a temperature change whereas the temperature influ-
nce on the internal diffusion within the solution is weaker. It leads
o an accumulation of non-solvent in the upper region of the solu-
ion and then to the formation of concentration gradients.

.3. Influence of the chitin source on the kinetic curves and the
elation time

In order to appreciate the influence of the chitin chemical struc-
ure on the kinetics curve and on the gelation time, additional
xperiments were carried out with another chitin batch (batch 6
rom France Chitine (Orange, France)). This batch was characterized
y a higher degree of acetylation (88%) and a higher viscosimetric
olecular weight (M̄v = 696,000 g/mol) than the batch 1. Concern-

ng this batch 6, it was not possible to monitor gelation time for
hitin concentration over 0.3% (w/v) because in this case, rheo-
ogical behaviour of the initial chitin solution (without addition of
on-solvent) is that of a “weak” gels or a pseudo-gel. As a con-
equence, the mass transfer kinetics and the gelation time were
nvestigated for a polymer concentration of 0.3% (w/v) i.e. lower
han the polymer concentrations used for the batch 1.

.3.1. Kinetic curves
The gravimetric measurements were conducted for this addi-

ional chitin solution using the same operating conditions as
reviously mentioned: 43% RH at two different temperatures (20 ◦C
nd 40 ◦C). The experiments were done three times to include a
tatistical analysis, which is represented by the standard deviation
alculated at each time step. Even if the gelation time was expected
o be low in each case, especially at 40 ◦C, the gravimetric exper-

ments were conducted during a longer duration to compare the
xperimental data to the model predictions on the weight variation.
ig. 20 reports this comparison for both conditions of temperature.
he comparison between Fig. 20 and Fig. 3 exhibits that the global
inetic curves are very similar whatever the chitin source. Indeed,
g Journal 157 (2010) 605–619 617

the external process conditions were kept identical (RH, temper-
ature, and air flow conditions), hence the internal mass transport
rate of solvent and non-solvent was assumed to be purely con-
trolled by Fickian diffusion; lower the chitin concentration, higher
the solvent volume fraction, meaning that at such low chitin con-
centrations, the polymer chains were not expected to disturb the
transport of the small molecules (water and NMP) through the
polymeric matrix. It was previously exhibited that the global mass
transfer rates were almost identical in the range [0–5%, w/v] for
the first chitin source. Since the chitin concentration cannot exceed
0.3% (w/v) using the new chitin source, it is not surprising to obtain
similar kinetic curves.

The comparison between the experimental data and the numer-
ical predictions points out different behaviours depending on the
temperature. At 20 ◦C, the agreement between both curves is good
during the whole process (50 h in this case). Nevertheless, at 40 ◦C,
a deviation can be observed after 30 h of experiments. The numeri-
cal model underestimates the global weight during the second part
of the experiments, which corresponds to an evaporation stage of
both the solvent (NMP) and non-solvent (water). During this dry-
ing period that follows a mass intake period, the drying rate is
overestimated by the model. This deviation could be explained by
the model assumption made on the solvent vapours. Indeed, the
model assumed no solvent vapours in the gas phase during the
whole process because of the very low NMP volatility. Whereas
this assumption is relevant during a long period, an accumulation
of NMP in the gas phase due to its evaporation could have an impact
of the mass exchanges after a very long duration. In such a case, the
presence of NMP vapours would lead to an increase of the NMP
vapour pressure in the gas phase, leading to decrease the driving
force to NMP evaporation. Since the NMP evaporation was shown to
overcome the water transfer during the second period of the exper-
Fig. 20. Comparison between experimental data and simulated results for the addi-
tional chitin solution (Mw = 696,000 g/mol) – 43% RH at 20 ◦C and 40 ◦C – constant
mass transfer coefficient: kp10 = 1.55 × 10−9 s/m and kp20 = 3.04 × 10−9 s/m (20 ◦C)
and kp10 = 2.15 × 10−9 s/m and kp20 = 4.2 × 10−9 s/m (40 ◦C).
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pecific case since NMP molecules can migrate from the gas phase
nto the saturated saline solution due to the high affinity between
MP and water.

However, at 40 ◦C this deviation occurs after more than 30 h of
xperiments whereas the gelation time is less than 50 min, what-
ver the chitin source. It should be noted that the main objective of
he model was to predict the solution composition during the gela-
ion. Indeed, the gelation time is related to the solution composition
nd more precisely to the solvent quality. Since the agreement
etween the model prediction and the experimental data is good
efore the gelation time, the assumption of very low amount of
MP in the gas phase is relevant. Thus, the weak deviation observed
fter 30 h of experiments does not discredit the scientific analy-
is based on the relation between the solvent quality and gelation
echanisms.

.3.2. Gelation time determined by rheological measurements
The gelation time was monitored by rheological measurements

or the same concentration (0.3%, w/v). Even if the polymer concen-
ration is lower, the gelation is much faster for the new chitin source
33 min at 20 ◦C) than for the batch 1 (175 min for the same tem-
erature). Thus, the gelation time was greatly affected by the chitin
hemical structure. Actually, both the higher degree of acetylation
nd the higher molecular weight favour gelation kinetics.

Previous studies showed that higher molecular weights lead to
ore rapid gelation kinetics for chitin [10] or konjac [43]. Gelation

s due to the formation of junction zones between polymer chains.
he probability of formation of these junction zones increases with
ncreasing molecular weight [43]. In addition, the solubility of the
olymer chains decreases, which favours the polymer–polymer

nteractions, thus leading to faster gelation [10].
Concerning the influence of the degree of acetylation, the pres-

nce of N-acetylglucosamine residues allows the formation of
ttractive hydrophobic interactions between chitin chains and thus
avours gelation. In the case of chitin gels obtained by reacetylation
f chitosan in a water/alcohol mixture, it was already demonstrated
hat increasing the DA leads to faster gelation kinetics [10].

. Conclusion

In this study, a model incorporating coupled heat and mass
ransfer is implemented for predicting mass exchanges during the
elation induced by non-solvent vapours (VIPS-gelation process) of
chitin solution. The model was numerically resolved using finite
lement software.

The numerical results were validated using experimental data
btained by gravimetric measurements. Experiments were con-
ucted in-line into a fabrication chamber where the process
arameters where controlled. Two temperatures and three con-
entrations of chitin in the initial solution were tested, keeping
onstant the value of the relative humidity (43%). The compari-
on between experimental and numerical results pointed out that
he model accurately predicts the mass variation of the poly-

er solution during the gelation process, without any adjustable
arameters for fitting the curves. Mass transfer coefficients were
nly slightly overestimated at the beginning of the process due to
he specific geometry used for the validation experiments.

Model predictions indicate that the transfer of water from the
apour phase to the solution is controlled by the operating con-
itions in the fabrication chamber, in particular the temperature.

ecause of higher internal resistance to mass transfer due to molec-
lar diffusion, weak concentration gradients were predicted in the
hole thickness of the solution for the lowest temperature (20 ◦C).
t higher temperature (40 ◦C), the water concentration profiles
xhibited higher gradients near the air/solution interface especially

[

[
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at the beginning of the process (two first hours). This phenomenon
was explained in terms of higher driving force to mass transfer and
thicker boundary layer in the gas phase that promote mass transfer
resistance.

Then, the model was used for predicting the rate of change
of the solvent quality, which is characterized by the molar ratio
between the solvent (NMP) and the non-solvent (water). For a bet-
ter understanding of the gelation process, the gelation time was also
estimated by rheological measurements for various conditions of
temperature and chitin concentration. Rheological results exhib-
ited that increasing the temperature leads to a decrease of the
gelation time, whatever the chitin concentration. The temperature
was expected to have an impact on the mobility of the chitin chains
and interchain associations and it was shown that a temperature
increase enhances the mass transfer kinetics. The comparison of
these results with the model predictions in terms of concentration
profiles at the gelation time helped dissociating various effects. It
was also pointed out that the temperature mainly affects the mass
transfer rates. Besides, the model predictions exhibited that for
both temperatures, the solvent quality required for gelation was
strongly affected by the chitin concentration. Lower the chitin con-
centration in the initial solution, higher the water intake necessary
to induce the gelation. Lastly, the presence of a gelation front visu-
ally observed during the gelation experiments was also explained
in terms of concentration gradient in the thickness of the solution,
from the top to the bottom. The influence of the chitin chemical
structure was investigated on the mass exchanges and the gela-
tion kinetics. It was exhibited that the chitin source does not affect
the mass transfer rates for polymer concentrations in the range
0–5% (w/v), but higher the molecular weight and the DA, lower the
gelation time.
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