
HAL Id: hal-01273456
https://hal.science/hal-01273456v1

Submitted on 26 Apr 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Evolution of particle structure during water sorption
observed on different size fractions of durum wheat

semolina
Ingrid Murrieta-Pazos, Laurence Galet, Severine Patry, Claire Gaiani, Joël

Scher

To cite this version:
Ingrid Murrieta-Pazos, Laurence Galet, Severine Patry, Claire Gaiani, Joël Scher. Evolution of particle
structure during water sorption observed on different size fractions of durum wheat semolina. Powder
Technology, 2014, 255 (SI), pp.66-73. �10.1016/j.powtec.2013.10.049�. �hal-01273456�

https://hal.science/hal-01273456v1
https://hal.archives-ouvertes.fr


Evolution of particle structure during water sorption observed on
different size fractions of durum wheat semolina

Ingrid Murrieta-Pazos a,b, Laurence Galet a,⁎, Séverine Patry a, Claire Gaiani b, Joël Scher b

a Université de Toulouse, Mines Albi, Centre RAPSODEE, CNRS UMR 5302, Campus Jarlard, F-81013 Albi CT cedex 09, France
b Université de Lorraine, LIBio — Laboratoire d'Ingénierie des Biomolécules, 2 avenue de la Foret de Haye, TSA 40602, 54518 Vandoeuvre les Nancy, France

a b s t r a c t

Keywords:
Food powder
Sorption isotherm
Microstructure
Semolina
Particle size
Water diffusion coefficient

Thiswork examines the effect of the particle size of durumwheat semolina on thewater diffusion coefficient and
the evolution of the microstructure during hydration. Durum wheat semolina was sieved in 5 size categories.
Water–particle interaction of powders (5 fractions and raw semolina) was studied using dynamic vapour sorp-
tion. Water sorption isotherms were fitted to G.A.B.. and Y&N models. Monolayer values as well as multilayer
properties were calculated and compared. Absorption properties were determined by Y&N model. A sorption
curvewasmodelledwith the Fickian diffusion equation adapted towater diffusion into solid particles. A dynamic
Fickian water diffusion coefficient was calculated for each particle size after conditioning at different RHs. The
surface structure of conditioned fractions was observed by ESEM. The microstructure of semolina presented an
evolution with the increase of size and RH. Starch grains presented an increased size and protein matrix had a
different texture. After correlation of isotherm data and microstructure, the resulting state and properties of
the components were a key to understand diffusion on food powder systems.

1. Introduction

Durum wheat flour (semolina) is a raw material widely used in
several processes such as the production of pasta or couscous. It is nec-
essary to understand water transfer in these processes and during the
storage of semolina to increase production efficiency and obtain quality
products. This transfer can be limited by the surface properties of the
particles, which significantly influences a number of functional proper-
ties, i.e. hydration, caking, agglomeration. Consequently the study of
water transfer on the surface of particles is of relevance.

Water transfer using sorption isotherms of soft flours has been
studied [1–3], only a few publications corresponding to semolina are
available [4–6]. In addition there are few studies about water diffusion
coefficients in flour particles [5,7].

The evolution of the microstructure with increasing water content
may produce an increase of particle size as well as changes in the
properties of components, thus diffusion can be affected. In this regard,
themicrostructural changes during the hydration of food powders have
a great scientific interest for many practical applications For example,
during milk reconstitution, the water transfer into the milk particles
depends on the succession of the different reconstitution steps:

wettability, sinkability, dispersibility and finally solubility of surface
molecules. These steps depend on the nature and composition of the
powder. In this context, changes on microstructure due to water
sorptionwere studied byMurrieta-Pazos et al. [8]. These authors condi-
tioned milk powder samples at different RH and observed the micro-
structure by ESEM. Despite the interest of such evolution this
approach has not been applied to flour particles. The aim of this work
was to study the effect of particle size on the water diffusion coefficient
and the microstructural evolution throughout hydration of durum
wheat semolina.

2. Materials and methods

2.1. Materials

Industrial semolina (Panzani, Marseille, France) was sieved into
different size grades in decreasing mesh size (0, 160, 250, 315, 400,
500 μm) from top to bottom (Retsch, Germany). The operating condi-
tions were chosen after a kinetic study of the sieving process. For this
400 g of powder was placed on the first sieve and sieved for 12 h with
amplitude of 40 on the scale of the apparatus. These conditions were
optimized to enhance fine particle separation. The powder remaining
on the sieves was collected producing 5 fractions with a range of diam-
eters (0–160, 160–250, 250–315, 315–400, 400–500 μm). The original
powder (raw powder) was also used in the subsequent experiments.

Three of the size fractions (0–160, 250–315, 400–500 μm) were
pseudo-equilibrated under different relative humidity at 25 °C for
seven days in five hermetic vessels containing saturated salt solutions

Abbreviations: BET, Brunauer–Emmett–Teller model; GAB model, Guggenheim–
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(Sigma-Aldrich) of known RH: 0.11 (LiCl); 0.54 Mg(NO3)2; 0.75 (NaCl);
0.85 (KCl) and 0.97 (K2SO4). In each vessel, one millilitre of toluene
(recommended for non-fatty products) was placed in a separated recip-
ient near to the samples in order to avoid the proliferation of microor-
ganisms [9]. This process was performed to determine the change in
size and microstructure of the particles under varying RH; however
the fitting of the models as well as the calculation of diffusion coeffi-
cients was obtained using data from DVS, where humidity is truly
equilibrated.

2.2. Bulk composition

Water content was measured by weight loss after drying at 105 °C.
Ash content was also measured by weight loss after incineration at
550 °C. Total proteins were determined from the Kjeldahl technique.
Extractable lipids were calculated according to the Soxhlet extraction
method using a mix of 1:1 (v:v) of diethyl ether–petroleum ether as
solvent. The sample mass of semolina was 5 g. The solvent–oil mixture
was then evaporated using a rotary vacuum evaporator (Heidloph
laboratora 4000) for 5 h at 40 °C and 40 rpm to recover pure oil. The
boiling flask without solvent was dried in an oven at 100 °C for 1 h
and the fat percentage was calculated by difference of weight. Finally,
the carbohydrate content was determined by difference of totals. Tests
were triplicated.

2.3. Particle size

The particle size distributions were determined using a laser
granulometer (Mastersizer 2000 Malvern Instruments, UK) in dry and
liquid mode. The Mastersizer 2000 uses high-pressure air to disperse
and feed dry powder through the laser ray where the dispersion is con-
trolled by adjusting the air pressure. The instrument is also equipped
with a liquid sample dispersion module that is suited for powders in
suspension. After dispersion of the powder, the particles diffract the
laser, and the diffraction patterns are detected and the particle size is
calculated. Fivemeasurementswere conductedwith each powder sam-
ple.Most of the sampleswere analysed by air dispersion at 3.5 bars. Liq-
uid dispersion was used only for low-quantity samples, where for each
measurement approximately 0.25 g of the powder was dispersed in
75 ml of ethanol (to obtain a good obscuration and to avoid particles
superposition).

2.4. Microscopy ESEM

The powders were observed with a Field-Emission Environmen-
tal Scanning Electron Microscope (ESEM FEG) (XL30, FEI/Philips,
Netherlands) operating at 20 kV. High vacuum mode was used for
raw and sieved semolina; low vacuum mode (1.4 Torr) was used for
powders at different RHs. Powders were spread onto a double-sided
adhesive carbon disc fixed on a support. Raw and sieved semolina
were coated with platinum by a Polaron sputter coater (SC7640) and
observed with a secondary electron (SE) detector. Powders at different
RH were directly observed with a gaseous secondary electron (GSE)
detector.

2.5. Dynamic vapour sorption

Sorption isotherms of powders were obtained with a Surface Mea-
surement System Automated Dynamic Vapour Sorption (DVS1000)
equippedwith a controlled atmospheremicrobalance. The experiments
were carried out at constant temperature (25 °C) with different RH
values ranging between 0% and 95%. Approximately 100 mg of powder
was loaded onto the quartz sample pan. First, the samples were
dehydrated in the DVS chamber (RH = 0%) for 60 min, and then the
samples were submitted to a 10 step hydration process. The process
was performed with 9 RH increments of 10% and a last step at 95% RH.

The samples were considered to be at equilibrium when the value
dm/dt (slope of the changing in mass with time) was set to be
b0.005 mg min−1 or equilibration time exceeded 300 min.

G.A.B. (Guggenheim, Anderson and de Boer) and Y&N (Young and
Nelson) equations were used to model experimental data. The quality
of fit was evaluated by a linear correlation coefficient (R2), where a
value above 0.85 indicates an appropriate datamodel.Monolayer values
as well as multilayer properties were calculated by GAB and Y&N
models and then compared.

2.5.1. G.A.B.
G.A.B.model (Eq. (1)) is an extension of the Brunauer–Emmett–Teller

(B.E.T.) equation. This model is widely used in food studies. It considers
that the sorption heat of multilayers is different from the liquefaction
heat. The equation was fitted to sorption isotherms from 0.1 to 0.8 aw.
In this equation (Eq. (1)), C is the Guggenheim constant, k is correcting
constant involving multilayer properties and bulk liquid properties, Xw
is the equilibrium moisture content expressed on dry matter (% dm),
and Xm is the monolayer moisture content (% dm) [10].

Xw ¼ Xm " C " k " aw
1−k " aw½ $ " 1þ C−1ð Þ " k " aw½ $ ð1Þ

2.5.2. Young and Nelson (Y&N)
Y&N is a model derived from the G.A.B. model, by considering that,

in addition to surface binding forces, diffusional forces are also present,
and these forces could become dominant when multi-molecular layers
ofwater are present. In this case diffusional forceswould be harderwith
the increment of watermolecules at the surface. Finally, binding surface
forces enable movement of water into the sample, which is the case for
a lot of samples in food science. The experimental sorption and desorp-
tion data can be fitted to the following equations (Eqs. (2) and (3)):

MS ¼ A θþ αð Þ þ Bφ ð2Þ

MD ¼ A θþ αð Þ þ BθRHmax: ð3Þ

MS and MD are equilibrium moisture contents for the respective
cycle at each relative humidity, and RHmax is the maximum exposed
relative humidity. A and B are defined as:

A ¼ ρwVads
D

ð4Þ

B ¼ ρwVabs
D

ð5Þ

ρW is the density of water at the experimental temperature; D is the
sample dry weight, and Vads and Vabs the volumes of adsorbed and
absorbed water [11].

The parameters θ,α andφ in Eqs. (2) and (3) are related to an E term
through the following expressions:

θ ¼ RH
RHþ 1−RHð ÞE ð6Þ

α ¼ − ERH
E− E−1ð ÞRHþ E2

E−1ð Þ ln
E− E−1ð ÞRH

E
− E þ 1ð Þ ln 1−RHð Þ ð7Þ

φ ¼ θRH ð8Þ

E ¼ e−
q1−qL
kBT ð9Þ

q1 is the heat of adsorption of water bound to the surface of the sample,
qL is the heat of condensation of watermolecules, kB is Boltzmann's con-
stant and T is the absolute temperature.



The experimental data is fitted to determine the values of A, B and E
parameters.

2.5.3. Diffusion by Fick law
The diffusion coefficient of water vapour into semolina powder was

obtained from Fick's second law (Eq. (10)), which can be used to calcu-
late the diffusion in particles (Eq. (11)).

F ¼ −Df "
δc
δx

ð10Þ

Mt

Meq
¼ 1− 6

π2

X
i
w aið Þ

X∞
n¼1

1
n2 exp

−D " n2 " π2 " t
a2i

!

ð11Þ

whereMt is the water content (kg of water/kg dm) at time t (min),Meq

is thewater content (kg ofwater/kg dm) at equilibrium (t = ∞) ai is the
radius (m) of the particle i;w(ai) is the weight fraction of particles that
are characterized by the radius; n is the calculation increment. At initial
conditions the equation can be expressed:

Mt ¼ Mi−Meq

! "
− 6

π2

X
i
w aið Þ

X∞
n¼1

1
n2 exp

−D " n2 " π2 " t
a2i

!
þMe

ð12Þ

where Mi is the water content at initial conditions (t = 0). Changes in
sample mass (ln Mi − Me) are plotted as a function of hydration time,
from which model parameters D, Mi, and Me can then be calculated.
Accuracy of the model was confirmed by regression coefficients values
and residual errors.

The sphere model was often used to study water vapour sorption
into food particles [5,12,13]. In our case, even if the semolina particles
have an irregular angular shape, the sphere model was used. The calcu-
lation method of SMS was used here for the calculation of the water
diffusion coefficient [14].

3. Results and discussion

3.1. Bulk composition

Table 1 shows the physicochemical bulk composition of raw and
sieved semolina. Subtle but clear tendencies can be observed. A higher
ash content is observed in fine powders (0–160 and 160–250 μm),
which decreaseswhen particle size increases. The protein and lipid con-
tents increase with the increase of particle size. The increase is clearest
for the case of lipids. Humidity does not differ greatly; values are in the
same range for all the fractions except for 400–500 μm fraction which
presents a lower value. Finally, carbohydrates are deduced by difference
from the total, consequently, a lower value is obtained for 400–500 μm
fraction. Wheat flours and semolina compositions were reported in
literature, showing differences due to the nature and the origin of the
material [4,5,15,16]. Similar results using fractioned semolina were re-
ported by Hébrard et al. [4]. However these authors found the opposite
tendency for protein and lipid content, where therewas a decreasewith
the increase of the particle size. This difference may be attributed to the
different particle size fraction ranges they used, or also to the nature of

raw material. Taking into account the standard deviation of the values
obtained, it can be observed that there is no significant difference in
the principal components of the fractions (proteins, lipids and carbohy-
drates), which means that the possible differences in sorption proper-
ties and water diffusion coefficients may be attributed to only the
differences in particle size.

3.2. Effect of water uptake on powder structure and particle size

3.2.1. Particle structure
Fractions 0–160, 250–315 and 400–500 μm were held in saturated

atmospheres for 7 days, allowing water exchange between powder
and relative humidity of the atmosphere. Powders pseudo-equilibrated
at 75, 85 and 97% RH were observed by ESEM. The images shown in
Fig. 1 at 50× show that the powders conserved the same structure up
to 85% RH, then agglomeration takes place at 97% RH. This agglomera-
tionwas clearest in finest particles. At 800×, themorphology of surfaces
at 75% RH is not really affected in comparison with initial powders.
Some modifications on the protein matrix could be observed at 85%RH
and became clear at 97% RH. Indeed, the hard structure of protein
changed into a softermatter, and then bridges were formed among par-
ticles producing agglomeration. The gluten–starch bond is really strong,
but can be easily separatedwithwater [17]. Consequently themodifica-
tion of the protein matrix caused the exposure of starch grains,
interacting directly with humidity. The starch texture did not change,
but starch grains swelled. Pure wheat starch swelled to 17% of its initial
volume due to humidity [18]. The percentage value of this swelling de-
pends on the complexity of the protein–starch matrix; however an in-
crease of the grain size is clear. This evolution of the microstructure
becomes more evident at high RH. As specific surface is inversely pro-
portional to the particle size, a greaterwater uptake is seen in small par-
ticles, which have a smaller particle volume, consequently the same
quantity of water wets the particle deeper; thus the formation of brid-
ges between particles is observed. On the other hand, big particles
uptake a smaller quantity of water, consequently the formation of brid-
ges leading to obtaining granulates ismore difficult. Another interesting
observation is the number of broken starch grains that can be easily
observed at 97% RH. This provides evidence that the finest particles
(0–160 μm) suffered a rupture at the gluten–starch bond edge. These
particles are naturally detached from the bigger particles duringmilling,
whereas bigger particles present fractures at the starch grains. These
fractures are the result of a difficult breaking of the gluten–starch
bond, produced by blades duringmilling of thewheat kernel [6]. The re-
sistance to the separation of the starch–protein binding is characteristic
of hard flours [17]. This evolution of the structure can be related to the
heterogeneity of the kernel texture. Another possibility is the milling
conditions applied to the grain kernel. Saad et al. proposed that milling
conditions could apply different forces throughout the grain and pro-
duce two kinds of ruptures: grains broken at the edge and grains broken
through the starch particle [15].

3.2.2. Particle size
The particle size of 0–160, 250–315 and 400–500 μm fractions after

conditioning at different RH at 25 °C is shown in Table 2. The size evolu-
tion of 0–160 μm particles was not significant at low RH (11 and 54%),

Table 1
Particle size (dry dispersion) and bulk chemical composition (g/100 g dm).

Fractions D(50) μm Ashes Proteins Lipids Humidity Total Carb.a

Raw semolina 298.31 0.91 ± 0.02 11.51 ± 0.36 1.52 ± 0.26 12.99 ± 0.05 26.93 73.07
0–160 μm 135.65 1.36 ± 0.03 10.62 ± 0.35 0.92 ± 0.18 12.40 ± 0.05 25.30 74.70
160–250 μm 218.67 0.94 ± 0.02 11.04 ± 0.20 0.97 ± 0.21 12.63 ± 0.02 25.58 74.42
250–315 μm 288.36 0.76 ± 0.01 11.05 ± 0.73 1.25 ± 0.12 12.21 ± 0.01 25.27 74.73
315–400 μm 373.76 0.70 ± 0.02 11.13 ± 0.34 1.16 ± 0.13 12.88 ± 0.14 25.87 74.13
400–500 μm 438.96 0.70 ± 0.03 11.92 ± 0.61 1.73 ± 0.22 11.76 ± 0.00 26.11 73.89
a Carbohydrates are calculated by difference from the total.



but an increase of a few microns was registered at 75% RH and 85% RH.
Finally, a large increase in particle size was observed at 97% RH, corre-
sponding to the agglomeration of the particles. The 250–315 μm frac-
tion presented an evolution in size between 11 and 54% RH but
remained constant at 75% RH. A more considerable gain was observed
at 85% RH and at 97% RH. Finally, particles from 400 to 500 μm fraction
showed the highest evolution in size, around 10 μmwith the first steps
(11,54, 75, 85 and 97%). However, at 97% RH the size gain is nor asmuch
as for 0–160 and 250–315 fractions, indicating a reduced or non-
existent agglomeration. The increase in particle size is observed below
85% RHwhereas agglomeration is observed above 97%RH as a drastic in-
crease of the particle size. The agglomeration phenomenon is clearest
for small particles. After 7 days, the water diffusion was probably not
enough to shift equilibrium at 100%. In fact a pseudo-equilibrium was

preferred since a longer duration of the experiment would have gener-
ated thepresence ofmicroorganisms. Consequently as shown in Table 3,
the water uptake is similar for all the fractions. Since all fractions have
an increased water uptake, the measure of particle size after condition-
ing of the fractions can be considered equal for all the particles. The
diffusion coefficient was calculated from this new D50 value.

3.3. Sorption isotherm

Fig. 2 shows a type II sorption isotherm curve according to the IUPAC
classification which is characteristic of finely divided non-porous solids
or macro-porous materials [17]. Three zones in the curve are observed I
(0–20% RH), II (20–80% RH) and III (80–95% RH). Zone I represents
the monolayer formation; zone II corresponds to the linear portion of
the isotherm where the added water will bind with the components
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Fig. 1. ESEM images at 50 and 800× of sieved semolina particles (0–160, 250–315 and 400–500 μm) conditioned at different RHs at 25 °C.

Table 2
Particle size (liquid dispersion) after 7 days at different RHs at 25 °C.

RH% D(50) μm

0–160 μm 250–315 μm 400–500 μm

Initial – 105.60 ± 1.03 329.43 ± 6.24 546.71 ± 5.62
LiCl 11 103.53 ± 0.87 321.89 ± 4.70 525.78 ± 9.54
MgNO2 54 101.30 ± 1.24 327.74 ± 4.75 539.08 ± 4.83
NaCl 75 112.02 ± 1.23 328.71 ± 2.25 543.38 ± 9.32
KCl 85 117.89 ± 2.12 335.20 ± 2.88 553.77 ± 10.69
K2SO4 97 531.30 ± 46.42 386.07 ± 12.41 581.43 ± 12.79

Table 3
Water taken by powders after 7 days at different RHs at 25 °C.

RH% Water taken %

0–160 μm 250–315 μm 400–500 μm

11 −5.90 ± 0.2 −7.30 ± 0.1 −6.70 ± 0.3
54 0.24 ± 0.0 0.17 ± 0.2 0.30 ± 0.2
75 2.82 ± 0.1 2.86 ± 0.5 2.27 ± 0.8
85 7.20 ± 0.8 6.40 ± 0.8 7.67 ± 1.0
97 25.03 ± 2.9 24.19 ± 3.0 25.15 ± 3.6



of the material forming layers. In zone III, water presents weak binding.
In this state water is mobile. The “S” curve with hysteresis after desorp-
tion is classical behaviour of natural high molecular weight polymers
[1,4].

The same II type curve is observed in the isotherms of the different
size fractions (Fig. 3), which display differences in the mass of water
absorbed. Between 20 and 80% RH, the curves were parallel and there
is no difference in the absorption of water. Nevertheless, from 0 to
20% RH, values decreased with the increase in particle size. This
means that fine particles absorb more water. Similar curves have been
reported elsewhere for hard flours [1,3,4,16].

Differences inmass gain with particle size increment can be due to a
bigger contact surface offered by small particles. Raw semolina (not
plotted in Fig. 3) appeared at the centre as an average of all the curves.

3.4. G.A.B.. and Y&N models

3.4.1. GAB
Coefficients calculated from GAB model (Eq.(1)), are expressed in

Table 4. This model presented a good correlation; rGAB values are over
0.99 (for 0.5 N HR N 80 as recommended by UPAC) for all the samples.
The GAB model has a limit (0 b KGAB ≤ 1) imposed by the physics

behind GAB equation (Eq.(1)). This limit was respected for all the pow-
ders. All values are consistent with those observed by Hébrard et al. [4].
The monolayer values are similar for all the fractions, which mean that
the water content to saturate the monolayer is independent of the
particle size. KGAB represents the multilayer moisture capacity, similar
interactions were found for all the powders. CGAB denotes the interac-
tion with the surface; a larger interaction was registered by 0–160 μm,
which can be explained by a bigger specific surface offered by the finest
particles. Xm, CGAB and KGAB values for all the powders are consistent
with Hébrard et al. [4] on semolina and other studies with wheat prod-
ucts [19].

3.4.2. Young and Nelson (Y&N)
The Y&Nmodel showed good correlationwith the experimental data

for all the fractions (Table 4). A correlation coefficient R2Y&N N 0.99 was
observed for all the fractions, which prove a correct fit of the Y&N equa-
tion to the experimental data (for 0 N HR N 90 a longer range thanGAB).
AY&N is equivalent toXm in theGAB equation and represents themoisture
capacity of a monomolecular layer; BY&N is related to the amount of
moisture absorbed by the sample and there is no similar term in the
GAB model. Finally, EY&N is an energy term relating the strength of
water vapour interaction to the surface of the sample. This term is similar
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to CGAB. The monolayer values present the same tendency as the GAB
calculation. However a lower value is observed. The difference is due to
themodel,which, in effect, is considered amonolayerwith a lesser quan-
tity of water molecules. The rest of the humidity is taken into account in
the BY&N parameter as absorbed water. The moisture absorbed by the
particle (BY&N) increases with the increase in particle size. This largest
volume of absorbed water can be attributed to a bigger particle volume.
Finally, EY&N increaseswith the particle size. This last parameter indicates
a stronger interaction between water vapour and the surface of the
biggest particles.

3.5. Water diffusion coefficient

Water diffusivity in semolina was calculated for each RH level from
water sorption kinetic curves. One example of the curve is shown in
Fig. 4 The water diffusion coefficients of raw semolina and various size
fractions can be obtained by applying Fick's law for spherical particles
(Eq. (11)). Calculations were done with D(50) obtained by dry disper-
sion. The correlation coefficient for each HR, in all the samples, was
over 0.99,which indicates that Fick's equation does give a good fit to ex-
perimental data. Curves of the diffusion coefficients as a function of the
HR are presented in Fig. 5. A similar bell-like curve was found for a film
of semolina [7], as for hydrophilic porous samples such as cereal-based
products [20–22]. This behaviour is due to the change in mechanism
fromvapour diffusion at lowRH into liquid diffusion at high RH, produc-
ing an evolution of the material's porosity and microstructure. For
Guillard et al. diffusivity variations were correlated with the changes
in microstructure of the material that was observed by using environ-
mental scanning electron microscopy [20]. In the case of semolina,
these changes in the microstructure and inter and intra-porosity were
also observed in SEM pictures (Fig. 1).

A trendwas observed in Fig. 5,where thediffusion is directly propor-
tional to the particle size. The water diffusion coefficients at HR = 90%
for the fractions are 0.56, 0.53, 0.96, 1.54 and 3.36 for fractions 0–160,
160–250, 250–315, 315–400 and 400–500 μm respectively. These
results revealed an interesting correlation of the particle size with the
water diffusion. For large particles (315–400 and 400–500 μm frac-
tions) the diffusion was fast until a monolayer (10% RH) is formed.
Then a deceleration of diffusion was observed from 10 to 30% RH,
after which a new acceleration was observed, registering the highest
rate at 60% RH. Finally, at saturation humidity, the speed was reduced
progressively. On the other hand, with small particles (0–160, 160–
250 and 250–315 μm fractions) the diffusion starts slowly until amono-
layer (10% RH) is formed, and a progressive acceleration is seen up to a
maximal rate observed at 40% RH. Then at saturation humidity the rate
progressively decreases. Rawpowder has a curve, which is the resultant
of the influence of the behaviours of all the fraction, bringing into
evidence the effect of the particle size in the water diffusion coefficient.

3.6. Dynamic water diffusion coefficient

Water diffusion coefficients where re-calculated by taking into ac-
count the evolution of particle size produced by static water vapour
sorption of samples (0–160, 250–315, and 400–500 μm). The diameter
of fractions obtained after conditioning at 11, 54, 75, 85 and 97% RHwas
used to re-calculatewater diffusion coefficients at 10, 50, 70, 80 and 95%
coefficients usingDVSdata. These new coefficients are referred to in this
text as dynamic water diffusion coefficients. Initial and dynamic diffu-
sion coefficients are shown in Table 5. Curves of both diffusion coeffi-
cients are shown in Fig. 6. The diffusion coefficient of each fraction is
not greatly affected by change in particle size. As a consequence of the
swelling of the particles by water uptake, there is little diminution of

Table 4
Equation parameters by GAB and Y&N models.

Semolina G.A.B.. Y&N

Xm (kg/kg dm) CGAB KGAB R2GAB AY&N (kg/kg dm) EY&N BY&N (kg/kg dm) R2Y&N

Raw 0.08 7.21 0.68 0.99 0.03 0.48 0.06 0.99
0–160 μm 0.09 10.63 0.64 0.99 0.04 0.26 0.04 0.99
160–250 μm 0.08 4.20 0.63 0.99 0.04 0.31 0.05 0.99
250–315 μm 0.07 4.20 0.70 0.99 0.03 0.40 0.06 0.99
315–400 μm 0.07 4.18 0.71 0.99 0.03 0.54 0.07 0.99
400–500 μm 0.10 4.74 0.58 0.99 0.03 0.58 0.08 0.99
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Fig. 4. Example of kinetic data obtained during water adsorption of raw semolina at 25 °C and measured by DVS automatic sorption analyzer.



rate at the initial points (10% RH). Only the 0–160 fraction at 95%HR in-
creased drastically, due to a clear agglomeration of the particles.

A similar dynamic water diffusion coefficient was determined for
milk powders [8]. In this case, the evolution of the water diffusion coef-
ficient was largely affected by particle size and particle structure. The
differences in the evolution of the particle size and consequently on
the dynamicwater diffusion coefficient are probably due to the different
nature of the components. For example, lactose presents crystallization
at 54%RH having an effect in the particle size. Lactose as well as milk
proteins are soluble. In the case of semolina, initial and dynamic
water diffusion coefficients do not show big differences in the evolution
of the curves, which can be explained by a non-soluble and stable

structure in the presence of water. Indeed, the structure of semolina
particles will be affected only at very large RH (N95%).

4. Conclusion

Water diffusion was studied in raw and 5-fractions of sieved semo-
lina coupled with the microstructure and composition properties. The
differences observed are related to the particle size through the specific
surface and the evolution of the protein matrix due to moisture diffu-
sion. At high RH the protein matrix changes its structure allowing the
formation of bridges, causing agglomeration. Such agglomeration was
most evident on small particles where the starch grains showed an
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Fig. 5. Influence of particle size on water diffusion coefficient.

Table 5
Water diffusion coefficients.

RH% Diffusion coefficient (cm2/s)

Raw 0–160 μm 250–315 μm 400–500 μm

Initial Initial Dynamic Initial Dynamic Initial Dynamic

10 3.78E−08 1.10E−08 1.08E−08 1.92E−08 1.71E−08 14.8E−08 13.1E−08
50 5.14E−08 1.26E−08 1.20E−08 3.39E−08 3.05E−08 8.01E−08 7.67E−08
70 3.93E−08 0.67E−08 0.74E−08 1.98E−08 1.81E−08 8.64E−08 8.47E−08
80 1.75E−08 0.37E−08 0.46E−08 1.25E−08 1.52E−08 6.43E−08 6.70E−08
90 1.26E−08 0.26E−08 3.73E−08 0.97E−08 1.46E−08 3.36E−08 3.86E−08
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evolution in size. The Y&N model considers the absorption of water,
which corresponds better with the nature of food powders, and with
the evolution of the microstructure in the presence of moisture ob-
served by ESEM. Both particle sorption properties and water diffusion
are affected by particle size. In fact, the smallest particles show a greater
water adsorption and a slower water diffusion coefficient. The values
are proportional and evolve with the particle size. This behaviour can
be explained by the specific surface which is inversely proportional to
the particle size thus small particles have the larger specific surface.
Water diffusion coefficients were not affected by size evolution of sem-
olina particles due to the non-soluble properties of samples. Changes
were produced by hydration (N95%HR) and not by humidification
(b95%HR). In the future, knowledge of these factors can be used to bet-
ter control powder hydration as well as the agglomeration mechanism
in both production and storage conditions.
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