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Process time during mushrooms blanching is determined either by shrinking rate or by polyphenoloxi-
dase (PPO) inactivation, depending on the value of heating bath temperature. Quality losses during
blanching can be minimized through an adequate selection of the time–temperature schedule. In this
work shrinkage and PPO enzymatic activity of mushroom during blanching were measured. A simple
kinetics of mushroom shrinkage was developed and was coupled to a heat transfer model based on
the finite element method with irregular domain. The effect of this process on the textural and colour
quality was experimentally studied and compared with the cooking value predicted from temperature
simulations. Shrinkage was found to be the limiting factor to estimate the processing time for bath tem-
perature higher than 60 �C; while polyphenoloxidase activity reduction was the limiting factor at lower
bath temperatures. Quality indexes diminished with thermal treatment. Texture measures were in good
agreement with simulated cooking values. This last parameter can be optimized by selecting the most
appropriate conditions for the blanching process.

� 2008 Published by Elsevier Ltd.
1. Introduction

Edible fungi, like mushrooms, have been used as food since an-
cient times. At least 25 species of fungi have been considered as
edible food, but few of them have reached commercial significance.
Mushrooms (Agaricus bisporus) are one of the most popular and
valuable of these edible fungi and are they usually processed for
a long-time storage. Mushrooms are highly perishable commodi-
ties due to their large content in nutrients (they have – in average
– 3.27% crude protein, 0.24% crude fat and 4.77% total carbohydrate
on a wet basis) and their high respiration rate, factors that induce
deterioration immediately after harvest (Kotwaliwale et al., 2007).
Browning reactions limit their shelf life to a few days, being the en-
zyme polyphenoloxidase (PPO, monophenol, dihydroxy-L-phenyl-
alanine) the main responsible for this deteriorative process. In
view of their highly perishable nature, mushrooms must be
processed to extend their commercial shelf life for off-season use
(Devece et al., 1999).
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ascheroni).
The production of heat-sterilized preserves represents most
usual long-term preservation. Sterilization accounts for more than
60% of industrial processed mushrooms. In the preparation process
of sterilized mushrooms, blanching is an important pre-treatment,
which objectives may be: (i) to reduce enzymatic browning
through thermal inactivation of PPO; (ii) to induce volume contrac-
tion (shrinkage) in order to avoid this occurrence at the steriliza-
tion stage; (iii) to make the product more pliable to facilitate
filling operations (Biekman et al., 1996). However, some negative
features of blanching are the extraction of valuable nutritious com-
ponents, partial biochemical conversions of components resulting
in changes in aroma and – in general – deteriorative effects on sen-
sory properties like texture and colour (Matser et al., 2000), which
are the main features taken into account by consumers (Kotwali-
wale et al., 2007).

Volume change and the rate of heat transfer, together with dete-
riorative reactions, are the main features to be taken into account
during the design and optimization of sterilization procedures for
mushrooms. Available literature presents few references on model-
ling of volume contraction and heat transfer during the sterilization
of mushrooms. McArdle and Curwen (1962) have shown that most
of shrinkage (up to 25%) occurs during blanching, and that the
whole process (blanching plus sterilization) involves weight loss
within the range of 30% to 40%. Konanayakam and Sastry (1988)
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Nomenclature

A button (cap) diameter (m)
A1 pre-exponential factor (s�1)
C cooking value (min)
Cp specific heat capacity of mushroom (J kg�1 K�1)
d stem diameter (m)
DO optical density (at 410 nm)
D characteristic dimension (m)
Dr ave average absolute relative difference between simulated

and experimental temperatures (%)
Ea Arrhenius activation energy (kJ mol�1)
h convective heat transfer coefficient (W m�2 K�1)
H button (cap) height (m)
k thermal conductivity (W m�1 K�1)
K1 rate constant of change of characteristic dimension (A or

L) (s�1)
Km average rate constant of change of characteristic dimen-

sion (s�1)
L length of mushrooms (m)
m number of experimental values
R2 determination coefficient
R universal gas constant (J K�1 mol�1)
t time (min)

T temperature (�C or K)
T (x, y, z, t) temperature at given co-ordinates and time (�C)
T1 heating medium temperature (�C)
V volume of mushroom (m3)
x, y, z space coordinates (m)
zc thermal resistance factor for nutritious components (�C)
q density (kg m�3)
C mushroom surface
X mushroom domain

Subscripts
ave average
e experimental
eq equilibrium
f final
0 initial
r relative
ref reference
S simulated
sur surface
t at time t
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described mass and volume shrinkage, for vacuum-hydrated mush-
rooms, using three successive first order kinetics, their number
(two or three phases) and duration depended on water-bath tem-
peratures. Normally, during heating, there is an initial stage of
slow-rate shrinkage that is only evident at low bath temperatures,
followed by a fast-rate shrinkage period. Shrinkage is finished at an-
other slow-rate stage.

Sheen and Hayakawa (1991) developed a simulation model for
the temperature change during freezing and thawing of mush-
rooms with phase and volumetric changes. Biekman et al. (1997)
used an empirical approach to link shrinkage to heat transfer in
mushrooms during blanching, showing that their rates are related
to water-bath temperature and mushroom size and that the effects
on contraction and heat transfer are synergistically linked. Sensoy
and Sastry (2004) studied blanching of de-stemmed mushroom
caps heated in boiling water or with ohmic heating, determining
volume change and heat transfer. In the above mentioned works
neither shrinkage nor heat transfer were related to quality param-
eters. The final objective of this work was to characterize mush-
room blanching and the changes in quality indexes produced
during this process. To this aim, specific objectives were: (1) to de-
velop a simple size change kinetics and to measure PPO activity, so
as to determine limiting factors to blanching process; (2) to model
heat transfer through the mushroom; (3) to evaluate changes in
colour and texture and their correlation with simulated cooking
values.

2. Materials and methods

2.1. Samples

Freshly harvested mushrooms (A. bisporus) were bought at a lo-
cal market, kept in refrigerated storage at 4 �C, and then used for
the experimental tests within 24 h.

2.2. Thermal treatments

Mushrooms were selected according to size and gently washed
with water at room temperature to remove foreign materials that
could be adhered to their surface. Samples were grasped in a stand
and submerged into the thermostatized water bath (HAAKE F3,
Germany) according to the procedure described in Section 2.3.
Equivalent blanching processes were designed, at different
water-bath temperatures (50, 60, 70, 80 and 90 �C), so as to obtain
the same size shrinkage of the product. In each test, process times
were estimated in order to reach a size contraction of 18% (80% of
the highest size reduction). When the estimated process times
were reached, samples were removed from the heating bath and
immediately sunk in a water-ice mixture for 2 min.

2.3. Image acquisition and size determination

A computer vision system (CVS) that is a digital camera (Profes-
sional Series Network IP Camera, Intellinet Active Networking)
coupled to a PC (AMD Sempron 2200, 768 MB-RAM), was used.
The digital camera was assembled by means of a stand that is per-
pendicular to the thermostatized bath (Fig. 1).

Samples were grasped to another stand built to hold up to 12
samples, which colour contrasted with that of the samples in order
to increase image definition by the CVS. Using this procedure, sam-
ples remained fixed inside the bath and image acquisition could be
optimally performed without moving the camera. Samples were
placed vertically and horizontally to determine height and diame-
ter variation. A reference object, a piece of white plastic material
(4 cm � 4 cm cross section), was also immobilized on the stand
and used as size pattern.

Mushroom images were taken during blanching, at 30-second
intervals at the first stage, and every 120 s at the final stage of
the process. Image acquisition was stopped when no size variation
in samples was detected. Later, image processing was performed
on the recorded images to estimate the characteristic dimensions
of samples (L and A) and their variation with process time (see
Fig. 2).

In this regard, Image Processing Toolbox, MATLAB (MathWorks,
Natick, Massachusetts), was used according with the following
steps (Goñi et al., 2007):

- Conversion of original RGB images to grey-scale format.
- Noise reduction through a 3 � 3 median filter to enhance image

quality.



Fig. 1. Scheme of the thermostatized water bath and of the computer vision system.

Fig. 2. Mushroom geometry showing the characteristic dimensions and the
location (X) of the thermocouple for temperature determination.
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- Segmentation through a threshold value which was obtained by
analyzing the grey-scale image histogram. A binary image was
obtained where black colour (pixel value equal to 0) repre-
sented the background and white colour the sample (pixel
value equal to 1).

- Width and height of the binary images of samples (in pixels)
were measured. A conversion factor, computed from the refer-
ence object, was used to convert the mushroom dimensions
from pixels to SI units. Also, the characteristic dimensions of
three samples (A, L, H and d) were measured with a Vernier cal-
iper before and after blanching; they were also used to validate
the ones obtained by the CVS.

The experimental variation of A and L with time, in dimension-
less shape, was adjusted to an exponential model (Eq. (1)), where
Dt is the instantaneous value of the characteristic dimension (A
or L) at a time t (min); D0 is its initial value; Deq the equilibrium
dimension (after a long blanching time) and K1 is the tempera-
ture-dependent rate constant. The temperature dependence was
modelled through an Arrhenius-type relationship (Eq. (2)), where
A1 is the pre-exponential factor (s�1), Ea is the activation energy
(J mol�1), R is the universal gas constant (8.31 J mol�1 K�1), and T
is water bath temperature (K). The pre-exponential factor and
the activation energy can be determined by linear regression of
log (K1) vs. 1/T, being –Ea/R the slope and log (A1) the ordinate at
origin.

Dt � Deq

D0 � Deq
¼ expð�K1 � tÞ ð1Þ

K1 ¼ A1 � exp
�Ea

RT

� �
ð2Þ
2.4. Reconstruction of mushroom shape

Three-dimensional mushroom shapes were built from images
of transversal cuts of samples (Fig. 3a). These images were digitally
processed to obtain a binary image, as previously described
(Fig. 3b), whose contour was approximated with a B–Spline curve
(Fig. 3c), which was used as a base for the construction of the sim-
ulation domain. To construct the axisymmetric two-dimensional
domain, the B–Spline curve was transformed into a solid object.
The three-dimensional domain (Fig. 3d) was obtained by revolu-
tion of the axisymmetric two-dimensional domain.

2.5. Temperature acquisition

In other series of experiments, the same test conditions as de-
scribed in Section 2.2 were repeated and temperatures in the water
bath and in the thermal centre of the mushroom (geometric centre
of mushroom head) (Fig. 2) were measured every 15 s using rigid
type T thermocouples (copper–constantan (Cu–CuNi), OMEGA,
USA). Thermal histories were recorded using a multi-channel data
acquisition system (KEITHLEY model AS-TC, USA).

2.6. Modelling of heat penetration

A mathematical model was developed to describe conduction
heat transfer through the vegetable (Eq. (3)), with uniform initial
temperature (Eq. (4)) and convective boundary conditions (Eq. (5)).

qCp
dT
dt
¼ rðkrTÞ ð3Þ

Tðx; y; z; t ¼ 0Þ ¼ T0 ð4Þ
krT ¼ hðT1 � TÞ ð5Þ

Shrinkage was coupled to the heat transfer model through Eq.
(1) using an arbitrary Lagrangian–Eulerian method (COMSOL AB,
2005). The boundary condition for shrinkage was computed
through the velocity of the geometric boundaries obtained from
time derivative of the characteristic dimension (Eq. (6)).

velD ¼
dDt

dt
¼ �K1ðD0 � DeqÞ expð�K1 � tÞ ð6Þ

where velD is the velocity of size change in the D characteristic
dimension direction.

The moving boundary displacement was then propagated
throughout the domain obtaining a smooth mesh deformation over
all the sample volume (COMSOL AB, 2005).

To run the finite element model the volume dominium (mush-
room) was discretized by means of a grid of simplices (distorted
tetrahedrons) that can approximate to the boundary better than
the ordinary, straight mesh elements (COMSOL AB, 2005) (Fig. 4).
The following constant thermophysical properties were used:
Cp = 3883 J kg�1 K�1, k = 0.4324 W m�1 K�1 (Sastry et al., 1985).



a b c d

Fig. 3. Sequence of the development of mushroom shape. (a) image of a transversal cut; (b) binary image; (c) B-Spline curve; (d) revolution solid.

Fig. 4. Computational meshing of the mushroom. (a) 2D axisymmetric geometry,
341 triangles; (b) 3D geometry, 8508 tetrahedrons.
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Mushroom density was determined from weight and volume mea-
surement of a sample lot –liquid displacement method–, and was
found to be 689.6 kg m�3.

To estimate the heat transfer coefficient a bronze mushroom
shaped object was manufactured. Bronze was chosen as a test
material due to its high thermal diffusivity, which assures an al-
most instantaneous uniform temperature profile. A thermocouple
was inserted at the centre of object to sense the time–temperature
history and the thermal treatments described in Section 2.2 were
carried out in the same water bath system. The temperature of
the thermal centre was plotted in a semi-logarithmic scale and
the heat transfer coefficient was calculated from the slope of the
linear response obtained, assuming a lumped parameter behav-
iour. The following thermophysical properties for bronze were
used: q = 8470 kg m�3, Cp = 376.81 J kg�1 K�1, k = 122.87 W m�1

K�1. The surface area and volume for calculations were estimated
from a geometric model of the object, which was created using a
digital image of the object. Heat transfer coefficient was found to
linearly vary with water bath temperature, and the following val-
ues were obtained: 645.47, 782.54, 815.76, 916.50 and
1072.60 W m�2 K�1, for water bath temperatures of 50, 60, 70, 80
and 90 �C, respectively.

2.7. Model validation

The heat transfer model was validated by comparing experi-
mental and simulated mushroom temperatures. These compari-
sons were performed calculating the average relative differences
Dr ave (Eq. (7)):
Dr ave ¼
100
m

Xm

i¼1

Ts� Te

Te

����
���� ð7Þ
3. Evaluation of quality indexes

3.1. Cooking value

Both, the average cooking value (Cave) and the surface cooking
value (Csur), were determined by numerical integration of Eqs. (8)
and (9), respectively, using the simulated temperature profiles
for each sample. A reference temperature (Tref) of 100 �C and a zc

value of 23 �C were considered for calculations. The value of zc

was chosen as the average of those values corresponding to the
deterioration kinetics of sensory quality parameters (Ohlsson,
1980).

Cave ¼
Z tf

0

R
X 10

Tðt;XÞ�Tref
zc @XR

X @X

0
@

1
A@t ð8Þ

Csur ¼
Z tf

0

R
C 10

Tðt;CÞ�Tref
zc @CR

C @C

0
@

1
A@t ð9Þ
3.2. Determination of texture

Firmness of fungi was measured with a texturometer TA-XT2i
(Stable Micro Systems Ltd., Godalming, Surrey, UK) and data were
recorded and processed with the Texture Expert Exceed software.

After cutting the tail of mushrooms, their heads were com-
pressed with a cylindrical probe, 10 mm in diameter. Texture anal-
ysis was carried out under the following instrument parameters:
pre-test speed 10 mm/s; test speed 5 mm/s; post-test speed
5 mm/s; strain 30% of sample height; trigger force 0.05 N; data
acquisition rate 25 pps.

Each reported value corresponded to the mean of seven mea-
surements, for unprocessed as well as processed samples. Results
were presented as relative percent variation with respect to the
initial (unprocessed) sample.

3.3. Determination of colour

Colour determination was carried out using a Minolta colorim-
eter CR 300 Series (Osaka, Japan) with a measuring area of 8 mm
diameter. The instrument was calibrated with a standard white
plate (Y = 93.2, x = 0.3133, y = 0.3192). The colour of mushrooms



Table 1
Averaged rate constants for shrinkage as a function of water bath temperature.

Temperature (�C) Number of samples Km (s�1) � 103 S.D. (s�1) � 104

50 7 0.33 2.35
60 6 0.69 1.23
70 6 1.07 1.38
80 8 2.18 9.35
90 3 3.88 1.90

12 A.R. Lespinard et al. / Journal of Food Engineering 92 (2009) 8–17
was measured by L*, a* and b* chromaticity co-ordinates of the CIE-
Lab scale (CIE, 1978).

Parameters L*, a* and b* were determined for seven unpro-
cessed and seven processed samples, for each heating condition.
Measurements of each sample were performed in triplicate and
averaged. Results were presented as relative percent variation with
respect to the initial (unprocessed) sample.

3.4. Enzymatic activity of polyphenoloxidase

For the extraction of enzyme PPO the protocol described by
Concellón (2003) with small modifications was followed. The sam-
ples (fresh or processed fungi) were frozen with liquid nitrogen
and ground in a mixer (De Longhi, KG 30, Italy). Three grams of
the sample were homogenized (1 h, 4 �C) with phosphate buffer
(KH2PO4 0.1 M; Na2HPO4 0.1 M; Tritón X-100 0.15 v/v; PVPP
30 g L�1; pH 6), then centrifuged at 11,200g at 4 �C (for 15 min)
(Beckman Coulter, Avanti J-25, USA). The supernatant was sepa-
rated to determine the enzymatic activity, using a phosphate buf-
fer with 4-methylcatechol (Sigma, Sigma Chemical Co., USA) as
enzymatic substrate (KH2PO4 0.1 M; Na2HPO4 0.1 M; 4-methylcat-
echol 0.012 M; pH 6). The reaction was carried out at 30 �C. The
appearance of colour compounds resulting from the enzymatic oxi-
dation of 4-metilcatechol was measured using a spectrophotome-
ter (BECKMAN DU650, USA) at 410 nm. The determinations were
made in duplicate and the enzymatic activity was expressed as
the change in absorbance per minute per gram of fresh weight
(DO min�1 g�1).

3.5. Statistical analysis

Textural and colour data were subjected to analysis of variance
(ANOVA) using software STATGRAPHICS Plus 4.0. (Manugistics Inc.,
USA). Comparison of means between raw and blanched samples
were performed using the Tukey’s test, at a significance level
p = 0.05.
Fig. 5. Images sequence (left to right), every 1 min, showing size variation during b
4. Results and discussion

4.1. Size variation

Fig. 5 displays the sequence of images obtained with the CVS
and their binary equivalents obtained after processing the original
images, for a sample blanched with water bath at a temperature of
90 �C. The images showed a rapid size reduction at the first stages
of heating, then it became slower at higher process times, tending
to a final constant size.

The values of the rate constants (K1) obtained for the variation
of A and L were similar in each process, implying almost equal de-
grees of radial and longitudinal contraction. Thus both constants
were averaged, obtaining an overall rate constant (Km) that repre-
sents global shrinkage (Table 1) for each process condition. Calcu-
lated values of Km showed a steady increase with water bath
temperature, which means an augmentation of the contraction
rate with temperature. From regression analysis, values of
59.37 kJ mol�1 and 1.40 � 106 s�1 were obtained for Ea and A1

(respectively) with R2 = 0.9953.
Table 2 shows the average percent reductions reached by the

different characteristic dimensions at long process times, after
these dimensions had reached their equilibrium value (Deq). These
values are in accordance with those reported by McArdle and Cur-
wen (1962), who determined an average size reduction of 25%.
From the data in Table 2 it can be observed that the mushroom
shrinks in almost equal proportions in the longitudinal and in
lanching at 90 �C, for 9 min. (a) original images, (b) binary (processed) images.



Table 2
Percent reduction of characteristic dimensions at long process times for different bath
temperatures.

Temperature (�C) A L H d

50 22.05 23.16 22.05 15.42
60 22.92 22.56 25.22 10.09
70 21.11 22.53 21.94 7.85
80 24.49 26.70 27.30 7.02
90 22.16 27.24 28.57 10.21
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the radial directions (21.11–24.49% for L against 22.53–26.70% for
A). On the other hand, stem diameter (d) shrinks much less than
the other characteristic dimensions. This difference in size reduc-
Fig. 7. Predicted surface temperature and size after 6 min of blanching at 80 �C. Solid line
referred to the web version of this paper.)
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tion can be explained by the fact that the cap has a much less com-
pact structure than the stem, occluding much more air, which can
be easily removed during blanching, leading to increase of the con-
traction process.

Comparing of manual measurements of characteristic dimen-
sions and the ones obtained by the CVS were on good agreement,
with relative differences less than 5%.

Fig. 6 shows the predicted variation of the characteristic dimen-
sion A, simulated by the parameters from the regression model
(Table 1). After analyzing the shape of these curves, a size reduc-
tion of 18% was found to be a suitable end point for the blanching
process. Greater size reductions at this stage led to very long pro-
cess times at low bath temperatures. Thus blanching times of 77.0,
s show the initial geometry. (For interpretation to colours in this figure, the reader is
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the regression model, and estimated process time to reach a reduction of 18%, for
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37.0, 23.0, 12.0 and 7.0 min, respectively, were needed for heating
bath temperatures of 50, 60, 70, 80 and 90 �C.

4.2. Simulation of temperature profiles

Fig. 7 displays a 3D graph of one mushroom, with predicted sur-
face temperature, after 6.0 min of blanching at 80 �C. The same
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Fig. 8. Temperature evolution during blanching at 70 �C. (h) experimental in

Fig. 9. Sequence of simulated images using the 2D axisymmetric geometry, at 30 s interva
(For interpretation to colours in this figure, the reader is referred to the web version of
graph includes the initial and final shapes and sizes of the mush-
room. Also, it can be observed that the coldest point coincides with
the geometrical centre of the cap and that the stem is the part of
the mushroom that reaches the highest temperatures.

As can be seen in Fig. 8, simulated temperatures for the thermal
centre, during blanching at 70 �C, showed a high correlation with
the experimental ones. Absolute average relative differences lower
15.00 20.00

 (min)

the thermal centre; (D) simulated in the thermal centre; (x) water bath.

ls, showing temperature distribution and size contraction during blanching at 90 �C.
this paper.)
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than 4.19% were found between predicted and experimental tem-
peratures for all the tests.

Simulated temperatures for the thermal centre showed a higher
delay than those experimental ones. This phenomenon can be
owed to the high differences in thermal conductivity (k) and spe-
cific heat (Cp) between thermocouple and mushroom, as was pre-
viously described by Akterian (1995).

Fig. 9 shows predicted temperature distribution and size varia-
tion in the mushroom, every one minute, during blanching at 90 �C,
obtained using an axisymmetric two-dimensional geometry. Dur-
ing the first minutes of heating, a marked difference in tempera-
tures appeared between surface and the inner parts of the
vegetable. This difference decreased and tended to disappear as
heating time advanced. Simultaneously, at the initial stage, mush-
room size decreases rapidly, lowering shrinking rate towards the
end of the process, as experimentally assessed previously. Similar
behaviours for temperature variation and size reduction were ob-
tained for the other process conditions.

Temperature profiles in Fig. 10 display the simulated tempera-
ture evolution during blanching at 50 �C and 90 �C along a horizon-
tal line perpendicular to the thermal centre (Fig. 10a and b,
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respectively). It can be seen that at low bath temperature
(Fig. 10a), mushrooms exhibited a less marked temperature profile,
tending to an uniform temperature distribution at the end of the
process; on the contrary, significant differences were predicted
for high bath temperatures (Fig. 10b). These temperature differ-
ences induce important variations in cooking values for both re-
gions (cap and stem) for high-temperature blanching processes.

Concerning mushrooms it is worth to remark that the two and
three-dimensional domain simulations are absolutely equivalent
from the point of view of sample shape and heat transfer condi-
tions. Eventual slight differences in predicted values arise from
the use of different meshes. However the calculation (running)
time of two-dimensional domains were much lower than those
of three-dimensional ones (9.38 s and 1401.38 s, respectively, for
the same run).

4.3. Cooking value

Simulated average Cave and surface Csur cooking values are
shown in Fig. 11. Cave presented the highest value at intermediate
heating temperatures (near 80 �C). Also, the difference between
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Table 3
Relative percent variation of parameters L*, a*, and b* with blanching temperature.

Temperature (�C) L* (%) a* (%) b* (%)

50 –38.52 423.78 1.40
60 –27.04 381.56 11.64
70 –16.29 96.22 19.29
80 –12.09 36.55 17.65
90 –3.30 13.12 22.73
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both cooking values increased with bath temperature. These differ-
ences were in accordance with the temperature profiles shown
previously (Fig. 10). Csur continuously augmented with processing
temperature due that surface quickly reaches bath temperature
and then remain constant during processing.

4.4. Texture

Important texture losses – in terms of maximum force (N) –, in
the range of 64.18–80.28%, were determined after the different
blanching processes. These values are similar to those reported
by Matser et al. (2000) for mushrooms blanched during 5 min in
boiling water. These authors determined a loss in stiffness in the
order of 90%. Although no statistically significant differences were
determined among the tested process conditions (Fig. 12), the
highest texture loss was measured at intermediate temperatures,
which was closely related to the predicted cooking values. Both
quality indexes may follow similar variation kinetics.
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4.5. Colour and Polyphenoloxidase enzymatic activity

In fresh samples, the values of parameters L*, a*, and b* were
85.4, 1.06 and 16.71, respectively, similarly to those determined
by Matser et al. (2000). Unprocessed mushrooms documented an
enzymatic activity of 0.0766 DDO min�1 g�1.

The three colour parameters varied during blanching, under all
the tested heating conditions (see Table 3). Lightness (L*) lowered,
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showing darkening, meanwhile a* and b* increased indicating
browning. Lightness reduction declined linearly whereas water
bath temperature increased (Fig. 13).

Mushrooms blanched at 60, 70, 80 and 90 �C suffered total en-
zyme inactivation (at the estimated process time), meanwhile en-
zyme was partially inactivated (0.0186 DDO min�1 g�1) when
mushrooms were heated at 50 �C. These results coincide with
those reported by McCord and Kilara (1983) who concluded that
PPO was unaffected at temperatures lower than 45 �C, meanwhile
at a blanching temperature of 50 �C a process time higher than
35.83 min was essential to lower enzymatic activity to 50% of its
original value.

The different degrees of browning (stronger browning at lower
bath temperatures) can be explained because at low temperatures
(50 �C) enzymes remain active during most part of the blanching
period. As the bath temperature increases (60–80 �C), the enzyme
remains active for less time, producing smaller quantities of col-
oured products. Meanwhile at higher temperatures (90 �C) their
inactivation is almost instantaneous, and there are almost no col-
oured products of enzymatic browning.

5. Conclusions

The developed simple shrinkage kinetic model of mushroom
during blanching allows a quick estimation of the processing time
needed to obtain a desirable size reduction. Furthermore, consider-
ing that several factors should be achieved during blanching,
shrinkage appears to be the limiting factor controlling the needed
processing time, at blanching temperatures above 60 �C, since no
PPO activity is detected. When lower blanching temperatures are
used the PPO activity reduction appears to be the slower process,
and then controlling the processing time.

On the other hand under each process condition marked
reductions were observed concerning lightness and texture.
Also, it was noted that the reductions of these parameters were
different for each treatment. This means that the blanching pro-
cess could be optimized by selecting the most appropriated
conditions.

Shrinkage and heat transfer model coupling allow obtaining
good temperature predictions. Thus, cooking value can be esti-
mated and correlated with quality index variations.
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