
Modelling kinetics of watercress (Nasturtium officinale) colour changes due
onication treatments
to heat and thermos
Rui M.S. Cruz a, Margarida C. Vieira b, Cristina L.M. Silva a,⁎
a Escola Superior de Biotecnologia, Universidade Católica Portuguesa, Rua Dr. António Bernardino de Almeida, 4200-072 Porto, Portugal
b Escola Superior de Tecnologia, Universidade do Algarve, Campus da Penha, 8005-139 Faro, Portugal

Keywords: Watercress (Nasturtium officinale); Heat blanching; Thermosonication; Colour changes; Chlorophylls; Kinetics modelling
Abstract

Watercress (Nasturtium officinale) colour changes due to blanching by heat and a combined treatment of heat/ultrasound (thermosonication) were
studied in the temperature range of 82.5 to 92.5 °C. The application of thermosonication was intended to enable less severe blanching treatments and,
therefore, improve the quality of the blanched product. The thermosonication blanching processes promoted changes of the green colour
(an parameter) at a higher rate (Pb0.05), when compared with the heat blanching processes. No significant differences (PN0.05) were detected
between heat and thermosonication blanching processes in terms of the colour parameters Ln, bn and TCD changes. In both treatments, a fractional
first order model fitted well the experimental data for Ln, an and bn (RH

2 =0.99; RTs
2 =0.99) and TCD (RH

2 =0.92; RTs
2 =0.96) colour parameters.

The chlorophylls content showed no significant differences (PN0.05) between thermally treated and thermosonicated watercress samples.
The present findings will help to evaluate the effectiveness of thermosonication as a novel process to replace the classical heat treatment.
Industrial relevance: Conventional blanching commonly results in severe losses or destruction of nutrients due to process intensity and extended process times.
Consequently, the attempts to use the synergistic effects of heat and ultrasound (at least) for enzyme inactivation are of high relevance. The results, although not
conclusive, indicate, that they may aid optimization of blanching processes.
Watercress (Nasturtium officinale) is a vegetable, consumed
raw or cooked in various kinds of recipes. Under refrigerated
storage it has a short shelf-life of approximately 7 days, but by
freezing a longer period for distribution and storage can be
achieved. Prior to the freezing process, blanching has an
important role in the inactivation of enzymes, microorganisms
and in the stabilisation of colour. However, the degree of thermal
treatment during blanching can also have adverse effects on the
quality of frozen vegetables. It causes irreversible modifications
to the cellular structure, many vitamins and minerals can leach
into the blanching medium, and green chlorophylls may convert
to yellow brown pheophytins. For this reason many alternative
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methods have been developed, but the conventional hot water
blanching is commonly used (Katsaboxakis, 1984).

The colour quality attribute strongly influences the consumer
in the acquisition of the final product. In order for colour to be
quantified objectively, the visual observing components needed
to be taken into account are the object, light and the observer
(Hunter Lab, 2000).

Colour can be measured by a tristimulus colorimeter, repre-
sented by three co-ordinates in the colour scale. The L parameter
represents lightness (L=0 black; L=100 white), a (red to green)
andb (blue to yellow) (Ávila&Silva, 1999; Francis&Clydesdale,
1975; Lau, Tang, & Swanson, 2000; Martins & Silva, 2002;
Nisha, Singhal, & Pandit, 2004; Tijskens, Schijvens, & Biekman,
2001).

In the thermal processing of green vegetables, changes in
colour, from bright green to olive green, are the result of the
conversion of chlorophylls into pheophytins and pyropheophy-
tins (Ihl, Monsalves, & Bifani, 1998; Lau et al., 2000; Martins
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Table 1
Initial characteristics of raw watercress

Colour
L 37.456±1.824
a −9.661±1.075
b 12.255±1.277

Chlorophyll a (μg g−1) 602.821±120.083
Chlorophyll b (μg g−1) 246.213±27.235
Total chlorophylls (μg g−1) 849.034±141.574
pH 6.500±0.003
Water activity (aw) 0.994±0.003
Water content (%) 91.227±0.472
& Silva, 2002; Nisha et al., 2004; Rocha, Lebert, & Marty-
Audouin, 1993; Tijskens et al., 2001; Woolfe, 1979).

Chlorophyll is a fat soluble tetrapyrrole pigment, occurring in
chloroplasts of green plants, photosynthetic bacteria and algae
(Priestley, 1979). It plays a fundamental role in the photosyn-
thesis, being capable of converting sunlight into chemical energy
(Luh & Woodroof, 1988). The most important forms of
chlorophyll are chlorophyll a and chlorophyll b, occurring in
an approximate ratio of 3:1 (Weemaes, Ooms, Van Loey, &
Hendrickx, 1999). The difference in the composition of the side-
chain (in a it is –CH3, in b it is –CH_O) causes each type of
chlorophyll to absorb light at slightly different wavelengths.
There are two major absorption bands in visible spectrum, in
blue (around 400 nm) and red (around 660 nm).

When vegetables are blanched, an initial brightening of the
colour is observed, due to the removal of gases and air around
fine hairs on the surface of the leaves, and the expulsion of air
from extracellular space (Priestley, 1979). With further heating,
an undesirable fading of the colour from bright green to olive
brown appears, attributed to the loss of the central magnesium
atom in the tetrapyrrole ring (Schwartz & von Elbe, 1983). The
latter component is very labile, especially at low values of pH.
During the blanching treatment, organic acids are released from
plant tissues, thus causing a pH decrease and consequential
conversion of chlorophylls to pheophytins (Murcia, López-
Ayerra, Martnez-Tomé, & García-Carmona, 2000).

To minimize the adverse effects of heating on quality, alter-
native methods of blanching, or combinations of the conven-
tional heat treatment with other physical factors, such as ohmic
blanching (Icier, Yildiz, & Baysal, 2006) or microwave
blanching (Ihl et al., 1998) have been developed.

One of the alternative methods might be the thermosonica-
tion blanching, which is a combined treatment with heat and
ultrasound. High energy ultrasound (18 kHz–100 kHz) has
been applied for enzyme inactivation (Knorr, Zenker, Heinz,
& Lee, 2005). This enzyme inactivation is achieved proba-
bly as a result of a phenomenon called cavitation (Mason,
Paniwnyk, & Lorimer, 1996; Vercet, Burgos, Crelier, &
Lopez-Buesa, 2001), which means the formation, growth and
sometimes implosion of microbubbles created in a liquid,
when ultrasound waves propagate through it (Mason et al.,
1996).

The synergistic effect of the combined heat and ultrasound
treatment allows inactivating several enzymes at lower
temperatures and/or in shorter time (Vercet et al., 2001). The
combined treatment heat/ultrasound (thermosonication) is
useful in the inactivation of the enzyme peroxidase in
watercress at less severe heat blanching conditions (Cruz,
Vieira, & Silva, 2006). However, there is lack of studies on the
evaluation of the thermosonication treatments effect on
products quality, and particularly on watercress visual colour.

Therefore, the main objective of this work was to study the
effect of the blanching conditions, using a combined treatment
of heat and ultrasound, on watercress colour changes. The
findings will help to evaluate the effectiveness of thermo-
sonication blanching as a novel process to at least partly replace
the classical heat treatment.
Rawwatercress was kindly supplied by Vitacress, a company
that grows watercress in Almancil, Algarve—Portugal. The
leaves were selected, washed thoroughly and analysed within
24 h. Table 1 presents the initial characteristics of the raw
watercress.

Based on the method reported by the Health Canada-Official
Method (1999), two grams of raw watercress were homoge-
nized in 20 ml of degassed water, with an Ultra-Turrax T25
Janke and Kunkel, for 1 min at 13 500 rpm. The samples were
extracted on a mechanical shaker (Edmund Bühler 7400
Tübingen KL2) for 30 min. Afterwards, samples were kept in
the dark for an additional hour. The supernatant was decanted
and pH (pH meter Crison micropH 2002) was measured in ten
replicates.

The water activity was measured with an aw meter
(Rotronic-Hygroskop Dt-Probe WA-14 TH, sensor DMS
100H) in a thermostatic circulator water bath (LKB Broma
2219), set at 25±0.1°C. The experiments were run with
triplicates.

The water content was measured in ten replicates, using an
infrared dryer (Mettler LP16) set at 140 °C.

Each sample of watercress (3 g) was processed in individual
conical flasks with 100 ml of distilled water, in a water bath
Grant W14, with temperatures ranging from 82.5 to 92.5 °C,
with different times of exposure.

The combination of heat/ultrasound was applied to the
watercress at the same range of temperatures and sampling
times. The samples were blanched with an ultrasound horn
(Coleparmer V1A; 13 mm dia) at 20 kHz and an ultrasound
generator (Coleparmer 4710 Series) radiating 125 W of power.
After each treatment, the samples were cooled in an iced water
bath (Cruz et al., 2006).
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Colour was evaluated in terms of L, a and b values, with a
tristimulus Dr. Lange Spectro-colour colorimeter in the
Hunter system (Hunter Lab, 2000). The colorimeter (d/8°
geometry, illuminant D65, 10° observer) was calibrated
against a standard ceramic white tile (X=84.60, Y=89.46,
Z=93.85) and a standard ceramic black tile (X=4.12,
Y=4.38, Z=4.71). Measurements were taken in triplicates
with ten readings each.

The total colour difference (TCD) was evaluated, where L0,
a0 and b0 are the readings at time zero, and L, a and b the
individual readings at each processing time.

TCD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDLÞ2 þ ðDaÞ2 þ ðDbÞ2

q
ð1Þ

DL ¼ L−L0

Da ¼ a−a0

Db ¼ b−b0 ð2Þ

To minimize the variability between different raw samples,
the individual L, a and b values were normalised, dividing the
parameters by the corresponding initial values.

Ln ¼ L
L0

; an ¼ a
a0

; bn ¼ b
b0

ð3Þ

Colour is often described by first order reaction (Ahmed,
Kaur, & Shivhare, 2002; Baik &Mittal, 2003; Barreiro, Milano,
& Sandoval, 1997; Ibarz, Pagán, & Garza, 1999; Lau et al.,
2000; Nisha et al., 2004; Rattanathanalerk, Chiewchan, &
Srichumpoung, 2005), or fractional conversion (also known as
reversible first order) reaction models (Eq. (4)), (Ávila & Silva,
1999).

The reversible first order reaction model was used to
describe colour changes in watercress:

C−Ce

C0−Ce
¼ e−kt ð4Þ

where C is the Ln, an, bn or TCD parameters (i.e. dependent
variable) at time t (independent variable), C0 the corresponding
initial value at time equal to zero, and Ce its final value at the
equilibrium. The blanching time is represented by t, and k is the
reaction rate.

The reaction rate temperature dependence followed the
Arrhenius behaviour:

k ¼ kref e
− Ea

R
1
T −

1
Tref

� �h i
ð5Þ
where kref is the reaction rate at the reference temperature, Ea

the activation energy, R the universal gas constant, T the
absolute temperature, and Tref the reference temperature.

By substitution, Eq. (4) can be expressed as:

C−Ce

C0−Ce
¼ e

− kref e
� Ea

R
1
T − 1

Tref

� �h i
t

( )
ð6Þ

For chlorophylls extraction, 80% aqueous acetone (Merck)
solution was prepared by mixing 8 parts of 100% acetone
reagent grade with two parts of ultra pure water (v/v). A solution
of oxalic acid (2%) was prepared by mixing 2 ml of saturated
oxalic acid (Merck) with 98 ml of 80% aqueous solution of
acetone.

The samples were analysed based on the method reported
by Weemaes et al. (1999), with some modifications. The
samples (3 g) were mixed in 20 ml of the 80% acetone
solution and homogenised with an Ultra-Turrax (T25-Janke
and Kunkel) during approximately 2 min. The homogenates
were centrifuged (Sigma 3K20) at 34.882× g and 4 °C
during 5 min. The pellet was washed with 20 ml of 80%
acetone solution and centrifuged until it was decolourised.
The extracts were then filtered through filter paper What-
man n.1, with a Büchner funnel under vacuum. From each
extract solution unconverted and converted samples were
prepared.

Unconverted (non-acidified) samples were prepared by
diluting 0.12 ml of extract solution in 3 ml of 80% acetone
solution. The converted (acidified) samples were run by mixing
0.12 ml of extract solution with 1.5 ml of oxalic acid (2%) and
1.5 ml of 80% acetone solution, to convert chlorophylls to
pheophytins. All samples were kept in the dark at room
temperature for 3 h, and then the absorbance was recorded,
using 10 mm-path-length glass cells (Amersham Biosciences)
in an UV/vis spectrophotometer (Hitachi U-2000). The solution
of 80% acetone and a solution of oxalic acid 2% with 80%
acetone with a ratio of 1:1 (v:v) were used as a blank to zero the
instrument, respectively for unconverted and converted
samples.

All samples were run in triplicate and kept in the dark during
the time of preparation and analysis.

Chlorophylls a and b concentrations were calculated using a
procedure developed by Vernon (1960), as follows:

Chlorophyll aðμg=mlÞ ¼ 25:38ðΔA662Þ þ 3:64ðΔA645Þ ð7Þ

Chlorophyll bðμg=mlÞ ¼ 30:38ðΔA645Þ þ 6:58ðΔA662Þ ð8Þ

The abbreviations ΔA645 and ΔA662 stand for change in
absorbance of non-acidified and acidified sample at 645 nm and
662 nm, respectively.
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The final pigment concentrations were expressed in μg per g
of fresh product.

A one step non-linear regression was performed, fitting
Eq. (6) to the Ln, an, bn and TCD experimental data
(Arabshahi & Lund, 1985). Initial and equilibrium values of
colour parameters, reaction rate at the reference temperature
and activation energy were estimated using the statistical
software STATA version 6.0 (Stata Corp., 1999). The
reference temperature used was the average value of the
range considered (i.e. Tref =87.5 °C), aiming at improving
parameter estimation. Parameters' precision was evaluated by
confidence intervals at 95%, and the quality of the regression
was assessed by the coefficient of determination (R2), and
randomness and normality of residuals, thus allowing best
model selection.

Two-factor (heat and thermosonication) analysis of variance
(ANOVA) was carried out, to test any significant differences
between chlorophylls/pheophytins in raw and blanched
samples.
Fig. 1. Effect of temperature, ultrasound and time on Ln parameter of watercress, i
blanching processes; (—) model predicted values for heat blanching processes; (o
predicted values for thermosonication blanching processes. Bars represent mean±st
The Ln and bn parameters decreased in both treatments
(conventional or thermosonication blanching), showing that
the samples after blanching were darker and less yellow
(Figs. 1 and 3, respectively). The normalised an values
increased right at the beginning of the blanching treatment,
reaching a “plateau” after some time of exposure, meaning
that the samples were greener (Fig. 2). For both treatments,
when compared with raw watercress, the processing led to
great colour differences, reaching at equilibrium TCD
values between 6 and 12 (Fig. 4). A fractional conversion
model with Arrhenius temperature dependence (Eq. (6))
fitted well the experimental data for TCD (RH

2 =0.92;
RTs
2 =0.96) and the Ln, an and bn parameters (RH

2 =0.99;
RTs
2 = 0.99). No significant differences (PN0.05) were

detected between heat and thermosonication blanching
processes in terms of Ln, bn and TCD parameters (Figs. 1,
3 and 4, respectively). However, significant differences
(Pb0.05) were detected in the reaction rate at the refer-
ence temperature of the an parameter change between
blanching treatments. Tables 2 and 3 present the kinetic
n the temperature range of 82.5 to 92.5 °C: (x) experimental values with heat
) experimental values with thermosonication blanching processes; (---) model
andard deviation.
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Fig. 2. Effect of temperature, ultrasound and time on an parameter of watercress, in the temperature range of 82.5 to 92.5 °C: (x) experimental values with heat
blanching processes; (—) model predicted values for heat blanching processes; (o) experimental values with thermosonication blanching processes; (---) model
predicted values for thermosonication blanching processes. Bars represent mean±standard deviation.
model parameters, respectively for conventional and ther-
mosonication blanching treatments.

The thermosonication blanching processes promoted
changes of the green colour (a parameter) at a higher rate,
when compared with the heat blanching processes (Fig. 2).

The thermosonication has also been shown to be more
effective in watercress peroxidase inactivation (Cruz et al.,
2006) Therefore, for this enzyme inactivation, a thermosonica-
tion treatment may be used to minimize colour changes, since
processing times can be reduced. It should be also remarked
that instead of promoting colour degradation, the applied
thermosonication treatments led to greener watercress samples.

These results are in agreement with those reported by Di
Cesare, Forni, Viscardi, and Nani (2004), in which leaves of
oregano became also greener after blanching. Lin and Brewer
(2005) showed, in a study with frozen peas that after
microwave and water blanching the peas were also greener.
Brewer, Begum, and Bozeman (1995) reported significant
darkening of stems and florets of broccoli after microwave
blanching. Tijskens et al. (2001) presented similar effects on
green colour of blanched broccoli and green beans, and Icier
et al. (2006) in pea puree water blanching. These colour
changes may be related to the replacement of the gases inside
the intercellular spaces by the blanching medium, altering
light refraction from the cell surface (Bowers, 1992).

In previous studies, a wide variation in the activation
energies was found for colour degradation of vegetables and
fruits. The obtained activation energies for TCD in water-
cress with heat and thermosonication were, respectively,
267.16±113.28 kJ mol− 1 and 281.80±190.25 kJ mol− 1. An
activation energy of 62.51 kJ mol− 1 for pear puree was
reported by Ibarz et al. (1999), and for peach puree a value
of 119.9 kJ mol− 1 was presented by Ávila and Silva (1999).
Comparing the results with those reported by Ahmed et al.
(2002), for TCD in blanched spinach the activation energy
(19.71 kJ mol− 1) is lower than the corresponding in this
work. These variations are maybe related to the differences
in the raw material, modelling methodologies and the tem-
perature ranges. It should be emphasized that the one-step
modelling procedure used in this work, minimizes the co-
linearity between parameters.

The raw watercress presented an initial content of chloro-
phyll a, b and total chlorophylls of 602.821±120.083 μg g−1,
246.213±27.235 μg g−1 and 849.034±141.574 μg g− 1,



Fig. 3. Effect of temperature, ultrasound and time on bn parameter of watercress, in the temperature range of 82.5 to 92.5 °C: (x) experimental values with heat
blanching processes; (—) model predicted values for heat blanching processes; (o) experimental values with thermosonication blanching processes; (---) model
predicted values for thermosonication blanching processes. Bars represent mean±standard deviation.
respectively (Table 1). These results are in agreement with
Bohn, Walczyk, Leisibach, and Hurrell (2004), that reported for
raw spinach a total chlorophylls content of 790 μg g−1.
Nevertheless, these are higher than the values of 68 μg g−1 for
chlorophyll a and 29 μg g−1 for chlorophyll b in raw green
beans (Oruña-Concha, González-Castro, López-Hernández, &
Simal-Lozano, 1997). Murcia et al. (2000) determined in raw
broccoli florets 110 μg g−1 and 43 μg g−1 of chlorophyll a and
b, respectively, and 36 μg g−1 and 18 μg g−1, respectively, in
raw broccoli stems. The estimated chlorophylls a:b ratio in raw
watercress was approximately 2.4:1. This value is in the same
range of those reported by Weemaes et al. (1999) for untreated
broccoli juice, 2.9:1, and Vernon (1960) for broccoli spears,
2.4:1.

Fig. 5 presents the final watercress normalised total chloro-
phylls at the different studied temperatures for heat and ther-
mosonication blanching.

The reported results are in agreement with those by Luaces,
Pérez, García, and Sanz (2005), where chlorophyll content
increased during blanching. Lisiewska, Kmiecik, and Slupski
(2004) presented higher values of chlorophylls in blanched dill
(±1350 mg/100 g) compared with raw samples (±1150 mg/
100 g). Higher values of other pigments in blanched broccoli and
spinach were also reported by Khachik et al. (1992). Granado,
Olmedilla, Blanco, and Hidalgo (1992) reported higher values of
carotenoids in blanched artichokes, Brussels sprouts, green beans,
asparagus, green peppers and spinach, when compared with raw
samples. Choe, Lee, Park, and Lee (2001), in a study with
spinach, observed an increase of 8% of chlorophylls in blanched
samples (2 min; 100 °C), when compared with raw samples.

Bushway and Wilson (1982), Khachik and Beecher (1987),
Varo, Mattila, Piironen, Nironen, and Koivistoinen (1987),
Lisiewska et al. (2004) concluded that heat treatment is
responsible for the increase in chemical extractability of
carotenoids. In this study, the initial increase of the chlorophyll
content can also be related to the higher extractability of
chlorophylls in the disrupted tissue of the blanched watercress
(Fig. 5), since chlorophylls and carotenoids are located in the
same region of the chloroplasts, the thylakoid membrane (Heaton
& Marangoni, 1996). Nevertheless, in the extraction method the
samples were washed until the residue of centrifugation was
decolourised. Preliminary tests, which were run at 85 °C, showed
the mentioned behaviour; after a slight initial increase, the
amounts of chlorophylls were practically maintained throughout



Fig. 4. Effect of temperature, ultrasound and time on TCD parameter of watercress, in the temperature range of 82.5 to 92.5 °C: (x) experimental values with heat
blanching processes; (—) model predicted values for heat blanching processes; (o) experimental values with thermosonication blanching processes; (---) model
predicted values for thermosonication blanching processes. Bars represent mean±standard deviation.
30 min. The same results were reported by Song, An, and Kim
(2003), in which the content of chlorophylls was approximately
maintained along blanching soybeans at 80 °C during 30 min.
Table 2
Kinetic parameters of colour changes due to heat blanching

Kinetic
parameter

Colour parameter

Ln an bn TCD

C0H 1.00±0.01 0.96±0.01 1.00±0.02 0
CeH 0.87±0.003 1.01±0.02 0.70±0.01 7.47±0.30
EaH(kJ mol−1) 209.41±67.37 422.37±126.62 249.31±197.91 267.16±113.28
kH87.5 °C

(s−1) 0.44±0.13 0.028±0.024 0.5±0.44 0.35±0.17
RH
2 0.99 0.99 0.99 0.92

Table 3
Kinetic parameters of colour changes due to thermosonication blanching

Kinetic
parameter

Colour parameter

Ln an bn TCD

C0Ts 0.99±0.01 1.01±0.01 1.05±0.01 0
CeTs 0.86±0.003 1.09±0.01 0.71±0.01 6.12±0.15
EaTs(kJ mol−1) 235.83±89.32 187.70±160.07 330.62±128.16 281.80±190.25
kTs87.5 °C

(s−1) 0.42±0.16 0.28±0.18 0.44±0.23 0.47±0.32
RTs
2 0.99 0.99 0.99 0.96
On the other hand, Schwartz and von Elbe (1983) reported
slightly lower chlorophylls content in blanched spinach than in
raw samples, probably due to the leaching into the blanching
medium. The results in Fig. 5 are similar to those reported by
Agüero, Pereda, Roura, Moreira, and del Valle (2005), who
found no great effect on chlorophylls content during blanching
of Swiss chard; its retention being significantly lower than
100% (96.1±5.5%) only when blanched for 120 s in boiling
water. The same phenomenon was observed by Ihl et al. (1998),
Fig. 5. Final watercress normalised total chlorophylls content for heat and
thermosonication at each temperature. Bars represent mean±standard deviation.



Fig. 6. Final watercress normalised total pheophytins content for heat and
thermosonication at each temperature. Bars represent mean±standard deviation.
who studied chlorophylls changes after blanching artichokes in
boiling water, steam or microwave blanching. Boiling water
blanching retained the total quantity of chlorophyllous pigments
throughout 10 min. Oruña-Concha et al. (1997) observed that
chlorophyll a and b contents in blanched padron peppers
(100 °C, 4 min) decreased by 13 and 28%, respectively.
Turkmen, Poyrazoglu, Sari, and Velioglu (2006) reported values
of chlorophylls retention of 19–100%, depending on the
vegetable type and cooking method, and Viña et al. (2007), in
a work with Brussels sprouts, observed also higher values of
chlorophylls in the blanched samples (1 min and 3 min, 100 °C).

The chlorophyll content is highly dependent on the kind of
vegetable and chlorophyll distribution in the plant, and also on
the methodologies used for the study.

As the applied heat and thermosonication treatments (even
with 30 min at 85 °C) did not promote any significant
degradation in the chlorophylls content, the initial increase and
the behaviour throughout the blanching time was not relevant
for modelling.

After a certain initial increase the pheophytins content was
maintained throughout the blanching time. Fig. 6 presents the
final normalised pheophytins content for the studied temperatures
with heat and thermosonication treatments. This initial increase of
pheophytins is proportional to chlorophylls content. This could
indeed indicate that pigments are more extracted from the
processed tissue, as already explained above. This suggests that
no significant conversion of chlorophylls to pheophytins
occurred. The presence of pheophytins in the raw samples is
maybe due to some conversion of chlorophylls to pheophytins
related to harvesting and handling. Likewise, this is in accordance
with the mere eye observation, that no olive-brown colour after
blanching was detected. Colour evaluation by colorimetry is also
in agreement with these results, since the samples after blanching
became greener (a value) and less yellow (b value).

The reaction rates of watercress colour changes due to heat
and thermosonication blanching were the same, independently
of the treatment, for all colour parameters, except for a value.
These results indicated that the use of ultrasounds only promote,
at a higher rate, changes of the green colour. On the other hand,
the TCD parameter showed no significant differences (PN0.05)
between treatments. Thus, it is crucial to analyse all the colour
parameters separately, once differences in one parameter
between treatments might not be detected by the TCD values.
Therefore, the TCD parameter is not always reliable by itself.

The chlorophyll analyses indicated, in both processes, an
increase in all the blanched samples, however not significant
(PN0.05) in comparison to the raw samples. Thus, no
degradation of the pigments occurred during heat or thermo-
sonication treatments. By colorimetry, the blanched samples
were greener (a value), indicating that this type of measure-
ments can be a useful tool to determine colour changes, instead
of more expensive and time-consuming methods.

Once in a previous work (Cruz et al., 2006) thermosonication
blanching proved to be an efficient method for watercress
peroxidase inactivation, it appears that this treatment is useful to
minimize processing extent and undesirable colour changes.

Therefore, the present findings will help to optimize the
design of watercress blanching conditions with heat and
thermosonication.

Nomenclature
A Absorbance
a Colour co-ordinate, represents red to green
b Colour co-ordinate, represents blue to yellow
C L, a, b or TCD parameter at time t
Ea Activation energy (kJ mol−1)
k Reaction rate (s−1)
L Colour co-ordinate, represents black to white
R Universal gas constant (8.314 J mol−1 K−1)
t Time (s)
T Absolute temperature (K)
TCD Total colour difference parameter
Superscripts
n Normalised value
Subscripts
e Value at equilibrium
H Relative to heat blanching
Ts Relative to thermosonication blanching
ref At the reference temperature
0 Initial value at time equal to zero
87.5 °C At the reference temperature of 87.5 °C
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