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Abstract

Introduction The present work has evaluated the time-
dependent and steady-state shear rheological properties of
tomato juice.

Materials and Methods Three models were compared for
describing the shear stress decay during shearing (Figoni—
Shoemaker, Weltman, and Hahn—Ree-Eyring), and the
parameters of each model were empirically related with
the shear rate.

Result The three evaluated models, as well as their
modification as function of shear rate, described well the
experimental data of tomato thixotropy. The Herschel—
Bulkley and Falguera—Ibarz models have shown to be very
adequate to describe the data from steady-state shear. The
obtained data are potentially useful for future studies on
food properties and process design.
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Introduction

Tomato is one of the most popular and widely grown
vegetables in the world (Nisha et al. 2010). In fact, tomato
is one of the most important vegetables for the food
industry. Its products consumption is large and widely
included in human diet. The rheological characterization of
tomato products is important not only for unit operations
design, but also for optimization process and high quality
products assurance.

In fact, many studies have been published regarding the
rheological characterization of tomato products. However,
data presented in literature are very variable (Bayod et al.
2007) and concentrated only in steady-state shear stress
measurements. Many studies have just considered one-
condition measurement (just apparent viscosity evaluation)
or empiric methods of evaluation (as the Bostwick
consistometer).

Time dependence is related to the structural change due
to shear (Ramos and Ibarz 1998), i.e., the destruction of
internal structure during flow (Cepeda et al. 1999).
Consequently, time-dependent rheological characterization
is extremely important for understanding the products’
changes that occur during the process. However, these
characterizations are rare in the literature for tomato
products (Bayod et al. 2007; Hayes et al. 1998).

Mizrahi (1997) has modeled the apparent viscosity
reduction with time subjecting the product to constant
shear rate. The apparent viscosity decay was well modeled
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Fig. 1 Tomato juice stress decay during shearing at 50, 100, 250, 400,
and 500 s~' for 1,000 s. Mean of three replicates at 25 °C; vertical
bars represent the standard deviation in each value

by a first-order kinetic (i.e., dn,/dt = —k - ). However,
other studies have carried out little objective evaluations.
Bayod et al. (2007), Tiziani and Vodovotz (2005a), and
Vercet et al. (2002) observed a reduction in apparent
viscosity of tomato products over time, obtained in an
experiment of constant shear stress or shear rate. Tiziani
and Vodovotz (2005a, b) and Vercet et al. (2002) observed
only qualitatively the hysteresis area in the cycle of increase
and decrease of the shear rate.

Thus, it is a lack of information concerning the time-
dependent rheological properties of tomato juice, as well as
its modeling as function of shear rate. Moreover, although
the Herschel-Bulkley has been widely used for modeling
tomato products steady-state shear properties, a recently
proposed rheological model (Falguera and Ibarz 2010) has
not yet been evaluated for tomato products.

This work has evaluated the time-dependent rheological
properties of tomato juice, comparing three models for
describing the shear stress decay during shearing (Figoni—
Shoemaker, Weltman, and Hahn—Ree—Eyring). Moreover,

the steady-state shear behavior of the tomato juice was
evaluated by comparing two models (Herschel-Bulkley and
Falguera—Ibarz).

Materials and Methods

A commercial tomato juice produced in Spain was used in
order to guarantee the standardization and repeatability. The
product is salt added and is aseptically packaged after
thermal process. Its soluble solids content were determi-
nated by using a refractometer, while its total solid content
was measured by drying the samples in a vacuum oven at
70 °C (five replicates).

The rheological evaluation was carried out with new
samples, with no mechanical history. Thus, samples were
placed in the rheometer and kept at rest for 10 min before
start shearing.

Rheological measurements were carried out in a Haake
RS 80 rheometer with controlled stress (), using a Couette
geometry (concentric cylinder; Haake Z40-DIN). The cup
and bob radius ratio was 1.0847(bob radius = 20.000+
0.004 mm). Temperature was maintained constant by using
a water bath (Phoenix ThermoHaake C25P) with deviation
lower than +0.3 °C.

The experiments were carried out in three replicates, and
the regressions were done for each replicate. The parame-
ters of each model were obtained by non-linear regression
using the software Stat-Graphics Plus v. 5.1 (Statistical
Graphics Corp) and using a significant probability level of
95%.

The goodness of the models was evaluated by plotting
the values of shear stress obtained by models (0,04c1) @S
function of the experimental values (Gexperimenta): The
regression of those data to a linear function Eq. 1 results
in three parameters that can be used to evaluated the
description of the experimental values by the models, i.e.,
the linear inclination (a that must be as close as possible to

Table 1 Values for the parameters of Figoni and Shoemaker, Weltman, and Hahn, Ree, and Eyring models (mean of three replicates+standard

deviation)

Model o =0+ (00 — 0,) - exp(—k - 1) c=A4—-B-Int In(c—0,) =4—-B-t

v s Figoni and Shoemaker Weltman Hahn, Ree, and Eyring

o, [Pa] oo [Pa] ks A [Pa] B [Pas ] o. [Pa] A [Pa] B [Pas 1]

50 2.39+0.10  3.26+£0.10  0.0043+0.0002 3.93+0.12  0.228+0.012  2.39+0.05  —0.139+£0.052  0.0044+0.0002
100 3.52+0.10  4.15+0.10  0.0046+0.0002 4.62+0.18  0.163+0.027  3.52+0.16  —0.466+0.162  0.0047+0.0002
250 5.12+0.08  5.70+0.09  0.0052+0.0002 6.10£0.09  0.148+0.008  5.12+0.04  —0.560+0.035  0.0052+0.0001
400 6.55+£0.03  7.36+0.02  0.0059+0.0002 7.87+0.01 0.200£0.004  6.55+0.03 ~ —0.203+0.029  0.0060+0.0002
500 7.17£0.10  8.17+0.10  0.0077+0.00015 8.64+0.10  0.227+0.001 7.16+0.01 —0.003+0.005  0.0074+0.0001
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Fig. 2 Parameters of Figoni and 0.020
Shoemaker model as function 8
of shear rate. Vertical bars are
the standard deviation in each
mark, and the continuous lines
are the empirical regressions 6 - 0.015
of Table 3
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the unit), the intercept (b that must be as close as possible to
zero), and the coefficient of determination (R? that must be
as close as possible to the unit).

Omodel = @ * Oexperimental +b (1)
Time-Dependent Shear Modeling
After rest, the samples were sheared at constant shear rate

(v at 50, 100, 250, 400, and 500 s_l) for 1,000 s, while the
shear stress were measured. Temperature was maintained

The shear stress decay was evaluated by three models,
widely used for describing the thixotropy in foods (Ibarz
and Barbosa-Canovas 2003). The evaluated models were
the Figoni and Shoemaker (1983: Eq. 2), Weltman (1943;
Eq. 3), and Hahn, Ree, and Eyring (1959; Eq. 4). The
kinetic parameters were obtained by non-linear regression
using the software Stat-Graphics Plus v. 5.1 (Statistical
Graphics Corp) using a significant probability level of 95%,
and then evaluated as function of shear rate.

constant at 25 °C. o =o0.+ (00— 0c) - exp(—k - 1) (2)
Fig. 3 Parameters of Weltman 10 0.5
model as function of shear rate.
Vertical bars are the standard
deviation in each mark, and the
continuous lines are the 8
empirical regressions of Table 3
6 w
E‘ —
e S
< A
4 4 d
2 -
0 T T T T 0-0
0 100 200 300 400 500

yIs™]
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8 Table 2 Values for the parameters a, b, and R* for the regression of
the experimental values versus those obtained by the evaluated
r models: Omodel = @ * Oexperimental +b
61 a b R?
E Original Models (Egs. 2, 3, and 4)
Ea' 4 Figoni and Shoemaker 0.996 0.026 0.998
Weltman 0.997 0.019 0.998
5 Hahn, Ree, and Eyring 0.995 0.027 0.998
Modified Models—f{(y) [Table 3]
Figoni and Shoemaker 0.997 0.030 0.995
0 ‘ ‘ ‘ ‘ Weltman 0.964 0.182 0.995
0 100 200 300 400 500 Hahn, Ree, and Eyring 1.000 0.023 0.996

y[sT]
Fig. 4 Parameter o, of Hahn, Ree, and Eyring model as function of

shear rate. Vertical bars are the standard deviation in each mark, and
the continuous line are the empirical regressions of Table 3

c=A—B-Int (3)

In(c —0,)=A—B-t (4)

Steady-State Shear Modeling

Once the product time-dependent behavior was determined,
i.e., its characteristics to flow, the steady-state shear
behavior was evaluated in the temperature range of 0 °C
to 80 °C. Samples were sheared at 250 s™' for 250 s,

predetermined condition for the elimination of product
thixotropy. The shear stress data were evaluated in the
shear rate range of 0.01 s ! to 500 sfl, and thus, modeled
using the Herschel-Bulkley model Eq. 5. The Herschel—
Bulkley model comprises the Newton, Bingham, and
Ostwald-de-Waele (power law) models and is being
widely used for describing the rheological properties of
food products.

oc=o00+k-y" (5)

The tomato juice flow behavior was also evaluated by
using another rheological model, recently proposed by
Falguera and Ibarz (2010). In the Falguera—Ibarz model, the
variation of the apparent viscosity (1,=oc/v) with the shear

Fig. 5 Parameters 4 and B of [S'1]
Hahn, Ree, and Eyring model as v
function of shear rate. Vertical 0 190 290 390 490 500
bars are the standard deviation 0.0 % 0.010
in each mark, and the §
continuous lines are the A
empirical regressions of Table 3 03 1 0.008
L 2
-0.6 1 - 0.006 m
'E' —
£ S
< @
-0.9 1 + 0.004 —
-1.2 + 0.002
-15 0.000
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Table 3 Parameters of Figoni 2
and Shoemaker, Weltman, and Model Parameter J) R
Hahn, Ree, and Eyring models
as function of shear rate (tomato Figoni and Shoemaker o. [Pa] 0.389 - 747 0.997
juice at 25 °C, 50 7' <y< o =0.+ (00— o) - exp(—k - t) oo [Pa] 0.678 - 7°3% 0.992
—1
500 s7) ks 0.004 - 200117 0.935
Weltman A [Pa] 0.981 - %344 0.978
c=A4—B-In(r) B [Pass '] 0.193 Mean value
Hahn, Ree and Eyring o, [Pa] 0.390 - A%470 0.997
In(lc—0,)=A4—B-t A [Pa] -0.274 Mean value
B [Pas '] 0.004 - 0001 0.964

rate is described by a power decay from an initial value (7))
to a equilibrium one (77,) Eq. 5.

-h (©)

Mg =Moo + (Mo — M) - ¥

Results and Discussion

The tomato juice soluble solids content were 5.4+0.2°Brix,
with 5.96+0.02% (w/w) of total solids (mean of five
replicates+standard deviation).

o[Pa]

0 100 200 300 400 500

yIs™]
0.4
+0°C
o 20°C
0.3 1T 4 40°C
iy ° 60°C
g 021s x 80°C
© :I
< %
0.14
0.0 ‘ ‘ ‘ b %
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y[s™]

Fig. 6 Flow curves (o0%+) and apparent viscosity (7,%+) of tomato
juice at 0 °C, 20 °C, 40 °C, 60 °C, and 80 °C. Mean of three
replicates; vertical bars represent the standard deviation in each value

Time-Dependent Shear Modeling

Figure 1 shows the shear stress decay of samples when
sheared during 1,000 s. It can be seen that tomato juice
shows a thixotropic behavior in the shear rate range of
50 s' to 500 s '. In the original product, the internal
structure formed by the insoluble pulp dispersed in the
serum has a higher resistance to deformation, resulting in a
higher shear stress. When shearing is carried out, this
structure is broken, as one may notice by the stress decay.
For the five shear rates evaluated, it takes 250-500 s for
stress stabilization.

Table 1 shows the mean values for the parameters of the
models of Figoni and Shoemaker, Weltman, and Hahn, Ree,
and Eyring, respectively. The value of R> was always
higher than 90% in each replicates.

In the Figoni and Shoemaker model, the parameter o, is
the equilibrium shear stress, i.e., its value after time of
shearing enough to complete the break of the product
internal structure. The parameter o is the initial shear
stress, i.e., in the beginning of shearing, while k is related
with its stress decay during time. As expected, due to the
pseudoplastic nature of tomato juice, the parameters of
Figoni and Shoemaker model have shown a tendency to
increase with shear rate (Fig. 2).

In the Weltman model, the parameter A4 is related with
the initial shear stress, while B is related with its stress

Table 4 Values for the parameters of Herschel-Bulkley model (mean
of three replicates+standard deviation)

Herschel-Bulkley: o = o + k - y)

T [°C] oo [Pa] k [Pa-s"] n

0 0.93+0.03 0.27+0.00 0.56+0.00
20 0.94+0.05 0.19+0.01 0.56+0.02
40 0.73+0.02 0.16+0.00 0.56+0.00
60 0.56+0.02 0.14+0.00 0.56+0.00
80 0.48+0.04 0.13+0.01 0.58+0.07
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Table 5 Values for the parameters of Falguera—Ibarz model (mean of
three replicates+standard deviation)

Falguera—Ibarz: 1, = 1., + (19 — 1) - 7

rec] N [Pass] o [Pas] k

0 0.0110.001 1.207+0.050 0.774+0.004
20 0.008:£0.000 1.114+0.039 0.8070.005
40 0.006::0.000 0.894+0.015 0.807+0.008
60 0.004:+0.000 0.668+0.009 0.772+0.010
80 0.0030.000 0.5190.007 0.719+0.006

decay. The parameter 4 has shown a tendency to increase
with shear rate as expected due to the juice pseudoplastic
behavior, while B has shown a tendency to vary closed to a
mean value (Fig. 3).

In the Hahn, Ree, and Eyring model, the parameter o, is
the same as in Figoni and Shoemaker model, and B is the
same as k. The initial shear stress is giving by the parameter
A. While the parameters o, and B have shown a tendency to
increase due shear rate, 4 has varied closed to a mean value
(Figs. 4 and 5).

The obtained values are in accordance with those
described in the literature for fruit products, in special the
parameters related with the stress decay with shearing (k in
Figoni and Shoemaker model; B in Weltman and Hahn,
Ree, and Eyring models).

The k value of Figoni and Shoemaker model in gilaboru
juice at 43°Brix vary from 0.0027 to 0.0031 s in the shear
rate range of 50-150 s ' (Altan et al. 2005). In the same
conditions, the value of B (Weltman model) varies from
0.89 to 1.17 Pas™'. Abu-Jdayil et al. (2004) has used the
Weltman model for modeling the time dependent rheolog-
ical behavior of tomato paste (5.7% solids). The B value
vary from 10'* to 0.0187 Pas ' in the shear rate range of
2.2-79 s '. Basu et al. (2007) has modeled the shear stress
decay of pineapple jams using the Hahn, Ree, and Eyring
model. The value of B varies from 0.0024 to 0.0094 Pas™'
in the shear rate range of 10-100 s '. Similar results were
observed by Ravi and Bhattacharya (2006) for chickpea
flour dispersions. The B value of Hahn, Ree, and Eyring

model vary 0.0044 to 0.0059 Pas ' in the shear rate range
of 5-200 s~

The experimental data were well described by the three
evaluated models, as can be seen by the regression to the
Eq. 1. The values of @ and R* were always higher than 0.99,
while the values of b were always lower than 0.03 (Table 2).
Those models were successfully used in the characteriza-
tion of concentrated mandarin juice (Falguera et al. 2010),
gilaboru juice (Altan et al. 2005), Malus floribunda juice
(Cepeda et al. 1999), tomato paste (Abu-Jdayil et al. 2004),
pineapple jam (Basu et al. 2007), chickpea flour dispersions
(Ravi and Bhattacharya 2006), quince puree (Ramos and
Ibarz 1998), peach and plum pulps (Lozano and Ibarz
1994), and ketchup, mustard, and baby food (Choi and Yoo
2004).

Those parameters were then empirically modeled as
function of shear rate, with the exception of the parameters
A in Weltman model and B in Hahn, Ree, and Eyring
model, whose values were assumed to be the average of the
obtained values. The modeling was obtained with high
values of R?, as demonstrated in Table 3.

It is important to observe that, as expected, the
expressions for the parameters o, and k in Figoni and
Shoemaker model were the same as the parameters o, and
B in Hahn, Ree, and Eyring model. It is expected that
both models are essentially similar, with the same
mathematical expression (if the exponential function is
applied in both sides of the Hahn, Ree, and Eyring
model).

The obtained expressions were then evaluated, as
earlier described, by using Eq. 1. The parameters of the
regression for the modified models whose parameters are
function of shear rate are presented in Table 2. As one may
see, the modified Figoni and Shoemaker, Weltman, and
Hahn, Ree, and Eyring models, i.e., the models with
parameters as the function of shear rate, described well the
experimental data.

Although the three models can be well used to
describe the time-dependent behavior of tomato juice
rheology, the modified Hahn, Ree, and Eyring model has
shown a slight better description of experimental data,
followed by the modified Weltman and the Figoni and
Shoemaker model.

Table 6 Values for the parame-

ters of Herschel-Bulkley for Product T [°C] oo [Pa] k [Pa's"] n Reference

fruit products
Tomato juice 20 0.94 0.19 0.56 Present work
Carrot juice 20 0.478 0.031 0.648 Vandresen et al. (2009)
Blackberry juice 20 0.29 1.12 0.44 Haminiuk et al. (2006)
Jabuticaba pulp 25 1.55 0.477 0.599 Sato and Cunha (2009)
Acai pulp 25 4.35 0.17 0.78 Tonon et al. (2009)
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Table 7 Values for the parame-

- 2
ters of Arrhenius equation in the Parameter Ao Ea [J'mol '] R
Herschel-Bulkley and Falguera—
Ibarz model (mean of three Herschel-Bulkley: o = oo + k - y")
replicates+standard deviation) oo (Pa) 0.042 7,274.8 0.907

k (Pas™) 0.010 7,353.3 0.955

n 0.56 Mean value

Falguera-Tbarz: 1, = 1, + (119 — 150) - ¥
Na=f7) 0.0556 - ~ 07846 677.3 - In(7)+4,521.8 0.999 (4o)
50 s '<y<500 57! 0.981 (Ea)

Steady-State Shear Modeling

Figure 6 shows the flow curves (shear stress as the function
of shear rate) of the tomato juice in the evaluated
temperature range, as well as the apparent viscosity
associated with each shear rate.

The values for the parameters of the Herschel-Bulkley
model are shown in Table 4. As an alternative to the
Herschel-Bulkley model, the apparent viscosity of the
tomato juice was evaluated by the Falguera—Ibarz model,
whose parameters are shown in Table 5. The value of R
was always higher than 99% in each replicates.

It is possible to observe that the tomato juice showed a
small, but representative yield stress (oo, Herschel-Bulkley
model). The yield stress is the minimum shear stress
required to initiate the product flow, being related to the
internal structure of the material that must be broken
(Genovese and Rao 2005; Tabilo-Munizaga and Barbosa-
Canovas 2005). At stress below the yield stress, the
material deforms elastically, behaving like an elastic solid;
above the yield stress, it starts flowing, behaving like a

Table 8 Activation energy (Ea) of the Arrhenius model (4 = 4, - exp
(Ea/R-T)) for the consistency index (k) and apparent viscosity (7,) in
fruit products

Product Ea Ea@, Reference
[Jmol™"] [Jmol™]
Tomato juice 7,353.3  7,389.9-8,798.5 Present
(10-500 s 1) work
Acerola juice — 7,482—14,630 Silva et al.
(100 s7h (2005)
Tomato paste 8,600- — Dak et al.
13,000 (2008)
Reconstituted tomato ~ 7,360— - Barbana and
concentrates 3,630 El-Omri
(2010)
Jabuticaba pulp 13,000  9,446.8 (100 s')  Sato and
Cunha
(2007)
Acai pulp - 6,210 (100 s Tonon et al.
(2009)

viscous liquid (Bayod et al. 2007). The presence of a yield
stress is a typical characteristic of multiphase materials (Sun
and Gunasekaran 2009), as the tomato juice, formed by a
dispersion of insoluble material (cellular walls and its
materials) in a water solution (serum, containing sugars,
minerals, proteins, and soluble polysaccharides). Moreover,
as expected, the tomato juice showed a shear-thinning
behavior, with the flow behavior index (n) always lower
than 1.

The obtained values of yield stress (o), flow behavior
index (n), and consistency index (k) are closed to those
described in the literature for fruit products as agai and
jabuticaba pulps and carrot and blackberry juices (Table 6).

The flow behavior index (n) is assumed to be relatively
constant with temperature (Rao 1999), as illustrated in
Table 4. It enables the utilization of a constant value equal
to the average in the evaluated temperature range (0.563).
The yield stress and consistency index (k) decay with
temperature were modeled according to Arrhenius model
(Eq. 7, where each parameter 4 is modeled by a pre-
exponential factor—A4, and the activation energy—Ea; R is
the constant of the ideal gases, and T is the absolute
temperature, i.e., in K). The parameters of Herschel-
Bulkley model as function of temperature are shown in
Table 7. The regressions R* were higher than 0.90.

As expected, the values of the initial (79) and equilib-
rium (7,,) apparent viscosity decay with temperature in the
Falguera—Ibarz model. The value of & tends to show a small
variation close to a mean value. As suggested by Falguera
and Ibarz (2010), the apparent viscosity of the tomato juice
was modeled according to Arrhenius model. The pre-

Table 9 Values for the parameters a, b, and R* for the regression of
the experimental values versus those obtained by the models as
function of temperature: Omodel = @ - Cexperimental T D3 Mmodel =
a * Texperimental +b

Model a b R
Herschel-Bulkley 0.965 0.195 0.993
Falguera—Ibarz 0.976 0.001 0.994
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exponential parameter (4o) and the activation energy (Ea)
where evaluated as power and logarithmic function of shear
rate (Table 7). The regressions R* were higher than 0.98. As
demonstrated in Table 8, the obtained activation energies
are closed to those reported for fruit products.

A = Ay exp <;—aT> (7)

The experimental data were well described by the two
evaluated models, as one may notice by values of ¢ and R*
were always higher than 0.96, while the values of b were
always lower than 0.2 (Table 9). The results have
demonstrated that both models can be successfully used
for describing the flow behavior of tomato juice.

Conclusions

The present work has evaluated the time-dependent
rheological properties of a commercial tomato juice. Three
models were used to describe the shear stress decay during
shearing (Figoni and Shoemaker, Weltman, and Hahn, Ree,
and Eyring). The parameters of each model were empiri-
cally related with the shear rate. Then, the steady-state shear
behavior of the product was evaluated by using the
Herschel-Bulkley and Falguera—Ibarz models. The tomato
juice was characterized as a thixotropic fluid, with pseudo-
plastic behavior with yield stress. Its rheological properties
were closed to those previously reported in the literature for
other fruit products. All evaluated models described well
the experimental values, contributing to the studies of
physical properties of foods and process design.
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