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Abstract Rheological behavior of commercial hot pepper-soybean paste (HPSP) was evaluated in small amplitude
oscillatory and steady shear tests. Storage modulus (G"), loss modulus (G"), and complex viscosity (n*) as a function of
angular frequency (o), and shear stress (G) as a function of shear rate (7 ) data were obtained for 5 commercial HPSP samples.
HPSP samples at 25°C exhibited a non-Newtonian, shear-thinning flow bebavior with high yield stresses and their flow
behaviors were described by power law, Casson, and Herschel-Bulkley models. Time-dependent flow properties were also
described by the Weltman, Hahn, and Figoni & Shoemaker models. Apparent viscosity over the temperature range of 5-35°C
obeyed the Arrhenius temperature relationship with activation energies (Ea) ranging 18.3-20.1 kJ/mol. Magnitudes of G' and
G" increased with an increase in @, while n* decreased. G' values were higher than G" over the most of the frequency range
(0.63-63 rad/sec), showing that they were frequency dependent. Steady shear viscosity and complex viscosity of the

commercial HPSP did not fit the Cox-Merz rule.
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Introduction

Hot pepper-soybean paste (HPSP), which is called
kochujang in Korea, is a popular fermented seasoning
sauce. There are two different types of HPSP, which are
referred to as traditional and commercial products. The
traditional HPSP is prepared from cereal flour, malt flour,
fermented soybean starter (meju), red pepper powder, salt,
and water. The cereal flours used include include rice,
glutinous rice, soybean, wheat, or barley. In the preparation
of commercial product, koji, which is rice or glutinous rice
inoculated with Aspergillus oryzae, is used instead of meju
(1). Also, wheat is often used as a fermentation substrate
instead of rice or glutinous rice due to its lower price. Corn
syrup is also added to most commercial HPSP products to
improve their taste and to control the rheological
properties of finished products. Recently, consumption of
commercial HPSP products has recently grown quite
rapidly as people today are not accustomed to the long and
complicated preparation process required for traditional
HPSP (2), and most consumers also tend to prefer
commercial HPSP products due to their better texture,
color, taste, and flavor.

The quality of HPSP is determined by changes in the
physicochemical, microbiological, and rheological charac-
teristics that are developed through a long period of
fermentation. In particular, the rheological properties of
HPSP are very important for determining its eating
characteristics of the product; it must be thick enough to
stay on solid foods (e.g., vegetables), but not so thick for
mixing with other food materials (3). The rheological
properties also determine the overall mouthfeel of HPSP
and influence the intensity of its flavor. Therefore, it is
necessary to understand the rheological properties of
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HPSP that are important for quantifying, predicting,
maintaining, and controlling its quality, and also for
ensuring its acceptability (1).

HPSP, like other food suspensions, is regarded as shear-
thinning fluids with large magnitudes of viscosity and
yield stress (1). This non-Newtonian behavior can be
attributed to the dispersed solid (red pepper and soybean
powder) in a continuous medium and to the presence of
high molecular weight substance (starch) in solution.
HPSP also exhibits time-dependent flow behavior due to
its structure changes that occur during shearing, as noted
by Yoo (1) and Choi and Yoo (4). Recently, steady and
dynamic theological properties of traditional HPSP samples
have been studied by many researchers. They found that the
theological properties of traditional HPSP depended on
fermentation time (3), fermentation temperature (5),
concentration (1), mixing ratio of meju and rice flours (6),
and particle size of red pepper power (7). Although such
rheological properties of traditional HPSP were extensively
studied, little information is available on the rheological
properties of commercial HPSP with the exception of a
study of Choi and Yoo (4) who examined the time-
dependent flow behavior of commercial HPSP samples.
However, no research has examined the detailed dynamic
rtheological properties of commercial HPSP samples.
Therefore, we performed this study to elucidate the
rtheological properties of commercial HPSP using steady
shear sweep and nondestructive dynamic oscillatory
measurements.

Materials and Methods

Materials Five commercial hot pepper-soybean pastes
(HPSP) collected from different manufactures were
obtained from a local supermarket of Seoul, Korea. Each
had similar values (59.2-60.0%) for total solid content. In
determining the total solid content, HPSP samples were
dried in a dry oven at 105°C until they reached a constant
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weight. The five samples were then labeled with symbols
HI to HS.

Rheological measurements A TA rheometer (AR 1000,
TA Instruments, New Castle, DE, USA) was used to
conduct steady and dynamic shear experiments at 25°C
using a parallel plate system (4 cm dia.) at a gap 1,000
pm. After loading the rheometer plate, each sample was
allowed 5 min to recover its structure and reach the
measurement temperature before conducting rheological
measurements.

Steady shear data were obtained by measuring shear
stress at shear rates ranging from 0.4 to 400 1/sec. To the
variations in the steady shear rheological properties of
samples, the data were fitted to the well-known power law
(Eq. 1), Casson (Eq. 2), and Herschel-Bulkely (Eq. 3)
models:

c=Ky" 1)
0% = Koo + Ko7 * 2
o=op + Kpy™ 3)

where, G is the shear stress (Pa), 7 is the shear rate (1/sec),
K and K, are consistency index (Pa-sec™), n and ny, are the
flow behavior index (dimensionless), and oy, is Herschel-
Bulkely yield stress (Pa). Casson yield stress (6,) and
Casson plastic viscosity () based on the Casson model
(Eq. 2) were determined as (K,.)* and (K.)?, respectively,
that was obtained from linear regression of the square
roots of shear rate-shear stress data. Using magnitudes of
K and n according to the power law model (Eq. 1),
apparent viscosity (1, 100) at 100 1/sec was calculated. For
the study of the influence of temperature on viscosity, the
h, 100 values were also obtained at different temperatures of
5, 15, 25, and 35°C.

To quantify the time dependency of HPSP samples at a
constant shear rate (5 1/sec) and 15°C for 1,000 sec (4),
shear stress-time of shearing data were fitted to the
Weltman (Eq. 4) (8), Hahn et al. (Eq. 5) (9), and Figoni &
Shoemaker (Eq. 6) (10) models:

Weltman model: 6=A-Blnt 4
Hahn model: log (¢ - 6.) =P - at 5
Figoni & Shoemaker: ¢ = 6, + (Gpax - Oc) exp(-kt)  (6)

where, G is the shear stress at time of shearing (t), c. is the
equilibrium stress value, Gy, is the maximum shear stress,
and A, B, P, a, and k are constants. Each measurement was
taken following a 5-min rest after loading the rheometer,
which also allowed for temperature equilibrium.

Dynamic shear data were obtained from frequency
sweeps over the range of 0.63-62.8 rad/sec at strain of 3%
using small-amplitude oscillation measurements. The 3%
strain was in the linear viscoelastic region for each sample.
The values of G, G", n*, and tan & as a function of
frequency, were calculated using TA rheometer Data
Analysis Software (version VI.1.76). The measurements
were repeated at least three times to ensure their
reproducibility. Results reported are an average of the
three measurements,
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Results and Discussion

Steady shear properties Tables 1 and 2 show the
magnitudes of rheological parameters from the power law,
Casson, and Herschel-Bulkley models, which were used to
describe the flow curves of commercial HPSP samples
(Fig. 1). Experimental data of shear stress (o) and shear
rate (7) in the temperature range of 5-35°C were fitted
well to three models (Eq. 1-3) with high determination
coefficients (R*= 0.97-0.99) in describing the steady shear
rheological properties of HPSP samples. All samples at
25°C had shear-thinning behavior with values of flow
behavior indices of n, = 0.59-0.68 and n = 0.34-0.40 which
were higher than those (n = 0.24-0.31) found in traditional
HPSP (1). The higher n values found in this study may be
due to the presence of corn syrup in the commercial HPSP
products. However, the flow behavior index values
obtained from the power law and Herschel-Bulkely model
did not change much between samples at 25°C. According
to Yoo (1), the shear-thinning behavior of HPSP can be
attributed to solid particles (red pepper powder and
soybean power) and a high molecular weight substance
(starch) that were dispersed together in the liquid, as
observed in other food suspensions. Especially, such shear-
thinning behavior of HPSP seems to be mainly influenced
by the presence of the solid particle aggregation that
results from as a result of the particle-particle interaction
that intensifies with increase in the number of aggregated
particles, as described by Lee et al. (6). They also stated
that the number of aggregated particles decreases as the
shear rate increases, resulting in the shear-thinning
behavior of HPSP.

The steady shear rehological data show that the magnitudes
of parameters (K, Ky, Ma100, No» and Goc) obtained from all
three flow models decreased with increasing temperature,
except for oy, with high standard deviation values, in which
there was no particular trend as compared to o, values, as
shown in Tables 1 and 2. In general, it has been known
that the intermolecular distance increases with increasing
the temperature, which results in lower viscosity and yield
stress. The HPSP samples also exhibited high magnitudes
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Fig. 1.Shear rate-shear stress plots for commercial HPSP
samples at 25°C. (*) H1, ( A YH2, (<) H3, (L) H4, (O ) HS.
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Table 1. Power law model parameters and apparent viscosity of commercial HPSP samples at 5, 15, 25, and 35°C.

Sample Temr(Jfg;mre Apparent viscosity Power law mnodel :
Na,100 (Pa-sec) n(-) K (Pa-sec”) R

5 21.6+0.54 0.33+0.00 453+3.28 0.99

H1 15 14.5+0.88 0.32+0.00 339+2.46 0.98
25 10.4+0.13 0.34+0.00 218+0.21 0.99

35 7.58+0.58 0.33+0.00 162+0.18 0.98

5 30.1+1.72 0.36=0.01 545+0.48 0.99

0 15 19.0+0.74 0.35+0.01 380+5.07 0.99
25 14.740.02 0.36+0.00 278+0.81 0.99

35 10.5+0.36 0.36+0.00 189+2.17 0.99

5 27.34091 0.36+0.01 509+4.11 0.99

s 15 18.1+0.80 0.3540.00 362+7.55 0.98
25 13.5+0.51 0.38+0.00 234+1.42 0.99

35 9.75+0.39 0.35+0.00 197+2.60 0.97

5 31.0£1.73 0.34+0.00 66543.83 0.99

Ha 15 20.2£0.16 0.33+0.00 435+1.99 0.99
25 15.7+0.09 0.34+0.00 323+1.55 0.99

35 11.5+0.22 0.35+0.00 232+1.40 0.98

5 36.5+1.20 0.40+0.00 581+0.43 0.99

15 24.6+0.47 0.39+0.00 408+2.55 0.99

o 25 17.6+0.58 0.40+0.00 279+1.28 0.99
35 12.7+0.24 0.40+0.00 206+3.61 0.99

of o, and oy, which were in the range of 295-1048 and
329-635 Pa, respectively (Table 2). This indicates that
there were substantial differences between all parameter
values for all HPSP samples. Such differences between
HPSP samples might be due to several factors such as the
manufacturing process, the content of ingredients (i.e.,
cereal, hot pepper powder, and com syrup), and the type of
cereal used for the preparation of HPSP. From these
observed results, it could be concluded that the commercial
HPSP samples studied were shear-thinning fluids with
high magnitudes of yield stresses over a temperature range
of 5-35°C, and that they showed different steady shear
rheological properties.

Effect of temperature on apparent viscosity Various
temperatures are often encountered during the storage of
commercial HPSP, which makes understanding the effect
of temperature on their rheological properties very important.
Therefore, we examined the effect of temperature (5-35°C)
on apparent viscosity (M,00) at a specified shear rate using
the Arrhenius equation (Eq. 7), in which the apparent
viscosity decreases to an exponential function with
temperature. We have experimentally confirmed the
Arthenius temperature relationship in previous studies,
which we found high determination coefficients for
traditional HPSP samples (1, 6).

Nat0o = A-exp(Ea/RT) (7

where, M, 100 is the apparent viscosity (Pa-sec) at 100 1/sec,
A is a constant (Pa-sec), T is the absolute temperature (K),
R is gas constant (8.3144 J/mol'K), and Ea is the activation
energy (kJ/mol). The magnitudes of Ea and A were
determined at each concentration from regression analysis
of 1/T vs. In M0, as shown in Fig. 2. The calculated
values of Ea and constant A were in the range of 18.3-20.1
kJ/mol and 0.85-1.88x10™ Pa-sec, respectively, with the

y=2.32x - 4.76
2

.l R*=0.99
P
=
- 2

1

2.8 3 3.2 34
1T (X10° K)

Fig. 2. Apparent viscosity (1, 100) at 100 1/sec as a function of
temperature for sample H1.
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Table 2. Casson model and Herschel-Bulkley model parameters at 5, 15, 25, and 35°C.

Sample Temperature Casson model Herschel-Bulkely model

O Goc (Pa) Ne (Pa‘sec) R? n, (-) Ky (Pa-sec™) oy (Pa) R?

Hl1 5 794+3.30 3.00+0.09 0.99 0.48+0.01 1744£22.6 562+8.41 0.99
15 552+8.41 2.12+0.38 0.98 0.66+0.03 41.9+9.64 6124+31.8 0.98

25 393+0.68 1.46+0.06 0.99 0.68+0.00 25.3+0.05 45549.60 0.99

35 295+4 .40 1.01+0.01 0.98 0.69+0.00 19.2+4.87 329+17.3 0.98

H2 5 1014+16.7 5.08+0.46 0.99 0.47+0.00 288+9.80 550+20.4 0.99
15 651+£9.77 3.27+0.69 0.98 0.54+0.00 126+10.1 472£12.3 0.99

25 458+1.97 2.67+0.09 0.99 0.64+0.00 51.1£0.61 501+£1.70 0.99

35 342+15.8 2.00+0.21 0.99 0.77+0.00 16.3+1.07 463+38.8 0.98

H3 5 865+9.12 4.96+0.13 0.99 0.49+0.00 232+12.6 517+18.3 0.99
15 625+5.48 2.83+0.11 0.99 0.63+0.03 64.7+13.0 635+44.5 0.98

25 434+0.91 2.29+0.13 0.98 0.63+0.00 49.0+1.92 480+10.1 0.99

35 333+£5.34 1.65+0.27 0.99 0.80+0.01 14.34+3.65 447£34.6 0.97

H4 5 1041+8.87 5.21+0.44 0.99 0.43£0.00 364+12.8 5524+34.6 0.99
15 725£13.9 3.34+0.15 0.99 0.47+0.01 167+6.36 534+15.5 0.98

25 498+4.42 2.80+0.10 0.99 0.59+0.00 69.1+0.16 510+5.02 0.98

35 366+2.05 2.10+0.07 0.98 0.75£0.01 20.5+4.12 470£27.5 0.98

HS 5 1048+26.6 7.99+0.33 0.99 0.49+0.00 316+4.31 569+29.5 0.99
15 731£20.7 5.29+0.07 0.99 0.56+0.02 145+£5.90 566:+£12.6 0.98

25 5044416 3.924+0.08 0.99 0.66+0.00 60.5+2.76 519+18.2 0.99

35 370+1.74 2.70+£0.12 0.99 0.79+0.00 21.0+£3.33 500+10.3 0.99

Table 3. Activation energies (Ea) of commercial HPSP samples

A Activation energy

Sample (x107 Pa'sec) (kJ/mol) R?
H1 0.85 19.4 0.99
H2 1.11 19.5 0.99
H3 1.09 194 0.99
H4 1.88 18.3 0.99
H5 1.08 20.1 0.99

high determination coefficients (R* = 0.99) (Table 3),
showing that the HPSP samples had varying sensitivities
to the increase in temperature. The Ea value (18.3 kJ/mol)
of sample H4 was relatively lower than those (19.4-20.1
kJ/mol) of other samples. This suggests that the decrease
in viscosity with temperature was more pronounced at
sample H4. According to product label information, all
HPSP products had been manufactured with wheat as their
fermentation substrate, except for sample H4 which
contained a mixture of glutinous rice and wheat. It has
been known that glutinous rice plays important role in
stable network structure of HPSP during storage (7). Yoo
(11) also reported that Ea values of glutinous rice flour
dispersions (5-8% concentration) were in the range of
11.2-11.9 kJ/mol, and there was no change much with the
appreciable effect of concentration on Ea. This indicates

that Ea values of HPSP products that contain glutinous
rice are lower than those of commercial HPSP samples
(H1, H2, H3, and H5) without glutinous rice. Therefore, it
can be concluded that a low Ea value, as seen in sample
H4, may be due to the presence of glutinous rice in HPSP.

Time-dependent flow behavior and application on
models The relationship between shear-stress and time
of shearing at a constant shear-rate of 5 1l/sec was
determined for all HPSP samples (Fig. 3). Similar to
Shoemaker and Figoni (12), a characteristic viscoelastic
behavior in the typical time-dependent curves of all
samples was observed with two distinct regions: one
comprised between the onset of shear and the maximum
shear stress (Gpax) (stress build-up region), and another
delimited by 6., and the equilibrium stress value (o)
(stress decay region). According to the time-dependent
curves in the stress decay region, it is obvious that the
shear stress decreased rapidly, occurring in the first few
minutes of treatment. Later, the decrease became slower
until the sample reached an equilibrium shear-stress value.,
Experimental values in the stress decay region were fitted
to three models (Weltman, Hahn, and Figoni & Shoemaker.
Eq. 4-6) (Table 4). Both the Weltman model (R = 0.97-
0.99) and the Hahn model (R?= 0.97-0.98) fitted the time-
dependency data better than did the Figoni & Shoemaker
model (R? = 0.91-0.97). This is in good agreement with
the results of Choi and Yoo (4), who found that both
Weltman and Hahn models were more applicable for
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Fig. 3. Time-dependent curves for commercial HPSP samples
at 25°C and 5 1/sec. (*) HI1, (2&) H2, () H3, (1) H4, and (O)
HS.

traditional HPSP samples at various shear rates (5-35 1/
sec) and temperatures (5-25°C). The magnitudes of
parameters obtained from these three models also varied
for the commercial HPSP samples, as shown in Table 4.

Dynamic shear properties Figure 4 shows changes in
storage modulus (G'), loss modulus (G"), and complex
viscosity (n*) as a function of the frequency (w) for a
typical commercial HPSP sample (H1) at 25°C. The
magnitudes of G' and G" increased with an increase in o,
and G' was higher than G" at all values of ®, which
showed a slight frequency dependency. Ln n* versus In o
plot shows shear-thinning behavior following power law
model. This behavior is in good agreement with those
found in traditional HPSP samples (1, 3, 5, 7). Table 5
shows that the dynamic moduli (G', G", and n*) of sample
H4 were higher than those of other samples, indicating
that the viscoelastic properties of sample H4 can be
increased by the addition of glutinous rice, as described
previously. Such higher dynamic moduli can be also
attributed to the high viscoelasticity of added glutinous
rice, which is concentrated within the liquid phase in the
HPSP, due to its thickening properties.

In relation to structure, In (G, G") versus In @ plots of
weak gels have positive slopes and G' is greater than G"
over a wide range of ©, as indicated by Ross-Murphy (13).
As shown in Fig. 4 and Table 5, it was found that all
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samples displayed weak gel-like behavior because the
slopes of G' and G" are positive and the magnitudes of G'
(1.53-2.05 kPa) are higher than those of G" (1.11-1.41
kPa) at 6.3 rad/sec, showing that the G"/G' ratio (tan 8) is
in the range of 0.68-0.75. These results suggest that all
samples are more elastic than viscous. Such tan d values at
6.3 rad/sec were much higher than that (tan 3=0.34) of the
traditional HPSP (14), indicating that the viscous properties
of the commercial HPSP samples may be increased
mainly by the presence of corn syrup which is not used to
prepare the traditional HPSP. It was also found that there
was not much difference between tan ¢ values of all
samples. Therefore, it could be concluded that there were a
little differences of dynamic rheological properties

Table 5. Storage (G') and loss (G'") moduli, complex viscosity
(n*), and tan 3 at 6.3 rad/sec of commercial HPSP samples at
25°C

Sample G' (kPa) G" (kPa) n* (kPasec) Tand
H1 1.99+0.02 1.36+0.00 0.38+0.00 0.68+=0.00
H2 1.674£0.02 1.23£0.00 0.24+0.01 0.7430.01
H3 1.55£0.01 1.11£0.01 0.30+0.00 0.72+0.00
H4 2.05+£0.01 1.41£0.01 0.39£0.01 0.69+0.00
H5 1.53+0.00 1.16+0.00 0.30+0.00 0.75+0.00

Table 4. Parameters from the Welman, Hahn, and Figoni & Shoemaker models for commercial HPSP samples at 25°C.

Weltman model Hahn model Figoni & Shoemaker model
Sample > > >
A B R? a (x10?%) P R Omax - O k (x10%) R
HP1 602+191  38.0+1.80 0.98 0.79+£0.01  2.11+0.04 0.97 110+£0.70  1.90+0.00 0.95
HP2 994+2.97  67.3+0.84 0.98 0.65+0.07  2.26+0.01 0.98 161+£5.60  2.00+0.00 0.96
HP3 840+12.3  64.5£1.05 0.99 0.90+£0.00  2.14+0.01 0.97 118+0.11  2.30+0.00 0.93
HP4 1012+£3.50  69.1+1.33 0.99 0.85+£0.21  2.28+0.02 0.98 164+2.60  2.30+0.01 0.91
HPS5 1205£0.30  72.7+1.64 0.97 0.90+0.28 2.41+0.02 0.98 223+14.0  1.90+0.01 0.97
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between the commercial HPSP samples tested.

Correlation between complex and apparent viscosity The
empirical Cox and Merz rule (15) proposes that the
magnitudes of complex viscosity (m*) and apparent
viscosity (n,) must be superimposed at equal values of
frequency (o, rad/sec) and shear rate (v, 1/sec) (Eq. 8).

CNCORRG) . ®)

where, n* is the complex dynamic viscosity (Pa-sec) and
1. 1s the steady shear apparent viscosity. When the Cox-
Merz rule is followed, it can predict the steady shear
properties of a material from their dynamic rheological
-properties obtained without extensive alteration of its
structures (16). To examine the applicability of the Cox-
Merz rule, 1, and n* of the commercial HPSP samples
were presented as functions of 7 and o, respectively (Fig.
5). It was observed that the magnitudes of n* were greater
than those of 1, as in the most of cases, indicating that the
Cox-Merz rule was not applicable to the commercial
HPSP samples. This inapplicability could be attributed to
the structure decay that often results from the effect of the
strain deformation that is applied to the system (i.e., low
strain in oscillatory shear and high strain in steady shear),
as described by Chamberlain and Rao (17). In the present
study, the obvious deviation of Cox-Merz rule could be
also explained by the elastic gel-like structure of the
commercial HPSP products, which occured the
pronounced n* values over the range of frequency (16,
18). Similar results have previously been observed in
traditional HPSP samples (3) and other food suspensions
(19, 20). These observations show that the Cox-Merz rule
could not directly describe the relationship between

S. -J. Choi et al

dynamic and apparent viscosity for the commercial HPSP
samples.
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