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Abstract

In this study, response surface methodology (RSM) was used to determine the effects of pH, concentration, and
temperature on the rheological properties of persimmon puree. The combined effects of temperature (25, 50, and
75°C), concentration (15%, 17.5%, 20%), and pH (4.0, 5.5, 7.0) on the rheological properties of persimmon puree
were investigated by the Box—Behnken design at a shear rate of 8.4-28 s7!. Based on the results of this study,
the puree exhibited non-Newtonian (r#<1) and pseudoplastic behavior within the investigated operating parame-
ters. A hysteresis loop was formed, defined as the area enclosed by the forward and backward curves. The back-
ward curves exhibited anti-thixotropic behavior, showing higher shear stress than the forward curves. The flow
behavior of persimmon puree was described by the Herschel-Bulkley model (R*>0.99). The consistency coefficient
and yield stress decreased with increasing temperature and increased with increasing concentration. A limited
increase in the consistency coefficient and yield stress was observed as the pH increased. The flow behavior index
increased with increasing temperature but decreased with increasing concentration. The flow behavior index
decreased with increasing concentration and increased with increasing temperature. These results can contribute
to food processing industries in producing persimmon puree and may assist in the development of processing
machinery for the commercial manufacture of persimmon puree.
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Introduction

The persimmon (Diospyros kaki L.) is similar to a tomato
in that it is orange-red in color and oval or round in
shape (Tardugno et al, 2022). In addition to carot-
enoids, which contribute to the color and nutritional
value of the fruit, persimmons are rich in various bio-
active compounds, such as polyphenols, terpenoids,
steroids, flavonoids, and minerals (Matheus et al., 2022;

Tardugno et al., 2022; Murali et al., 2023). Moreover, it is
also rich in organic acids, amino acids, pectin, tannins,
dietary fibers, proanthocyanidins, fatty acids, proteins,
and vitamins (A, B, and C) (Matheus et al., 2022; Murali
et al., 2023). Due to its phytochemical and bioactive
compounds, as well as its rich nutritional content, per-
simmon plays a very important role in strengthening the
immune system and treating various diseases (Murali
et al., 2023).
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Persimmon fruits, renowned for their attractive orange
hue, sweet flavor, and unique texture, have captivated
food scientists as a promising ingredient. Numerous
studies have explored the potential of incorporating per-
simmons into a diverse range of products. For instance,
Yesilkanat and Savlak (2021) demonstrated the viabil-
ity of gluten-free cakes made with persimmon flour,
offering a valuable option for individuals with celiac
disease. Additionally, the literature highlights the incor-
poration of persimmons into various food and beverage
items, including vinegar (Ubeda et al., 2011), dried fruit
(Karaman et al., 2014), wine (Zhu et al., 2016), juice and
jelly (Curi et al., 2017), and milk drinks (Jokar and Azizi,
2022). Despite their popularity as a seasonal fruit, ripe
persimmons have a relatively short shelf life due to their
juicy and nutritious nature. To preserve their bioactive
compounds and ensure year-round consumption, pro-
cessing persimmons into puree and subsequent products
is essential (Karaman et al., 2014). Although persimmons
exhibit a higher antioxidant capacity than blackberries,
blueberries, and strawberries, their potential remains
underutilized by the food industry (Aksu Uslu, 2023).

Processing persimmons into puree extends their shelf
life, enabling year-round consumption. Fruit purees can
be enjoyed directly or incorporated as ingredients or
intermediates in a wide range of products (Maceira et al.,
2007). The food processing industry can leverage per-
simmon puree to create diverse formulations, including
gelatin, cakes, persimmon flour, pies, yogurt, juices, vin-
egar, wine, jellies, ice cream, milkshakes, pudding, nec-
tar, and marmalade (Murali et al., 2023). This processing
approach mitigates post-harvest losses, thereby improv-
ing the accessibility of persimmon fruits for consumers.

In industrial applications, a comprehensive understand-
ing of the rheological properties of purees is essen-
tial. The rheology of fruit purees plays a pivotal role in
research and engineering applications such as the design
and optimization of processing units, including evap-
oration, concentration, pasteurization, and pumping
(Sakhare et al., 2016; Martinez-Padilla, 2024). Knowledge
of a food’s physical transformations and rheological
behavior in response to varying conditions is essen-
tial for selecting appropriate processing equipment and
maximizing process efficiency (Evangelista et al., 2020).
Rheological properties are intrinsic to the physical char-
acteristics of foods. While some structural and mechan-
ical properties can be inferred from a food’s external
appearance, rheology provides a deeper understanding of
its internal behavior. The flow behavior of purees is char-
acterized by parameters such as shear rate, shear stress,
and viscosity (Costa et al., 2024). When examining the
rheological properties of fruit purees, the variation of
apparent viscosity with changing shear rate is analyzed.
A nonlinear relationship indicates non-Newtonian flow

behavior (Lukhmana et al., 2018; Costa et al., 2024).
Numerous studies have demonstrated that fruit purees
exhibit non-Newtonian behavior due to interactions with
soluble sugars, pectin, and natural fibers (Ahmed and
Ramaswamy, 2004; Lukhmana et al.,, 2018; Evangelista
et al., 2020; Gonzalez-Montemayor et al., 2022). Factors
such as temperature, concentration, and particle size
influence the flow behavior of fruit purees. Many stud-
ies have assumed that fruit purees exhibit pseudoplastic
(shear-thinning) behavior and have described them using
the Herschel-Bulkley flow model (Augusto et al, 2012;
Barbieri et al., 2018; Gonzélez-Montemayor et al., 2022;
Costa et al., 2024).

While extensive research exists on the rheological
properties of various fruits, such as acai (Costa et al.,
2018), cherry puree (Lukhmana et al., 2018), gabiroba
pulp (Barbieri et al., 2018), agave syrups (Gonzalez-
Montemayor et al., 2022), and jambolan pulp (Costa
et al., 2024), studies specifically examining the rheological
properties of persimmon puree are notably absent from
the literature. Although persimmon fruit has been exten-
sively studied for its chemical, nutritional, and biological
properties, there is insufficient information about its rhe-
ological properties (Sharma et al., 2021). Flow parameters
such as shear stress and shear rate are used to understand
the flow behavior of the puree. Since the flow behavior
of persimmon puree is essential for industrial processing,
it is crucial to understand how the puree’s flow behavior
and rheological properties are affected by pH, concentra-
tion, and temperature. This knowledge is fundamental for
product development, quality control, stability, process-
ing equipment design, and the final product’s processing
(Costa et al., 2024). Determining the flow behavior and
rheological properties of persimmon puree will make an
important contribution to puree production. Due to its
bioactive properties, it can be a significant option for the
nutrition of individuals, especially elderly individuals and
babies. Thus, the present study aimed to determine the
rheological model of persimmon puree by characterizing
its flow behavior. Moreover, the combined effects of pH,
temperature, and concentration on the rheological prop-
erties and flow behavior of persimmon puree were also
investigated using a rheological model.

Materials and Methods
Materials

The persimmons (Diospyros kaki L.) used in this study
were collected from a single tree at the Basak Evler site
in Burdur in late October. Mature, hard persimmon
fruits (orange in color) were brought to the laboratory
in a crate and stored at +4°C. After full ripening (con-
sumption maturity), the persimmon fruits were pureed
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using a household blender (Braun MQ7045X, Romania)
(Matheus et al., 2022). The puree was packaged in steril-
ized disposable plastic bags, in approximately 100 g por-
tions, and then frozen and stored at —18°C. All reagents
and solvents were of analytical purity and purchased
from Merck (Darmstadt, Germany).

Physicochemical analysis

Fresh persimmons were pureed together with their shells
and used in physicochemical analyses (Figure 1).

The dry matter content was determined according to
the AOAC method (AOAC, 2000). Five-gram samples of
persimmon puree were dried in an oven (Niive, Ankara,
Turkey) at 105 + 2°C for 6 h and recorded as grams of dry
matter per 100 g of sample. The ash content was obtained
by incinerating 5-g samples in a muffle furnace at 525 +
2°C for 5 h, eliminating all organic matter, and recorded
as grams of ash per 100 g of sample (AOAC, 2000). The
pH values of the samples were determined using a pH
meter (Hanna HI 1221, Czeck).

The water activity values (aw) of the samples were deter-
mined using a water activity meter (Novasina LabSwift
aw). The dried samples were placed in the sample con-
tainer of the device to cover the surface, and after reach-
ing the equilibrium moisture value at room temperature
(20°C), the equilibrium water activity value was recorded
by reading from the digital display.

The total soluble solid (TSS) content was measured in
°Brix by using an Abbe Refractometer (Milton Roy Co.,
USA) at 20°C.

Determination of ascorbic acid contents
An equal volume of 6% metaphosphoric acid solu-

tion was added to 100 g of persimmon and homog-
enized using a blender. Twenty-gram samples of the

Fresh persimmon fruit

Figure 1.

Persimmon puree

Rheological properties of persimmon puree using RSM

resulting mixture were weighed and diluted to 100 mL
with a 3% metaphosphoric acid solution, followed by fil-
tration. Ten mL of the filtrate were titrated with a 0.025%
2,6-dichlorophenolindophenol solution. The results
were expressed as mL per 100 g of sample (AOAC, 2000;
Cemeroglu, 2018). All experiments were conducted in
duplicate to ensure accuracy and reliability.

Persimmon puree

The required amount of puree was thawed and used
immediately at room temperature (20°C). The following
variables were analyzed: pH, concentration, and tem-
perature (Figure 1). The concentration of total solids was
calculated and adjusted to 15%, 17.5%, and 20% by add-
ing distilled water to the puree solution. The puree was
diluted with appropriate amounts of de-ionized water to
obtain three standardized batches with 20, 17.5, and 15 g
of dissolved solids per 100 g of sample (w/w). The pH val-
ues of the samples were adjusted to 4, 5.5, and 7 using
analytical grade citric acid (Merck) and sodium hydrox-
ide (Merck). The temperature of the samples was adjusted
in a water bath to 25, 50, and 75°C. The temperature was
controlled using a thermostatically controlled water bath.
The sample container was covered with a glass lid to min-
imize evaporation at high temperatures.

Rheological measurements

Viscosity and torque measurements were made on per-
simmon puree using a Brookfield viscometer (DV-II;
Brookfield Engineering Laboratories, Middleboro, MA,
USA) (Isikli and Karababa, 2005; Ozkal and Siiren, 2017).
Measurements were conducted by immersing the spindle
in a 600 mL beaker (Figure 1B). In the preliminary tri-
als during the rheological measurements of persimmon
puree, the rpm was determined according to the con-
centration of the sample, and the appropriate spindle
was selected. Spindle selection was made with the con-
sideration that the torque value should be between 10%

Physicochemical
analysis

v

Viscosity measurement

Schematic illustration of experimental procedures of persimmon puree.
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and 90%. Spindles #5 and #6 were used. The sample was
mixed for 1 minute before measurement. Measurements
were performed at 10-second intervals, and 60 readings
were taken at a constant shear rate for each experiment.
Flow curves and shear stress versus shear rate curves
for persimmon puree were plotted at temperatures of
25°C, 50°C, and 75°C, pH values of 4.0, 5.5, and 7.0, and
concentrations of 15%, 17.5%, and 20%. Both forward
(increasing shear rate) and backward (decreasing shear
rate) measurements were included. The experimental
protocol involved a stepwise increase in shear rate from
30 rpm (8.4 s71) to 100 rpm (28 s71), followed by a gradual
decrease back to 30 rpm. The shear rate was increased
linearly from 8.4 to 28 s™! by adjusting the rotational
speed (rpm) to 30, 50, 60, 90, and 100. This range of shear
rates was within the operational limits of the viscometer.
The analyses were repeated twice (Isikli and Karababa,
2005). The arithmetic mean of the repeated values was
used in a Box-Behnken design. Shear stress and shear
rate were determined using the method proposed by
Mitschka (1982).

The Herschel-Bulkley model, the most commonly used
model in engineering practice, was used to describe the
flow behavior of persimmon puree:

T=1,+k(y)" (1)

where y refers to the shear rate (s™), 7 to the shear stress
(Pa), 7, is the yield stress (Pa), k is the consistency coeffi-
cient (Pa.s"), and # is the flow behavior index. Persimmon
puree was found to statistically fit the Herschel-Bulkley
model (Eq. 1) (R*> = 0.99). The Herschel-Bulkley model
was applied after the forward measurement data became
time-independent. According to Herschel-Bulkley model
equation (1), the consistency coefficient (k), flow behav-
ior index (n), and yield stress (t,) were calculated using
nonlinear regression in Microsoft Office Excel (Yurdakul
et al., 2020). To assess the goodness-of-fit of the Herschel-
Bulkley model, the coefficient of determination (R?) and
the root mean square error (RMSE) were calculated using
equations 2 and 3, and are provided in Table 2.

N 2
Zi:l (z-exp,i - Tpre,i)

2 _
R*=1-| == — ()
zi:l (Texp,i - Texp,i)
N
z (Tex i—7 rei)2
RMSE = | &=L =27 7% 3)
N-m
Here, 7__. refers to the experimental shear stress, T__ . to the

exp,i pre,i

predicted shear stress, 7, to the mean of the experimental
shear stress N to the number of observations, and m to the
number of model constants (Tavakolipour et al., 2020).

Statistical experimental design

Response Surface Methodology (RSM) was used to esti-
mate the effects of the independent variables (pH, X ; con-
centration, X,; and temperature, X,) on the consistency
coefficient (Pa-s”), flow behavior index, and yield stress
(Pa). Minitab Statistical Software Release 13 (Minitab
Inc., State College, PA) was used to create the experimen-
tal design and analyze the data. The Box-Behnken design,
which requires three levels, was employed for the experi-
mental data analysis. Using the Box-Behnken experimen-
tal design, three levels were determined by calculating
the center point in relation to the limit values for three
factors: temperature (25°C, 50°C, and 75°C), pH (4.0, 5.5,
and 7.0), and concentration (15%, 17.5%, and 20%, w/w).
The design consisted of a set of 15 test conditions with
three levels—high, medium, and low—for each factor, as
well as three replicate center points (Table 1). The experi-
mental design and responses are shown in Table 2.

The regression equation was calculated using the inde-
pendent variables and response variables. A quadratic
polynomial model was utilized to determine the rela-
tionship between the study factors and the response as
shown in equation 4.

Y=P5+2XBx+ T Bix] + 2 Byxix; (4)

where Y refers to the response variable, f, is the value for
the fixed response at the central point of the experiment,
B, is the linear coefficient, 8, is the quadratic coefficient,
and [)’U is the interaction coefficient. x, and x, are inde-
pendent variables (pH, concentration, and temperature)
(Senol et al., 2020).

The extent to which the constructed models fit the
experimental data and the statistical significance of the
terms were determined through regression analysis and
analysis of variance (ANOVA). The differences between
analyses were calculated at a 95% confidence interval
using ANOVA. The model derived from the experimen-
tal data was found to be appropriate, given that the error
caused by the “lack of fit” was insignificant and the vari-
ation resulting from the regression was significant at the
95% confidence level. Additionally, the suitability of the

Table 1. Independent variables and levels.
Variables Symbols Coded levels
= 0 1
pH X, 4 55 7
Concentration % (w/w) X, 15 17.5 20
Temperature (°C) X, 25 50 75
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Table 2. The Box-Behnken experimental design and responses.

Rheological properties of persimmon puree using RSM

Run Values of the coded variables Responses variables ' R? RMSE
X, X, X, kPas" n T, Pa
1 0 0 0 2.27 0.74 3.04 0.999 0.074
2 -1 0 2.82 0.76 2.01 0.993 0.0008
3 -1 1 0 2.79 0.83 11.67 0.996 0.117
4 -1 0 = 2.78 0.92 8.02 0.998 0.783
® 0 1 1 2.25 0.82 5.61 0.998 0.072
6 1 =l 0 2.44 0.73 3.1 0.998 0.035
7 1 1 0 9.99 0.35 5.68 0.947 0.005
8 0 0 0 0.91 0.89 6.47 0.984 0.838
9 0 0 0 1.84 0.72 5.83 0.951 1.542
10 0 = 1 2.46 0.76 1.58 0.993 0.899
1 -1 = 0 3.78 0.38 3.86 0.942 0.724
12 0 = = 21 0.88 4.88 0.997 0.696
13 1 0 = 8.44 0.68 2.8 0.971 0.065
14 1 0 1 3.53 0.83 2.64 0.995 0.188
15 0 1 =i 11.54 0.43 7.25 0.989 0.165

regression model was assessed using the coefficient of
determination (R?). The relationship between the inde-
pendent and dependent variables was presented through
three-dimensional plots of the response surface gener-
ated by the model.

Results and Discussion

The characteristics of persimmon puree were determined
through physical and chemical analyses. The dry matter
content, pH, total soluble solids (TSS), ash content, water
activity, and ascorbic acid content of the persimmon
puree were found to be 15.6 + 0.6 g/100 g, 5.75 + 0.2,
16.25 + 0.9 g/100 g (*Brix), 0.39 + 0.05 g/100 g, 0.95 + 0.01,
and 29.4 + 0.03 g/100 g, respectively. No statistically sig-
nificant difference was observed between the replicates
of the physicochemical analyses (p > 0.05). The physico-
chemical properties of the persimmon puree were con-
sistent with those reported in previous studies (Giordani
et al., 2011; Baltacioglu and Artik, 2013; Karaman et al.,
2014; Curi et al., 2017; Murali et al., 2023).

Rheological properties of Persimmon puree

The shear stress and shear rate of the persimmon puree
were analyzed for different combinations of indepen-
dent variables based on the Box—Behnken design. The
experimental procedure involved starting at 8.4 s (30
rpm), gradually increasing to 28 s~! (100 rpm), and then
gradually decreasing from 28 s7! to 8.4 s™!. To make the

graphs simpler and more understandable, flow curves
were generated using the lowest and highest temperature
and concentration values, which represent the operating
parameters of the puree.

Hysteresis loops of the flow curves of the puree at dif-
ferent temperatures (25°C and 75°C) and concentrations
(15% and 20%) in both forward (increasing shear rate)
and backward (decreasing shear rate) directions are
shown in Figure 2A and 2B. Upon examining the flow
curves of persimmon puree at pH 5.5, 15% (w/w) con-
centration, and varying temperatures (25°C and 75°C),
it was observed that shear stress decreased with increas-
ing temperature (Figure 2A). In both forward and back-
ward flows, the shear stresses at the two temperatures
were found to be very similar and nearly overlapped
(Figure 2A). At all temperatures, the puree exhibited
shear thinning behavior, indicating that shear stress
decreased as the temperature increased. This observa-
tion is consistent with previous research by Alvarez et al.
(2008), who reported a similar trend for commercial fruit
purees at temperatures ranging from 20°C to 40°C.

The shear stress values were very similar in both for-
ward and backward flows at a 15% puree concentration.
However, at a concentration of 20%, a hysteresis loop
was formed, as the stress in the forward curves differed
from that in the backward curves (Figure 2B). This indi-
cates the time-dependent rheological behavior of the
puree (Costa et al., 2018; Costa et al., 2024). The shear
rate increases with time until the maximum shear rate
is reached. The process is then reversed by decreasing
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Figure 2. (A) Hysteresis loops of the flow curves of persimmon puree at pH 5.5, 15%, and different temperatures. It shows the

flow curves of the puree with increasing and decreasing shear rates and shear stress at pH 5.5, temperature 25°C, and varying
concentrations (15% and 20%). The shear stress increased as the concentration increased in Figure B. (B) Hysteresis loops of
the flow curves of persimmon puree at pH 5.5, 25°C and different concentrations. (C) Flow curves of the experimental data and
predicted values for persimmon puree at pH 4.0, 17.5% and different temperatures.

the shear rate without any degradation, resulting in the
formation of forward and backward curves. The area
enclosed by these curves is known as the hysteresis loop,
which represents the energy required to break down the
structure, not recovered during the experimentation
period (Mewis and Wagner, 2009). The hysteresis loop
was also observed in previous studies of plant-based baby
purees (Dolores Alvarez and Canet, 2013), roller-milled
fenugreek (Sakhare et al., 2016), and acai berry pulp
(Costa et al., 2018). Hysteresis loops are considered a
preliminary indicator of thixotropic behavior. In exper-
imental tests with forward and backward shear rates, if
the backward curves show higher shear stress than the
forward curves, the flow is described as anti-thixotropic.
A similar phenomenon was observed in this study, where
shear stress values were slightly higher in backward flows
compared to forward flows (Figure 2B). High backward
shear stress values indicate anti-thixotropy (Mewis and
Wagner, 2009). This flow behavior suggests the presence
of binding forces in the puree, causing it to behave more
like a solid (Isikli and Karababa, 2005). Persimmon fruit
contains a variety of components, including condensed
tannins, fiber, carotenoids, carbohydrates, and proteins

(Matheus et al., 2022; Tardugno et al., 2022; Murali et al.,
2023). In persimmon puree, shear rate-induced interac-
tions between pectin and tannins create a complex struc-
tural network. These interactions, along with increased
intermolecular forces, result in higher flow resistance
(Mamet et al., 2017). As a result, persimmon puree
exhibits anti-thixotropic behavior, characterized by a
counterclockwise cycle. Costa et al. (2018) also observed
anti-thixotropic behavior in acai pulp. To our knowl-
edge, anti-thixotropic behavior has not been previously
reported for other fruit purees.

The decrease in shear stress with increasing tempera-
ture (Figure 2A) and the increase in shear stress with
increasing concentration (Figure 2B) at different tem-
peratures and concentrations of the persimmon puree
demonstrate non-Newtonian and pseudoplastic (shear
thinning) flow behavior. Additionally, the flow behavior
index n ranged between 0.36 and 0.92 (n<1), confirming
that the puree is a pseudoplastic food product. In non-
Newtonian purees, the relationship between shear stress
and shear rate is nonlinear and does not intersect the
origin, as observed in this study. Yield stress represents
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the minimum shear stress required to initiate flow in a
product and is a key characteristic of multiphase materi-
als (Gonzélez-Montemayor et al., 2022). This yield stress
arises from various components, including sugars, min-
erals, proteins, polysaccharides, pectins, and fibers found
in the flesh and peel of the fruit. To characterize the rhe-
ological behavior of persimmon puree, we employed the
Herschel-Bulkley model, which accounts for yield stress.
The Herschel-Bulkley model includes the Bingham and
power law models and is commonly used to character-
ize the rheological properties of food products (Augusto
et al., 2012). The relationships between the predicted and
experimental shear stress and shear rate values of the
puree at pH 4.0, 15% (w/w) concentration, and different
temperatures (25°C and 75°C) are shown in Figure 2C.
The predicted values obtained from the Herschel-Bulkley
model closely matched the experimental shear stress data
and reached a maximum (R* > 0.99) at both temperatures
(Figure 2C).

Thus, it was confirmed that the Herschel-Bulkley model
accurately describes the rheological behavior of persim-
mon puree. The rheological parameters of persimmon
puree, such as the consistency coefficient, flow behavior
index, and yield stress, were determined through non-
linear regression using the Herschel-Bulkley Equation
(Eq. 1). Additionally, the statistical parameters, including
R? and RMSE values, were calculated to assess the good-
ness of fit of the model (Table 2).

Two statistical criteria, the coefficient of determination
(R?) and root mean square error (RMSE), were used to
assess the goodness of fit. The criterion for a good fit
was higher values of R? and lower values of RMSE (Gabsi
et al, 2013; Tavakolipour et al, 2020). The Herschel-
Bulkley model demonstrated better fitting accuracy
to the experimental data, with 0.942<R?<0.999 and
0.0008<RMSE<1.542 (Table 2) (Evangelista et al., 2020).
Previous studies have reported non-Newtonian flow
behavior in fruit purees, using the Herschel-Bulkley
model (Ahmed and Ramaswamy, 2004; Augusto et al.,
2012; Barbieri et al., 2018; Gonzélez-Montemayor et al.,
2022; Costa et al., 2024).

Effects of pH, concentration, and temperature on the
rheological properties of persimmon puree

The Herschel-Bulkley mathematical model was employed
to determine the effects of temperature, concentration,
and pH on the rheological behavior of persimmon puree.
The consistency coefficient (k), flow behavioral index
(n), and yield stress (z,) values, as determined by the
Herschel-Bulkley model, were calculated using nonlin-
ear regression (Table 2). It was concluded that a model
should describe the combined effects of temperature,

Rheological properties of persimmon puree using RSM

concentration, and pH on the flow behavior index, con-
sistency coefficient, and yield stress.

A quadratic polynomial regression model was chosen for
predicting the independent variables. This model is as
follows:

k=102.4 - 14.33X, - 9.58X,, + 0.583X,, + 0.640X>
+0.2619X2 + 0.002047X2 +0.569X, X,
- 0.0330X, X, - 0.03856X, X, )

n = -9.42+1.172X, + 0.987X, — 0.0589X,
~ 0.0302X2 - 0.02287X2 +0.000131X2
~0.0553X, x X, + 0.00207X, X,
+0.002040X, X, 6)

7, = 23.6 + 321X, - 2.97X, — 0.187X, + 0.001X 2
+0.154X 2 - 0.00200X % - 0.349X, X,
+0.0390X, X, + 0.0066 X, X, @)

X, X, and X, are the values of the study factors indicated
by pH, concentration % (w/w), and temperature (°C),
respectively. The linear, quadratic, and interaction effects
of the independent variables on the responses, along with
the statistical significance of the data obtained from the
experiments at a 95% confidence level, were evaluated
using analysis of variance (ANOVA). The results are pre-
sented in Table 3.

Statistical analysis indicated that the proposed regres-
sion model for the consistency coefficient (k), flow
behavior index (n), and yield stress 7, was adequate,
with no significant lack of fit, and yielded satisfactory
R? values for all responses. R? values for &, n, and were
found to be 0.973, 0.886, and 0.908, respectively, by
using the model.

The correlations between the experimental and pre-
dicted values of the responses obtained using the model
are presented in Tables S1, S2, and S3. Correlation plots
comparing the predicted and experimental results for the
responses are shown in Figures S1, S2, and S3.

Effects of pH, concentration, and temperature on the
consistency coefficient

The mathematical regression model generated by
response surface methodology is presented in equation 5.
The statistical accuracy of the model was assessed
using the F-test, with the F-value calculated to be 19.92
(Table 3). A probability value less than the F-value indi-
cates that the model is suitable. P-values lower than 0.05
(p = 0.002) indicate that the model terms are statistically
significant (Giiler et al., 2022). For the consistency coef-
ficient, the R? value of 0.973 demonstrates the accuracy
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Table 3. Analysis of variance of the second order polynomial model for consistency index, flow behavior index and yield stress of
persimmon puree.

Response Source DF SS MS F value P value

Consistency Coefficient (k) Model 9 141.752 15.7502 19,92 0.002
Linear 3 73.662 24.5541 31.05 0.001
X, 1 18.697 18.6966 23.64 0.005
X, 1 31.126 31.1260 39.36 0.002
X, 1 23.840 23.8395 30.15 0.003
Square 3 20.499 6.8329 8.64 0.020
XX, 1 7.652 7.6519 9.68 0.027
XX, 1 9.896 9.8955 12.51 0.017
XX, 1 6.046 6.0455 7.64 0.040
2-way interaction 3 47.591 15.8636 20.06 0.003
XX, 1 18.233 18.2329 23.06 0.005
XX, 1 6.126 6.1256 7.75 0.039
XX, 1 23.232 23.2324 29.38 0.003
Error & 3.954 0.7908
Lack of fit 3 2.988 0.9959 2.06 0.343
Pure Error 2 0.966 0.4832
Total 14 145.706

Flow behavior index (n) Model 9 0.4164 0.0462 4.31 0.061
Linear 3 0.0325 0.0108 1.01 0.462
X, 1 0.0112 0.0113 1.05 0.353
X, 1 0.0128 0.0128 1.19 0.325
X, 1 0.0084 0.0084 0.79 0.416
Square 3 0.1226 0.0408 3.81 0.092
XX, 1 0.0170 0.0170 1.59 0.264
X)X, 1 0.0754 0.0754 7.02 0.045
XX, 1 0.0248 0.0248 2.32 0.189
2-way interaction 3 0.2612 0.0870 8.11 0.023
XX, 1 0.1722 0.1722 16.03 0.010
XX, 1 0.0240 0.0240 2.24 0.195
XX, 1 0.0650 0.0650 6.05 0.057
Error O 0.0537 0.0107
Lack of fit 3 0.0364 0.0121 1.41 0.441
Pure Error 2 0.0172 0.0086
Total 14 0.4701

Yield stress () Model 9 92.710 10.3011 5.48 0.038
Linear 3 66.671 22.2237 11.82 0.010
X, 1 16.046 16.046 8.54 0.033
X, 1 35.196 35.1960 18.72 0.008
X, 1 15.429 15.4290 8.21 0.035
Square 3 9.930 3.3099 1.76 0.271
XX, 1 0.000 0.0000 0.00 0.998
X)X, 1 3.435 3.4354 1.83 0.234
XX, 1 5.750 5.7500 3.06 0.141
2-way interaction 3 16.109 5.3696 2.86 0.144
XX, 1 6.864 6.8644 3.65 0.114
XX, 1 8.556 8.5556 4.55 0.086
XX, 1 0.689 0.6889 0.37 0.571

(continues)
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Table 3. Continued.

Rheological properties of persimmon puree using RSM

Response Source DF SS MS F value P value
Error 5 9.400 1.8800
Lack of fit 2.747 0.9157 0.28 0.842
Pure Error 2 6.653 3.3264
Total 14 10.110

* DF: degree of freedom; SS: Sum of square; MS: Mean square and p:probability.

Significant effect (p<0.05)

of the model (Table S1 and Figure S1). Additionally, the
p-value (p = 0.343) from the lack-of-fit test shows that
the model fits the experimental data well. The p-values
were used to evaluate the significance of each coefficient
(Koocheki et al., 2009).

Both the individual effects of each variable and the inter-
actions between them were analyzed in this model. As
observed in the consistency coefficient model, the linear
and quadratic effects of pH (X)), concentration (X,), and
temperature (X,) were significant (p < 0.05) (Table 3).
Significant interactions were found between pH and con-
centration, pH and temperature, and concentration and
temperature (p < 0.003, p < 0.05, respectively). The inter-
actions between these parameters and their effects on
the response are illustrated through three-dimensional
surface plots. As shown in Figure 3A, both pH and con-
centration influenced the consistency coefficient of the
puree. Increasing pH resulted in an increase in the con-
sistency coeflicient.

Previous studies have reported an increase in the con-
sistency coefficient with higher concentrations (Gabsi
et al., 2013; Diamante and Umemoto, 2015; Meher and
Meher, 2020). The consistency coefficient, which reflects
the resistance of the fluid to the applied force, increases
as the solid matter concentration rises (Evangelista et al.,
2020).

Figure 3B illustrates the effect of temperature and con-
centration on the consistency coefficient. When tem-
perature and concentration were analyzed together, the
consistency coefficient (k) increased with increasing
concentration at lower temperatures. Previous studies
have shown that the consistency coefficient decreases
with increasing temperature (Augusto et al, 2012;
Sagdic et al., 2015; Costa et al., 2018). A reduction in
k indicates increased fluidity with rising temperature
(Maceiras et al., 2007; Sagdic et al., 2015). As tempera-
ture increases, the viscosity of the puree decreases due to
reduced intermolecular friction. The observed decrease
in the consistency coefficient with higher temperature

can be attributed to this reduction in viscosity (Ozkal
and Siiren, 2017).

Figure 3C shows the effect of temperature and pH on
the consistency coefficient. When the combined effects
of temperature and pH were analyzed, the surface graph
revealed that temperature influences the consistency
coefficient at high pH values, with k increasing at high
pH and low temperature (Figure 3C). Upon examining
the effect of pH on k, an increase in the consistency
coefficient was observed with rising pH, while a decrease
was noted at lower pH values. However, these changes in
the consistency coefficient were observed within a lim-
ited range. In a study on papaya puree, an increase in k
was reported with higher pH (Ahmed and Ramaswamy,
2004). Similarly, another study investigating the effect of
pectin on the gel strength of persimmon grains found
that ionic bonds were more abundant at pH 7 than at
pH 3 (Mamet et al., 2017). It was hypothesized that the
increase in the number of ionic bonds would be propor-
tional to the increase in the consistency coefficient.

Effects of pH, concentration, and temperature on the flow
behavior index

The quadratic equation representing the experimental
relationship between the tested variables and the flow
behavior index n was derived using the response sur-
face method, and the model is presented in Equation 6.
The coefficient of determination, R? reflects the correla-
tion between the predicted and experimental values. It
is generally accepted that an R? value of at least 80% is
indicative of a well-fitting model (Koocheki et al., 2009).
Higher R? values, closer to 1, indicate that the empirical
model is appropriate for real data (Koocheki et al., 2009;
Guler et al., 2022). For the flow behavior index, the R?
value of 0.886 indicates the compatibility between the
experimental data and the values predicted by the model
(Table S2 and Figure S2). The lack of fit for the regression
of Equation 6 was found to be nonsignificant (p=0.441),
indicating that the model adequately predicts the flow
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Figure 3.
tion, and (C) temperature and pH.

behavior index (Guler et al., 2022). P values higher than
0.05 indicate that the linear effects of pH, concentration,
and temperature are not significant in the predicted flow
behavior index model (Table 3). The quadratic effect of
concentration was found to be significant (p<0.045), and
among the interaction terms, pH and concentration were
found to be significant (p< 0.01).

Graphs of the three-dimensional response surfaces gen-
erated using the model are presented in Figure 4A—C.
Figure 4A shows the effect of pH and concentration on
the flow behavior index. Upon examining the effects
of pH and the concentration, it was observed that »
increased with increasing pH, while it decreased with
increasing concentration values (Figure 4A). In other
words, a high # value was achieved at a 15% concentra-
tion and pH 7. This observation is consistent with the
findings of Quek et al. (2013). As the concentration of
solids increases, the formation of a more viscous struc-
ture due to enhanced molecular interactions and elec-
troviscous effects leads to a decrease in the flow behavior
index (Evangelista et al., 2020)

Temperature (006)0

(B)

6
5 &

4
80

Response surface plots for the consistency coefficient at (A) pH and concentration, (B) temperature and concentra-

When considering the combined effects of temperature
and concentration, it was observed that n decreased
with increasing concentration values at low temperature.
However, at low concentration levels, #n increased with
increasing temperature (Figure 4B). An increase in the
flow behavior index suggests a reduction in pseudoplastic
behavior (Quek et al., 2013). These findings are consis-
tent with previous research, which reports that the flow
behavior index decreases with increasing concentration
and increases with rising temperature (Augusto et al.,
2012; Gabsi et al., 2013; Evangelista et al., 2020).

Figure 4C illustrates the influence of temperature and pH
on the flow behavior index. When analyzing the com-
bined effects of temperature and pH, it was observed that
at high pH levels, the flow behavior index increased as
the temperature rose (Figure 4C). However, at low tem-
peratures, # decreased with increasing pH. This obser-
vation, where the flow behavior index tends to increase
with rising temperature, aligns with previous studies
(Maceiras et al., 2007; Augusto et al., 2012). The tendency
of the flow behavior index to increase with temperature
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Figure 4. Response surface plots for the flow behavior index at (A) pH and concentration, (B) concentration and temperature

and (C) pH and temperature.

suggests that the flow behavior of the puree moves
closer to Newtonian flow as the temperature increases
(Ditchfield et al., 2004; Diamante and Umemoto, 2015;
Meher and Meher, 2020).

Effects of pH, concentration, and temperature on yield
stress

The quadratic model describing the experimental rela-
tionship between the independent variables and yield
stress (T,) is given in Equation 7. The coefficient of deter-
mination (R®) for the model was calculated to be 0.908
(Table S3 and Figure S3). An R® value greater than 0.80
indicates that the experimental data and the predicted
values from the model are in good agreement (Koocheki
et al., 2009). The lack of fit for the regression in Equation 7
is not significant (p = 0.842), suggesting that the model is
adequate for predicting yield stress (Senol et al., 2020).
The linear effects of pH (p = 0.03), concentration (p =
0.008), and temperature (p = 0.035) on yield stress were
found to be statistically significant, with p-values less
than 0.05.

According to the model equation (Eq. 7), pH has a posi-
tive effect on yield stress, while both concentration and
temperature have negative effects. Additionally, the anal-
ysis of variance indicates that the quadratic and inter-
action terms are not statistically significant (p>0.05)
(Table 3).

Graphs of the three-dimensional response surfaces gen-
erated using the model are presented in Figure 5A—C.
Figure 5A shows the effect of temperature and concentra-
tion on yield stress. From the surface graphs, it is evident
that yield stress decreased with increasing temperature,
while it increased with higher concentration (Figure 5A).
When analyzing the combined effects of temperature
and concentration, it was observed that yield stress was
higher at low temperatures and high concentrations.
Understanding the relationship between temperature
and yield stress is crucial for determining the stress that
must be overcome before flow initiation. Yield stress
plays a critical role in equipment design and in assessing
the quality of final products. High yield stress may lead
to structural breakdown of the puree, potentially caus-
ing a loss of quality (Sagdic et al., 2015). This observation
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and concentration.

aligns with a study on ketchup, where a decrease in yield
stress was noted with increasing temperature (Bildir
et al., 2018).

Figure 5B illustrates the combined effects of tempera-
ture and pH on yield stress. The yield stress was found
to increase at low temperatures and pH values. When
analyzing the interaction between temperature and pH, it
was observed that yield stress decreased at low tempera-
tures with increasing pH values, and similarly, at low pH
values, yield stress decreased with rising temperatures
(Figure 5B). Previous studies by various researchers have
shown that yield stress tends to decrease with increasing
temperature (Maceiras et al., 2007; Augusto et al., 2012;
Sagdic et al., 2015).

Figure 5C illustrates the combined effects of pH and
concentration on yield stress. The surface graph reveals
that yield stress increases at low pH and high concen-
tration values (Figure 5C). When analyzing the interac-
tion between concentration and pH, it was observed that
yield stress increased with higher concentration values at
low pH. The vyield stress of persimmon puree is primar-
ily attributed to the presence of sugars, pectins, fibers,

proteins, and soluble polysaccharides within its structure.
As concentration increases, the distance between mole-
cules decreases, leading to higher shear stress required
to initiate flow (Martinez-Padilla, 2024). Consequently,
the yield stress increases with higher concentrations.
Regarding pH, a small increase in yield stress was
observed as pH increased. This increase is likely related
to the pectin content in persimmon, which forms a
strong gel under optimal conditions (Mamet et al., 2017).
In unripe fruit, pectin exists as water-insoluble ‘proto-
pectin;, but as the fruit matures, it becomes water-soluble,
resulting in higher pectin content. Thus, the impact of
pH on yield stress is likely linked to the gel-forming prop-
erties and pectin content of the fruit (Mamet et al., 2017).

Conclusions

The rheological properties of persimmon puree were
investigated using Response Surface Methodology (RSM)
at various temperatures (25°C, 50°C, and 75°C), con-
centrations (15%, 17.5%, and 20%), pH values (4.0, 5.5,
and 7.0), and shear rates (8.4—28 s7!). When analyzing
the flow curves and shear stress of persimmon puree at
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different temperatures and concentrations, a hysteresis
loop was observed between increasing and decreasing
shear rates.

As the temperature increased, the shear stress of persim-
mon puree decreased, while the shear stress increased
with higher concentrations, demonstrating the non-
Newtonian shear-thinning behavior of the puree. The
flow behavior index of persimmon puree ranged from
0.36 to 0.92 (n<1), indicating pseudoplastic behavior
with yield stress. Notably, anti-thixotropy was observed
during the increasing and decreasing shear rates, with
backward shear stress surpassing forward shear stress
values. This finding, which is uncommon in fruit purees,
warrants further investigation. The flow properties of
the puree were well described by the Herschel-Bulkley
model, with R? values of 0.99 or higher.

The combined effects of temperature, pH, and concen-
tration on the rheological parameters were effectively
represented by three-dimensional surface plots. These
graphs revealed that the consistency coefficient and yield
stress decreased with increasing temperature, while both
parameters increased with higher concentrations. A
slight increase in consistency coefficient and yield stress
was also observed with rising pH. The findings provide
valuable insights for the industrial and commercial devel-
opment of cost-effective food products incorporating
persimmon puree, as well as for optimizing processing
conditions. Additionally, these results contribute to a
deeper understanding of the rheology of persimmon
puree and other fruit pulps. Rich in nutrients, phyto-
chemicals, and bioactive compounds, persimmon puree
offers a promising opportunity for creating value-added
products and functional foods, such as gluten-free cakes.
By ensuring year-round availability, persimmon puree can
expand its market reach. Future research could explore
the thixotropic and anti-thixotropic behavior of persim-
mon puree, as well as changes in its rheological proper-
ties during storage. The data obtained can be applied to
evaluate persimmon puree properties, improve industrial
process designs, and guide further studies on persimmon
puree rheology.
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Supplementary

Table S1.  The Box-Behnken experimental design, in terms of coded factors and results of RSM for the consistency coefficient.

Run Values of the coded variables Experimental k (Pas")
X, X, X, Predicted % Error
1 0 0 0 227 1.72063 31.92
2 = 0 1 2.82 243625 15.75
3 = 1 0 2.79 3.1075 -10.21
4 = 0 = 2.78 3.39125 -18.02
& 0 1 1 2.25 248188 -9.34
6 1 -1 0 2.44 222 9.90
7 1 1 0 9.99 10.4275 -4.19
8 0 0 0 0.91 1.72063 -47.12
9 0 0 0 1.84 1.72063 6.93
10 0 -1 1 2.46 3.36188 -26.82
11 = -1 0 3.78 3435 10.04
12 0 -1 = 211 1.91875 7.00
13 1 0 = 8.44 8.91875 -5.36
14 1 0 1 81658 3.01375 17.12
15 0 1 = 11.54 10.7319 7.53
12
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Figure S1. The correlation between the predicted and
experimental values for the consistency coefficient.
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Table S2. The Box-Behnken experimental design, in terms of coded factors and results of RSM for the flow behavior index.

Run Values of the coded variables Experimetal n
X, X, X, Predicted % Error
1 0 0 0 0.74 0.79514 -6.93
2 =1 0 0.76 0.80024 -5.02
3 =1 1 0 0.83 0.7893 5.15
4 = 0 = 0.92 0.89124 3.22
5 0 1 1 0.82 0.8547 -4.05
6 1 =il 0 0.73 0.79395 -8.05
7 1 1 0 0.35 0.3012 16.20
8 0 0 0 0.89 0.79514 11.93
9 0 0 0 0.72 0.79514 -9.44
10 0 =il 1 0.76 0.6777 12.14
1 =1 =il 0 0.38 0.45255 -16.03
12 0 =il = 0.88 0.86845 1.32
13 1 0 =l 0.68 0.66264 2.62
14 1 0 1 0.83 0.88214 -5.91
15 0 1 =l 0.43 0.533545 19.69
1
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Figure S2. The correlation between the predicted and
experimental values for the flow behavior index.
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Table S3. The Box-Behnken experimental design, in terms of coded factors and results of RSM for the yield stress.

Run Values of the coded variables Experimetal (Pa)
X, X, X, b Predicted % Error
1 0 0 0 3.04 5.0315 -39.58
2 -1 0 2.01 2.301 -12.64
3 -1 1 0 11.67 10.786 8.19
4 -1 0 -1 8.02 8.076 -0.69
5 0 1 1 5.61 5.80775 -3.40
6 1 -1 0 3.1 3.824 -18.67
7 1 1 0 5.68 5.359 5.98
8 0 0 0 6.47 5.0315 28.58
9 0 0 0 5.83 5.0315 15.87
10 0 -1 1 1.58 0.83025 90.30
1 -1 -1 0 3.86 4.016 -3.88
12 0 -1 -1 4.88 4.50525 8.31
13 1 0 -1 28 2.3415 19.24
14 1 0 1 2.64 2.4165 9.24
15 0 1 = 7.25 7.83275 -743
12
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Figure S3. The correlation between the predicted and
experimental values for the yield stress.
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