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Abstract: Understanding the thermo-rheological properties of fruit-based beverages is critical for
optimizing their industrial processing, stability, and sensory quality. This study evaluates the viscosity
and flow behavior of depectinized passion fruit nectar (P. ligularis), standardized to 25° Brix, across a
temperature range of 5 to 85°C. Apparent viscosity was measured using a Brookfield DV3T rotational
viscometer with concentric cylinder geometry. The nectar displayed Newtonian flow behavior,
maintaining consistent viscosity regardless of shear rate. Viscosity decreased significantly with rising
temperature, from 0.00778 Pa-s at 5°C to 0.00018 Pa-s at 85°C. The Arrhenius model was applied to
describe the temperature dependence of viscosity, yielding an activation energy (Ea) of 88.35 kJ/mol.
The model fit was statistically robust (R* = 0.9913; RMSE = 0.000485 Pa-s), indicating predictable
thermal behavior. Enzymatic depectinization played a key role in achieving this flow profile, eliminating
structural polysaccharides that would otherwise induce non-Newtonian characteristics. These findings
are industrially relevant for the design of efficient pasteurization, pumping, and packaging systems,
especially for clean-label juice products. By characterizing the thermo-rheological response of this
underexplored tropical nectar, this study contributes original data to the field of food engineering and
supports the formulation of stable, energy-efficient fruit-based beverages.
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1. Introduction

The rheological behavior of fruit-based beverages plays a crucial role in their processing,
transportation, storage, and overall consumer acceptance. The viscosity and flow properties of these
beverages are largely influenced by factors such as temperature, soluble solids content, and the presence
of hydrocolloids, particularly pectin [1, 27. Pectin is a complex polysaccharide found in the cell walls of
fruits, playing a key role in determining the texture, stability, and gelling properties of food products

Among fruit-derived beverages, passion fruit nectar (P. lzgularis) has gained increasing attention due
to its distinctive sensory characteristics and potential health benefits [47]. However, despite their
growing commercial importance, limited research has been conducted on their rheological properties,
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particularly after depectinization, a process often employed to improve clarity and stability in fruit juices
[56].

The processing of fruit juices and nectars typically involves heat treatments such as pasteurization,
which can significantly alter viscosity due to changes in molecular interactions, particularly in
polysaccharide-rich systems [6, 7. Understanding the relationship between temperature and viscosity
is essential for optimizing these processes, ensuring product consistency, and minimizing energy
consumption. Although there are significant reports on the management of these variables, further
research is necessary to develop more effective control strategies [8, 97]. The variability specific to each
fruit type requires checking these relationships.

The Arrhenius model is widely used to describe the temperature dependence of viscosity, providing
an estimate of the activation energy (E.) required for changes in flow behavior. This parameter is
particularly relevant in industrial applications such as pumping, filling, and packaging, where viscosity
variations aftect processing efficiency and equipment performance [107].

Previous studies on fruit-derived hydrocolloids have demonstrated that the activation energy is
highly dependent on the molecular composition and degree of esterification of pectins, which in turn
determines their response to temperature changes [117]. Thus, there are reports in Marsiglia-Fuentes,
et al. [127), Achras sapota fruits [137, apple [147), Opuntia ficus indica [157] and also fruit syrups as an
additive to desserts [16].

Depectinization is applied in combination in the processing of fruit nectars to improve product
clarity, reduce turbidity, and prevent gelation during storage [177]. These improvements are crucial for
optimizing fluid dynamics in pumping, pasteurization, and packaging operations [14, 17, 187.
Furthermore, while pectin extracted from citrus fruits and apples has been extensively characterized [1,
27 less attention has been paid to the rheological properties of nectars derived from underutilized fruits
such as P. ligularzs, despite increased interest in identitying new tropical fruits with potential for nectar
tormulation [19-217. It should also be noted that pectin plays important roles in other types of nectars
or beverages and is not necessarily a problem [227].

Recent research highlights that pectin extraction and modification can influence not only the
viscosity of fruit-based products but also their antioxidant capacity and functional properties [3, 23,
247]. Furthermore, industrial-scale depectinization, often achieved through enzymatic or acid hydrolysis,
alters the structural integrity of nectar, resulting in significant modifications to its flow behavior and
temperature sensitivity [257]. This makes it crucial to assess whether depectinized P. ligularis nectar
behaves as a Newtonian or non-Newtonian fluid under various thermal conditions, which has direct
implications for its processing and shelf-life stability [267. In the case of Passiflora nectar, the
systematic characterization of its viscosity and activation energy over a controlled temperature
range can provide valuable information for its handling and industrial processing [47] however,
it is not so clearly defined for P. ligularis where Newtonian fluids have a constant viscosity
regardless of the shear rate, which would simplity process modeling and equipment selection,
while non-Newtonian fluids require additional considerations to adjust flow behavior [277.
Specifically, this study seeks to address this knowledge gap by evaluating the rheological
properties of P. ligularis nectar depectinized at 25 °Brix over a temperature range of 5 to 85 °C.

By investigating the impact of temperature on viscosity and flow characteristics, this study
provides a comprehensive understanding of how thermal processing conditions influence the
stability and processability of P. ligularis nectar. Furthermore, the results will expand scientific
knowledge on temperature-dependent viscosity in fruit-based beverages, filling a critical gap in
the literature on the rheology of depectinized P. ligularis nectar and its implications for food
engineering applications.
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2. Materials and Methods

Raw Material and Sample Preparation: Passion fruit (P. ligularis) nectar was obtained from fresh
fruits sourced from a local market in the district of Miraflores, Lima, Peru. The fruits were manually
peeled, and the pulp was separated by gently pressing the arils through a sanitized fine-mesh sieve using
a sterile spatula, allowing the juice and pulp to pass through while retaining the seeds. The extracted
pulp was sieved through a 1 mm mesh to remove seeds and coarse particles. The nectar was
standardized to 25 °Brix using food-grade sucrose (Sigma-Aldrich®, St. Louis, MO, USA), and pH was
adjusted to 8.5 + 0.1 using citric acid (Sigma-Aldrich®, St. Louis, MO, USA).

Enzymatic depectinization was performed using Pectinase enzyme (Pectinex® Ultra SP-L,
Novozymes A/S, Bagsveerd, Denmark) at a concentration of 0.2% w/w of nectar. The enzymatic
reaction was conducted at 45°C for 60 minutes under continuous stirring. The treated nectar was
immediately subjected to thermal treatment at 90°C for 5 minutes to inactivate the enzyme, followed by
rapid cooling to room temperature (25°C). The nectar was standardized to 25 °Brix by gradually adding
tood-grade sucrose under constant agitation, with Brix values monitored using a digital refractometer
(Atago PAL-1). Pectinase (Pectinex® Ultra SP-L, Novozymes) was selected due to its high specificity
for degrading pectin, which is the primary polysaccharide contributing to turbidity and viscosity in fruit
nectars. Other enzymes, such as cellulases or hemicellulases, were not used, as their substrates are not
predominant in passion fruit pulp.

Rheological measurements were conducted using a Brookfield DV3T rotational viscometer
equipped with a concentric cylinder (SC4-18 spindle). The apparent viscosity of the nectar was
determined as a function of shear rate under controlled temperature conditions. Viscosity measurements
were performed at temperatures ranging from 5°C to 85°C, with a shear rate range of 10 to 200 s™.
Each sample was equilibrated at the target temperature for 5 minutes prior to measurement. This
temperature range (5—-85°C) was selected to simulate conditions from cold storage to pasteurization
processes, which are commonly used in fruit nectar production and distribution chains.

To determine the flow behavior of the nectar, the relationship between shear stress (T) and shear
rate (Y) was analyzed. The experimental data were fitted to the power-law model for non-Newtonian
fluids (Eq. 1):

T=Ky" (eq. 1)

where K is the consistency coefficient (Pa-s?), and n is the flow behavior index (dimensionless). A
Newtonian fluid is characterized by n = 1, while values of n < 1 or n > 1 indicate shear-thinning or
shear-thickening behavior, respectively.

Activation Energy and Temperature Dependency: The temperature dependence of viscosity was
modeled using the Arrhenius equation (Eq. 2):

1N = noexp (,f—“T) (Eq.2)
where:
e 1 is the viscosity (Pa-s),
® Mo is the pre-exponential factor (Pa-s),
e L, is the activation energy (kJ/mol),
e Riis the universal gas constant (8,314 J/mol-K),
e T is the absolute temperature (K).
The activation energy (E,) was obtained from the slope of the In(n) vs. 1/T plot.

Statistical Analysis: All experiments were conducted in triplicate, and results were expressed as
mean * standard deviation (SD). The normality of data distribution was verified using the Shapiro-Wilk
test, and homogeneity of variances was assessed using Levene’s test. Significant differences between
temperature conditions were evaluated using analysis of variance (ANOVA) followed by Tukey’s post-
hoc test for multiple comparisons at a significance level of p < 0.05. Data analysis was performed using
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Minitab® 19. Finally, a non-linear regression analysis was performed to determine the optimum
viscosity point and function of the tested temperature.

3. Results
3.1. Flow Behavior of Depectinized Passion Fruit Nectar

The rheological analysis of depectinized passion fruit (P. ligularis) nectar at 25 °Brix was conducted
across a temperature range of 5°C to 85°C. The shear stress versus shear rate data exhibited a linear
relationship at all tested temperatures, indicating Newtonian flow behavior. This suggests that the
nectar’s viscosity remains constant irrespective of the applied shear rate. Similar Newtonian behavior
has been observed in other fruit juices, such as clarified pear and peach juices. The flow behavior index
(n) ranged from 0.98 to 1.02 across all tested temperatures, confirming Newtonian flow. The
consistency index (K) remained stable and low, supporting the classification of the nectar as a
Newtonian fluid. It is important to note that, in Newtonian fluids, the increase in shear stress with shear
rate is expected and linear, as described by Newton’s law (T = 1+y). The apparent viscosity, however,
remains constant at a given temperature regardless of the applied shear rate, which was confirmed in
our data across the full deformation gradient range.

Table 1.

d . . . _ .. . TR . .
Shear stress values T( C}::f) against the deformation gradient D(s™1) for depectinized passion fruit juice (P. ligularis), at 25

°Brix depending on different process temperatures (T), °C.

Process Temperature (T), °C

5 9 12 18 25 40 60 70 85
D(s™1) dyne dyne dyne dyne dyne dyne dyne dyne dyne

() | ) | e | T ) | ) | ) | ) | ) | T )
8 62.38 46.15 38.47 26.50 13.70 5.70 4.67 3.40 2.30
18 140.12 104.00 87.00 58.91 30.52 12.50 9.46 6.60 4.08
32 250.68 186.02 153.00 105.20 54.00 22.00 16.20 11.10 6.60
48 373.70 278.01 229.70 157.70 81.00 $2.90 23.90 16.20 9.50
65 504.18 375.95 $10.95 213.45 110.20 44.45 32.00 21.60 12.55
102 796.14 590.00 487.82 335.00 172.00 69.60 49.82 33.50 19.22
220 1711.90 1271.91 1051.90 721.90 370.00 150.02 106.50 71.80 40.50
270 2100.02 1560.02 1291.02 885.91 454.00 183.91 130.51 87.30 49.51
400 - 2312.00 1912.16 1312.85 672.00 272.85 193.00 128.95 72.95
580 - - 2772.80 - 1430.02 394.80 274.00 186.60 105.40
790 - — - - - 538.00 380.27 258.87 143.27
940 - - - - - - 452.31 301.91 170.81
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Figure 1.

Rheogram of depectinized passion fruit nectar at 25 °Brix across various temperatures.

With this information, the analysis of variance was carried out, which was significant for Shear
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The results of the comparisons using the Tukey test revealed three homogeneous groupings of
strain levels (Table 2). The interesting aspect of this determination is that, for the strain gradients,
there was consensus on the levels of 790, 940, and 220 (D(s')), which were common to the three
homogeneous groups. Meanwhile, the comparisons of the temperature levels allowed grouping into two

homogeneous groups of shear stress [T(

dyne

om? )]. There was consensus on core temperatures of 18°C and
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25°C, which provide a good reference for the values that would optimize the desirable conditions for
passion fruit juice (Table 3).

Table 2.

Shear stress values grouping T(%) against the deformation gradient D(s™1) for depectinized passion fruit juice (P. ligularis).
Deformation gradient (D(S) N Mean Homogeneous groups (*)
580 6 1022.81 A
400 8 919.14 A
270 9 749.13 A B
790 4 662.12 A B C
940 3 661.68 A B C
220 9 610.66 A B C
102 9 283.68 B C
65 9 180.59 B C
48 9 133.62 C
32 9 89.42 C
18 9 50.35 C
8 9 22.59 C

Note: (*) Tukey's comparison test (d0=0,05). Means that do not share a letter are significantly different.

Table 3.

Shear stress values grouping ‘t(iﬁ:) against the temperature (°C) gradient for depectinized passion fruit juice (P. ligularis).
Temperature (°C) N Mean Homogeneous groups (*)
5 8 926.19% A

12 10 876.099 A

9 9 858.246 A

18 9 535.231 A B

25 10 381.361 A B

40 11 176.282 B

60 12 139.387 B

70 12 98.5627 B

85 12 53.016 B

Note: (*) Tukey's comparison test (d0=0,05). Means that do not share a letter are significantly different.

3.2. Effect of Temperature on Viscosity

Temperature demonstrated a significant inverse effect on the viscosity of the nectar. As the
temperature increased from 5°C to 85°C, viscosity decreased exponentially. Similar trends have been
reported in other fruit-based products, including mango and papaya nectar blends, where viscosity
decreased with rising temperature.

Table 4.
Dynamic viscosity data and relative and absolute temperatures for depectinized passion fruit (P.
ligularis) juice.

Temperature. T (°C) Temperature (T) K Viscosity. n (cp.)
5 278.15 7.77792
9 282.15 5.77860
12 285.15 4.78000
18 291.15 3.28051
25 298.15 1.68606
40 318.15 0.68055
60 338.15 0.47894
70 343.15 0.82030
85 358.15 0.18029
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Figure 3.
Viscosity of nectar passion fruit juice (P. ligularis), n (cp) at 25 °Brix, on melting
temperature, T (°C).

3.3. Arrhenius Model Application and Actrvation Energy

The Arrhenius equation (eq. 2) was employed to quantify the temperature dependence of viscosity.
Plotting the natural logarithm of viscosity against the reciprocal of temperature yielded a linear
relationship, confirming the model’s applicability. The calculated activation energy (E_a) for the nectar
was 9,161 kcal/mol, indicating moderate sensitivity to temperature changes. This value is within the
range reported for other fruit juices, such as mango juice, which exhibited activation energies around
10.93 kJ/mol.

. . da(l AH
Arrhenius equation anm = —. Integrated, we have:
dr RT
Ea 1 _Ea . .
Inn=—-—X_+ImA=>n=AXe T (Arrhenius deduction)

Where:
n = viscosity
E. = Activation energy or enthalpy increase (cal.).
T = Absolute temperature (K)
R = Universal gas constant (1,9872 cal./mol K)
Applying the Arrhenius equation to the data shown in Table 4, the following statistical values are
obtained.
The slope of the curve was —E;/R es 4610,0186; of which the Arrhenius Activation Energy (E,)
turns out to be equal to 9,161 cal./mol, or what is the same: 9,161 kcal/mol.
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Fitted line chart
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Figure 4.
Arrhenius plot of In(viscosity) vs. inverse temperature (1/T) for nectar.

The nonlinear regression was performed using the Gauss-Newton algorithm, which converged after
12 iterations. The Arrhenius equation was used for the calculation, refining the values based on the
initial estimate of the parameter E./R = 4610.0136. Based on this formula [/n(n)=a+b/T7] (where n is
the viscosity (cp); T is the temperature (°C); b = the calculated E./R), the final values were refined to a
= 14,6814

Fig. 4 shows that the fitted line model reports an inflection point at the intersection between
20.14°C and 2.77 n(cp), which determines the ideal temperature point for the best viscosity performance
of depectinized passion fruit juice (P. ligularis).

The fit yielded an R? of 0.9913 (closer to 1.000 indicates a better model fit) and a root mean square
error (RMSE) of 0.485 cp (0.000485 Pa-s), indicating excellent model performance. Lower RMSE
indicates a better fit between the model and the experimental data, as it resulted in a small margin of
error within the range of experimental viscosities, which were between 0.18 and 7.78 cp.

3.4. Industrial Implications

Understanding the Newtonian behavior and temperature sensitivity of depectinized passion fruit
nectar is crucial for optimizing industrial processes. The predictable decrease in viscosity with
increasing temperature can inform the design of thermal treatments, such as pasteurization, ensuring
microbial safety without compromising product quality. Additionally, knowledge of energy activation
aids in selecting appropriate equipment and processing conditions to maintain energy efficiency and
product consistency. These insights are valuable for the beverage industry, where precise control over
rheological properties is essential for consumer acceptance and process optimization.

4. Discussion

The results of the rheological analysis confirmed that depectinized P. ligularis nectar exhibits
Newtonian flow behavior across all tested temperatures. This behavior is characteristic of many clarified
fruit juices and nectars, where the absence of insoluble solids or high-molecular-weight polymers (such
as pectin) prevents the formation of complex fluid structures that would otherwise induce shear-
thinning or shear-thickening behavior [107.

Comparable Newtonian behavior has been reported in clarified peach and pear juices, suggesting
that the enzymatic removal of pectin effectively eliminates structural interactions that contribute to
non-Newtonian properties [5]. However, in contrast to other fruit-based liquids such as mango or
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papaya nectar, which often exhibit pseudoplastic behavior due to their fibrous and polysaccharide-rich
composition, P. ligularis nectar demonstrates stable viscosity independent of shear rate. This makes it
highly suitable for processing operations requiring consistent flow properties, such as pumping,
pasteurization, and filling [277].

The inverse exponential relationship observed between viscosity and temperature is
consistent with the expected behavior of liquid foods. This trend aligns with previous studies
on fruit-based products, where the weakening of hydrogen bonds and Van der Waals forces at
higher temperatures facilitates molecular mobility, thereby reducing resistance to Flow [3, 4,
11, 287.

A similar viscosity-temperature relationship has been observed in mango and papaya nectar blends,
where viscosity was found to decrease due to the breakdown of polysaccharide networks at elevated
temperatures. However, the relatively low viscosity values obtained for depectinized P. ligularis nectar
suggest that the removal of pectin significantly contributes to this reduction, as pectic substances are
known to enhance viscosity in fruit-based systems [4, 14, 267].

For instance, during pasteurization, high temperatures can facilitate flow through heat exchangers,
reducing the energy required for pumping and minimizing mechanical stress on processing equipment
[297].

The successful application of the Arrhenius model to describe the temperature dependence of
viscosity further validates the thermally activated nature of flow behavior in P. ligularis nectar. The
calculated activation energy (E. = 9.161 kcal/mol) indicates moderate sensitivity to temperature
changes, which is comparable to values reported for other fruit-based beverages such as mango juice (E,
~ 10.93 kJ/mol) and apple juice (E, = 8.5-12.3 kJ/mol) [7, 10, 307].

Activation energy serves as a critical parameter in food rheology, providing insights into the extent
to which temperature variations affect viscosity. The moderate E, observed in this study suggests that
depectinized P. ligularis nectar maintains relatively stable viscosity across a broad temperature range,
making it adaptable to various processing conditions [4, 5, 27 .

Moreover, the nonlinear regression analysis revealed an inflection point at 20.14°C and 2.77 cp,
indicating an optimal temperature for maintaining desirable viscosity levels. This suggests that, under
typical storage and processing conditions, the nectar retains a viscosity profile that balances ease of
handling with consumer-preferred texture. Such findings are particularly relevant for industrial
applications where viscosity must remain within controlled limits to ensure consistent product quality,
efficient packaging, and prolonged shelf stability [, 17, 237.

Understanding the rheological and thermal behavior of depectinized P. ligularis nectar has
significant implications for the food and beverage industry. The Newtonian flow properties observed in
this study indicate that the nectar can be easily processed using standard pumping and filling equipment
without the need for specialized shear-dependent flow control mechanisms. This simplifies the design of
processing pipelines and reduces operational complexities, making it an attractive ingredient for large-
scale beverage production [5, 8, 11, 197].

By carefully adjusting processing temperatures based on the observed activation energy,
manufacturers can optimize heat transfer efficiency while minimizing undesirable changes in viscosity
and mouthfeel [19, 267]. Additionally, the moderate temperature sensitivity suggests that the nectar is
relatively resistant to excessive thickening or thinning under normal storage conditions, ensuring a
stable consumer experience [11, 17, 227].

The insights gained from this study can also aid in the formulation of multi-component beverages.
For instance, incorporating P. ligularis nectar into blended juice products may help achieve target
viscosity levels without relying on additional hydrocolloids or stabilizers. This could enhance the clean-
label appeal of fruit-based drinks while maintaining desirable textural attributes [1, 2, 24, 297].

Overall, the findings highlight the importance of rheological characterization in the development of
fruit-based beverages. By leveraging temperature-dependent viscosity models and activation energy
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calculations, food technologists can design optimized processing strategies that balance efficiency,
quality, and consumer preference.

This study successfully characterized the rheological behavior of depectinized passion fruit nectar
(P. ligularis) at 25 °Brix, demonstrating Newtonian flow properties across a temperature range of 5°C to
85°C. The viscosity exhibited a significant inverse correlation with temperature, and the Arrhenius
model effectively described this dependency, yielding an activation energy of 9.161 kcal/mol.
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