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Abstract. Fruit syrups are attracting increasing interest in
the food industry. Ziziphus lotus fruit syrups were elaborated
through the traditional and enzymatic methods with 30, 50 and 70°
Brix. A chemical analysis revealed that Ziziphus lotus fruit pow-
der and syrups present a potential source of energy through their
relatively higher content of carbohydrates. Rheological oscillato-
ry tests showed that syrups of 30°Brix demonstrate a viscous type
of behaviour, the 70°Brix syrups possess an elastic behaviour,
while the 50°Brix syrups present a mixed behaviour over the tem-
perature range of 20 to 80°C. These syrups did not demonstrate
any thixotropy or time dependence of viscosity. The complex vis-
cosity was described successfully with a mathematical model that
incorporates both independent variables, with an Arrhenius-type
dependence on temperature, with an activation energy of 21.94 kJ
mol™ for the whole Brix range. The flow behaviour evaluation of
the 30 and 50°Brix showed that these are shear-thinning fluids,
tending to Newtonian fluids at higher temperatures. The dynamic
viscosity was well described by the power law and the depend-
ence of its parameters on temperature was adequately described
by a Turian approach. The syrups of Ziziphus lotus fruit demon-
strated a potential for further beneficial research with a view to
obtaining a commercial food product.

Keywords: Ziziphus lotus L., syrup, shear-thinning, rheolo-
gy, enzymatic extraction

INTRODUCTION

Ziziphus lotus (Z. lotus) is a deciduous shrub belonging
to the family of Rhamnaceae (Abdoul-Azize, 2016). This
plant is common throughout Tunisia and is known locally as
“Sedra”. It has tasty fruit called “Nbeg” which are consumed
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raw (Hammi et al., 2015) 2-diphenyl-1-picrylhydrazyl radi-
cal scavenging activity and phosphomolybdenum assay. The
optimum operating conditions for extraction were as fol-
lows: ethanol concentration, 50%; extraction time, 25 min;
extraction temperature, 63°C and ratio of solvent to sol-
id, 67 mL g'. Under these conditions, the obtained extract
exhibited a high content of phenolic compounds (40.782 mg
gallic acid equivalents g dry matter. The varied compo-
sition of the fruit gives it a high nutritional value. In fact,
the fruit pulp is rich in sugars, fibres, vitamin A, vitamin C,
fatty acids, mineral matter, tannins and antioxidant compo-
unds (Abdoul-Azize, 2016). In regions where this species
is abundant, the fruit pulp is dried, processed into flour
and incorporated in certain homemade pastry products
(Bahrasemani Koohestani et al., 2019). Recent studies have
made use of this fruit pulp as a functional ingredient for
sponge cake preparation (Najjaa et al., 2020) and for juice
formulation (Benidir et al., 2020). The transformation of
this fruit pulp into other energetic products, notably syrup,
is of interest for the development of new food products and
alternatives for increasing the added value of this fruit.
Syrups are prepared from the pulps of other fruits, like
date and carob, and are gaining increasing interest due to
their richness in nutrients and bioactive compounds which
contributes to their health benefits as confirmed by research
(Dhaouadi ef al., 2014; Taleb et al., 2016). These syrups
can also be used as a natural sweetening agent in food prod-
uct formulation (Borchani ef al., 2019). Syrups are always
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prepared according to the traditional method, in brief, this
consists of mixing the fruit and water, heating the mixture,
filtering and then boiling the juice obtained to the desired
degree Brix (Dhaouadi et al., 2014). However, for further
industrial application, it is useful to integrate an enzymatic
treatment into the syrup manufacturing process. In fact, the
enzymes may improve both the yield and the quality of the
fruit juice and, as a consequence, affect the properties of
the final product such as viscosity (Bahramian et al., 2011).

The viscosity and related rheological properties of fruit
products are of high importance in the food field (Sengiil et
al., 2007). Their assessment will indicate the usefulness of
the syrup to the consumer and on production lines, as a flu-
id-like material or as a solid-like material. These properties
may be defined through the measurement of applied force
and deformation over time (Tabilo-Munizaga and Barbosa-
Cénovas, 2005).

In this context, the first study to elaborate the charac-
teristics of Z. lotus fruit syrup is described in this article.
The syrups which were obtained using both traditional and
enzymatic methods were subjected to chemical and rheo-
logical characterizations.

MATERIALS AND METHODS

The ripe fruit of Z. lotus were harvested during August
2018 from the village of Oudhref-Gabes situated in south-
ern Tunisia, then stored under dry conditions for further
use. The fruit was manually pitted and crushed in a lab
grinder. The extraction process followed two independent
procedures.

Traditional extraction (TE) consisted of macerating
a quantity of the obtained fruit powder for 30 min in water
at a ratio of 1:4 (w/v). Next, the mixture was heated in an
oil bath with a controlled temperature of 90°C. After 30 min
of boiling, the mixture was filtered through a cloth and then
centrifuged at 2907 g for 15 min (Rotanta 460R, Germany).
The collected juice, with 17°Brix, was concentrated using
a heating plate until the desired °Brix (30, 50 and 70) was
reached. The three syrups were stored in glass jars at 4°C
until they were required for analysis.

The enzymatic extraction (EE) process was based on
testing the effect of the two enzymes, pectinase and cellu-
lase. With reference to the method of Abbés et al. (2011),
with some modifications, the fruit powder and the distilled
water were mixed in a ratio of 1:4 (w/v). At pH 5, 833.5
nKat of pectinase 100 g and 1.38 nKat of cellulase 100
g' were added to the mixture. The homogenous assort-
ment obtained was heated in a thermo-controlled oil bath
at 50°C for a period of 120 min. Then, the temperature was
increased to 90°C in order to inactivate the enzymes. After
filtration through a cloth, the obtained filtrate was centri-
fuged at 2907 g for 15 min. Three syrups with different
°Brix values (30, 50 and 70) were obtained after the con-
centration of the juice by heating. The samples were stored
in glass jars at 4°C until the tests were conducted.

The moisture content was evaluated according to the
Association of Official Analytical Chemists methods
AOAC 925.45 (AOAC, 1995). In brief, approximately 2 g
of sample was packed into dried capsules and placed in an
oven at 60°C under a pressure of <50 mm Hg until a con-
stant weight was obtained, after that, the capsules were
cooled in a desiccator and weighed. The ash content was
estimated with reference to (AOAC 900.2); the previous-
ly dried samples were placed in a muffle furnace at 550°C
for 2 h. In order to determine the crude protein level, the
Kjeldahl method was used (AOAC 945.23) with a factor
of 6.25. The crude fibre was analysed according to AOAC
962.09 and the crude fat level was determined using the
Soxhlet apparatus referring to the AOAC 948.22 method.

The CIELAB coordinates (L*, a*, b*) of the syrups
were read using a handheld Minolta CR 200 Chroma-Meter
with an illuminator C. L* defines the lightness ranging
from O (pure black) to 100 (diffuse white), a* and b* are
the two channels for colour, where the a* axis extends from
green (-a*) to red (+a*) and the b* axis extends from blue
(-b*) to yellow (+b*).

Rheological analyses of the syrups were carried out
using a Thermo Fisher Scientific HAAKE RheoStress 6000
rheometer controlled by HAAKE RheoWin Software ver-
sion 1.3. Two measuring geometries were used: CC25 DIN
Tiand P35 Ti L.

CC25 DIN Ti is a coaxial cylinder with a 32 mm diam-
eter used for the liquid-like samples. Its titanium rotor has
a length of 60 mm, an angle of 60° and a radius of 12.5 mm,
the cap has an internal radius of 13.6 mm, the volume of the
sample is 16.1 mL and there is a gap of 1.7 mm.

P35 Ti L is a plate-plate system with a diameter of
60 mm (17.5 mm is the radius of the cone and 18 mm is the
radius of the measuring plate). This geometric system was
used to analyse all of the samples.

With the plate-plate system, the oscillatory time sweep
test was conducted in the controlled-stress (CS) mode with
a shear stress of 10 Pa situated in the linear viscoelastic
range at a frequency of SHz. The duration of the test was
600 s and the temperature was fixed at 20°C. In the same
conditions, the oscillatory temperature ramp was per-
formed in the range from 20 to 80°C, with the temperature
increasing at a rate of 0.1°C s™' and the measurements being
performed each 30 s.

With the coaxial cylinder, the flow behaviours of lig-
uid-like samples were determined using the CS/CR-rotation
ramp test at a constant temperature. The applied shear rate
was automatically controlled at an increasing order from
0 to 100 Hz over a period of 600 s. The effect of tempera-
ture was tested in independent tests at 20, 40, 60 and 80°C.

At a temperature of 20°C and only for the samples with
30 and 50°Brix, the test described above was followed by
a CS/CR-rotation step test. The increase in the shear rate
was followed by the maintenance of a constant value of
100 s for 150 s and, finally, a decrease from 100 to 0 s
for 600 s.
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These rheological measurements were completed in
triplicate.

The oscillation tests allow for the elastic and viscous
components to be obtained according to Mezger (2006):

G* = G'+iG", (1)

where: G* is the complex shear modulus (Pa), G’ is the
storage modulus (Pa), G’ is the viscous modulus (Pa), with
i=v=1. The complex shear modulus is obtained using the
Pythagoras theorem:

G*¥ =G +iG™. )

The ratio G /G "allows one to determine if the material
behaves as a solid, as a fluid or has an intermediate (viscous
elastic) behaviour. This is more clearly seen with the loss
angle (9):

)

where: ¢ is equal to 90° when the material is an ideal fluid
and is equal to 0° when it is an ideal solid.

The complex viscosity is obtained from the complex
shear modulus:

& = arctan (t;—)

(4)

where: n* is the complex viscosity (Pa s) and o (s™) is the
rotation frequency.

The effect of temperature on the complex viscosity of
the syrups was analysed using the Arrhenius equation (Rao
etal., 1984):

In*l = 16"/ w,

Ea
}?" = ?F;QRT__

)

where: 17, is the complex viscosity at infinite temperature
(Pa s), Ea is the activation energy (J mol™), R is the molar
gas constant (J mol™ K), and T is temperature (K).

The effect of the concentration of solids on the complex
viscosity of the syrups was analysed using the following
exponential relationship (Rao et al., 1984):

N =mnse, (6)
where: 75 is the complex viscosity of the pure solvent
(Pas), c is the constant related to the solids content (%'; m
m™), and C is the solids content (%; m m™).

Equations (5) and (6) may be combined to deliver Eq. (7):

Ea

cC eRT.

N = Nsx€

(7
where: 175, is the complex viscosity of the pure solvent at
infinite temperature (Pa s).

For predominantly viscous (liquid-like) syrups, flow
curves were determined with the following analysis of the
results. The power-law model was used to describe the flow
behaviour:

n — K)‘/ﬂ—l, (8)

where 7 is the dynamic viscosity (Pa s), K is the consistency
index (Pa s") and # is the flow behaviour index that is equal
to 1 for Newtonian fluids, higher than 1 for shear-thick-
ening fluids and smaller than 1 for shear-thinning fluids
(Mezger, 2006).

The consistency index and the flow behaviour indexes
were tested against a Turian approach (Ramaswamy and
Marcotte, 2005) to verify the type of dependence with
temperature:

K = Kye ¥, 9)

(10)

n=mng+mT,

where: K, k, ny and m are the Turian parameters.

The results are presented in terms of means + stan-
dard deviation of three replicates. One-way and two-way
ANOVA were used to compare the means. The significant
difference is considered when p < 0.05. SPSS Statistics 25
software (IBM, USA) was used to perform these statistical
analyses.

Table Curve 2D and Table Curve 3D (Systat Software
Inc., USA) were used to fit 2D and 3D data. The fitting
quality of each model was assessed using the coefficient of
determination (R?):

Tie, (7 —9)?
RZ=1 ==t
E;;j(}'_}")z

(11)

RESULTS AND DISCUSSION

The chemical compositions of the pulp powder and
the syrups prepared using the traditional method and the
enzymatic method are given in Table 1.The pulp powder
is characterized by a low moisture level of 14.93% which
may explain the hard consistency of the pulp and its abil-
ity to be preserved for a long time. This fruit reveals low
contents in term of ash (2.78% d.m.), protein (3.33% d.m.),
fibre (5.35% d.m.) and fat (0.39% d.m.). These values are
in accordance with those obtained by Abdeddaim et al.
(2014) analysing the same species, Z. lotus. The ash and
fibre contents were respectively 3.2 and 4.84% d.m., with
a lower value for the protein content (1.18% d.m.) and high-
er value for the fat content (0.79% d.m.). The energy value
of 1636.36 kJ 100 g reflects the high energetic intake of
this fruit. The rich composition of dry matter which mainly
consisted of carbohydrates, suggests that this fruit can be
valorized in the production of valuable products such as
syrup.

The transformation of the fruit powder into a syrup sig-
nificantly affected the chemical composition (p < 0.05). An
increase in the level of carbohydrate was observed coupled
with a decrease in the ash and protein contents. The amount
of fat in the unprocessed fruit was very low, therefore, it
was not detected in all of the syrups. Also, the syrup prepa-
ration affected the fibre content as it was not detected in
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Table 1. Chemical compositions of Z. lotus fruit and its derivatives syrups

Components Pulp powder Syrups with traditional extraction Syrups with enzymatic extraction
"l;otall soluble solids B 30 50 70 30 50 70
(°Brix)
Moisture 14.39 69.34 50.68 32.54 70.9 51.92 29.43
(2100 g', w.b.) +0.38° +0.14° +0.01° +0.05¢ +0.01° +£0.18° +0.59¢
Ash* 2.78 2.47 2.68 2.52 2.38 2.14 2.52
+0.04° +0.09° +0.08° +0.04° £0.11° +0.08° +0.08°
Crude protein® 3.33 2.16 2.05 2.06 2.16 2.12 2.19
p +0.14° +0.29° +0.04° +0.07° £0.5° +0.02° +£0.18°
5.35
%
Crude fibre £0235 ND ND ND ND ND ND
Crude fat* 0.39 ND ND ND ND ND ND
+0.06
Total carbohvdrates* 93.49 95.37 95.27 95.42 95.46 94.55 95.29
y +0.16 +0.39° +0.04° +0.04 +0.64° +0.15° +0.09°
Energy (kJ 100 g) 1636.36 1633.36 1629.81 1632.54 1634.81 1638.96 1632.5
24 £ +0.46 +0.38 +0.32 +0.14 +0.45 +0.31 +0.33

*Grams per 100 g of dry material, ND — not detected. Average values in the same row, with different indexes are significantly different

(p <0.05).

all of the transformed samples. The enzymatic treatment
did not have a noticeable effect on the compositions of
the syrups compared to the traditional extraction methods.
The compositions of Z. lotus syrups indicate their ability
to be used in the food industry as a substitute for chemical
ingredients.

The CIELAB coordinates of the Z. lofus syrups pre-
pared using both traditional and enzymatic extraction
methods are given in Table 2. The values of L*, a* and b*
are significantly (p < 0.05) affected by the total degree Brix.
Samples presenting a lower degree Brix tend to have a red
(higher a*) and yellow (higher b*) tinge and present higher
lightness values (L*). No effect of the enzyme treatment on
the colour parameters was observed.

The study of the rheological behaviour of these syrups
provides a partial explanation for their physical proper-
ties and outlines the factors affecting their behaviour for
the purposes of future industrial exploitation and consumer
use. The characterization of its liquid-like or solid-like

Table 2. CIELAB coordinates (L*, a*, b*) of Z. lotus syrups

state behaviour at different temperatures is essential for
the determination of how its properties may be usefully
manipulated.

The complex shear modulus (G) varies from 2.6 Pa ob-
tained at the highest temperature and lower Brix (80°C/
30°Brix) value treated with the enzyme, to 459.8 Pa ob-
tained at the lowest temperature and higher Brix (20°C/
70°Brix) value, this result was obtained using the tradition-
al extraction method, measured at 5 Hz (Table 3). These
values are in the range of very soft gel structures (5-10 Pa,
like salad dressings) to viscoelastic gels (50 to 5000 Pa,
like creams and food pastes) according to Mezger (2006).
Values with similar orders of magnitude were also found in
syrups. Date syrups presented values of the order of 10° Pa
at 20°C to 10' Pa at 80°C (Abbes et al., 2015). Honey
also presented values in this range at 20°C for frequencies
between 10~ to 1 Hz (Schellart, 2011) 5 and 10% by weight
and between 10” and 10° Pa at 30 Hz (Bakier, 2016).

Syrups with traditional extraction

Syrups with enzymatic extraction

CIELAB
coordinates 30 50 70 30 50 70

L* 29.00 £0.00°  25.70 £ 0.00° 24.87+£020°  29.23+0.05°  25.70+0.10° 2497 £0.11°
a* 7.50 £ 0.40° 6.30 = 0.28° 423+0.28 7.40 +0.10° 6.55+0.07° 4.10+0.14
b* 4.85+021° 1.10 £ 0.14° -0.40 + 0.00° 5.20 +0.28" 1.90 +£0.17° -1.60 £ 0.14°

Explanations as in Table 1.
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Table 3. Complex shear modulus (Pa) of Z. lotus syrups

35

Syrups with traditional extraction (°Brix)

Syrups with enzymatic extraction (°Brix)

T (°O)
30 50 70 30 50 70
20 12.7 +£0.4* 722 +3.3° 459.8 +9.8° 10.8 £0.2¢ 42.6+£0.5° 436.4+272"
40 8.9+0.1° 51.6+1.1° 348.2 + 11.6° 7.7+0.2¢ 44.5+0.3° 312.0+19.7"
60 5.0+0.1° 28.5+0.3° 200.8 + 6.2° 43+0.1¢ 30.5+0.1° 1713 £8.6"
80 3.0+ 0.0° 16.9+0.1° 124.8 £3.1° 2.6+0.1¢ 94+0.1° 113.0 +5.7°
1000 1000
'EE.”':'DH oo EEEE
Ea .-EEHHEDDH 'iiiii..-.i
100 4 "=NNEgg 100 | LY I I
ALa,, A hAaoy gy
BAA, a;‘ A \ ﬂaaaaagggﬁzzgzzz““
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*iag, Qeeg@a )
e 3099 w Qeegai.
1 9900 1
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Fig. 1. G’ and G modulus dependence on temperature, degree Brix of the syrup with and without enzyme treatment (#30°C, 030°C

enzyme, A50°C, A 50°C enzyme, m70°C, 070°C enzyme).

The complex shear modulus decreased with the rise in
temperature and increased at the higher degree Brix (Table
3), thereby reflecting the syrup states that exhibit a more vis-
cous liquid state at a higher temperature and lower degree
Brix. The enzymatic treatment also affected (p < 0.05) the
values of G, they decreased. In fact, the enzymes pectinase
and cellulase ensure the cleavage of the pectin and cellu-
lose polymers and hence promote the prevalence of the
viscous state. A decrease in G* is related to a decrease in
the complex viscosity. It has already been observed that the
enzymatic tretament of other syrups and fruit juices decreas-
es their viscosity (Al-Hooti et al., 2002) which is native
to the Mediterranean region and originated in the Arabian
Gulf area, is now becoming an important commercial crop
in Kuwait. Because of the tremendous efforts of the Public
Authority for Agriculture and Fisheries Resources, date
palm cultivation has developed quickly in Kuwait during
the last decade. These newly planted date fruit trees, as well
as tissue culture plants being produced and distributed by
KISR, would start bearing fruit in a few years. It may not
then be possible to consume all the fresh date fruit locally
and, subsequently, newer avenues for turning this surplus
fruit into value-added products will become a necessity and
a commercially viable venture. Technology was developed
on a laboratory scale for the production of date syrup from

tamer fruits of two commercial varieties, Birhi and Safri,
for further use in food products. Both the varieties were
found to be high in total sugar contents (about 88%).

The loss and storage modulus (G~ and G°) of all of the
syrups decreased with temperature in the range studied of
20 to 80°C, as shown in Fig. 1. This is an expected result
since at higher temperatures the mobility of the molecules
is higher (Katsuta and Kinsella, 1990). No abrupt change
in both moduli was observed, which is an indication that
no phase change occurred within the studied temperature
range. Both moduli presented a decrease with temperature
that was close to linearity, except for G’ (the elastic com-
ponent) of the 30°Brix samples, which decreases more as
the temperature rises, tending towards a more viscous (lig-
uid-like) behaviour. This may be observed more clearly in
Fig. 2, where the loss angle delta (Eq. (3)) of the syrups
is shown for the temperature range studied. The 30°Brix
syrup always has a more viscous behaviour (> 45°) over
the entire temperature range, for the samples treated with
and without enzyme. Syrups of 50°Brix presented mixed
properties: more elastic (solid-like) at 20°C for the sam-
ples treated or not treated with enzyme, but increasingly
viscous up to 80°C. The elastic behaviour is observed
over the whole temperature range studied for the 70°Brix
syrups (< 45°). This must be due to the lower content of
water molecules, the solvent molecules that constitute the
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Fig. 2. Phase shift dependence on temperature and degree Brix
of the syrup, with and without enzyme treatment. Explanations
as in Fig. 1.

flow medium to these syrups and are thus responsible for
the magnitude of its flow properties. As explained by Ben
Thabet et al. (2009) rheological, thermal, sensory proper-
ties and by its antioxidant activity. Syrups from date palm
sap have a good nutritional value marked by high amounts
of sugars (58-75 g 100 g fresh matter basis, the interac-
tion between the water molecules and the other molecules
affected the molecular movement in the sample.

Glucose syrups and honey presented a viscous beha-
viour at 20°C (Schellart, 2011) as well as date syrups with
80°Brix (Abbeés et al., 2015). The difference between the
behaviour of Z. lotus and the abovementioned products
may be the additional fibre and protein that these syrups
contain. Honey is composed of solids (77-88%) of which
close to 95% are sugars (Machado De-Melo et al., 2018).
Z. lotus contains between 95.94 and 97.03% carbohydrates,
of which, according to Abdeddaim et al. (2014), no more
than 86% are sugars. The fibre and protein these Z. lotus
syrups contain may explain their more elastic behaviour at
low water contents (70°Brix), with these polymers contrib-
uting to a more solid structure rather than forming a fluid
typical of high sugar content solutions.

The activation energy is the energy required to resist
against the frictional forces and thus set the molecules in
motion, thereby reflecting the effect of temperature change
on the viscosity values (Makhlouf-Gafsi et al., 2016). In
this work, the Arrhenius model parameters were estimated
using Eq. (5), with an R value higher than 0.99, and with
activation energies varying between 21.6 and 24.6 kJ mol ™,
for the studied ranges of temperature, for each set of degree
Brix and enzyme treatment (data not shown).Overall these
values are less than half the ones of date syrups that pre-
sented activation energies ranging from 48.9 to 75.2 kJ
mol™ (Abbeés et al., 2015). This divergence with the acti-
vation energy of Z. lotus syrups may be due to the different
origin and the composition of the raw material affecting the
chemical structure of the obtained syrups and thereby influ-
encing the activation energy (Makhlouf-Gafsi et al., 2016).
As discussed previously, Z. lotus syrups contain more fibre

and protein than date syrups and it may be the case that
temperature has a lower effect on the viscosity of solu-
tions of these molecules than on sugar solutions. Barreto
et al. (2003) temperature and plasticizer content. The shear
stress-shear rate plot showed typical Newtonian behaviour
in all of the studied systems. The effect of temperature on
the viscosity was described by the Arrhenius equation,
where the activation energy values obtained varied from
7.5 to 12.1 kJ mol™ as the concentration changed from 10.5
to 13.0% (w/w and Cepeda and Collado (2014) reported,
for protein-rich and fibre-rich products respectively, acti-
vation energies lower than 12.3 kJ/mol and (Mossel et al.,
2000) blue top iron bark, gum top, heath, narrow leafed
iron bark, stringy bark, tea tree, yapunyah and yellow box
reported activation energies of sugar-rich solutions (honey)
in the range of 60-120 kJ mol™.

Although the variation of the mean between the sam-
ples is relatively low, the activation energy is affected by
the extraction method and the degree Brix. However, these
effects are related to the solids content of these syrups, with
the viscosity following an exponential trend according to
Eq. (6). These findings are in accordance with the results
of Borchani et al. (2019) and Abbeés et al. (2015) who
confirmed that enzymatic treatment enhances the activa-
tion energy, though no relationship with the solids content
was established. Nevertheless, Chetana et al. (2004) also
observed the same influence of solids content in polydex-
trose and maltodextrin solutions.

The complex viscosity of Z. lotus syrups was thus
shown to decrease exponentially both with the inverse
of temperature and with solids content. This combined
effect may be approached with a 3D model according to
Eq. (7), assuming one value of activation energy for the
entire degree Brix range and for both extraction methods,
despite this simplification, the method allowed for the gen-
eration of output data with a good prediction accuracy,
confirmed by a high R* and small errors of model parame-
ters (Table 4, Fig. 3).

Table 4. Complex viscosity as a function of temperature and
solids content: parameters and its errors of fitting Eq. (7)

Nt (Pash)  ex10%%")  Ea (kI mol") R?

0.100 £+ 0.001 2.337+0.512 21.94+0.58 0.984

Within the ranges studied, the solids content affects the
complex viscosity more than the temperature by an order
of magnitude of 10, as illustrated in Fig. 3. When the sol-
ids content is decreased from 70.57 to 29.10%, at the same
temperature, the viscosity can increase by 40 to 60 times,
while the temperature can only increase the viscosity from
4 to 8 times when it is increased from 20 to 80°C, at differ-
ent solid contents.
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Fig. 3. Natural logarithm of complex viscosity variation accord-
ing to temperature and solids content.

The flow curves of 30 and 50°Brix syrups prepared
using traditional and enzymatic methods, obtained at 20,
40, 60 and 80°C, are shown in Fig. 4. For all of the tem-
peratures and treatments examined, the syrups exhibited
non-Newtonian behaviour. The shear stress rose with the
increase in shear rate thereby reflecting shear-thinning
(pseudoplastic) behaviour, translating into a dynamic vis-
cosity decrease with the increasing shear rate. Date syrup
evaluated at a temperature range from 20 to 80°C, also
presented shear-thinning behaviour, which may be attribut-
ed to the effect of high temperature on overcoming the
molecular resistance to flow by the disentanglement of
long-chain branching (Gabsi et al., 2013). Despite the
increase in temperature to 80°C, the syrups retained their
non-Newtonian behaviour thereby demonstrating their
stability independently of temperature variation. Syrups
prepared with maltodextrin or polydextrose also presented
shear-thinning behaviour, for a temperature range between
25 and 80°C and with a solids content between 35 and 65%
(m/m) (Chetana et al., 2004), while syrups prepared with
sorbitol and sucrose presented a Newtonian behaviour. This
may explain the behaviour of our syrups which contain
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a portion of long polysaccharides though most of the com-
position of the solids are expected to be sugars, as discussed
previously.

Additionally, a test to evaluate the degree of thixotropy
was performed. The shear rate was increased to 100 s, the
rate was maintained for 150 s, and then decreased to zero.
The ascendant and descendant flow curves overlap (data
not shown), presenting no hysteresis, which is an indicator
of the absence of thixotropy. Also, these properties were
shown to be time independent since the viscosity does
not change after rest and at a constant shear rate (data not
shown).

The samples with higher degree Brix demonstrated
higher response values in the measured shear stress, which
ranged from 0 to around 30 Pa and from 0 to around 140 Pa,
respectively, for the 30 and 50°Brix samples. Thus, the
rise in total soluble solids increased the viscosity, as in the
oscillatory tests, which may be explained by the higher
water content for the 30°Brix samples. Similar results were
described for other liquid products like maple syrups and
date syrups (Ngadi and Yu, 2004; Gabsi ef al., 2013).

Enzymatic treatment also had an effect on the dyna-
mic viscosity, which may be explained by the lower solids
content of these samples, as discussed above with regard
to complex viscosity. The samples that were treated with
enzymes, at the same temperature and with a lower sol-
ids content, presented lower values of shear stress thereby
reflecting a lower viscosity. A similar observation was
reported in studies by Borchani et al. (2019) for pear syrup
and Abbeés et al. (2015) for date syrup. The enzyme promot-
ed pectin degradation and as a consequence increased the
free water content by reducing the water-holding capacity
(Abbes et al., 2015) and additionally resulted in the pres-
ence of smaller molecules characterized by a greater degree
of mobility.

The flow curves were fitted successfully (R* close to 1)
with the power law model adequately defining the flow
behaviour of these liquid samples. The consistency and

T (Pa) 40°C
80 20°C enzyme
60°C

* 40°C enzyme
* 80°C

60°C enzyme
80°C enzyme

100

Fig. 4. Flow curves of syrups at 30 and 50°Brix with and without enzyme treatment at temperatures of 20, 40, 60 and 80°C.
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Table 5. Consistency and flow behaviour indexes for syrups of 30 and 50°Brix

Brix Treatment T (°C) K (Pas") N R*
20 1.973 £0.011 0.597 £ 0.001 0.983
40 0.797 +0.029 0.703 + 0.009 0.962
normal
60 0.335+0.012 0.791+0.010 0.951
80 0.144 +0.005 0.869 + 0.008 0.940
30
20 1.854+0.013 0.578 +0.002 0.988
40 0.744 + 0.027 0.687 = 0.006 0.964
enzyme
60 0.334+0.011 0.762 £+ 0.007 0.966
80 0.145+0.016 0.850 +0.001 0.953
20 17.960 + 0.014 0.440 + 0.000 0.998
40 8.246 £ 0.131 0.527 + 0.006 0.992
normal
60 3.583 +0.067 0.627 £+ 0.006 0.979
80 1.865 + 0.004 0.695 +0.007 0.983
50
20 7.792 +0.099 0.513 +0.006 0.991
40 3.077 £ 0.092 0.623+0.012 0.975
enzyme
60 1.172 £ 0.045 0.743 + 0.006 0.953
80 0.604 +0.033 0.810 =+ 0.000 0.977
Table 6. Turian parameters applied to consistency and flow behaviour indexes for syrups of 30 and 50°Brix
°Brix Treatment K, (Pas") kx10* (°C™) R? n, mx10’ (°C™") R?
30 normal 4.816 +0.125 4.468 + 0.049 0.999 0.514+0.013 4.521 +£0.230 0.995
enzyme 4.455+0.250 4.399 +0.109 0.999 0.496+0.013 4.464 +0.230 0.995
5 normal 39.291+1.572 3.915+0.073 0.999 0.356+0.012 4.325+0.219 0.995
enzyme 19.511 +£1.171 4,599 +0.117 0.999 0.420+0.022 5.055+0.406 0.987

flow indexes are presented in Table 5 and the results of the
Turian approach to studying its dependence on temperature
are presented in Table 6.

The consistency constant K decreased exponentially
with temperature (Eq. (9)) as a result of the higher mobility
of the molecules, mirroring the decrease in viscosity. The
warming process leads to an increase in molecular thermal
energy and the distance between molecules, as explained
by (Makhlouf-Gafsi et al., 2016), decreasing friction and
resulting in a viscosity decrease. For 30°Brix, K is similar
for enzyme treated samples and non-enzyme treated sam-
ples and varied between 0.144 Pa s" at 80°C and 1.97 Pa s"
at 20°C. For 50°Brix, K varied between 0.604 Pa s" at 80°C
and 7.79 Pa s" at 20°C for enzyme treated samples, while
it was twice as high for the traditional extraction samples.

The flow index presents the opposite trend of that of the
consistency index, it increases with the rise in temperature
and decreases with a higher solids content. Once again, the
enzymatic treatment only had an effect on the 50°Brix sam-
ples leading to an increase in the # index from 0.44 to 0.695
and from 0.513 to 0.81 with respect to the normal and enzy-
matic extraction samples. For all of the samples studied,
the flow index is close to 1, the index of a Newtonian fluid,
since at higher shear rates the polymer chains in shear-
thinning fluids tend to align with the flow and this decreas-
es the resistance of the fluid to the flow (Mezger, 2006).
The Turian approach is fully confirmed with the index n
showing a linear dependence with temperature (Eq. (10),
Table 6).
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CONCLUSIONS

1. Fruit syrups of Z. lotus were successfully obtained
and characterized. A chemical analysis showed that these
syrups can be used as a source of energy.

2. The rheological measurements for the studied con-
centrations within the temperature range 20-80°C showed
that the 30°Brix samples displayed a viscous behaviour,
thereby creating the potential for consumer use or enabling
them to be pumped in a manufacturing environment, while
the 70°Brix samples presented a predominantly elastic
behaviour, resulting in a syrup which is difficult to manipu-
late. These syrups did not demonstrate thixotropy or any
time dependence of viscosity.

3. The complex viscosity of the samples decreased
with temperature and with decreasing solids content, they
were described successfully with a mathematical model
that incorporates both independent variables, with an
Arrhenius-type dependence on temperature. The influence
of enzyme treatment on viscosity occurs through its influ-
ence on the solids content.

4. The flow behaviour evaluation proved that the 30 and
50°Brix are shear-thinning fluids, tending to Newtonian
fluids at higher temperatures.

5. Dynamic viscosity has been well described by the
power law and the dependence of these parameters on tem-
perature was adequately described by a Turian approach.
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