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Abstract

This study uses the Arrhenius-type equation and the Frenkel-Eyring equation to evaluate the viscosity-temperature dependency of the baobab
pectin (BoP) solution at 278.16-353.16 K. The viscosity parameters (apparent viscosity, 774 and intrinsic viscosity, [r7]) were analysed for polymeric
systems of WEp (pectin extracted using water), AEp (pectin extracted using acid), and Cp (citrus pectin, a control). A Vibro-viscometer was used
to measure 774, while [n7] values were estimated from the Kuwara equation. The viscosity parameters decrease with an increase in temperature,
though the effects were more pronounced in WEp than in AEp and Cp. Data from [] indicated that activation energy E, was higher for AEp (12.24
kJ/mol) and lower for WEp (10.18 kJ/mol). In contrast, the 174 data had a higher E, for WEp (21.38 kJ/mol) and a lower E, for Cp (16.49 kJ/mol).
The 14 data showed a non-linear viscosity-temperature relationship, and the Vogel-Fulcher-Tammann-Hesse equation was used instead to relate the
temperature dependency of BoP. The flow patterns of all pectin solutions showed positive entropy (AS), positive enthalpy (AH;), and negative
Gibbs free energy (AG; ). This revealed that the flow was disordered, dependent on temperature, and spontaneous. Overall, the viscous flow of
WEDp was more sensitive and less dependent on temperature compared to AEp and Cp.
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1. Introduction

One of the fundamental features of polymeric molecules is their ability to portray certain configurations when temperature is
increased or reduced. Such structural changes may have significance for the techno-functional properties of the polymeric material.
Adansonia digitata L. (baobab) is one of the indigenous plants in Southern Africa known to have higher levels of pectic material in
its leaves, buck, and fruits [1-3]. The extraction of pectin from the fruit, leaves, and buck has been done using alkaline, chelating
agents, or acidic hydrolysis [1, 3, 4]. Pectic material from the baobab pulp found in the fruit has been extracted by hydrolysis in
warm or hot water [2, 5, 6].
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Alba et al. [3], Damodaran et al. [4], Dimopoulou et al. [7], and Nwokocha and Williams [8] all mentioned the chemical
properties of baobab pectin extracted using water and acid solvents. An experiment by Alba et al. [3] used NMR analysis and
size exclusion chromatography coupled to a light scattering detector (SEC-MALS) to study the structure, molecular weight, and
monosaccharide of BoP. They found that the leaves have linear and branched pectins with approximately 71 mol% uronic acids, 12
mol% rhamnose, and 9 mol% galactose. The fruit pulp, on the other hand, has about 69 mol% uronic acids and 13 mol% xylose
(xylogalacturonans). Another unique thing about baobab pectin (BoP) is that it only has one S-Xylp (xylogalacturonans) residue,
which replaced about 12 mol% of 1,4-linked a-GalpA (galacturonic acid) residues at the O-3 position [2- 4]. Thus, the polysaccharide
mainly constitutes linear xylogalacturonans [2, 3, 7, 8]. Studies showed that the average molecular weight of baobab pectin ranges
from 30 kDa to values above 300 kDa [2 - 4]. Comparisons made at the point of extraction showed that pectic material from leaves
had a high molecular weight (> 300 kDa), while that from fruit or pulp had a low molecular weight (< 200 kDa) [3]. The molecular
weight of pectin from water extraction is lower (58 kDa), and its degree of esterification, dE lower (dE < 20%). On the other hand,
molecular weight of pectin from acid extraction is higher (M,— > 300 kDa) and its dE higher (dE =~ 50%) [2, 3]. Patova et al.
[2] and Alba et al. [3] extrapolated the intrinsic viscosity, [77], of baobab pectin (from the water extraction method) using Huggins
and Kraemer’s equation at a concentration range of 0.52-1.63 g/dL and obtained a value of 0.038 L/g. Alba et al. [3] found that
acid-extracted baobab pectin had an [5] of 0.050-0.070 L/g, at concentrations of 0.01-25.0 g/dL, based on the Huggins and Kraemer
equations.

The strength and quantity of interactions between polymer-polymer and polymer-solvent molecules typically govern the visco-
metric properties of polymers [9]. In general, an increase in the solution’s viscosity provides a good explanation for how water
interacts with pectin [10]. Thus, a drag of flow in pectin solution that is directly proportional to concentration is usually experienced
[11]. Determination and analysis of intrinsic viscosity from pectins and related polysaccharides or biopolymers using several math-
ematical models were mentioned in the literature [12-17]. According to Masuelli [10], Pamies et al. [12], and Fellows [18], the flow
properties of pectin can change from Newtonian to non-Newtonian. This depend on factors like the acid potential of the solvent,
the presence of cations, changes in concentration, and temperature changes. Lopez et al. [19] indicated that the introduction of heat
in a polymeric system may change the strength and the number of molecular interactions, which may alter the viscosity properties
completely. There are long-standing theories on the effects of temperature on flow mechanics and the rate of reaction of molecules.
A well-known phenomenon of temperature is its ability to reduce the viscosity (increase the flow rate) of solution and increase the
rate of reaction as explained by Berthelot’s exponential formula (Eq. 1) [20-22]. Thus,

K; =A-B", (1

where K is the reaction or flow velocity constant at the temperature 75; A and B are constants of the equation.

Berthelot’s formula (Eq. 1) presumes that K| increases in a geometrical progression when the temperature rises arithmetically.
However, as illustrated by Belehradek [21], Berthelot’s formula breaks down at higher temperatures. This constraint was rectified by
the Van’t Hoff emperical rule, which uses the ratio of the velocity constant (K; and K;) of two temperatures (T} and T,) differing by
10 degrees. This can be represented by Eq. (2) [23]:
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where K| and K is the velocity constant at temperatures 7 and T respectively, and A is proportionality constant.

Perhaps the most popular theory for relating viscometry to temperature is the Arrhenius law or equation. Several studies [24-
26] have used the Arrhenius equation to elucidate viscosity-temperature dependency in typical polymer solution systems. In the
Arrhenius system, temperature dependence, T of reaction rate or viscous flow (K), is based on activation energy, E, (temperature
sensitivity), as shown in Eq. (3) [24, 27].
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Vyazovkin [24] showed that E, from the Arrhenius equation can be related to Van’t Hoff using the temperature coefficient of the
rate change, ® (a change in the rate constant per 10K change in temperature) using Eq. (4). Thus:

E,=RT
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O is the ratio of velocity constants for temperatures differing by 10 degrees, and its value is between 2 and 3 approximately
[23, 28]. Using the Arrhenius equation, other models and interpretations have been developed. Ike [29] introduced the Arrhenius
temperature (T) and Arrhenius activation temperature (7*) for accessing transport behaviours in mustard oil and cotton seed oil at
temperatures between 25 and 90°C. Ike [29] showed that E, and pre-exponential factor are temperature-independent within 278.15-
328.15K. Using graphical and linear least-fitting methods, the intercept can be used to find a third parameter, the Arrhenius temper-
ature (74), along with the gradient (E,/R) and intercept Inng. T4 simplifies Eyring’s viscosity-temperature dependence equation -an
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Arrhenius-type equation that is suitable for a wider temperature range. Vogel-Fulcher-Tammann-Hesse (VFTH) type equation and
the Frenkel-Eyring equation both add to the Arrhenius equation by incorporating non-Arrhenius ideas and thermodynamic concepts
[24, 27].

There are other theories for the mechanistic interpretation of temperature-dependent fluid flow. The cooperatively rearranging
region (CRR), which Adam and Gibbs proposed, mandates that structural units cooperate to reorganise themselves in order to achieve
viscous flow [30, 31]. These theories imply that changes in molecular interactions brought about by bond breaking, switching, and
twisting have an impact on the thermally activated viscous flow [32]. As a result, Cox and Merz [33] noted that an increase in
molecules’ kinetic energy, which allows them to pass the energy barrier (E,), can define viscous flow. Alternately, transitions
in the chemical interactions between sections of the pectin polymeric chain can explain viscous flow. As temperature increases,
hydrophobic interactions between chain segments are promoted as compared to hydrogen bonding and van der Waals forces [34, 35].
So, as the temperature rises, temperature-initiated hydrophobicity makes interactions between polymers stronger than interactions
between polymers and solvents. This causes the viscosity to decrease.

The temperature dependency of pectin solution and related polysaccharide, or biopolymers, is well established in the literature.
Masuelli [10] and Masuelli [36] study the effects of temperature on the hydrodynamics of citrus pectin obtained from peels at a
temperature range of 25-50°C. The studies conclusively indicated that the intrinsic viscosity of the pectin solutions decreases with
an increase in temperature. The pectin behaves like a colloidal particle, with a rod-like conformation at low temperature that tends to
compact with increasing temperature; that is, the hydrodynamic radius of the pectin molecules Ry decreased. It was also shown that
the molecular weight of pectin was not affected by temperature (within the range of 25-50°C) but rather the hydrodynamic properties
[10, 36]. Masuelli [10] further showed that there was an increase in E, as concentration increased due to the high resistance to
flow imposed by pectins. In another study, Kar and Arslan [37] also determined the effect of temperature on the viscosity of orange
peel pectin solution at temperatures between 20 and 60°C. It was observed that intrinsic viscosity decreases as the thermal energy
of molecules increases and the intermolecular distances increase due to thermal expansion. Using the Arrhenius equation, it was
established that E, depends on pectin concentration, and the effect of temperature was strong at higher concentration. Thus, both
temperature and concentration have an effect on viscosity [37].

Zamani and Razavi [38] determined the effects of temperature on the flow of nettle seed gums (NSG) dispersed in distilled water
at 10-70 °C. Intrinsic viscosity decreases with an increase in temperature. The shape factors of NSG at 10-40 °C was spherical,
which changed to ellipsoidal as the temperature increased to 40-70 °C. Using the Arrhenius-type equation, Zamani and Razavi [38]
found that NSG’s E, value was 0.488 x 107 J/mol and intrinsic viscosity ranged from 0.15-0.21 dL/g. Monkos [39] showed the
viscosity-temperature dependency for human serum albumin (HSA) protein at temperatures ranging from 5-45 °C. Monkos [39]
used Arrhenius and Mooney’s equations to determine viscosity-temperature and viscosity-concentration dependence and establish
that viscosity decreases with temperature and a relatively high solution’s concentration increases the viscosity. Malviya [26] used
the Arrhenius, Gibbs-Helmbholtz, Frenkel-Eyring, and Eotvos equations to find surface tension, activation energy, Gibbs free energy,
Reynolds number, and entropy of polymeric solution from tamarind seed at temperature of 10-80 °C. Apparent viscosity and surface
tension decrease with an increase in temperature. Negative entropy and positive enthalpy were observed and suggest that bond
breaking follows the attainment of the transition of viscous flow in tamarind seed gum. The lower values of Gibbs free energy
obtained indicated that there were few intra- and intermolecular interactions.

Despite the fact that current literature has investigated the effects of heat on a variety of polysaccharides, gums, and biopolymers,
no research has been conducted (to the best of our knowledge) on the temperature dependence of baobab pectin solution during flow.
The study’s objective was to use Arrhenius-type models and the Frenkel-Eyring equation to look at how the viscosity (both apparent
and intrinsic viscosity) of BOP (extracted with water and acid hydrolysis) changes as the temperature varies. The research will be
useful in developing heat-dependent processes that use baobab pectin for commercial purposes. As mentioned by Haj-Kacem et al.
[27] and Muhidinov ef al. [40], these processes can be extended to some of the following applications: hydraulic calculations for
heat-dependent fluid transport; design processes such as retorting, microwaving, sterilisation, pasteurisation, freezing, thawing, and
storage; and the development of products such as jams, jellies, beverages and pharmaceuticals.

2. Methodology

2.1. Extraction of pectins and preparation of analytes

Baobab pectin from the pulp was extracted using acid and water hydrolysis (Figure 1). The acid extraction method was obtained
from Sundar Raj et al. [5], Sayah et al. [41], and Walding [42], with modifications. The baobab pulp was mixed with a citric
acid solution (concentration = 20% or ~ 1.04M, pH=1.47), to make up 10% (w/v) of the baobab pulp solution with a pH of 1.56.
The mixture was placed in a water bath at 80+10 °C for 3 hours and stirred periodically. After cooling to approximately 55 °C,
the solution was filtered using a double-folded mutton cloth or filter paper and then further cooled to room temperature. The water
extraction method of pectin from baobab pulp was obtained from Patova et al. [2], Sundar Raj et al. [5], and Nour et al. [6] with
modifications. Water extraction was done by suspending baobab pulp in distilled water using a ratio of 1:10 (10% w/v). The pH of the
baobab pulp solution was 3.12. The mixture was heated in a water bath at 50+5°C for 1.5 hours, and stirring was done periodically.
The slurry was filtered using a double-folded mutton cloth and cooled to room temperature. Pectin was precipitated from the filtrate
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Baobab fruit pulp
ACID EXTRACTION (AE) METHOD
Mixture Properties:
=Baobab pulp percentage — 10% WATER EXTRACTION (WE) METHOD
=Type of acid -Citric acid Mixture Properties:
>Concentration-20%%; 1.04 M < =Baobab pulp percentage — 10%
=pH of acid solution — 1.47 . =pH of water + pulp — 3.12
=>pH of acid solution + pulp — 1.56 Extraction Conditions:
Extraction Conditions: =Temperature: 50+3°C
=Temperature - 80=10°C >Time: 1 Shrs
=Time - 3hrs
Filtration with double folded mutton cloth
# (Baobab solution was refurned; residue was [«
discarded)

# Cooling of the samples to room temperature

Precipitation with Ethanol

=Concentration 70% Ethanol

= =Fatio-1:3 (Filtrate: Ethanol)

=Decanting the solution from the precipitates

Washing of the precipitate using 99.9%
Ethanol 3 times

>

¢ Drying at 30-50°C in oven dryer
#+ Grounding and sieving to 60pm
s Storage in cool dry place

Figure 1: Flow chart for water (WE) and acid extraction (AE) methods.

with ethanol (70%) at a ratio of 1:3, and the liquid was decanted from the precipitate. The precipitate was washed with excess ethanol
(99.9%) three times and then dried.

The extracted pectin precipitate was dried at 30-50 °C for approximately 9-10 hours using a forced draft oven (UL 40, Memmert,
USA). After the drying process, the pectin extract was cooled in a desiccator, grounded, and sieved using a 60pum sieve aperture. The
yellowish baobab pectin (BoP) powder was collected and stored in a dry, cool place. A commercial citrus high-methoxyl pectin, Cp
(Grindsted pectin AMD 780, DM = 70%, Danisco, USA), and distilled water were used as reference samples. Analytes of pectin
samples with a concentration of 2.0 g/dL. were prepared by mixing respective amounts of pectin extract (2.0g) in distilled water
(100ml). The mixture was mixed vigorously and allowed to stand for 24 hours at room temperature to allow complete hydration. The
solutions were made for each sample of commercial pectin (Cp), water extraction baobab pectin (WEp), and acid extraction baobab
pectin (AEp).

2.2. Viscosity and temperature measurement

A Vibro-viscometer (SV-10, A & D Company Limited) was used to measure pectin solutions’ apparent viscosity (174), and
Ostwald glass capillary apparatus to get intrinsic viscosity ([r7]). The Vibro-viscometer was calibrated using distilled water within
a temperature range of 5.0-60.0 °C. The effects of temperature on the flow properties of baobab pectin were investigated at ap-
proximately 5.0, 25.0, 50.0, and 80.0 °C. Temperature control was maintained using a water bath, which was set at the respective
temperatures mentioned above. The sample was initially heated to the recommended temperature before being placed in a Vibro-
viscometer or Ostwald apparatus. The flow time in the Ostwald viscometer was measured with the apparatus submerged in the water
bath. However, for the Vibro-viscometer we measured the temperature before and after the measurement and used the average of the
two temperature values. The average temperature, 7, was calculated as follows (Eq. 5):

Ta+Tb)’ )

T“*”:( 2
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where T, and T}, are the initial temperature (before measurement) and final temperature (after measurement), respectively.

2.2.1. Intrinsic viscosity calculation
An Ostwald capillary viscometer was used to measure the relative time taken by pectin solutions to flow through the capillary
tube, as explained by Muyambo et al. [15] and Masuelli [36]. The tests were done in triplicate. The relative time (s) was used to
calculate the viscosity ratios: relative viscosity 77, and specific viscosity (increment of relative viscosity) 7,,,, as shown in Eq. (6) and
Eq. (7) [13, 15, 43, 44].
Relative viscosity, 1, = tg/to, (6)

S pecific viscosity, ny, = (t; —to)/to = 1, — 1, 7)

where ¢, and #( are the time taken by BoP solutions and distilled water, respectively, to flow through the Ostwald capillary viscometer.

The viscosity ratios were used in the estimation of the intrinsic viscosity [77] of the baobab pectin (BoP) solution. As mentioned
by Pamies et al. [12], Muyambo [43], Abel-Azim et al. [45], Mahanta and Pattnayak [46], the prediction of [;7] used the Kuwahara
equation (Eq. 8) is based on a single-point determination. Muyambo et al. [15], Masuelli [44], and Mahanta and Pattnayak [46]
states that the single-point methods of evaluating (SPME) viscosity are better than the graphical extrapolation of experimental data
(GEED) method because they save time and solvents while giving accurate results that are similar to the GEED method. The
Kuwahara equation (Eq. 8) was used in this study since it is considered more accurate [43, 46].

1
Kuwara Equation, [n] = — (775,, +31n n,) , (8)
4.c

where c is the concentration in g/dL of the BoP solution.

2.2.2. The Arrhenius equation and Arrhenius parameters

The flow properties were related to temperature using the Arrhenius equations, Eq. (9), Eq. (10), and Eq. (11). Vyazovkin [24],
Haj-Kacem et al. [27], Muhidinov et al. [40], and Ouerfelli ez al. [47] all mentioned the Arrhenius equation for relating viscosity to
temperature.

n = no exp[E./RTk], 9
thus,
E,
Innp=Inny + x -(1/Tk). (10)

Messaadi et al. [25], Haj-Kacem et al. [27], and Ike [29] indicated that T equals the parameter E,/R, termed the Arrhenius activation
temperature or Boltzmann factor (Eq. 11). Thus, it follows that:

Ingp=1Inny+7T"-(1/Tk), (11

where 17 is the pre-exponential factor (L/g) based on [n] or 4, E, is the activation energy (J/mol), Tk is the absolute temperature in
Kelvins (K), R is the universal gas constant (8.3144721 J/mol) and T* is the Arrhenius activation temperature (K). The Arrhenius
temperature, T4 (K), was calculated by using Eq. (12) as indicated by Messaadi et al. [25] and Haj-Kacem ez al. [27]:

— _Ea
- R']l’l?’]o.

T4 (12)

2.2.3. Pseudo-Arrhenius equations for non-linear flows

The agreement of the viscosity-temperature data to the Arrhenius equation was evaluated using the correlation coefficient (R?)
and root mean square errors (RMSE). The data, which had relatively low R? (< 90) values and high RMSE, was further fitted into
non-linear mathematical models derived from Arrhenius equations [25, 27, 48] , (Eq. 13 - 16):

n=mno-expl(B+D/Tg) - 1/Tk], (13)
n=mno-exp[lB-1/(Tx — O], (14)
n=mno-expla-logTx + D/Tk], (15)
n=no-exp[B/Tx+b-Tkl, (16)

where 7 is the intercept and a, B, b, C. and D are proportionality constants.
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Table 1: Intrinsic viscosity distribution at different temperatures using Kuwara equation.

WEp AEp Cp
Ty(°C) Tk (K) [n] (L/g) Ty(°C) Tk (K) [nl L/g) Ty(°C) Tk (K) [nl L/g)
5.53 278.69 0.0132+0.009aA 5.10 27826 0.0798+0.048aB  4.93 278.09 0.0912+0.078aC
24.97 298.12  0.0092+0.006bA  25.10 298.26 0.0427+0.001bB  24.97 298.13  0.0578+0.002bC
50.10 323.26 0.0081+0.007bA  50.27 323.43  0.0341+0.009cB  50.17 323.33  0.0432+0.003¢cC
79.00 352.16  0.0050+0.003cA  79.33 352.49  0.0247+0.003dB  79.00 352.16  0.0336+0.002dC
Values are expressed as mean+SD of three replicates.
Results with the same letters a — d’ in a column are similar, P > 0.05.
Results with the same letters ’A — C’ in a column are similar, P > 0.05.

2.2.4. The Frenkel-Eyring equation and Thermodynamic parameters
The Frenkel-Eyring equation (Eq. 17) from Vyazovkin [24], Malviya et al. [26], Acevedo and Kartz [49], and Sillick and
Gregson [50] served as a basis for estimating the thermodynamic parameters of pectin solutions.

n AS,\ AH, (1
)50 )
where 7 is the pre-exponential factor, Tk is the absolute temperature, AS, (J/K) is the change in entropy, R is the universal gas
constant, and AH, (J/mol) is the enthalpy of change in viscous flow.

A plot of In(n/Tk) vs. 1/Tk is estimated to be linear with a slope equal to (AH,/R), and and intercept equal to (Inny — AS,/R)
according to Malviya et al. [26] and Acevedo and Kartz [49]. Vyazovkin [24] and Acevedo and Kartz [49] showed that using the pre-
exponential factor (779) obtained from the Arrhenius equation, the Gibbs free energy can be calculated at any absolute temperature,
Tk, using the Gibbs-Helmbholtz equation (Eq. 18):

AG, =AH, - Tk -AS,, (18)
where AG, (J) is the Gibbs free energy.

2.3. Statistical analysis

The values were expressed as mean+SD for the 3 replicates conducted during the experiments. Using Fischer’s Least Squares
Differences (LSD) test at P = 0.05, significant differences between each pectic solution (WEp, AEp, and Cp) at different temperatures
were determined. Statistical software packages used for data analysis and visualisation were SPSS (IMB SPSS Statistics, v26.0),
MATLAB (MathWorks, R2018a), and Excel (Microsoft 2019).

3. Results and Discussion

3.1. Effects of temperature on intrinsic viscosity and apparent viscosity

The results for intrinsic viscosity [7], at 278.69-352.16K, calculated using the Kuwahara equation (Eq. 8) are shown in Table 1.
Table 2 shows the apparent viscosity (174) values as temperature increases from 278.18-353.16K. In addition, the apparent viscosity
of distilled water was also determined as a control (Table 2). There was a big difference in the intrinsic viscosity values as the
temperature rose and as the type of pectin changed (Table 1), with a significance level of P < 0.05 using LSD post-hoc.

The values for 774 are shown in Table 2. Using total means, it was observed that 174 from 298.16-323.16K was statistically the
same, P > 0.05, (Table 2) but different from results observed at 278.16K. Table 2 shows that the total means for AEp and Cp were
statistically the same using LSD post-hoc analysis in the same row. In general, higher values for intrinsic viscosity and apparent
viscosity values were observed at low temperatures and decreased as temperatures increased (Figures 2 and 3). In both the cases of
[7] and 74 the graphs (Figure 2 and Figure 3, respectively) showed a step decrease in viscosity from 278K to 300K, which fattens
out as temperature increases to 353K. Convincingly, the results for pectin samples showed that the [5] and 74 of WEp were lower at
any given temperature interval, while Cp showed the highest values (Figures 2 and 3).

3.2. Analysis of the temperature-dependency of pectins using the Arrhenius parameters

The Arrhenius parameters for the dependency of intrinsic and apparent viscosity on temperature are shown in Table 3. The
Arrhenius plots for [17] and 74 are shown in Figure 4 and Figure 5, respectively. In general, [57] data points were close to the line of
best fit (Figure 4) compared to n4 data (Figure 5). This was in agreement with correlation coefficient (R?) values in Table 3 which
are higher in [7] than 4. Such dispersions may suggest that [17] data is more linear, while 74 is not perfectly linear.
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Table 2: Apparent viscosity of baobab pectin (BoP) samples at different temperatures.

Apparent viscosity, 774 x 107> (Pa.s) Total mean
Ty (°C) Tk (K) WEp AEp Cp dw Mean+SD
5.0 278.16 8.70 30.10 39.30 3.17 14.1+10.7a
25.0 298.16 2.03 10.00 10.20 0.67 4.05+3.99b
50.0 323.16 1.38 6.87 7.40 0.50 2.75+2.75b
80.0 353.16 1.09 5.31 7.93 0.47 2.15+£2.11b

MeantSD  3.30+3.62A 13.1+11.52B 16.2+15.44B 1.21+1.31A

Total mean+SD with the same letters a — b’ in a column are similar, P > 0.05.
Total means+SD with the same letters ’A — B’ in a column are similar, P > 0.05.

0.1 T T T T T T T
0.09 | [ .
\
0.08 |- N -
‘Q’, \
N
0.07 . ]
0” \

0.06 | S ° q
E:L ’,.’ T~ -~
= 0.05 ~ - J
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0.04 *....""'In-., ‘ -~ = - 1

-t.....-. — — -
""'!-.._. .

0.03 ¢ |

0.02 e

0.01 o=

" = ----.-—-—-—-_--_—*-_-—- -

-—--—-.—_—.
" 1 1 1 1 1 1 1 1
270 280 290 300 310 320 330 340 350 360

Temperature, (K)

Figure 2: Change of intrinsic viscosity with temperature.

Table 3: Shows the Arrhenius parameters for both [17] and 14 data.

Intrinsic viscosity, [17] data

Inny 1o E,JR=T*(K) E,&J/mol) T4 (K) R? RMSE
WEp -8.72  0.000163 1224 10.176 140 0.958 0.1015
AEp -7.933 0.000358 1473 12.246 186 0.945 0.1427
Cp -7.125  0.000805 1298 10.792 182 0.976 0.0816
Apparent viscosity, 174 data
dW  -1459 4.61x1077 2335 19.413 160 0.731 05711
WEp -14.37 574x1077 2572 21.384 179 0.826 04757
AEp -11.57 9.44x107% 2172 18.058 188 0.875 0.3312
Cp -10.77  2.09x 107 1983 16.487 184 0.697 0.5273

* Units for pre-exponential factor for intrinsic viscosity data are (L/g) and (Pa - s) for apparent viscosity data

The pre-exponential or entropic factor (779) values were observed to range around 10~* L/g for intrinsic viscosity values and from
1073 to 1077 Pa.s for apparent viscosity (Table 3). The pre-exponential factor value increases with the order: WEp < AEp < Cp for
both the [r] and 14 data. According Messaadi et al. [25], the pre-exponential factor is associated with motion in a polymer system
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Figure 3: Distribution of apparent viscosity with temperature.

independent of temperature. The 7 is the viscosity at infinite temperature or at zero activation energy (barrier-less) [25, 29, 50]. The
entropic factor is satisfied when the Boltzmann factor [exp(E,/RTk)] = 1. This means that E,/RTx = 0, which follows that either
Tk should be infinite or E, should be zero, and hence no barriers for polymeric flow [50]. In other words, according to Messaadi et
al. [25] and Ike [29], 1o is independent of temperature and activation energy, and as a result, when E, — 0, Inny # 0.

A lot of authors have reported that the pre-exponential or entropic factor is the number of molecules that have enough kinetic
energy to start a reaction or move at zero activation energy [25, 51, 52]. Based on these relationships, we can generalise that the
entropic factor (shown in the viscosity-temperature Arrhenius equation) indicates the fraction of molecules that need to attain enough
kinetic energy for a viscous flow to be experienced. This means the higher the 7 is, the greater the fraction of molecules that should
have enough kinetic energy for temperature-independent motion to commence at zero activation energy or infinite temperature. So,
in WEp, fewer molecules are needed to gain enough kinetic energy for the solution to flow at zero E, than in AEp and Cp, where a
larger number of molecules may be needed, as shown in Table 3. Meaning that the flow of WEp is less dependent of temperature as
compared to AEp and Cp.

The Arrhenius activation temperature is also shown in Table 3 as T* = E,/R; this is essentially the gradient from the Arrhenius
plot (Figures 4 and 5). T* indicates the amount of heat required for molecules to attain kinetic energy that exceeds the activation
energy [25]. The significance of the T is the approximation of the E, and further its interpretation of the Arrhenius temperature
(T4, K). The Arrhenius temperature, 74 is the temperature associated with the pre-exponential factor Inng. By recalling Eq. (12),
it can be generalised that the product of T4 Inng = E,/R = T*. The negative sign was ignored since the product 74 In 7 is usually
negative as 7 is always small, hence they will cancel out. Thus, in fact, T4 < T* (Table 3), and hence, it can be used as a reference
temperature in the Eyring type equation for solving viscosity-temperature dependency, [25, 53].

It was observed that the greater the T4 value required by a polymeric system, the greater its activation energy, E, (Eq. 12). This
agrees with the results shown in Table 3. The higher the T4 value of the AEp polymeric system, the higher its corresponding E,
value. The lower the T4, as in WEp or Cp, the lesser the E, values. Messaadi et al. [25] and Ike [29] showed that T4 is exponentially
related to E, using the following expression (Eq. 19):

Ty = [exp(—aE,) — 1/ - B], 19)
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Figure 4: Arrhenius plot for intrinsic viscosity data of WEp, AEp, and Cp pectins.

where a, 8 are proportionality constants.

The exponential expression, Eq. (19), showed that when T4, — 0; Inny # 0, but however, as E, — oo; T4 — 0. Thus, there
is a limit value that T4 is approaching (77;,) before the temperature reaches the Arrhenius activation temperature 7 [25, 29]. This
means the polymer’s kinetic energy increased in stages, like from T4 to Ty, until 7. At the Arrhenius activation temperature (7)
the kinetic energy gained will now be equal or above the energy barrier, E,, and hence, viscous flow begin.

The activation energy E, has been mentioned previously, as has its geometrical relationship with other Arrhenius parameters.
The values of E, found from [77] data were 10.17 kJ/mol for WEp, 12.25 kJ/mol for AEp, and 10.79 kJ/mol for Cp. The values found
from 14 data were 21.4 kJ/mol for WEp, 18.1 kJ/mol for AEp and 16.5 kJ/mol for Cp (Table 3). Based on [7], the E, values decrease
in the order: AEp > Cp > WEp. This means more heat is needed to initiate flow in the AEp solution than in Cp and WEp. The range
of E, values noticed in this study is comparable to those of other polysaccharides mentioned by Masuelli [10] on citrus peel pectin
(6.01 kJ/mol); Kar and Arslan [37] on orange peel pectins (19.5-27.2 kJ/mol); Malviya et al. [26] on tamarind seed gums (20.5 +1.06
kJ/mol); de Paula et al. [54] for Albizia lebbeek gums (15.9-17.2 kJ/mol) and de Paula and Rodrigues [55] for A. occidentale gum
(16.2 kJ/mol). Rao [22], and Mezger [56] explained that E, is interrelated to the energy barrier needed by molecules to transcend
from one local flow state to the next. This can be thought of as the energy required by molecules to move between adjacent layers
in the laminar flow of fluids. Vyazovkin [24] and Berk [57] state that E,, is related to how sensitive a defined polymeric system is to
temperature. The lower the Ea value, the higher the sensitivity, and this means that the solution is more likely to have viscous flow.
On the other hand, Shaikh et al. [58] explained that the higher the activation energy, the greater the pectin solution’s temperature
dependence for viscous flow.

Table 3 also shows that the trend for E, values obtained from [n] gets violated when viewing the apparent viscosity, 774. For
instance, E, decreases in the following order: WEp > AEp > Cp for n4 data. Such a difference was attributed to the method used
to obtain the 174 and [n7]. The results for 174 in Table 3 are in contrast to the idea that solutions with high viscosity have high E, since
in Eq. (10) Innp «< E,. Masuelli [10], Malviya et al. [26], and Kar and Arslan [37] all supported this.Thus, E, was expected to be
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Figure 5: Scatter plot of apparent viscosity and temperature for WEp, AEp, and Cp.

higher for Cp and AEp and at its lowest for WEp and dW. However, this behaviour is satisfied by purely linear relationships (Figure
4, [n] data), suggesting a non-linearity behaviour between Inn, and (1/Tk) (Figure 5). The fact that the R? values are low and the
RMSE is higher (Table 3) than it was for [57] data is also proof of non-linearity. Messaadi et al. [25] and Ike [29] indicated that for
the Arrhenius equation to be linear, E, and Inng should be independent of temperature, and this is possible for temperature ranges
between 278.16-328.16K. In this study, temperatures higher than this were used, i.e., 353.16K, affecting the linear progression of the
changes of Inn, with (1/7Tk). In these situations, Ea will depend on temperature, and the basic Arrhenius equation will not be good
enough to approximate the E, values. This is why we need non-Arrhenius-type equations (Table 4, Eq. 13-16).

Table 4 shows that the best fit model was Eq. (14), which has higher R? values (0.9996) and relatively low root mean squared
errors (RMSE) as compared to other models. Figure 6 shows the graph obtained after fitting Eq.14. Comparison of Figure 5 (linear
fit) and Figure 6 (non-linear fit) showed that the 774 data points were close to the line of best fit in Figure 6. Thus, the dispersion of
n4 data followed an exponential curve rather than a straight line in Arrhenius plots.

The model (Eq. 14) was recognised to be similar to the Vogel-Fulcher-Tammann-Hesse (VFTH) type equation (Eq. 20), as
mentioned by Haj-Kacem et al. [27], Muhidinov et al. [40], Ouerfelli et al. [47], and Tammann and Hesse [48].

E, [ 1
Inp=1 el (R 2
ny=Inn+ — (TK—TO)’ (20)

A comparison of Eq. (14) and Eq. (20) can easily show that T is analogous to constant C and B to the gradient (E,/R). Liew
and Ramesh [59] indicated that the VFTH model is valid for temperatures ranging from ambient to 328.18K, which are basically the
temperature regimes used in this study; however, it is still lower than 353.16K. Thus, in other terms, the VFTH equation is a special
case of the Arrhenius equation (with 7y = 0) [60]. Table 5 shows the VFTH parameters obtained using Eq. (20).

The distribution of the pre-exponential factor, shown in Table 5, revealed that the values decreased in the order: Cp > AEp >
WEp > dW. This was similar to the trend obtained from the Arrhenius equation (Table 3) for intrinsic viscosity, and the Inn, was
proportional to E,, as expected earlier. It was found that the activation energy dropped by about 100 times compared to the values
found using the Arrhenius equation (Eq. 10 and Table 3). Also, the pre-exponential factor 779 went up (range 10™* - 1073 Pa - ).
Sogabe et al. [60] and Angell [61] mention 7 values (obtained using the VFTH equation) in the order of 1075 Pa - s for many kinds

10
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Table 4: Non-linear Arrhenius based equation for relating apparent viscosity and temperature.

Constants
Inny (L/g) B D c a b R? RMSE
Eq. 13 n=mno-expl(B+ D/Tk) - 1/Tk]
dW  46.15 -3.6x10" 59x10° 0.9719  0.2605
WEp 35.77 -29x10* 4.9x10° 0.9792 0.2328
AEp 2351 -2.0x10* 3.4x10° 0.9861 0.1564
Cp 46.91 -34x10* 5.6x10° 0.9841 0.1707
Eq. 14 n=no-exp[B-1/(Tkx - C)]
dW  -7.857 14.46 271.4 0.9996 0.0304
WEp -7.184 33.59 264.4 0.9996 0.0329
AEp -5.679 43.51 258.2 0.9992  0.0365
Cp -5.032 10.92 272.1 0.9934 0.1103
Eq. 15 n=mno-expla-logTkx + D/Tk]
dw  -8242 4.0x10* 120 0.9657 0.2886
WEp -682.2 3.4 x10* 99.0 0.9750  0.2553
AEp -4789 2.4 % 10* 69.3 0.9837 0.1721
Cp -782.7 3.7 % 10* 114 0.9789  0.1966
Eq. 16 n=mny-exp[B/Tx +b-Tk]
dW  -134.0 2.1 x 10 0.19 0.9625 0.3014
WEp -112.8 1.8 x 10* 0.15 09775 0.2662
AEp -80.48 1.3 x 10* 0.11 0.9816 0.1798
Cp -124.8 2.0 x 10* 0.18 0.9761 0.1813

-3 T T T
B WEp
35F = = fitted curve (WEp) |_|
” AEp
== 0 e fitted curve (WEp)
4 Cp .
= =fitted curve (Cp)
dw
45F —— fitted curve (dW) |7

In n, (Pa.s)
n
U.
T

s 4
h-.-
- .-'--.._- -
-05 -..___.__--_-_.
--q--__-.
Tk -
a5} |
«
8 1 1 1 1 1 1 1 1
270 280 290 300 310 320 330 340 350 360

Temperature (K)

Figure 6: Non-Linear Arrhenius plot (Vogel-Fulcher-Tammann-Hesse (VFTH)-type equation).

of liquids and carbohydrate-water systems. This 7o value was lower than those obtained in this study using the VFTH model but
related to values from the Arrhenius equation. However, the value of 1 for the VFTH model obtained in this study is the same range
as that from intrinsic viscosity data.
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Table 5: Parameters for non-linear Arrhenius equation (Vogel-Fulcher-Tammann-Hesse (VFTH) type equation, Eq. 20).

Pectin 7o (L/g) 1" =% (K) E,(Kjmol) To(K) R’ RMSE
dW  0.000387 14.46 0.120 2714 09996 0.0304
WEp  0.000759 33.59 0.279 2644 09996 0.0329
AEp  0.003417 43.51 0.362 2582 0.9992 0.0365
Cp 0.006526  10.92 0.091 2721 09934 0.1103

It was found that the Vogel scaling temperature, also known as the vitreous transition temperature, Ty [34, 61], caused the
differences between the Arrhenius and VFTH models. T, values were observed to range from 258.2-272.1K (Table 5). The T
decreases with increasing apparent viscosity. Thus, Ty decreases in the order: dW > WEp > AEp. However, an anomaly was seen in
the Cp data, though it has the highest 174 values. The Ty was surprisingly higher (272.1K) almost the same as that of distilled water,
dW (271.4K), Table 5. We anticipated the T value for Cp to be the lowest based on the trend that dW, WEp, and AEp displayed.
Such a deviation could have arisen from the inability of the VFTH to fit the data well. A decrease in the R?> was observed in the Cp
data (Table 4 and 5). Thus, the temperature dependence (i.e., the degree at which viscosity changes with an increase in temperature)
of Cp’s apparent viscosity was beyond the boundaries of the VFTH equation.

The implication of Ty is its representation and linear relationship with the glass transition temperature, T,. Sillick and Gregson
[50], and Liew and Ramesh [59] stated that T} is approximately S0K below the T, (kinetic glass transition temperature) and above
0.0K. When Tx — Ty (considering Eq. 20), the viscosity will approach infinity. However, this feature of the VFTH equation was
regarded as causing a systematic error at low temperatures [50]. According to Franks [62], Roos and Karol [63], and Sillick and
Gregson [50], Ty shifts upwards by an amount that has strong dependence on molecular weight M,,.

Angell et al. [64] explanation of T,y was based on the concept of fragility. Glass-forming liquids (like pectin solution) that obey
the Arrhenius equation are classified as strong-fragile and are termed strong systems [60, 62, 64, 65]. In a strong-fragile system,
this means that when viscosity (In7 ) is plotted against (1/Tk), a straight line is seen, as shown in Figures 2 and 4. Opposite to the
strong-fragile class are the fragile systems, which are characterised by a curvature in the viscosity-temperature dependency plot due
to the dependency of E, on temperature, as explained earlier (Figure 6). In such cases, the relationship will not obey the Arrhenius
behaviour but rather obey the VFTH type equation, as later observed in the apparent viscosity data [32]. Thus, keeping the fragility
concept in mind, T can be thought to indicate the dynamical divergence in the temperature dependency of a viscous system [64, 65].
Sogabe et al. [60] showed that polysaccharide solutions (pectin solution in our case) are typically fragile systems due to hydrogen
bonding.

Doolittle’s free volume theory, which contends that a molecular motion requires an empty free volume (vy), provided another
explanation for the existence of T [66]. Thus, according to the Doolittle equation (Eq. 21):

n = a-exp(bv/vy), (21)

where v is the total volume, vy is the fractional volume, and a , b are proportionality constants. Doolittle [66] showed that the ratio
of vy and v gives fractional volume (f = v¢/v) which can be related to temperature changes. As the polymer system temperature,
Tk, approaches the Vogel scaling temperature, Ty, the fractional volume f becomes zero. Thus, f decreases with a decrease in Tk,
and in such circumstances, the motion of molecules decreases, and viscosity becomes high (7 — oo at very low temperatures and as
Tx — Ty) [50, 67]. However, in contrast, an increase in f (as vy became large) led to a decrease in T (i.e., Tp — 0, when system
temperature increased), and as such, n will become small.

3.3. Thermodynamic parameters of BoP

Estimated values for entropy (AS,) and enthalpy (AH,) are presented in Table 6. The AS, and AH, values for results obtained
using intrinsic viscosity were distributed as follows: WEp (0.056 kJ/K and 12.779 kJ/mol); AEp (0.056 kJ/K and 14.857 kJ/mol);
and Cp (0.056 kJ/K and 13.386 kJ/mol), respectively. The AS, and AH, results obtained using apparent viscosity were as follows:
dW (0.112 kJ/K and 21.991 kJ/mol); WEp (0.116 kJ/K and 23.978 kJ/mol); AEp (0.105 kJ/K and 20.660 kJ/mol); and Cp (0.104
kJ/K and 19.089 kJ/mol), respectively. In general, Table 6 shows that all values of AS, were the same when considering the [n7] data.
This can be expected since the values of rp and (Inny — AS ) for all pectin solutions did not differ much (Table 4 and 6). The trend
for AH, shows that WEp < Cp < AEp for intrinsic viscosity data. The apparent viscosity data showed that AS, increases in order:
Cp <AEp <dW < WEp, and for AH,, Cp < AEp < dW < WEp (Table 6).

The Figure 7 and Figure 8 show the linear Frenkel-Eyring plots for intrinsic viscosity and apparent viscosity, respectively. Both
graphs showed a linear increase in the parameter (Inn/Tk) with inverse of temperature (1/7Tx). However, as noted earlier in the
Arrhenius plot, the [17] data points were close to the line of best fit resulting in relatively high R? as compared to 74 data.

The AS, and AH, values obtained from our study for pectin samples were not far off from most of the related polysaccharides
found in the literature. Malviya et al. [26] looked at the thermodynamic properties of tamarind seed gums and found that AH, was
23.66+0.97 kJ/mol and AS', was -0.10+0.01 kJ/K. Salehi and Kasheninejad [68] showed that AS', and AH, values for gums extracted
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Table 6: Thermodynamic parameters of viscosity for [1] and 14 data.

Intrinsic viscosity data
(Inno —AS,/R) AS, (kJ/K) (AH,/R) AH, (kJ/mol) R? RMSE

WEp -15.47 0.056 1537 12.779 0.972  0.1033
AEp -14.68 0.056 1787 14.857 0.963 0.1394
Cp -13.87 0.056 1610 13.386 0.986 0.0776
Apparent viscosity data
dw 2134 0.112 2645 21.991 0.780 0.5669
WEp -21.11 0.116 2884 23.978 0.859 0.4716
AEp -18.32 0.105 2485 20.660 0.904 0.3370
Cp -17.52 0.104 2296 19.089 0.758 0.5231
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Figure 7: Frenkel-Eyring scatter plot for WEp, AEp, and Cp (intrinsic viscosity).

from wild sage seed range from 0.0063-0.0522 kJ/K and 0.52-14.99 kJ/mol, respectively. In a different study, Eddy et al. [69] used
Eucalyptus Citriodora gums and found that the entropy AS, was -55.77 kJ/K and the enthalpy (AH,) was 14.09 kJ/mol.

It is known that the polarity (negativity or positivity) of the entropy and enthalpy is of great importance in deducing viscous flow
[49, 69, 70]. Eddy et al. [69] showed that negative entropy (AS ;) and positive enthalpy (AH;) found in Eucalyptus Citriodora gums’
temperature dependence suggest that viscous flow is attained by bond breaking. According to Ahmad et al. [71] and Eddy et al.
[72], AS is linked to the uncoiling orientation of polymer molecules. This is why the polymer system is more organised in viscous
flow. Acevedo and Katz [49] further showed that at AS | (negentropy), polymer molecules become less disorderly or more ordered.
Salehi et al. [70] said that negentropy,AS, , suggests the creation of an activated complex for phase changes or viscous flow. This
leads to more ordered molecules, which makes the flow viscous. AS} shows that when an activated complex forms, the more ordered
hydrogen bond has to be stretched or broken, which leads to less molecular order [49, 70]. However, Kauzman [73] says that other
bonds, like electrostatic and hydrophobic interactions, get stronger with increase in AS,. Ahmad et al. [70] stated that AH; is the
energy needed by gum molecules to jump from one position to another, which is similar to potential energy barrier, E,. Salehi et al.
[70] and Amin et al. [74] explained that AS indicates that the process is reversible.

Table 6 shows that both entropy and enthalpy were both positive, AS ;" and AH;. This means that the polymeric systems become
disordered and need energy to break bonds in order to reach a transition state and allow fluid flow. Therefore, it can be generalised
that WEp and dW were more disordered (higher values of AS}) and required relatively less energy for bond breaking (lower values
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Figure 8: Frenkel-Eyring scatter plot for WEp, AEp, and Cp (apparent viscosity).

of AH;") as compared to AEp and Cp. This was seen because molecules had different molecular weights, degrees of esterification,
and sizes [72], which led to different viscosity properties (see Table | and 2).

The Gibbs-Helmholtz equation (Eq. 18) uses entropy AS, and enthalpy AH, to find the free energy, or Gibbs energy, AG,. This
means that the values of AH, and AS, determine the sign and size of AG,. The values for Gibbs free energy are shown in Table 7.
The (AG),) for [r] and 14 were calculated using pre-exponential from Table 3 and Table 4, respectively. All values were observed
to be negative (AG;), and the magnitude of Gibbs energy became low with an increase in temperature (Table 7). Considering the
temperature range of 278.16-353.16 K, values of AG, were distributed as follows: WEp (-2.681 to -6.984 kJ); AEp (-0.751 to -4.914
kJ); and Cp (-2.209 to -6.363 kJ) for intrinsic viscosity data. AG, values for data calculated from apparent viscosity were as follows:
WEp (-8.227 to -16.911 kJ); AEp (-8.574 to -16.457 kJ); Cp (-9.792 to -17.580 kJ); and dW (-9.191 to -17.598 kJ). In general, the
values increase in the order: WEp < Cp < AEp for [5] data and dW < WEp < Cp < AEp for n, data at approximately the same
temperature.

Malviya et al. [26] found AG, values of -55.46+1.69 kJ for temperature-dependent viscosity tamarind seed gums. They said that
the value was pretty low, which shows that there are not many interactions between or within molecules. The results from this study
may suggest that there were more interactions since the values of AG, were higher compared to Malviya et al. [26]. Thus, the lower
the AG, (as the value becomes more negative), the more ‘spontaneous’ the pectin solution moves towards viscous flow. For example,
looking at intrinsic viscosity data, a AG, value of -2.681 kJ/mol was found for the WEp sample at 278.16 K. This suggests that at the
same temperature, WEp solution was easier to flow (low []; Table 1) than AEp (high viscosity; AG, = -0.751 kJ/mol) (Table 7). The
value of AG, becomes more negative as temperature increases for all pectin solutions; this can be a feature of temperature-dependent
flow, where solutions can easily flow at higher temperatures as compared to low temperatures. Rao [22], and Adam and Gibbs [30]
explain this as associated with changes in the molecular interactions (breaking, stretching, and shifting of chemical bonds). Another
significant trend was observed in the [r] data: AG, increased as the value of enthalpy AH, increases. For example, AEp has both
high AH, and AG, followed by Cp and lastly WEp. However, this is only valid when entropy AS, is fairly constant for all pectin
solutions as observed in Table 6. This was not the case in the 774 data. The polarity of AS, and AH,, which was earlier noted, can
also support spontaneity (readiness to flow). Winzor and Jackson [75] specified that if both AS, and AH,, are positive for a particular
thermodynamic system, AG, will always be negative over a certain temperature range, hence its susceptibility to flow spontaneously.
The reason might be due to the term Tk - AS,, which is always subtracted from AH, (Eq. 18); thus, as temperature T increases,
Tk - AS, also becomes large while AH, remains fairly constant, and hence, at a certain temperature range, Tx - AS, > AH, = —-AG,,.
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Table 7: Gibbs free energy values of 7] and 74 at specific temperatures.

Intrinsic viscosity, [] data  Apparent viscosity,r74 data

Pectin  Tx, (K) —AG, (kJ) Tx (K) —AG, (kJ)
WEp 278.69 2.681 278.16 8.227
298.12  3.952 298.16  10.543
32326 5.362 323.16  13.438
352.16  6.984 353.16 16911
AEp 27826 0.751 278.16 8.574
29826  1.872 298.16  10.677
32343 3.284 323.16  13.304
35249 4914 353.16  16.457
Cp 278.09 2.209 278.16 9.792
298.13  3.333 298.16  11.869
32333 4.746 323.16  14.465
352.16  6.363 353.16  17.580
dw 278.16 9.191

298.16 11.433
323.16 14.235
353.16  17.598

4. Conclusion

The viscosity-temperature dependence of BoP (WEp and AEp) at 278.16-353.16 K showed that the viscosity of the pectin
solution decreases as the temperature increases. The activation energy (E,), rate at which the flow of BoP solution changes, depends
on the initial viscosity of the solution. The higher the viscosity (AEp and Cp solution), the higher the temperature (activation energy)
needed, and the lower the viscosity (WEp), the lower the temperature needed to initiate flow. Based on the pre-exponential factor
(10), it was concluded that in WEp (lower values of 19), only a small number of molecules were needed for temperature-independent
motion to start. On the other hand, in AEp and Cp, where 10 was higher, a greater number of molecules were required. The
apparent viscosity data showed a non-linear relationship with temperature, since the best fit model was a non-linear Vogel-Fulcher-
Tammann-Hesse (VFTH) model rather than the common linear Arrhenius model. This difference between 774 and [r] was attributed
to the sensitiveness of the testing methods and the wider temperature range used. The study also emphasised the significance of
Arrhenius activation temperature, or Boltzmann factor (7*), Arrhenius temperature (74), and Vogel scaling temperature, or vitreous
transition temperature (7), as temperature constants associated with specific flow transitions.The Frenkel-Eyring equation gave
the thermodynamic parameters that showed all pectins become disordered when temperature is raised (positive entropy, AS,), and
they also need heat energy to break or stretch bonds when they reach the transition state (positive enthalpy, AH,). The Gibbs free
energy (AH,) was negative for all pectins, indicating that when the temperature was increased, the flow of pectin solution become
spontaneous. Based on the thermodynamic parameters, WEp solutions were more likely to flow (less viscous) as compared to AEp
at any given temperature. The analysis of temperature dependence on the flow of BoP solution, illustrated in this study, can be of
importance in product development and process design. However, more research needs to be done on how temperature affects the
shape factors, molecularity, hydrodynamic radius, and voluminosity of baobab pectin.
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