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Abstract

Alginate has been widely used in the pharmaceutical industries as tablet
binder and disintegrant, release agent and controlled release drug delivery
system. Whereas in the food industries, alginate is generally employed as
thickener, emulsifier, stabilizer, texturizer, formulation aid, firming agent,
flavor adjuvant, and surface-active agent. As one of the important raw
materials in the functional food preparation, iron is hard to manage due to
its vulner ability to oxidization, degradation and possesses a strong unique
aroma. Considering its superior coating and release properties, alginate gel
can be the best choice to preserve iron from various undesirable effects.
Unfortunately, there has been lack information in the published literature
to estimate the effect of temperature, concentration, and stirring time on
the mechanical properties of alginate. Although many mathematical model
shave been developed based on these factors to predict the viscosity of
the alginate-Fe solutions used as feed in spray drying application, no clear
information have been reported for their accuracy. This study aims to examine
four physical models for their suitability in estimating alginate-Fe solution
viscosity, namely the Walther, Mark Houwink, Vogel — Tamman — Fulcher
(VTF), and Intrinsic models. Prior to model validation, alginate-Fe solutions
containing alginate: Fe (2:1) mass ratio were prepared. They were heated
to desirable temperatures (30°, 45°, 60°, and 75°C), stirred for various
stirring times (0 to 60 minutes), and subjected to viscosity measurement.
The results exhibited that the viscosity of alginate-Fe solution with
5% alginate concentration stirred for 15 minute sat 30°C reached 320 cP.
Whereas the viscosity of Alginate-Fe solution with 1% (m/m) concentration
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by its highest R? value, which was 0.987.

at the same temperature and stirring time was only 250 cP. This observation
suggested that a higher alginate solution concentration leads to a higher the
viscosity. As expected, a higher temperature and longer stirring time resulted
in the decline of the Alginate-Fe solution viscosity. Although the proposed
models demonstrated the similar trend, it can be concluded that the Walther
model was proven to be the most accurate model used for the prediction of
the Alginate-Fe solution viscosity compared to the other models as shown

Introduction

Alginate is a kind of polycarbohydrate that is
generally utilized in various industrial applications,
such as pharmaceutical, biomedicine, food and
agricultural industries.' Even though the types of
the alginates used are also diverse, i.e. alginic
acid, calcium alginate, ammonium alginate and
sodium alginate, sodium alginate being the most
popular alginate used in the industries. Alginic acid
is insoluble in aqueous media, whereas sodium
alginate is easily soluble in water containing alkali
metals, ammonia, low molecular weight amines
and quaternary ammonium compounds.2? During
storage, alginate can undergo degradation due to
the presence of oxygen, especially when exposed
to air with the increase in humidity. The order (from
highest to lowest) of stability capacity of alginate
during storage is sodium alginate, ammonium
alginate and by alginic acid.®

Alginates originated from brown algae
(Phaeophyceae) bears block (1,4) -linked B-residue
d-mannuronate and a-l-guluronate. Depending on
the time of harvest and the anatomy of the plants,
every species of brown algae brings distinctive kinds
of alginate with guluronic acid (G) to mannuronic acid
(M) ratio.* Alginates which contain high guluronic acid
(G) exhibita stiffer structure and larger porosity, while
those contain high mannuronic acid (M) demonstrate
a less rigid structure. Therefore, alginates with
higherG content can provide a stronger gel.® It has
been reported in the literature that the solubility
and water-binding ability of alginates are strongly
affected by the number of carboxylic ions, molecular
weight, and pH. The ability of alginate to bind
water increases with the increase of the number of
carboxylic ions, and the amount of calcium alginate
residue is lower than 500. Sodium alginate solution is
stable at a wide pH range from 4 to 10. Accordingly,
gel formation or precipitation of alginate should

happen at pH below 4 along with the conversion of
sodium alginate to insoluble alginic acid.?

The ability of alginate to form gels can be either
advantages and disadvantages for some specific
industries. Fertilizer industries will certainly consider
this a weakness because they do not require
alginate solution viscosity as an important variable
in their manufacturing process.® However, for
some industries, such as the food, textile and
pharmaceutical industries, which require a specific
value ofalginate solution viscosity will regard this
characteristic as an advantage. Pharmaceutical
industries use of alginate gels to encapsulate their
raw materials and products that are vulnerable
to degradation or alteration of specific taste and
aroma." Calcium alginate and xanthan gum have
been successfully applied to encapsulate Aspergillus
oryzae and lipase.” Sodium alginate has also been
utilized to encapsulate ascorbic acid and iron with
spray drying to protect them from oxidation.?®
As one of the important raw materials in the
functional food preparation, iron is hard to manage
due to its vulnerability to oxidization or degradation,
which results in an unpleasant taste and odor. Based
on their excellent coating properties, alginates are
regarded as the appropriate choices to protect iron
from oxidization or degradation by undesirable
environments. However, the selection of alginate
concentration is one of the key parameters of the
successful encapsulation method. This is because
alginate concentrations above 1% (m/m) possesses
a high viscosity value, which can induce the
formation of thick capsule walls leading to serious
release difficult of the active substances trapped
by encapsulation material. In contrast, alginate
solution at concentrations below 1% (m/m) has a
lower viscosity, which produce weak capsule walls
in trapping the active substance.®
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Furthermore, temperature also strongly influence
alginate viscosity and gel strength. The alginate
streated by heating up to 120°C exhibited low value
of gel strength.'™ At higher temperatures, alginates
can undergo depolymerization leading to widely
open the gel structure and increase in particle size
and gel porosity. Finally, the alginate gels structure
will be less rigid." Considering these influential
factors, it is clear that to prepare appropriate solution
for encapsulation process an accurate solution
viscosity prediction is required by which solution
viscosity prediction modeling will definitely simplify
the task.

The modeling of solution viscosity can be categorized
into two, namely the dynamic modeling and
kinematic modeling. Although both approaches have
the similar function to predict the solution viscosity,
but the tools utilized to measure the viscosity are
different.’? Dynamic viscosity modeling includes
the Arrhenius, Vogel — Tamman — Fulcher (VTF),
Urbain, lida and National Physical Laboratory (NPL)
models."® Where as the kinematic viscosity modeling
includes the Walther, Wright, Mark Houwink and
Seeton models. This study aims to investigate the
effect of alginate-Fe concentration, temperature and
stirring time on the viscosity of Alginate-Fe solution;
and to find the most suitable physical model for the
prediction of the viscosity of Alginate-Fe solution.

Materials and Methods

Materials

The materials used in this study were food grade
alginate with a glass transition temperature (Tg)
value of 95.3°C and Iron (ll) Sulfate Heptahydrate,
which had water solubility 48.6 g/100 ml at 50°C
(Merck kGaA, Germany)

Preparation of Alginate-Fe Solution

Alginate-Fe solution containing 1% solid alginate
and 0.5% Fe mass concentration was prepared
by dissolving 5 grams of alginate and 2.5 grams
of Fe in 500 ml of aquadest in a 1000 ml beaker
glass.The alginate-Fe mixture was stirred using a
magnetic stirrer at 600 rpm for 15 minutes at 30°C
in an automatically controlled water bath heater.
The same procedure was used for the preparation
of solutions containing solid alginate and Fe with
alginate:Fe pair mass concentrations of (2%:1%,
3%:1.5%, 4%:2%, and 5%: 2.5%) at various stirring

times (30, 45, and 60 minutes) and temperatures
(30°C, 45°C, 60°C, and 75°C).

Kinematic viscosity determination

The Alginate-Fe solution viscosities were determined
by measuring the viscosity of 10 ml solution using
a Cannon Fenske viscometer. The solution was
carefully introduced into the capillary tube and
sucked using a rubber hose until the solution surface
was slightly higher than the upper limit. The liquid
was then let to flow freely from the upper boundary
to precisely reached the lower boundary line and the
required time was recorded. Finally, the viscosity of
the Alginate-Fe solution was calculated using the
equation:

_ s P
Vg =1, (1)

tw - Pw
where v, t and p are respectively the kinematic
viscosity (m?/s), flow time of solution from upper
boundary (S,) to lower boundary (S,) (s) and density
of the solution (kg/m?). The tw, pw and v, are the flow
time from S, to S, (s), density (kg/m?) and viscosity of
water (m?/s) at reference condition (25°C and 1 atm).

Dynamic Viscosity Determination

The viscosity of 750 ml of Alginate-Fe solution was
determined using a Brook field DV-II + Pro rotational
viscometer. The solution was introduced into a
1000 ml beaker glass just right below the spindle.
The spindle was then gently dipped into the solution
to the specified limit. Upon selecting the rotation
speed at 100 rpm, then the ON button was activated
allowing the spindle to rotate and smoothly stir the
solution. The viscosity that appeared in the screen
according to the spindle used was recorded.

Surface Tension Analysis

Surface tension of the Alginate-Fe solution was
examined by the capillary tube method. For such
surface tension determination, approximately
40 ml sample of the solution was with drawn from
the stock solution and placed in a beaker glass.
Capillary tubes were then dipped into the beaker
glass and the liquid was let to flow upward until it
reached astatic equilibrium condition. The end of
the capillary tube was closed with a finger and the
height was recorded. The surface tension (c) was
then calculated using the equation:
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— (2

where r, h, p and g are the capillary radius (m),
height increase (m), density (kg/m®) and gravity
acceleration (m/s?), respectively.

Statistical Analysis

Five different groups of experiment were performed
in triplicates. The differences identified from the
statistical analysis were reported as p value. Data
obtained by the difference in viscosity for each
concentration, temperature and time of stirring of
the alginate-Fe solution were evaluated using the
one-way analysis of the variance with p value = 0.05.

Modelling of Viscosity

Kinematic Viscosity

Walther Model

The Walther model has shown its superior
performance for the estimation of kinematic viscosity
of various liquids, which accurately describes of the
temperature effect on viscosity for liquids at ambient
pressure.'

1

v="hdTo—aqa (3)

where a, b, ¢ and, d are the Walther equation
constants. Accordingly, v and T are respectively the
kinematic viscosity (m?/s) and absolute temperature
of the solution (K).

Mark Houwink Model

This model illustrates that kinematic viscosity (v)
(m?/s) is the flow of a substance that is influenced
by the gravitational force of the earth. Following
that definition, the kinematic viscosity can be simply
calculated by dividing the dynamic viscosity (n)
(mPa.s) of the liquid with its density (p) (kg/m?®)."®

v=n/p ...(4)

Dynamic Viscosity

Vogel-Tamman-Fulcher (VTF) Model

The VTF model describes a powerful correlation
between dynamic viscosity and temperature of a
food system using its glass transition temperature
(T,) as a specific parameter.'®

B

el -(5)

n = Aexp[

where n is dynamic viscosity (Pa.s), T is temperature
(°C), T, is glass transition temperature (°C). In
addition, two constants, A and B are used as
adjustable parameters.

Intrinsic Viscosity Model

Intrinsic viscosity (n) can be calculated by utilizing
data obtained from various solution concentrations
through the extrapolation of intrinsic viscosity to zero
concentration.'”

n=n/n,
N, = (N-Ny) / N,
n,=n,,/C ..(8)

The relative viscosity values (n ), specific viscosity
(n,,) and reduced viscosity (n,) are obtained from
experimental absolute viscosity values. Where n is
the absolute viscosity of water (mPa.s) and C is the
solution concentration (g/ml). Intrinsic viscosity (n)
is calculated by extrapolation to zero concentration.

Results and Discussion

Viscosity testing can be utilized as a pre-identification
in the determination of the quality, consistency,
and stability of a food product. This study helps
to estimate the values of viscosity of Alginate-Fe
solutions at various temperatures and concentrations
using some viscosity estimation models, namely
the Walther model, Mark Houwink model,
VTF model and Intrinsic model.The experimental
data and modelling results of the Alginate-Fe
solutions at various experimental conditions are
presented in Fig. 1 to Fig. 5 for kinematic viscosity,
Fig. 6 to Fig. 10 for dynamic viscosity and Fig. 11 for
the intrinsic viscosity. In addition, the surface tension
of the Alginate-Fe solutions at various experimental
conditions and modelling results are depicted in
Fig. 12 to Fig. 16. The constants and R? of the
models evaluated in this study are presented in
Table 1 and Table 2 for kinematic and dynamic
viscosities, respectively.

Effect of Temperature

In this study, the Alginate-Fe solution was heated
at 30°C, 45°C, 60°C and 75°C. When heated at
30°C to 45°C, no significant change in viscosity of
Alginate-Fe solution was observed (see Fig. 1 to
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Fig. 5). However, more pronounced changes in
viscosity were obvious as the solutions were heated
at 60°C and 75°C. As seen in Fig. 2, the kinematic
viscosity values of Alginate-Fe solutions containing
2% (m/m) alginate with mixing time of 60 minutes were
1.50%x10“ m?/s and 1.00x10“ m?/s at a temperature
30°C and 60°C, respectively. This decrease was also
observed for their dynamic viscosity values (Fig. 7).
At 30°C the dynamic viscosity was 239 mPa.s, while
at 60°C its decreased to 232 mPa.s. As expected,
this decrease in viscosity applies to all Alginate-Fe
solutions concentrations used in this study. This
finding agrees well previous report on alginate
solutions where the viscosity decreased by 2.5%
(m/m) asits temperature was risen by one-degree
Celsius. Further more, the alginate solution may
undergo depolymerization if it is kept above 50°C
for several hours, which lead to permanent loss of
its viscosity.'® Water evaporation also potentially
affected sodium alginate solution when it was
heated above 30°C."® As expected, at temperature
beyond 45°C the viscosity of sodium alginate
solution decreased with increasing temperature.
This observation confirmed that sodium alginate
solutions underwent mesophase under these
conditions and differences in temperature can
trigger differences in molecular mobility and phase
transition kinetics. Moreover, the rise in Fe-alginate
solution temperature induced the degradation of the
alginate polymer chain during the heating process
and resulted in molecular destruction. Finally, the
long-chain backbone components of the alginate
polymer damaged due to chain cutting and reacted
with each other to alter the nature of the polymer.2°
The higher the temperature, the larger the number
of alginate polymer chains degraded, causing a
breakdown of glycoside bonds. As a result, the
molecular weight of the alginate leading to significant
decrease in its viscosity.

This viscosity data was then modeled based on the
types of viscosity. Dynamic viscosity is represented
by the VTF and intrinsic models, while the kinematic
viscosity is estimated using the Walther model and
the Mark Houwink model. The four models showed
similar trend in describing the relationship between
viscosity and temperature, i.e. as the temperature
increases, the viscosity of the solution substantially
declines. As depicted in Fig.2, the Walther and
Mark Houwink models show kinematic viscosity
estimation results that are which are very close with

the experimental results for Alginate-Fe solution
with alginate concentration of 2%(m/m) at 30°C with
15 minutes stirring time (1.09% 10 m?/s). In the case
of Mark Houwink's model, the dynamic viscosity
calculated using the VTF model divided by solution
density. Although the results of the calculation of
the Walther model and Mark Houwink's model
are not entirely the same as the results of the
experiment, they were not significantly different
(p<0.05). However, the Walther model shows a
higher R? value than that of the Mark Houwink model
(Table 2), which indicates that the Walther model is
more precise for viscosity estimation compared to
the Mark Houwink model.

Similar viscosity profile is also shown by the
VTF model. Fig.6 presents that the experimental
dynamic viscosity of Alginate-Fe solution with
2% (m/m) alginate concentration at 30°C with
15 minutes stirring time of is 253 mPa.s, while the
viscosity value calculated using the VTF model is
251.29 mPa.s. Indeed, the VTF model provides
excellent viscosity prediction results. As for the
intrinsic viscosity estimation, the proposed model
calculates the specific viscosity value, which is
then divided by the viscosity at zero concentration
and further extra polated using equation 6.
As expected, the intrinsic viscosity decreases as the
solution temperature increases (Fig. 11). However,
basically the VTF and the Intrinsic models cannot be
compared with the Walther and the Mark Houwink
models, because the types of the estimated viscosity
are different. Of course, their accuracy in predicting
the dynamic viscosity can be confirmed from the R?
value. Of the two models, VTF model demonstrates
a higher R? value than the Intrinsic model
(Table 1) indicating that the VTF model is more
accurate than the Intrinsic model and the estimation
results were not significantly different (p <0.05) with
the experimental data.

Effect of Alginate Concentration

Alginate-Fe solution at a concentration of 1% (m/m)
exhibited significant difference in both dynamic and
kinematic viscosities with that of with 5% (Fig. 1
and Fig. 6). The kinematic viscosity of Alginate-Fe
solution with 1% (m/m) alginate heated at 60°C with
15 minutes stirring time was 5.70x10-°*m?/s, while
its value was 2.70%x10“m?/s for Alginate-Fe solution
containing 5% alginate. The same trend also applies
for dynamic viscosity. For an Alginate-Fe solution
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containing1% (m/m) alginate heated at 45°C with
15 minutes stirring time, its dynamic viscosity value
was 157 mPa.s. Mean while, the dynamic viscosity
of Alginate-Fe solution containing 5% (m/m) alginate
prepared at the same condition was 520 mPa.s.
Such increase in viscosity (from 3.82 cP to 12.74 cP)
along with the increase in Alginate concentrations
(from 0.25 to 1% wt) at 25°C was also revealed by
previous researcher.?' The relationship between
viscosity and alginate concentration in three different
viscosity ranges, namely low viscosity, medium
viscosity and high viscosity.?? High viscosity alginate
solutions containing 1% alginate in water possess
viscosities of no less than 2,000 ¢ Pat 20°C, whereas
those with low viscosity should have viscosity of
no higher than 30 cP. At high viscosity, when the
alginate concentration is 1% wt,the viscosity is
2,000 cP and then it increases to 50,000 cP when
the alginate concentration is 3% wt. Similar trend
also applies for moderate and low viscosity alginate
solutions. At moderate viscosity, the increase in
viscosity is reported to be 200 cP at a concentration
of 1% wt alginate, which then increases to 15,000
cP at a concentration of 4% wt. Overall, the high,
medium and low viscosity alginates possess higher
viscosity at higher alginate concentration at a given
temperature.?? These observation shows that the
value of the viscosity is strongly influenced by
concentration of the solution. This phenomenon
occurs because the concentration of the solution
indicates the number of particles of matter dissolved
per unit volume. The more particles dissolved,
the higher the friction and interaction between the
particles resulting in higher viscosity®

The results of the viscosity estimation using the
proposed mathematical models, namely the VTF,
Intrinsic, Walther, and Mark Houwink models
were not significantly different with the viscosity
values obtained from experiments (Fig. 2 and Fig.
5). For example, the kinematic viscosity values
of Alginate-Fe solution with 3% (m/m) alginate
concentration heated at 45°C and stirred for 30
minutes calculated using the Walther and the Mark
Houwink models were 1.52x10* m?/s m?/s and
1.50%*m?/s, respectively. Whereas its experimental
value was 1.55%10“m?/s. Fig. 2 demonstrates that
the kinematic viscosity value of all Alginate-Fe
solution concentrations heated at temperatures of
30°C to 75°C did not different significantly with the
increase in temperature. In addition, the influence

of alginate concentration on the kinematic viscosity
value was found to follow a linear trend. This result
was confirmed by the statistical assay, which
revealed that the kinematic viscosity values obtained
from experiment and those estimated using Walther
and Mark Houwink's models were not significantly
different (p <0.05). However, the Walther model
exhibited its superiority over the Mark Houwink
model in term of R? value (Table 1). This statistical
analysis result suggested that the Walther model is
more accurate than the Mark Houwink model, which
is in good accordance with the result presented in
the previous section.

Temperature was found to insignificantly (p<0.05)
affect the dynamic viscosity of Alginate-Fe solution
(Fig. 5).In Figure 5b, the experimental dynamic
viscosity of an Alginate-Fe solution with 2% (m/m)
alginate concentration heated at 60°C and stirred for
30 minutes was 241 mPa.s, which was very close
to its value when estimated using the VTF model
(242.88 mPa.s). Statistical analysis of this result
also indicated no significant difference between the
VTF models and the experimental data (p<0.05).
Fig. 5 also presents the fact that many dynamic
viscosity values of Alginate-Fe solution obtained
from modeling calculation and the experimental
results overlap one to the other. However, alginate
concentration exhibited more pronounced influence
to dynamic viscosity of Alginate-Fe solution. When
Alginate-Fe solution contained1% to 4% (m/m)
alginate, the increase in dynamic viscosity due to
an increase of 1% alginate concentration was only
about 50-100 mPa.s. (Fig. 6 to Fig. 9). However,
a sharper increase of dynamic viscosity of Alginate-
Fe solution was observed for Alginate-Fe solution
containing 5% alginate, where the dynamic viscosity
increases up to 200 mPa.s from that of Alginate-Fe
solution containing 4% alginate. (Fig. 10). In addition
to the VTF model, this dynamic viscosity value was
also evaluated using the Intrinsic model. Although
both models resulted in satisfactorily viscosity
estimations, the R? value of the VTF model was
higher than the Intrinsic model (Table 2). This result
suggests that the VTF model is more appropriate for
the prediction of Alginate-Fe solution viscosity than
the Intrinsic model.

Effect of Stirring Time
Because as the alginate powder was mixed with
water,they firstly developed a slightly lumpy solid-
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liquid system, stirring of this mixture was performed.
Our observation revealed that the difference in
stirring time resulted in viscosity differences at
different alginate concentrations. As depicted in
Fig.3, Alginate-Fe solution containing 3% alginate
heated at 30°C and stirred for 15 minutes possessed
a kinematic viscosity of 1.78x10* m?/s. Extending
the stirring time of this solution up to 60 minutes
reduced the kinematic viscosity to 1.61x10*m?/s.
Similar observation results were obtained for their
dynamic viscosity values. Alginate-Fe solution
containing 3% (m/m) alginate heated at 30°C and
stirred for 15 minutes possessed a dynamic viscosity
of 285 mPa.s. (Fig. 8). Prolonged the stirring time
of this solution to 60 minutes changed the dynamic
viscosity to be 269 mPa.s.Surprisingly, there was
specific condition when the stirring time did not
significantly affect the dynamic viscosity (Fig. 6 to
Fig. 10). Stirring the Alginate-Fe solution between
30 to 60 minutes was found to only slightly decreased
dynamic viscosity.

The length of stirring time turned out to affect the
surface tension of the Alginate-Fe solution. It can be
clearly seen in Fig.11 that the surface stress value
of Alginate-Fe solution decreases with increasing
stirring time. At 15 minutes of stirring, an Alginate-
Fe solution with 3% (m/m) alginate concentration at
a heating temperature of 30°C exhibited a surface
tension of 0.0382 N/m. Then, the value dropped
to 0.0292 N/m as the solution was stirred for 60
minutes. This trend also applied to all alginate
concentrations with heating temperature ranges of
30°C to 75°C. This decrease in viscosity and surface
tension phenomena suggested that viscosity is a
function of time. This decrease in viscosity is caused
by stirring, which helps to provide a larger contact
area, increase the homogeneity of the mixture and
subsequently reducing the particle size. Finally,
these conditions cause a rapid reduction of surface
tension and dynamic viscosity.?*

In kinematic viscosity, the physical models used for
estimation were the Walther and the Mark Houwink
models. The kinematic viscosity value of Alginate-
Fe solution with 3% (m/m) alginate concentration
heated at 60°C and stirred for 30 minutes calculated
using the Walther and Mark Houwink models were
1.51x10*m?/s and 1.48x10*m?/s, respectively.
These estimated viscosity values were not much
different with that obtained from experiment, which

was 1.53x10“m?/s. Statistical analysis proved
that no significant difference (p<0.05) perceived
between the results of modeling calculations and
experimental data.
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Table 1: Constants and coefficient of determination (R?) of the kinematic
viscosity models at various stirring times and alginate concentrations

Stirring Time Walther Mark Houwink
(min)

a b c D R? R?
0
1% alginate ~ 8.64 x 10° 0.16 0.31 0.140 0.99 0.98
2% alginate 13.0 x 10 1.66 5.33 3.68 x 10+ 0.94 0.96
3% alginate  3.50 x 10 0.10 0.31 0.21 0.96 0.95
4% alginate 1.16 x 10 0.35 0.23 0.12 0.98 0.96
5% alginate ~ 6.10 x 10 0.33 0.11 0.33 0.99 0.98
15
1% alginate 3.25x10° 0.17 0.20 0.13 0.95 0.94
2% alginate ~ 8.18 x 10 0.19 0.24 0.20 0.98 0.97
3% alginate  2.12 x 10 0.80 0.40 0.10 0.87 0.85
4% alginate ~ 2.76 x 10°® 0.10 0.25 0.35 0.84 0.83
5% alginate  6.70 x 10 0.30 0.15 0.35 0.94 0.93
30
1% alginate  4.21 x 10°® 212 4.34 x 10 2.49 0.88 0.86
2% alginate  6.72 x 10° 0.15 0.08 0.36 0.95 0.95
3% alginate ~ 4.57 x 10° 0.12 0.25 0.34 0.96 0.93
4% alginate 1.68 x 10 0.16 0.36 0.31 0.87 0.85
5% alginate ~ 4.80 x 10* 0.36 0.56 0.17 0.92 0.90
45
1% alginate ~ 3.46 x 10°® 4.84 2.63 3.46 x 10+ 0.95 0.94
2% alginate  5.21 x 10 0.29 0.36 0.5 0.87 0.86
3% alginate  2.69 x 10 0.30 0.46 0.61 0.98 0.96
4% alginate  2.06 x 10°® 0.17 0.27 0.21 0.98 0.97
5% alginate 1.80 x 10* 0.41 0.16 0.31 0.98 0.96
60
1% alginate ~ 5.99 x 10°® 2.86 9.37 x 10° 2.02 0.98 0.98
2% alginate  4.16 x 10° 0.20 0.13 0.57 0.88 0.86
3% alginate 1.26 x 10 0.30 0.46 0.61 0.93 0.92
4% alginate 1.29 x 10 0.40 0.20 0.40 0.92 0.94
5% alginate ~ 3.80 x 10* 0.50 0.10 0.60 0.85 0.84
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Table 2: Constants and coefficient of
determination (R?) of dynamic viscosity
models at various stirring times and
alginate concentrations

Stirring time  VTF  Intrinsic
(min)
A B R? R?
0
1% alginate  164.74 1.24 0.86 0.80
2% alginate ~ 260.34 1.29 0.97
3% alginate ~ 292.26 1.46 0.92
4% alginate  361.73 1.02 0.97
5% alginate ~ 530.62 0.57 0.99
15
1% alginate  161.73 1.31 0.86 0.52
2% alginate ~ 257.49 1.59 0.85
3% alginate ~ 288.02 1.52 0.91
4% alginate  355.10 0.79 0.82
5% alginate = 525.82 0.53 0.94
30
1% alginate ~ 157.51 1.15 0.65 0.45
2% alginate ~ 255.16 1.74 0.97
3% alginate  282.77 1.35 0.92
4% alginate  350.83 0.83 0.87
5% alginate ~ 522.15 0.66 0.92
45
1% alginate  155.25 1.40 0.56 0.43
2% alginate ~ 252.53 2.00 0.93
3% alginate  276.13 1.23 0.94
4% alginate  348.98 1.06 0.88
5% alginate ~ 517.39 0.72 0.98
60
1% alginate ~ 152.84 1.63 0.85 0.52
2% alginate ~ 245.20 1.78 0.86
3% alginate ~ 271.90 1.25 0.96
4% alginate  344.12 0.96 0.93
5% alginate  512.84 0.78 0.85

The dynamic viscosity of Alginate-Fe solution with
2% alginate concentration heated at 45°C and stirred
for 60 minutes predicted using VTF model was
242.67 mPa.s. Whereas its experimental value was
243 mPa.s. Statistical tests suggested no significant
difference (p<0.05) between these dynamic viscosity
values. Hence, the VTF model demonstrated a
remarkable estimation of dynamic viscosity of Fe-
alginate solution. In addition to the VTF model, this

dynamic viscosity values were also predicted using
the Intrinsic model. Since both models cannot be
directly compared due to different types of viscosity
used, they were compared in terms of their R? value
(Table 2). Our result proved that the VTF model
was superior to the Intrinsic model, which strongly
confirmed the results obtained from the effect of
temperature and alginate concentration.

Conclusion

The accuracy of four mathematical models for
estimation of Alginate-Fe solution viscosity have
been evaluated in this study. The Walther and Mark
Houwink's models were applied for prediction of
kinematic viscosity, while the VTF and Intrinsic
models were used for estimation of dynamic
viscosity. The three models, namely the Walther,
Mark Houwink and VTF models demonstrated
excellent viscosity prediction as indicated by
their close estimated viscosity values with those
of experimental data and their differences were
statistically insignificant (p<0.05). The effects of
temperature, alginate concentration and stirring time
on Alginate-Fe solution viscosity exhibited similar
trends. The Walther model show edits superior R?
value compared to the Mark Houwink model, while
the VTF model exhibited higher R? value compared
to the Intrinsic model. As a conclusion,with the
exception of Intrinsic model, the physical models
tested in this study can be used to estimate the
viscosity of Alginate-Fe solution with satisfactorily
results. However, the Walther model was proven to
be the most accurate model used for the prediction
of the Alginate-Fe solution viscosity compared to
the other models as shown by its highest R? value,
which was 0.987.
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