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Abstract The discrepancy of the existing literature data on the surface tension
values of biopolymer solutions could be affected by the measurement technique.
The aim of the study was to compare the surface tension values of biopolymer
solutions, measured using the du Nouy ring method and the drop weight methods
(Harkins—Brown correction factors method and the LCP coefficient method). Four
biopolymers were chosen (sodium alginate, carboxymethyl cellulose, xanthan gum
and pectin) and the surface tensions of the solutions were measured as a function of
biopolymer concentration. The surface tension was found to increase with bio-
polymer concentration when measured using the du Nouy ring method. On the other
hand, the drop weight methods gave an opposite trend. The results verified the
discrepancy of the existing literature data. The error may be caused by the cor-
rection factors calculation and the solution viscosity when the du Nouy ring method
was used. The LCP coefficient method which is independent of correction factors
and liquid properties is proposed for measurement of the surface tension of viscous
biopolymer solutions.
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List of symbols

b4 Correction factor of ring method

o Density (g/ml)

Y( A ) Drop weight correction factor in function of (r/V] ! 3)

G Gravitational force (981 cm/sz)

C, Linear coefficients of quadratic equation between drop weight and
dripping tip radius

m Mass of falling drop (g)

Frnax Maximum pull force (N)

r Radius of dripping tip (cm)

R Radius of du Nouy ring wire (cm)
R Radius of du Nouy ring (cm)

Y Surface tension (mN/m)

Vv Volume of a detached drop (cm?)

Introduction

Since the mid-twentieth century, many biopolymers of scientific and industrial
interest have been discovered [1]. The production of biopolymer started in the end
of 1920s and its production nowadays has increased to about 30,000 tonnes annually
[2]. Out of the total production, 30 % is devoted to the food industry and the rest
being used in pharmaceutical, medical, chemical and so on [2].

The unique physical properties of biopolymers enable these materials to be used
as stabilizer, thickener and gelling agent in various applications [1, 3]. The
knowledge of the physical properties of biopolymers solution is important because
they should be readily controlled over a wide range to match the requirements of a
particular application. For example, when the viscosity of diluted golden syrup was
reduced to 2 Pa-s, a rapid and uniform heating of canned foodstuffs could be
achieved during thermal preservation process [4]. Besides, it has been reported that
the spreadability of alginate solution on garlic skin is improved by 3.6 times when
the surface tension of alginate solution is reduced from 51.5 to 33.0 mN/m [5]. The
density, viscosity and surface tension of biopolymers solution are commonly
measured by commercially available instrument such as densitometer, viscometer,
and surface tensiometer, respectively.

The density measurement of many biopolymer solutions is frequently conducted
using the static densitometer such as pycnometer [6—8] and vibrating element digital
densitometer [9, 10]. These densitometers are able to measure density of viscous
liquid like biopolymer solutions accurately [11]. In general, the density of many
biopolymer solutions is reported to be in the range of 1.00-1.02 g/ml [6, 8-10],
which is close to that of water (i.e. 0.9970 g/ml) [12].
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The viscosity of many biopolymer solutions can be easily measured using either
rotational type viscometer [6, 8—10, 13—16] or capillary type viscometer [17, 18].
However, it has been reported that the viscosity of biopolymer solutions is significantly
affected by the operating conditions of viscometer (e.g. shear rate, temperature and
pressure) and the properties of biopolymer (e.g. molecular weight, grade, concentration,
material source) [16, 19-21]. For example, the viscosity of sodium alginate solution with
concentration of 1.0 w/v% at 20 °C is within the range of 20-400 cP [2] and the value
depends on the grade and the biopolymer production process [2].

The surface tension of biopolymer solutions is most probably measured using
simple experimental methods, namely the du Nouy ring method and the drop weight
method. These methods are preferable due to their availability in most laboratories,
low cost, easy and rapid measurement procedure [22]. In the past, the surface tension
of many biopolymer solutions has been reported using these methods [5-7, 9, 23].
Based on the data compiled from literature for selected biopolymers, it shows that the
surface tension value and trend were inconsistent. To our knowledge, there has been no
attempt to determine the cause of the discrepancy. It is speculated that the discrepancy
could be caused by different measurement techniques used. The main aim of this study
was to measure surface tension of biopolymers solutions as a function of concentration
using two simple and widely used methods, namely the du Nouy ring method and the
Harkins—Brown (HB) drop weight method. In addition, a modified drop weight
method (LCP coefficient method) was also used. The selected model biopolymers
were sodium alginate, carboxymethyl cellulose (CMC), xanthan gum and pectin. The
data from the experiments and literature were then compared and discussed.

Materials

Biopolymers: Sodium alginate (Manugel GHB) was provided by ISP Technologies
Inc. (UK). CMC and xanthan gum were obtained from Fluka (USA). Pectin LM 35
was provided by TIC gum (USA). All the biopolymer solutions were prepared in
deionised distilled water.

Methods
du Nouy ring method

The surface tension of all samples was tested using the du Nouy ring tensiometer (SEO
DST 30 Surface tension metre, Korea). 50 ml of sample in 100 ml beaker was used for
each test. The distance between the immersed ring and liquid surface was fixed at
4.5 mm to insure a clean break of the meniscus on the immersed platinum—iridium
ring. The circumference (R) of the ring and the ring dimensions ratio (R/R’) were given
by the manufacturer as 0.5960 cm and 53.3906, respectively. Based on the input
parameters [ring dimension, density of sample and temperature (25 °C)], the
calculation was made by the pre-programmed software in the tensiometer. The
surface tension value was computed using Eq. 1 and the correction factor was
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computed according to the mathematical model proposed by Zuidema and Waters [24]
(as shown in Eq. 2). The surface tension of the sample was recorded from the display.

Fmax
= 1
7 4R (1)
1.452F max 1.679
=0.7250 ————+0.04534 — —— 2
v " \/47T2R2(P1 —p2) " R/R' @

Drop weight method

The surface tension of all samples was measured using the drop weight apparatus
(see Fig. 1). Different sizes of hypodermic needle (Becton—Dickinson Medical
(S) Pte Ltd, Singapore) were blunted first and then shortened to 3 mm. The diameter
of the needles ranging from 0.55 to 1.65 mm was used in this study. The needle and
the burette tip were mounted on a stand and set perpendicularly to the ground. The
temperature of the samples was maintained at 25 °C using a water jacket. The
weight of 30—100 drops of each samples were collected and measured using a 4
decimal digital analytical balance (Sartorious Co., Germany). The reproducibility of
the drop weight data was evaluated by repeating a randomly selected experiments
two to three times each. The standard error of the measurement was found to be
<1 %. The drop weight results were analysed to determine the surface tension using
the existing HB correction factors method [25] and the Lee—Chan—Pogaku (LCP)
coefficient method [12]. In brief, the methods are described as follows.

HB correction factors method

The drop weight results together with density data of a sample were used to
determine drop volumes. The density of each sample was measured using a digital
density/specific gravity metre (Kyoto Electronics Manufacturing Co Ltd, Japan),
where duplicate determination of data was conducted at 25 °C for each sample. The
drop volume of a sample from a known dripping tip radius was used to determine
the HB correction factor (y/ (r/ v/ 3)). Instead of referring to the experimental curve
and tables, a mathematical model known as the LCP model [26] was used to
determine the HB correction factors, as shown in Eq. 3.

lp<r/v1/3) — 1.000 — 0.9121 (r/v1/3) ~2.109 (r/V1/3>2+13‘38 (r/v1/3)

4 5 6
- 27-29(r/V1/3) 427.53 (r/vl/3) —13.58(r/v1/3) (3)

7

+2.593(r/V'?)
Then surface tension of the sample was calculated from the following equation:
mg

T (V13 4
T 2 (r VI (4)
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Fig. 1 Drop weight apparatus

LCP coefficient method

The drop weight results of a sample were first obtained from dripping tips of five
different sizes. The data were then fitted into a quadratic regression equation
(with regression R?>>0.99) in order to determine the linear coefficient (C,) of
the equation [12]. Finally, the surface tension is calculated through a linear semi-
empirical equation as shown in Eq. 5.

y=1712C, (5)

Results

First of all, the surface tension of water was measured using three different methods.
Table 1 shows the surface tension values of deionised distilled water. In general, the
average values for all three methods were in good agreement with the reference value.
Subsequently, the surface tension of water was used to compare with the surface tension
of sodium alginate, CMC, xanthan gum and amidated low methoxyl pectin solutions.

Surface tension of sodium alginate solutions

The surface tensions of different concentrations of sodium alginate solutions,
ranging from 0.5 to 5.0 w/v% were measured by the three methods. Surface tension
data of the sodium alginate solutions were shown in Fig. 2. When the du Nouy ring
method was used, the surface tension of sodium alginate solutions increased from
56.0 to 73.02 mN/m as the biopolymer concentration increased from 0.5 to 5.0 w/
v%. In contrast, when the measurement was made by the HB correction factors
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Table 1 Surface tension of deionised distilled water

Du Nouy ring HB correction LCP coefficient Reference
method factors method method value
Surface tension 73.05 (+0.05)* 71.34 (£1.29)* 72.83 (£0.17)* 71.98 [27]

(mN/m)

? The value was the average of three experiments and the standard deviation was given in parentheses
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Fig. 2 Surface tension of sodium alginates solutions measured by different methods. The error bars
indicated the standard deviation of three measurements

method and the LCP coefficient method, the surface tension data were in decreasing
trend, as presented in Fig. 2. At low concentrations, the surface tension of sodium
alginate solutions was close to that of water and it remained relatively unchanged up
until concentration of 2.0 w/v%. When the concentration increased from 2.0 to
5.0 w/v%, the surface tension of sodium alginate solutions decreased drastically
from 68.0 to <63.0 mN/m. As a comparison, the result of the LCP coefficient
method is more drastically decreased from 2.0 to 5.0 w/v% than the result of the HB
correction factors method.

In the past, surface tension of sodium alginate solutions has been reported and the
data are compiled in Table 2. Table 2 clearly illustrates that there are two different
trends of the data; the surface tension is either increasing [5, 6] or decreasing [23] as
the biopolymer concentration increases. The surface tension for 2.0 w/v% sodium
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Table 2 Surface tension (mN/m) of sodium alginate solutions which collected from literature

Concentration ~ Method

(wW/v%)
du Nouy HB correction ~ HB correction Wilhelmy Wilhelmy plate
ring method  factor method  factor method plate method method
(Zohar-Perez ~ (Watanabe (Van Santvliet (Babak et al. (Hershko and
et al. [7]) et al. [6]) and Ludwig [28]) [23]) Nussinovitch [5])

0.10 - - - 71.5 -

0.50 - 722 - - -

0.55 - - - 71.5 -

0.90 - - 69.7 - -

1.00 - 73.2 - - 60.9

2.00 56.0 75.7 - - 62.0

2.25 - - - 68.8 -

3.00 - 76.9 - - -

alginate solution measured by the du Nouy ring method is reported by Zohar-Perez
et al. [7] as 55.0 mN/m. The result coincides with the results measured by the du
Nouy ring method in this study where the surface tensions for sodium alginate
solutions of concentration <2.0 w/v% are within the 57.4-65.1 mN/m.

A comparison was made on the surface tension data measured by the HB correction
factors method in this study with that from Watanabe et al. [6]. As shown in Fig. 2 and
Table 2, the surface tensions of sodium alginate solutions in this study are lower than
73.0 mN/m when the concentration increases, in contradiction to the results obtained
by Watanabe et al. [6] where the surface tension of sodium alginate solutions was
found to be greater than that of water. On the other hand, the surface tension of 1.0 w/
v% sodium alginate solution measured in this study is 70.9 mN/m and it is close to the
value (i.e. 69.7 mN/m) reported by Van Santvliet and Ludwig [28].

It has been recommended to use the Wilhelmy plate method to measure surface
tension of viscous liquids [29], whenever the instrument is available. This is to
avoid systematical errors in the measurement made using surface detachment
methods due to viscous force effect [29]. In reference to Table 2, inconsistent trend
is also exhibited in the surface tensions of alginate solutions measured by the
Wilhelmy plate method [5, 23]. According to Hershko and Nussinovitch [5], the
surface tension of sodium alginate solutions increased from 60.9 to 62.0 mN/m
when the concentration increased from 1.00 to 2.00 w/v%. However, in the study
conducted by Babak et al. [23], the surface tensions of sodium alginate solutions
decreased from 71.5 to 68.8 mN/m when the concentration increased from 0.10 to
2.25 w/v%. Nevertheless, the surface tensions of sodium alginate solutions
determined in both studies were lower than that of water.

Surface tension of carboxylmethyl cellulose (CMC) solutions

The surface tensions of CMC solutions with concentration in the range of
0.5-2.0 w/v% were measured and the data are presented in Fig. 3. The surface
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Fig. 3 Surface tension data of carboxymethyl cellulose (CMC) solutions measured by different methods.
The error bars indicated the standard deviation of three measurements

tensions of CMC solutions measured by the du Nouy ring method at low
concentrations (0.5-1.0 w/v%) were about 75.0 mN/m. However, the surface
tension gradually increased from 75.1 to 78.2 mN/m as the concentration increased
from 1.0 to 2.0 w/v%. On the other hand, the surface tension data trend determined
using the drop weight methods are in the opposite trend of that determined using the
du Nouy ring method. It is noted that the HB correction factors method gives higher
surface tension value at high concentration compared to that measured by the LCP
coefficient method. In this case, the HB correction factors method gives surface
tension values which are 2.0 and 2.7 mN/m higher than the latter method for CMC
concentrations of 1.5 and 2.0 w/v%, respectively.

The surface tension data of CMC solutions collected from literature are presented
in Table 3. By comparing the surface tension of CMC solutions measured by the du
Nouy ring method, the results determined in this study agree with that reported by
Halard et al. [30] but disagree with that reported by Weber et al. [31]. The surface
tension data from the previous studies [30, 31] are in contradicting trend as the
polymer concentration increases. Nevertheless, the result reported by Tomanova
et al. [32] matches the data presented by Weber et al. [31]. On the other hand, the
surface tension data of Jomsurang and Sakamon [33] and of this study exhibit
decreasing trend when drop weight method was used in the measurement (see
Fig. 3; Table 3). However, they reported that the surface tensions of CMC solutions
drastically decreased from 70.5 mN/m at concentration of 1.0 w/v% to below
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65.0 mN/m at high concentrations (i.e. 1.5 and 2.0 w/v%). The results are in
contradiction with the results of this study. Another data measured using the drop
weight method from Watanabe et al. [6] is also shown in Table 3. They reported
that the surface tension of 0.25 w/v% CMC solution was greater than that of water.
In contrast, a lower value (i.e. 64.5 mN/m) was reported by Cao and Li [34] for
0.5 w/v% CMC solution when the measurement was made by the Wilhelmy plate
method. In reference to Table 3, Guillot et al. [35] reported that the surface tension
of CMC solutions is relatively constant at about that of water at low CMC
concentrations (from 0.01 to 0.70 w/v%) when they measured using the Wilhelmy
plate method. Furthermore, the surface tension of the CMC solutions at high
concentrations (from 0.75 to 1.40 w/v%) was found to be lower than that of water
and the data were in decreasing trend as the CMC concentration increased [35].

Surface tension of xanthan gum solutions

The surface tension of xanthan gum solutions was measured in this study. As
presented in Fig. 4, the surface tension of xanthan gum solutions in this study
increases from 74.0 to 83.2 mN/m as the biopolymer concentration increases from
0.1 to 0.5 w/v% when the du Nouy ring method was used in the measurement. The
surface tensions measured by the ring method are clearly higher than that of water.
However, this is not seen in the results obtained by the drop weight methods. The
measured surface tensions are lower than that of water and they are in decreasing
trend as the concentration increases from 0.1 to 0.5 w/v%. The results are in similar
trend to that of the sodium alginate solutions and CMC solutions in this study. In
addition, the surface tensions of xanthan gum solutions measured by the drop weight
methods (i.e. the HB correction factors method and the LCP coefficient method) are
insignificantly different (see Fig. 4).

Table 4 shows the surface tension data of xanthan gum solutions collected from
literature. In general, the reported surface tension data are generally lower than that
of water [5, 28, 36, 37]. Weber et al. [31] and Huang et al. [37] measured the surface
tension of 0.5 w/v% xanthan gum solution using the du Nouy ring method but
different results were determined. On the other hand, Garti et al. [36] and Hershko
and Nussinovitch [5] both reported that the surface tension of 1.00 w/v% xanthan
gum solution was 42.3 mN/m when measurement made by Wilhelmy plate method.
In reference to Fig. 4 and Table 4, the data reported by Weber et al. [31] were in
similar trend (i.e. increasing) as those measured in this study by the du Nouy ring
method. Moreover, the surface tension of xanthan gum solution at low concentra-
tions (i.e. 0.18 and 0.25 w/v%) was reported to be about 69.0 mN/m by Weber et al.
[31] and Van Santvliet and Ludwig [28], which coincides with the data measured by
the drop weight methods in this study.

Surface tension of pectin solutions
The surface tension of pectin solutions of different concentrations (ranging from 5.0

to 8.0 w/v%) was measured in this study and the results are presented in Fig. 5.
Similar to the results of other biopolymer solutions, the surface tensions of the
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Fig. 4 Surface tension data of xanthan gum solutions measured by different methods. The error bars
indicated the standard deviation of three measurements

Table 4 Surface tension (mN/m) of xanthan gum solutions which collected from literature

Concentration ~ Method

(W/v%)
du Nouy du Nouy HB correction Wilhelmy Wilhelmy plate
ring method ring method factor method plate method method
(Weber (Huang (Van Santvliet and (Garti et al. (Hershko and
et al. [31]) et al. [37]) Ludwig [28]) [36]) Nussinovitch [5])
0.18 - - 69.4 - -
0.25 69.2 - - - -
0.50 74.1 60.8 - - -
1.00 - - - 42.0 423

pectin solutions measured by the du Nouy ring method in this study shows
increasing trend as its concentration increases. The surface tension of 5.0 and 6.0 w/
v% pectin solution was approximately close to 64.0 mN/m but it gradually
increased to 67.1 mN/m as the biopolymer concentration was increased to 8.0 w/
v%. On the other hand, the surface tensions of the pectin solutions were found to
decrease as the biopolymer concentration increases when the measurement was
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Fig. 5 Surface tensions of pectin solutions measured by different methods. The error bars indicated the
standard deviation of three measurements

made by the drop weight methods in this study (see Fig. 5). The surface tension data
determined by the HB correction factors method are relatively higher than that
measured by the LCP coefficient method. In reference to Fig. 5, the surface tension
of the pectin solutions is high (close to surface tension of water) at low
concentrations (e.g. 5 and 6 w/v%) and then decreases to a lower value as the
concentration increases.

The literature data on the surface tension of pectin solutions are shown in Table 5.
In general, all the results measured by the du Nouy ring method, including those in
this study, Weber et al. [31], and Huang et al. [37] are lower than that of water (see
Fig. 5; Table 5). The data reported by Weber et al. [31], where the surface tension
increases from 64.2 to 67.3 mN/m when the concentration increases from 0.25 to
0.50 w/v% (see Table 5). Similar data trend was determined in this study (see
Fig. 5). In reference to Table 5, Jomsurang and Sakamon [33] showed that the
surface tension gradient between 1.0 and 1.5 w/v% pectin solution is large, as much
as 8.5 mN/m and this is not observed in the results obtained in this study (see Fig. 5).

Discussion
As presented in the above sections, the discrepancy of the surface tension of

biopolymer solutions is apparently demonstrated in the results of this study and
previous studies. As a whole, the results obtained from the du Nouy ring method in
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Table 5 Surface tension (mN/m) of pectin solutions which collected from literature

Concentration Method

(wW/v%)
du Nouy ring method du Nouy ring method Modified drop weight method
(Huang et al. [37]) (Weber et al. [31]) (Jomsurang and Sakamon [33])

0.25 - 64.2 -

0.50 50.3 67.3 73.0

1.00 - - 72.5

1.50 - - 64.0

2.00 - - 58.0

most cases (expect pectin solutions) showed that the tested biopolymers increase the
surface tension of water as their concentration increases. However, the results
obtained from the drop weight methods in this study demonstrate an opposite effect.
The tested biopolymers reduce the surface tension of water as the biopolymers
concentration increases. These results clearly showed that the measured and
collected data are influenced by the measurement technique. Although the apparent
surface tension value of the biopolymer solutions could be influenced by the
chemical properties, grade, manufacture batch-to-batch variation of the biopoly-
mers, the intention of this study was to investigate the data trend of the biopolymer
solutions where the apparent surface tension of water is increased or reduced by the
biopolymers.

Surface tension measurement of a sample by the du Nouy ring method is
basically involved the measurement of maximum pull force (Fy,.x) that required to
detach a circular ring from the liquid surface of the sample [38] or the maximum
weight capable of being held up by the ring [39]. It has been well known that the
measured F,,x could be in error of 30 % or even more because only a portion of the
liquid raised by the ring that breaks away from the surface and attaches to the ring,
while a smaller portion of it remains undetached from the surface. This problem has
been resolved by multiplying the calculated surface tension value with a correction
factor that can be obtained from a table developed by Harkins and Jordan [40]. The
Harkins—Jordan (HJ) table is developed based on the fraction of the ideal Fi,.x,
¥ = Fiax/Fmax1deal> as a function of the dimensionless ring radius, R3/V and the ring
dimensions ratio R/R’. A mathematical model has been developed by Zuidema and
Waters [24] (see Eq. 2) to determine the correction factors without referring to the
HIJ table. Nowadays, the Zuidema—Waters (ZW) model has been pre-programmed
into the commercially available surface tensiometer to determine surface tension of
a sample, which is similar to the one used in this study. However, based on the
results of biopolymer solutions in this study, the applicability of the ZW model for
wide range of liquid and different sizes of ring has raised the concern of the authors.
This is because the model is initially developed based on two sizes of ring (i.e. 4 and
6 cm) with R/R’ of 30, 40, 50 and 60, and the studied range of F,,,/density covers
from 50 to 850 N ml/g only [24].

Figure 6 shows the plot of surface tension of water, benzene and bromobenzene
against different ring dimensions ratios (R/R’). The surface tension data were
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Fig. 6 Surface tension of few liquids against the ring dimensions ratio [R/R’]. The surface tension data
were computed using the correction factors from HJ table [40] and ZW model [24]. All the experimental
data [a water, b benzene, ¢ bromobenzene] were collected from Harkins and Jordan [40]. The reference
values [solid line] were measured by the capillary rise method and they were determined from Harkins
and Jordan [40]

computed using two approaches; first by the HJ table and second by the ZW model.
In general, the surface tension data of liquid computed by the ZW model are
randomly scattered around the reference value; where the data vary from 20 % lower
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Table 6 Error analysis of the surface tension measured by du Nouy ring method using different
approaches for correction factors determination

Harkins—Jordan (HJ) table Zuidema—Waters (ZW) model

Water

AAD 0.004 % 8.393 %

MAD 0.029 % 23.663 %

No. sample 16 16
Benzene

AAD 0.070 % 11.179 %

MAD 0.491 % 15.660 %

No. sample 16 16
Bromobenzene

AAD 0.071 % 14.535 %

MAD 1.075 % 17.436 %

No. sample 16 16

n

- _ 100

AVCragC absolute deviation (AAD) = E : (YReference value — YExperimem)/YReference value X n
i=1

Maximum absolute deviation (MAD) = Maximum value of the absolute deviation between the experi-
mental data and the reference values

to 20 % higher. In contrast, it was noted that the deviation of the results computed
using HJ table from the reference value was <1.1 %. In order to evaluate the
accuracy and reliability of the two approaches for determination of surface tension in
comparison with the reference values, a statistical error analysis was conducted
(Table 6). Two statistical indicators were used and they were average absolute
deviation (AAD) and maximum absolute deviation (MAD). AAD analysis indicates
the average deviation of the experimental data and MAD analysis reflects the degree
of the deviation of the experimental data. The approach of using HJ table gives lower
deviation if compared to ZW model approach when it used to compute the surface
tension of liquid. Therefore, the inconsistency of the surface tension data of
biopolymer solutions could be due to the error in the calculation of surface tension by
the surface tensiometer. This is because the tensiometer computes the surface tension
using the ZW model, which had been pre-programmed in the instrument.

Over many decades, the HJ correction factors have been used to determine
surface tension of many liquid and solutions. Despite the wide application of the
correction factors, the issue on the applicability of the correction factors for various
solutions has attracted the attention of researchers. Many studies have reported that
the accuracy of the correction factors could be affected by solution conditions, ring
wettability, liquid/solution viscosity, and solution types [29, 41-44]. In fact, these
effects were not considered and tested during the development of the correction
factors. The effect of viscous force on the measured F,,,, of viscous liquid like
biopolymer solutions could be significant.

The viscous force of the liquid could influence the measured F.c in two
scenarios. First, the viscous force of a liquid plays an important role in the surface
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detachment mechanism between the ring and the liquid/solution surface [45, 46]. It
may influence the amount of liquid that breaks away from the liquid raised by the
ring after the surface detachment occurs as well as the amount of undetached liquid.
As a consequence, the amount of the liquid attached to the ring after the detachment
(Fmax) could be higher or lower than its actual amount. Besides, an error may also
incur in the correction factors determination due to deviation of the F,,, value from
its actual value. Second, the viscous force may cause error in the detection of
maximum pull force (Fy,.x). It has been reported that sometimes the measured Fiy,x
is not necessarily the pull at which the liquid film breaks and the F,,x typically
occurs just before the ring detaches from the surface [22, 42, 46]. Hence, the
measured F,,, for viscous liquids (like biopolymers solutions) might not be the
actual pull that caused the detachment of the ring from the interface. As a result, it is
commonly recommended that the du Nouy ring method should be used with
precautions especially when it is used for the surface tension measurement of
viscous liquid [29, 44, 46]. Imaging system (e.g. high speed camera) could be used
to monitor the surface detachment and hence the associated errors could be
eliminated [46].

On the other hand, when surface tension measurement was made by the drop
weight methods, it was noted that the surface tension decreases as the biopolymer
concentration increases in all experiments conducted in this study. The trend is in
good agreement with the theorem of surface thermodynamics (Gibbs adsorption
isotherm). According to the theorem, the surface tension of biopolymer solutions at
low concentration is expected to be close to the value of water (about 72 mN/m) [5,
36] because biopolymer solutions are typically containing about 98 % of water [5,
23, 36]. As the concentration of the biopolymer solutions is increased, the apparent
surface tension of water is typically decreased by the solute (biopolymer). This is
because substance like biopolymer will tend to accumulate at the surface in
preference to remaining in the bulk when it is dissolve in water [44, 47, 48].

As a result, the drop weight methods could be a more suitable method to measure
the surface tension of biopolymers solutions. However, when the classical drop
weight method was used, HB correction factors were required to determine the
surface tension. It has been reported that the correction factors are influenced by the
liquid properties (i.e. density, surface tension and viscosity), sample delivery mode
and tip geometry and size [12]. Hence, when HB correction factors were used for
surface tension determination of biopolymer solutions could be associated with
errors. Conversely, the errors can be minimised with the use of the LCP coefficient
method. The method was developed to eliminate the influence of liquid properties
on the drop weight method and it was found to be valid for a large variety of liquids
and different experimental conditions [12]. The viscous force effect on HB
correction factors is clearly illustrated in the results of sodium alginate, CMC and
pectin solutions at high concentrations, when the viscosity of the solutions is high
(see Figs. 2, 3, 5). This is because the results of these solutions (4.0 and 5.0 w/v%
sodium alginate solutions, 1.5 and 2.0 w/v% CMC solutions and 6.0, 7.0 and 8.0 w/
v% pectin solutions) determined by HB correction factors method are deviated from
those determined by the LCP coefficient method. Therefore, the LCP coefficient
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method which is independent of correction factors and liquid properties is proposed
for surface tension measurement of viscous biopolymer solutions.

Conclusions

The surface tension of four types of biopolymer (sodium alginate, CMC, xanthan
gum and pectin) solutions in different concentrations was measured using the du
Nouy ring method and the drop weight methods. The surface tension was measured
as a function of the biopolymer concentration. In general, the surface tension
determined using the du Nouy ring method was in an increasing trend but the drop
weight method gave an opposite trend. The available literature data also showed
inconsistent results and this verifies that the surface tension values of biopolymer
solutions could be affected by the measurement technique. When surface tension
measurement made by the du Nouy ring method, the error could be due to the
correction factors determination using the ZW model. The error analysis shows that
the ZW model gives surface tension values that vary from 20 % lower to 20 %
higher, as compared to the reference value. In addition, the error of the du Nou ring
method could be due to the solution viscosity. The solution viscosity was not
considered during the development Harkins—Jordan (JW) correction factors for the
du Nouy ring method. The viscous force of the biopolymer solutions has a
significant effect on the detachment mechanism of the ring from the liquid surface
and the detection of the actual maximum pull force (Fp.x). Therefore, surface
tension measurement of biopolymer solutions using the du Nouy ring method is to
be conducted with extra precautions. On the other hand, the results of the drop
weight methods are in good agreement with the theorem of surface thermodynam-
ics. According to the theorem, the surface tension of biopolymer solutions is
expected to be close to the value of water at low concentration and lower than the
value of water as the biopolymer concentration increases. In conclusion, the LCP
coefficient method which is independent of correction factors and liquid properties
was identified to be the most accurate and suitable method to measure surface
tension of biopolymers solutions.
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