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Abstract

Phase separation and drop size distributions in dilute Na-caseinate/Na-alginate mixtures has been investigated using simultaneously two
different measuring techniques: light scattering and image analysis. It has been found that even at very low concentrations of either polymer,
where according to literature data the mixture should be homogenous, two phases can be observed. This phase separation was detected &
both techniques and in each case, the drop size distributions measured by each of them were in good agr2edteBlsevier Science Ltd.

All rights reserved.
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1. Introduction phase separation is necessary to verify such theoretical
models.

Aqueous—aqueous two phase systems (ATPS) are used in Several methods of measuring the binodal for the phase
the food industry (Kasapis, Morris & Norton, 1991; Tolsto- diagram are reported in the literature. The composition of
guzov, 1996) and in the separation of biological materials the separated phases can be measured by direct chemical
ranging from proteins to cells (Albertsson 1985; Huddle- and/or physical analysis. This approach usually requires
stone & Lyddiatt, 1990). Recently, it has been reported several independent analytical methods such as refractive
that aqueous—aqueous two phase systems can also be usaddex differences, polarimetry and dry weights have to be
in the extraction of metal ions and other inorganic com- combined to measure the concentrations in mixture of poly-
ponents (Graber, Andrews & Asenjo, 1999). In each of mers (Bamberger, Brooks, Sharp, Van Alstaine & Webber,
the above applications, knowledge of the phase diagram1985). Alternatively, the cloud point method is used. Here,
of the polymer solutions, e.g. the composition of the mixture one starts with a relatively concentrated solution of one
at which separation in two phases starts, is essential. Despitgpolymer to which the solution of other polymer is added
considerable research and the growing popularity of ATPS, in very small quantities. After each addition, the polymers
currently there is no theory capable of predicting phase are carefully mixed and the first appearance of turbidity, i.e.
separation from the chemical structure of the polymers or the cloud point, indicates that the system is about to move
from their physical properties. Attempts of an theoretical from the single phase part of the phase diagram to the two
description of phase separation are based on one of twophase part (Bamberger et al., 1985; Merchuk, Andrews &
contradictory assumptions: (i) that the macromolecular Asenjo, 1988). There are two problems with this method: (i)
structure of polymers plays the major role in phase separ-the change from clear to turbid solution often occurs gradu-
ation; or (ii) that it is the character of water as a solvent ally; and (ii) for polymers with similar refractive indices, the
which plays the essential role (Zaslavsky, 1995). Whichever cloud point can be seen only at a high volume fraction of
assumption is adopted, a reliable experimental technique todispersed phase, e.g. when the system is well within the two
determine the compaosition and the structure of the system atphase area. Therefore, the position of the binodal cannot be

determined accurately using the cloud point method.
Recently Blonk, van Endenburg, Koning, Weisenborn
* Corresponding author. Tel.:#44-121-414-5308; fax:+44-121-414- and Winkel (1995) repqrted a new gpproach, namely the
5324, use of Confocal Scanning Laser Microscope to measure
E-mail addressa.w.pacek@bham.ac.uk (A.W. Pacek). the phase diagram for the Na-alginate/Na-caseinate system.
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measurements of the binodal and phase diagram with different
methods for Na-alginate/Na-caseinate are summarised in Fig. 1.

In Fig. 1, the coordinates of a point represent the average
concentration of each polymer (mass of biopolymer per the
total mass of the mixture). If such a point is between the
binodal (the solid line in Fig. 1) and the axes, the mixture is
expected to be homogenous and phase separation does not
occur. If the point is above the binodal, the system separates
into two phases, each of a composition given by the binodal
and their amounts given by a tie-line and the lever rule.
Despite some scatter, the literature data are fairly consistent
and they imply that phase separation in Na-alginate/Na-
caseinate mixture occurs only if the concentration of poly-
mers exceeds certain relatively high values.

The required accuracy of the binodal depends to same
extent on the application of such mixtures. One might
argue that when ATPS is applied to bioseparation, the accu-
racy is not very important, because in such cases, what really
matters is the efficiency of such a system in partitioning, e.g.
the partitioning coefficient. However, if ATPS are used in
manufacturing of food substitutes, the exact concentrations
at which separation occurs (the precise position of binodal)
might be essential for determining the structure of the mixture.

In this paper, we report measurements related to the struc-
ture of Na-alginate/Na-caseinate mixtures. The system was
selected because: (a) binodal literature data are already
available; and (b) similar systems have direct application
in the food industry as the texture of water—casein—sodium
alginate mixture at high concentration resembles muscle
tissue so such a system can form the basis of meat analogues
(Antonow, Grinberg, Zhuravskaya, & Tolstoguzov, 1980;

This method not only requires rather expensive equipment Suchkov, Grinberg, & Tolstoguzov, 1981). The measure-
but also complex, system specific labeling of each polymer ments were carried out simultaneously by two different
is necessary. Its accuracy is further limited by the lack of techniques: a light scattering technique (Malvern Master-
precise correlation between the fluorescence intensity andsizer) and by image analysis (Pacek, Moore, Calabrese &
concentration of each polymer. The literature results for the Nienow, 1994). The measurements covered concentrations
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Fig. 1. Phase diagram of Na-alginate/Na-caseinate mixtarp:—Antonow et al. (1980);[(l)—Blonk et al. (1995), chemical analysis)—Blonk et al.
(1995), Confocal Scanning Laser Microscope, binodal—the best fit to all experimental data calculated by nonlinear regression — solid line.
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Fig. 2. The concentrations of Na-alginate and Na-caseinate employed in reported investig®)isnml{ amount of 12% Na-caseinate added to initially 1.5%
Na-alginate; @) small amount of 2% Na-alginate added to initially 4% Na-caseinate; solid line—binodal from Fig. 1.

in the “homogeneous” region and led to some surprising measured by evaporation. Na-alginate (Manucol DM,
results, which are reported here. Work in the two phase molecular weight~500 000 Da, supplied by Kelco lot No
region will be reported later. 590961) gives much more viscous solutions (see Fig. 3) and
therefore it was dissolved in a jacketed stirred vessel fitted
with baffles and a helical screw impeller and connected to a
2. Experimental water bath. Na-alginate was gradually added to deionized,
distilled water at 58C continuously stirred atl = 300 rpm
Measurements were made at very low concentrations, pH was continuously monitored and adjusted with 0.1 N
well away from the binodal (Fig. 2). Surprisingly, though NaOH to pH= 7. The final solution was heated to 1
these systems appeared quite homogeneous to the naked eyand “conditioned” at this temperature for 30 min and after
(often used to detect cloud point), both measuring techni- that time cooled to ZZ. The concentration of Na-alginate
gues detected phase separation, i.e. drops were foundwas measured by evaporation. Sodium azide at concen-
Therefore, two cases were systematically studied. In thetration of 0.03%(w/w) was added to both solutions to
first case, the concentration of Na-caseinate was graduallyavoid biological degradation. The density and viscosity of
increased from zero, which should lead to a Na-caseinateall solutions were measured and the results are summarised
rich phase being dispersed after phase separa¥an Fig. in Table 1 and Fig. 3. Both Na-caseinate solutions are of
2). In the second case, the concentration of a Na-alginateconstant relatively low viscosity whereas Na-alginate
was gradually increased, also from zero, which should give solutions are weakly shear thinning and more viscous
Na-alginate rich phase being dispersed after phase separFig. 3).
ation @ in Fig. 2).
For each case stock solutions were used to give the 1 Experimental rig and procedure
concentrations indicated in Fig. 2: in the first case, 1.5%
Na-alginate solution to which 12%(w/w) Na-caseinate  The experimental rig for investigation of phase separation
solution was gradually added and in the second series ofand for the measurement of drop size distributions in the
experiments, 4% Na-caseinate solution to which 2%(w/w) Na-alginate/Na-caseinate mixtures is shown schematically
Na-alginate solution was added. These stock solutions werein Fig. 4. Initially, a precise amount of the stock solution of
prepared following the procedure outlined by Blonk et al. one polymer was charged into a glass stirred vessel (1) of
(1995). Na-caseinate (molecular weight25 000 Da, diameter of T = 0.1 m, fitted with baffles, and a Rushton
supplied by Sigma, lot 36H0408) gives solutions of turbine impeller of diameteb = 0.05 m and stirred at an
relatively low viscosity (see below), so the powder could impeller speed ofN = 200 rpm The solution was contin-
be gradually added to deionized, distilled water at room uously circulated through the measuring cell (4) of the
temperature and be well mixed by a magnetic stirrer. The Mastersizer type S (3) by peristaltic pump (2). To minimize
pH of the solution was continuously monitored and adjusted the possible change of the structure of the solution (or more
to pH= 7 using 0.1 N NaOH. The final solution was cen- precisely the structure of the mixture after phase separation)
trifuged at 10 000 rpm for 2.5 h to separate undissolved caused by the action of the pump and by shear during flow
particles and the concentration of Na-caseinate wasthrough the connectingtubes, the solution was sucked by the
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Table 1 5
Physical properties of stock solutions at@2 (a) (b)
Na-alginate Na-caseinate
Concentration (%(w/w)) 15 2.0 4.0 12.0 Lt 1
Density? (kg/m®) 1006 1010 1008 1032 — e 7
Viscosity ® (Pa s) See Fig. 3 0.003 0.200 Jo—""
4

@ Measured by density bottle. < =
® Measured by Carri-Med rheometer. [

pump and passed through the r_nea§ur|ng cell before _'t Fig. 4. Experimental rig for investigation of phase separation and measure-
passed through the pump (see direction of the arrows inments of drop size distribution: (a) general lay out (1) stirred vessel, (2)
Fig. 4a) and the distances between the vessel, the Mastersiperistaltic pump, (3) Mastersizer, (4) measuring cell, (5) temperature and

zer and the pump were made as short as possible. GreapH probe; and (b) details of measuring cell.
precautions were also undertaken to avoid air entrainment.
With the stock solution of one polymer in the vessel, the 3. Results and discussion

optics were carefully aligned and the background level was

measured. The Mastersizer was set in automatic measuring3.1. Na-caseinate (initialfyNewtoniang = 0.2 Pa s)

mode and small aliquots of the stock solution of the second added to Na-alginate (shear thinning,~ 0.6 Pa s)

polymer were added into the vessel to give the composition

shown in Fig. 2. Small samples were also withdrawn from  The vessel was initially filled with 620 ml of 1.5%(w/w)

the vessel and their structure was examined under the micro-Na-alginate solution, all air bubbles were expelled and the

scope and drop size distributions were measured by imagebackground noise was measured. The Mastersizer was set in

analysis. Such a procedure allowed practically simultaneousthe automatic measuring mode and the measurements were

monitoring of the structure of the mixture and the measure- carried out every 2 min and the results are summarised in

ments of drop size distributions by two independent tech- Figs. 5 and 6.

niques: in situ by light scattering (Mastersizer) and in the  The first measurements, from time=0 to t = 2 min,

sample (image analysis). were done with pure Na-alginate solution and as one

Two sets of experiments were performed. In the first set, would expect, no drops were detected. At titne 2 min,

the vessel was initially filled with Na-alginate solution and 10 ml of 12%(w/w) Na-caseinate solution was added giving

Na-caseinate solution was added in small aliquots. In this the concentration of Na-alginate and Na-caseinate in the

case, after phase separation, Na-caseinate rich phase wamixture of Xy = 1.47% and x.s= 0.19% respectively.

dispersed. In the second set of experiments, the vessel wasmmediately after the addition, the Mastersizer detected

initially filled with Na-caseinate solution and Na-alginate the presence of second phase (drops) at a volume fraction

solution was added leading to a Na-alginate rich phaseof ¢4 = 0.04% (see Fig. 6) and measured drop size dis-

being dispersed after phase separation. In each experimentributions (see Fig. 5, time 3 min). Drops were also clearly

the structure of the mixture was monitored and drop size seen in the sample withdrawn from the vessel as shown in

distributions were measured by Mastersizer and by image Fig. 7. (It should be noted that in Fig. 7, the depth of field is

analysis at regular time intervals. about 30Qum. The mean size of the drops is of the order of
10 wm. Thus as the drops are evenly distributed throughout
the sample, many layers are seen so that the concentration of

2.00 drops appears much bigger than 0.1%).
i Initially, the drop size distribution was slightly bimodal
1.00 | with the largest drops of the order of 3Qn, but after
- 2 min of stirring and circulating of the mixture, those
& 0o Peateerenette ienee drops disappeared and the number of small drops (of the
z 0501 order of 5um) increased and the distribution became
S single-modal (Fig. 5). The large drops clearly resulted
5 0301 from the initial addition of Na-caseinate and it then took
time to disperse Na- caseinate uniformly throughout the
volume of the vessel. The dispersion was stirred for
Shear rate [s~ 1 ]
0.10 : : _
0.1 1 10 50 ! It is important to recognize that the drops detected by Mastersizer or
seen by image analysis (see later) and discussed here did not have the same
Fig. 3. Viscosity of Na-alginate solutions at°22 (M) 2%(w/w) Na-algi- composition as that of the second phase initially added. Thus the actual

nate; @) 1.5%(w/w) Na-alginate. physical properties of the dispersed and continuous phase are not known.
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Fig. 5. Drop size distributions measured by Mastersizer in Na-caseinate/Na-alginate mixture after the addition of a series of aliquots chtddechisein
alginate solution. Na-caseinate rich phase dispersed.

30 min and during that time both measured volume fraction added giving the concentrations, = 1.46% and x.s=
of dispersed phase (Fig. 6) and number of small drops (Fig. 0.29% and dispersion was stirred for next 30 min. In this
5) gradually increased. These increases can be explained bgase, the behaviour of the mixture was different from that
the fact that the pure Na-alginate solution was rather viscousfound after the first addition. Firstly, the large drops were
and shear thinning and therefore the longer time was necesnot detected (drop size distributions stayed single modal)
sary to achieve uniform dispersion of the Na-caseinate onand secondly, within the first 5 min of stirring, the volume
the micro level. fraction of dispersed phase increaseddtp= 0.10% and
After 30 min, another 5 ml of Na-caseinate solution was remained unchanged after that time (see Fig. 6). This
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Fig. 6. The volume fraction of dispersed phase after the additio®)fLQ and 5 ml of 12% Na-caseinate to 620 ml of 1.5% Na-algin@after the addition
of a series of 50 ml aliquotes of 2% Na-alginate to 500 ml of 4% Na-caseinate.
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Mastersizer and the results are summarised in Fig. 8 and
Table 2. The results obtained by the video technique are
in excellent agreement with the corresponding results (at
10 and 45 min) obtained by Mastersizer. Both techniques
clearly show that even at very low concentrations of Na-
caseinate, the mixture is already phase separated, whereas
according to the literature, the mixture should have been
homogenous (see Fig. 2).

3.2. Na-alginate (initially shear thinningu ~ 1.5 Pa s)
added to Na-caseinate (Newtonign,~ 0.003 Pa s)

The vessel was initially filled with 500 ml of 4%(w/w)
Na-caseinate solution, all air bubbles were expelled, the
solution was stirred and circulated through the measuring
Fig. 7. The image of the Na-caseinate/Na-alginate mixtuig:at 019%  ca|| and the background noise was measured. The Master-
Zgggalltzzll.lg?.Na-casemate rich phase dispersed. Height of the picture is sizer was set in the automatic mea_lsuring mode and_t_he

measurements were taken every 2 min. The results, addition

sequence and volume fraction are summarised in Fig. 6 and
difference in the behaviour of the mixture after the first and the drop size in Fig. 9.
the second addition can be attributed to: (a) the fact that the The first measurements, from= 0 to t = 5 min, were
amount of Na-caseinate added was much smaller, so it wasaken with pure Na-caseinate solution so that drops were
easier to disperse it uniformly; and (b) after the first addition not detected. At timé= 5 min, 50 ml of 2%(w/w) Na-algi-
the mixture became less shear thinning and the apparenhate solution was added giving the average concentrations
viscosity decreased again leading to easier mixing. Both of biopolymers in the mixture ok, = 0.18% andx. =
those factors caused that it was much easier to achieve the3 9%, After several seconds of stirring, the Mastersizer
uniform concentrations in the system. The image of the detected the presence of a dispersed phase at a volume
sample withdrawn from the vessel shortly after the second fraction of ¢4 = 0.0025% (see Fig. 6) and measured the
addition was very similar to the image shown in Fig. 7 and drop size distributions (see Fig. 9). In this case, the time
again clearly confirmed the presence of the large number ofelapsed between the addition of Na-alginate and the appear-
small drops. ance of first drops was longer than in the previous experi-

The mean drop size and drop size distributions were alsoment, but this can be explained by the much higher viscosity
measured by image analysis. The measurements werefthe added phase (see Fig. 3) which took longer to disperse
carried out on the samples withdrawn from the vessel and equilibrate. The measured drop size distributions shown
(example of the typical image is shown in Fig. 7) at the in Fig. 9 are clearly bimodal with drops in two size ranges:
time when the drop sizes were measured in-situ by the 0.2—-2.0 and 5-25am and they did not change during the
next 15 min of stirring. At 15 min, the next 50 ml of Na-
alginate solution was added giving average concentrations

0.%0 of x5 = 0.33% andx.s = 3.6%, and causing a step increase
0.25 in volume fraction of dispersed phase #g = 0.0075%
g The drop size distributions remained bimodal but the
g 0.20 - lower and the upper range of size distribution became
@ wider, with the smaller drops in the range 0.2—gr and
g 0154 the large drops in the range 5—3@fh. Neither the volume
0} fraction of dispersed phase nor the drop size distributions
5 0.10 1 changed during stirring for nearly 30 min. At 50 min, the
S next 50 ml of Na-alginate was added, to gixg= 0.46%
0.05 1 andx.s = 3.3%, causing a further increase of volume frac-
0.00 tion of dispersed phase 9, = 0.015% and the drop size

0 2 ' 4 é é 1'0 1'2 1‘4' &‘1“6 distribution stayed bimodal. The increase of the number of
) the smaller small drops (0.28m) was much stronger than

Drop size [um] that of large drops (10—150m) and again the continued

stirring did not change the shape and span of the drop size

Fig. 8. Volume probability density functions measured by image analysisin =" " 'J ~
distribution.

the samples withdrawn from the vesse®)(at timet = 10 min, ¢q =
0.06% (O) at time 45 min;¢q = 0.1% (see also Fig. 5 and Table 2). Na-
caseinate rich phase dispersed. 2 See earlier footnote.
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Fig. 9. The drop size distributions measured with the Mastersizer after the addition of a series of 50 ml aliquots of 2% Na-alginate to 500 ml of 4% Na-

caseinate. Na-alginate rich phase dispersed.

After each addition of Na-caseinate, a small sample of the However, the large drops (above @fén), which were
mixture was withdrawn from the vessel and the structure detected in-situ by the Mastersizer (Fig. 9) were not seen
was analysed, to give drop size distributions from digitised in the samples (see Fig. 11). Perhaps, the very low number
images and compared with the results obtained with Master- of such drops in the dispersion can explain their absence in
sizer. A typical image of the separated mixture is shown in the sample. It is also possible that the large entities detected
Fig. 10 and the measured drop size distributions and meanby Mastersizer were in fact aggregates of loosely attached
drop size are summarised in Fig. 11 and Table 3, respec-small drops that were broken during sampling. Aggregation
tively. After the first addition of Na-alginate, drops were not could have been caused by the very low interfacial tension
detected. However, this can be explained by the fact that thebetween continuous and dispersed phase (of the order of 10
spatial resolution of the microscope was of the order of ®N/m, (Pacek, Ding & Nienow, in preparation)) and rela-
1 wm so that the majority of the drops which were below tively high viscosity of dispersed phase. A similar situation
1 wm (see Fig. 9) could not have been seen. As the volumewas observed after the third addition, when again only small
fraction of dispersed phase increased, with the second addi-drops were seen in the sample. The volume density func-
tion, small drops of a Na-alginate rich phase dispersed in ations measured by the video technique in the sample are
Na-caseinate rich phase can clearly be seen in Fig. 10.

0.7

0.6 -

0.5 1

0.4 1

0.3

Volume density [um™]

8 10

Size [um]

Fig. 11. Volume probability density functions measured by image analysis
Fig. 10. The image of the Na-alginate/Na-caseinate mixtuxg at 0.33% in the samples withdrawn from the vessd®)(at timet = 35 min, ¢ =
andx.s = 3.6%. Na-alginate rich phase dispersed. Height of the picture is 0.0075 (O) at time 65 min;$y = 0.015% (see also Fig. 9 and Table 3). Na-
equal to 24Qum. alginate rich phase dispersed.
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Table 2
Mean drop sizes in Na-alginate/Na-caseinate dispersion measured by image analysis at the same times as shown in Fig. 5. Na-caseinate ricseghase dispe

Time (min) Na-caseinate (%) Na-alginate (%) dyo (m) dsp (um) dy3 (um)

10 0.19 1.47 5.2 5.9 6.3

45 0.29 1.46 6.3 7.3 7.8

Table 3

Mean drop sizes in Na-alginate/Na-caseinate mixture measured by image analysis at the same times as shown in Fig. 9. Na-alginate rich phase disperse
Time (min) Na-caseinate (%) Na-alginate (%) dio (m) dsp (um) dy3 (m)

10 3.9 0.18 No drops

35 3.6 0.33 3.0 34 3.6

65 33 0.46 3.6 4.0 4.2

fairly close to these for the smaller sizes in the distributions size as long as the system is very dilute. The image analysis/
measured by Mastersizer in-situ. video technique, however, though it misses the smallest

Most importantly, though there is some discrepancy in sizes, also allows measurements to be taken in more concen-
detail between the two techniques, again, even at very lowtrated mixtures as well a detailed analysis of the complex
concentrations of one polymer two phases were detected instructure occurring at higher concentration of polymers,
the mixture whereas, according to the phase diagram (Fig.including the detection of phase inversion (Pacek et al.,
1), the system should be homogenous. 1994; Pacek et al., in preparation).

These results question the phase diagrams published in
the literature and to some extent the current understanding
of the phenomenon of phase separation in two phase
agueous—agueous systems.

The experiments discussed in detail in this paper involv-
ing researchers from two independent groups, stemmed
from earlier, preliminary experiments carried out by each
group independently. In all those earlier experiments, phase

separation in Ng—algmate/Na—casemate mixture  was polymer Mixture for Zero and Low Fat Foods, FAIR CT97
observed over a wide range of very low concentrations of

ith | dat t sh o h ¢ seri f3022 sponsored by European Union. The authors would also
either polymer (data not shown). Here, a coherent series ke to acknowledge very helpful discussion with Prof. lan

experiments has been carried out for simultaneous analy3|§\Iorton and Dr Tim Foster (Unilever Research Colworth
of the structure of Na-alginate/Na-caseinate mixtures by Lab, Sharnbrook, UK)

two independent techniques. The two techniques, light
scattering (Mastersizer) and image acquisition/analysis
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