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Abstract

The characterisation of the polyethylene glycol—cashew-nut tree gum aqueous two-phase system is described. Factors
which affect the phase diagram including polymer molecular mass, pH and temperature were analysed. The physico—
chemical properties of the system such as density, viscosity, volume ratio and phase separation times were also described.
The characteristics of the system studied indicate it to be very attractive as a separation technique. [0 2002 Elsevier

Science BV. All rights reserved.

Keywords.: Aqueous two-phase systems; Poly(ethylene glycol); Polysaccharides

1. Introduction

Aqueous two-phase systems are based on water
soluble polymers and salts and/or two different
water soluble polymers. Phase separation occurs over
certain concentrations of the phase components. The
binodial line is the boundary condition of concen-
trations for phase separation. Above the binodial
line, the phase component separates to the upper
phase and the lower phases. However, below the
binodial line, one mixed phase exists [1,2]. The
overall composition of phase-forming components
has been exploited to influence the phase preference
of proteins [3]. Although other methods have been
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suggested [4], composition may be usefully char-
acterized by tie-line length [5], since systems sharing
a common tie-line have the same composition of top
and bottom phase and exhibit similar partition be-
haviour [3].

Two-phase systems made by organic solvent and
aqueous solution are being used for separation. Two-
phase systems sometimes cannot be applied to the
separation of active biological materials, which
require mild aqueous environments. On the other
hand, agueous two-phase systems have low osmoatic
pressure, high water activity, buffering effects of
added salts and very low interfacia tension between
the upper and the lower phases [1,2]. Aqueous two-
phase systems have been used for separating plant
and animal cells, cell organelles, membranes, en-
zymes, nucleotides and other biological materials
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[1,6]. The aqueous two-phase systems have been
designed for scale up of downstream processes for
biomaterial separation [7-10]. Brooks et al. [11]
established methods of stock solution preparation
and experiments to deal with viscous solutions and
biomolecules.

Partition characteristics depend on the surface
properties of the biological materials which are to be
separated [12—-14]. The surface charge of biological
materials is one of the use of partitioning [15].
Molecular mass, shape, surface hydrophobicity and
specific binding sites of biological materials also
affect the partition profiles [14,16].

The main advantages of using such systems [1],
may be summarized as follows:

 Scale-up can be predicted easily and reliably from
small laboratory experiments.

» Rapid mass transfer and equilibrium is reached by
relatively little input of energy in the form of
mechanical mixing.

» Continuous processing is readily achievable.

* The polymers stabilize the enzymes.

» Separation can be made selective and rapid

» Separation can be carried out at room temperature
due to the rapid separation.

« It has proven to be more economical than other
Separation processes.

Albertsson [1] has investigated several two-phase
aqueous systems and provided the relevant phase
diagrams. He has stabilised the factors which affect
the phase diagram including types of polymer,
molecular mass of the polymer, pH and temperature.
Although the effects and mechanisms by which they
influence phase separation are still not completely
understood, they are of relevant importance to the
knowledge of characteristics and applications of a
system.

Most industrial-scale aqueous two-phase separa-
tions use polyethylene glycol (PEG)-sat systems,
which may damage fragile proteins [17] and which
present waste disposal problems [18]. Two-polymer
systems can overcome these drawbacks. However,
the high cost of the fractionated dextrans has pre-
vented their use on a large scale [19]. A number of
low-cost alternatives have been investigated, includ-
ing crude dextran [20], maltodextrins [21], hydroxy-

propyl starch derivatives [22,23] and arabinogal actan
[24].

Despite the success of the agueous two-phase
separation technique, data on the properties of phase
systems that are necessary for the design of ex-
traction processes and for the development of models
that predict phase partitioning are few [3].

We have shown recently an economic water-solu-
ble acidic heteropolysaccharide gum from Anacar-
dium occidentale L. (cashew-nut tree) found in
Brazil [25] that has the potentia to act as an
aternative to fractionated dextran in agueous two-
phase systems.

In this work we have studied the factors which
influence the phase diagram including polymer mo-
lecular mass, pH and temperature and some physico—
chemical properties (density, viscosity and volume
ratio) of the PEG—cashew-nut tree gum systems with
the aim to obtain a more complete characterisation of
this new system for application in separation pro-
CESSES.

2. Experimental
2.1. Chemicals

Crude gum was collected as natural exudate from
cultivated Anacardium occidentale trees of various
localities in Pernambuco State, Brazil. Plants (20
years old) producing yellow cashews were used.
PEG 8000 and PEG 4000 were obtained from Sigma
(St. Louis, MO, USA). All other chemicals were
analytical grade.

2.2. Purification of gum

Clear nodules free of bark were selected to be
purified via ethanol by use of the Rinaudo—Millas
method as previously described [26]. Precipitation
with ethanol permitted the isolation of the polysac-
charide from the monosaccharides and oligosaccha
rides, which remained in solution.

2.3 Phase diagrams
Phase diagrams at 252 and 40*+2°C were de-

termined according to Albertsson’s [1] procedure.
The binodial of the phase diagram, the demarcation
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between PEG—cashew-nut tree gum compositions
showing monophasic and biphasic behaviour was
obtained by direct observation of two-phase forma
tion for a large number of solutions containing
varying concentrations of PEG and cashew-nut tree
gum (Table 1). Systems that displayed a distinct
phase/ phase interface were considered biphasic. The
polymer composition of the top and bottom phases
were then analysed. PEG concentration was deter-
mined according to Skoog [27]. Polysaccharide
concentration was determined by measuring reducing
sugars (DNS method, Miller [28]) concentration
after a hydrolysis step with sulfuric acid.

A constant temperature bath was employed to
maintain the temperature at the desired value. Sys-
tems were prepared and transferred to a glass beaker
and the beaker was placed in the constant tempera-
ture bath. The mixture was mechanically stirred for
some minutes to ensure equilibrium conditions. The
phases generated were then allowed to separate in
the constant temperature bath for 24 h.

2.4. Two-phase systems

The systems (total mass 10 g) were prepared from
stock solutions of the polymers in water, 30% (w/w)
cashew-nut tree gum and 50% (w/w) PEG. The
polymers solutions were weighed out and mixed with
phosphate buffer (15 mM) according to the desired
pH (6.0, 7.0 and 8.0).

2.5. Rheological properties (viscosities and
densities)

The densities of the top phases were determined
by weighing 1 ml of phase with a micropippete in an
analytical balance, in quadruplicate. The densities of

Table 1
Compositions (w/w) of PEG—cashew-nut tree gum systems with
PEG 4000 and 8000

System Tielline  PEG (%) Cashew-nut tree gum (%)
PEG 4000 1 9 18

2 11 20

3 13 22
PEG 8000 1 9 16

2 11 18

3 13 20

bottom phases were determined by a mass balance.
For systems at 40+2°C, densities were determined in
the same way, using a constant temperature bath.

Phase viscosities were measured using a torque
measuring viscometer (Viscometers UK — model
Cole Parmer Rotational) using a constant tempera-
ture bath.

2.6. Phase separation times

The time required for phase separation was de-
termined by a set of four paralel experiments
performed in test tubes containing 10 g of a two-
phase system. The systems were allowed to separate
under gravity until a clear interface was noticed. For
systems at 40+2°C, time of phase separation was
determined the same way, using a constant tempera-
ture bath.

2.7. Volume ratio

Visual estimates of the volumes of the top and
bottom phases (10 g) were made in graduated
centrifuge tubes. The volumes of the phases were
then used to estimate the volume ratio. For systems
a 40+2°C, the volume ratio was determined the
same way using a constant temperature bath.

3. Results and discussion
3.1. Effect of polymer molecular mass on binodials

The phase diagrams for the systems PEG 4000—
and PEG 8000—cashew-nut tree gum at 25+2°C are
shown in Figs. 1 and 2. For comparison the binodial
curves of the systems PEG 4000—dextran 500 and
PEG 8000—dextran T500 are aso shown. The
curves, in each figure, which represent the borderline
between one and two phases have the same shape but
there is a parallel displacement between the two
meaning that higher polymer concentrations are
needed to obtain two phases with the cashew-nut tree
gum which can be correlated with its lower molecu-
lar mass (=110 000) [25] compared with dextran
500 (=215 000) and dextran T500 (=507 000). The
carbohydrate polymer is enriched in the denser
bottom phases while PEG is found in the upper
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Fig. 1. Phase diagrams showing the binodials for the systems PEG 4000—cashew-nut tree gum and PEG 4000—dextran 500, both at 25+2°C.

The data for the system with dextran are taken from Zaslasvsky [29].

phases [25]. The polymer compositions of the tested
systems are shown in Table 1.

3.2, Effect of pH on binodials

The influence of the pH on the binodials of the
PEG—cashew-nut tree gum systems is shown in Figs.
3 and 4. It can be observed that there is no a
significant displacement of the binodials with the pH
for both PEG 4000 and 8000.

The influence of pH on the phase diagram seems
to be dependent on the kind of system [1]. For
PEG-salt systems, the variation of pH has a more
pronounced effect on the phases formation [30,31].
This is probably due to an increase of the [HPOff]/
[H,PO, 1 ratio, which promotes the shift of the phase
diagram to lower polymer and salt concentrations. It
is well known that the small multivalent anions such
as HPO?™, used in conjunction with PEG, are more
effective in inducing phase formation than mono-

% PEG 8000 (w/w)

@ Dextran T500

& Gum

30 40 50 60

% Gumy/Dextran T500 (w/w)

Fig. 2. Phase diagrams showing the binodials for the systems PEG 8000—cashew-nut tree gum and PEG 8000—dextran T500, both at
25+2°C. The data for the system with dextran are taken from Zaslasvsky [29].
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Fig. 3. Effect of pH on the binodia of the PEG 4000—cashew-nut tree gum systems at 25+2°C.

valent anions [32] owing to the conflicting inter-
action between ether oxygens of PEG and small ions
of high charge density [33].

3.3 Effect of temperature on bhinodials

The influence of temperature on the phase diagram
is very different from system to system and depends
on the kind of phase-forming polymer used. The
effect of temperature on binodials was studied for 25
and 40°C and is shown in Figs. 5 and 6. From the
figures it is evident that the binodials remains

practically unaltered when temperature is changed.
Diamond and Hsu [34] described that a methyl-
cellulose—dextran system was not affected by the
temperature. On the other hand, decreasing the
temperature of the PEG—dextran system will lead to
lower polymer concentrations required for phase
separation [1]. Venancio et al. [35] and Forciniti et al.
[36], observed that for higher temperatures, higher
polymer concentrations were present in the upper
phase for PEG—hydroxypropy! starch and PEG—dex-
tran systems, respectively.

Since the phase diagram was unchanged at 25 and

25

%PEG 8000 (w/w)

—pH 6.0
—pH 7.0
pH 8.0

30 40 50 60

%0Gum (w/w)

Fig. 4. Effect of pH on the binodia of the PEG 8000—cashew-nut tree gum systems at 25+2°C.
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Fig. 5. Effect of temperature on the binodia of the PEG 4000—cashew-nut tree gum systems at pH 7.0.

40°C, the PEG—cashew-nut tree gum system can be
used in this temperature range without significant
modifications. Consequently, it will be necessary to
add more polymer to the formation of aqueous two-
phase systems.

3.4. Rheological properties (densities and
viscosities)

The densities and viscosities of the PEG—cashew-
nut tree gum systems at room temperature (25+2°C)

are shown in Table 2. Because of the high content of
water the densities of the phases, as expected, are
close to 1 g/ml. The increase in tie-line length
increased the viscosities of the phases due to the
increase in system concentration. Analysing the
variation of viscosities with pH, an increase of
viscosity was observed proportionally to this parame-
ter in most samples. The alteration of viscosity of the
cashew-nut tree gum rich-phase can be explained by
the variation of charge density in the cashew gum
molecule. The reduction of the pH promotes a lower
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Fig. 6. Effect of temperature on the binodia of the PEG 8000—cashew-nut tree gum systems at pH 7.0.
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Table 2
Rheological properties of the PEG 4000— and 8000—cashew-nut tree gum systems at 25+2°C, pH values of 6.0, 7.0 and 8.0
System pH Upper phase Lower phase
(tie=line) Density Viscosity Density Viscosity
(g/ml) (mPa s) (g/ml) (mPa s)
9% PEG 4000-18% gum 6.0 1.05 177.0 113 995.2
11% PEG 4000—-20% gum 1.05 181.3 1.20 1002.3
13% PEG 4000-22% gum 1.04 192.5 1.25 1010.5
9% PEG 8000-16% gum 1.04 235.0 114 1235.7
11% PEG 8000-18% gum 1.03 286.0 121 1377.2
13% PEG 8000—-20% gum 1.03 290.0 1.28 1412.0
9% PEG 4000-18% gum 7.0 1.03 182.5 1.20 11115
11% PEG 4000—-20% gum 1.04 195.2 121 1215.7
13% PEG 4000—22% gum 101 201.6 131 13025
9% PEG 8000—-16% gum 1.03 242.0 1.16 1287.2
11% PEG 8000—-18% gum 1.00 275.2 1.29 1421.7
13% PEG 8000—20% gum 0.99 277.0 1.40 1477.8
9% PEG 4000-18% gum 8.0 1.04 185.3 1.16 1322.4
11% PEG 4000—20% gum 1.04 200.0 122 1377.9
13% PEG 4000-22% gum 1.00 187.3 1.30 1412.3
9% PEG 8000-16% gum 1.02 237.2 1.24 1287.3
11% PEG 8000—18% gum 1.02 2710 121 1400.7
13% PEG 8000—-20% gum 0.99 2710 1.36 1511.7

charge density, i.e, repulsion between RCOO™
groups of glucuronic acid [25], permitting chains
refolding thus decreasing the intrinsic viscosity.

The phases viscosities of the PEG—cashew-nut
tree gum systems are higher than other polymer—
polymer systems as the PEG—dextran [37] and the
PEG-maltodextrin [21] systems, while are similar to
the Klucel L-pluronic P105 [38] and PEG—hydroxy-
propyl starch [35] systems.

The rheological properties of the PEG—cashew-nut

tree gum systems at 40+=2°C are shown in Table 3.
As expected, an increase of temperature decreased
the viscosities of the systems.

3.5. \olume ratio and phase separation times

It is clear that only systems that offer a reasonable
separation time can be considered for normal gravita-
tional operation. The volume ratios (V,) and phase
separation times are given in Table 4. It can be seen

Table 3

Rheological properties of the PEG 4000— and 8000—cashew-nut tree gum systems at 40+2°C, pH 7.0

System pH Upper phase Lower phase

(tie—line) : - : - - -
Density Viscosity Density Viscosity
(g/ml) (mPa s (g/ml) (mPa s

9% PEG 4000-18% gum 7.0 1.08 1.58 1.18 357.20

11% PEG 4000—20% gum 1.06 1.58 1.27 611.10

13% PEG 4000—22% gum 1.06 2.56 121 626.36

9% PEG 8000-16% gum 1.06 322 1.07 468.00

11% PEG 8000-18% gum 1.05 343 117 810.00

13% PEG 8000—20% gum 1.05 5.50 124 869.06
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Table 4

Volume ratio and phase separation times of the PEG—cashew-nut tree gum systems

System pH Temperature Volume Phase separation
(tie-ling (°C) ratio times (9
9% PEG 4000-18% gum 6.0 25+2 21 45
11% PEG 4000—-20% gum 2.0 90
13% PEG 4000-22% gum 19 180
9% PEG 8000-16% gum 2.6 100
11% PEG 8000-18% gum 21 140
13% PEG 8000—-20% gum 2.0 360
9% PEG 4000-18% gum 7.0 25+2 33 45
11% PEG 4000-20% gum 21 100
13% PEG 4000-22% gum 19 165
9% PEG 8000-16% gum 31 110
11% PEG 8000-18% gum 23 180
13% PEG 8000-20% gum 21 330
9% PEG 4000-18% gum 8.0 25+2 3.7 50
11% PEG 4000-20% gum 2.0 100
13% PEG 4000—-22% gum 2.0 120
9% PEG 8000-16% gum 3.7 110
11% PEG 8000-18% gum 2.6 155
13% PEG 8000—20% gum 21 320
9% PEG 4000-18% gum 7.0 40£2 21 40
11% PEG 4000-20% gum 18 40
13% PEG 4000-22% gum 18 105
9% PEG 8000-16% gum 2.9 60
11% PEG 8000-18% gum 22 160
13% PEG 8000—-20% gum 2.0 220

that the volume ratio has a tendency to decrease with
the increase in tie-line length and the decrease of pH.
The same behaviour was observed for the PEG-
arabinogalactan systems [24]. The increase of tem-
perature, as discussed earlier, reduced the phases
viscosities and consequently the phase separation
times.

The time of phase separation in PEG—cashew-nut
tree gum systems was very short (between 45-360
9), while the salt—polyethylene glycol and dextran—
polyethylene glycol systems have settling time of
5-30 min and the dextran—ficoll or dextran—methyl-
cellulose systems have settling time of 1-6 h [1].
The large-scale application of an aqueous biphasic
system is related to the high requirement of chemical
reagents. On the other hand, the reduced operation
time required for phases separation is the major
factor in obtaining the low operational cost in these
systems [39]. Thus, the fast phase separation of the

PEG—cashew-nut tree gum system seems to be very
effective in reducing costs.

4. Conclusions

Phase diagrams of the PEG—cashew-nut tree gum
were described for different PEG molecular mass,
temperatures and pH.

It was observed that increasing polymer mass from
4000 to 8000 led to lower polymer concentrations
required for phase separation. The carbohydrate
polymer is enriched in the denser bottom phase while
PEG is found in the upper phase. There was no
significant displacement of the system binodials with
the pH and temperature.

The increase in tie-line length and pH increased
the phase viscosities and the increase of the tempera-
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ture decreased the viscosities of the systems. The
volume ratio has a tendency to decrease with the
increase in tie-line length and the decrease of pH.
The time of phase separation in PEG—cashew-nut
tree gum systems was very short, but increased with
the tie-line length due to the high phases viscosities.
Temperature increase reduced the phase viscosities
and consequently the phase separation times.

For industrial purposes, polymer—salt systems are
preferential  to the polymer—polymer systems
[16,40,3] due to the lower viscosity, lower cost of
chemicals and shorter phase separation time [40,41].
On the other hand, the results obtained in this work
show some attractive properties of the PEG—cashew-
nut tree gum once this is a low-cost polymer—
polymer system [25], have phase-forming chemicals
biodegradables and non-toxic and exhibits a fast
phase separation. These characteristics make the
PEG—cashew-nut tree gum system very attractive as
a separation technique.
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