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In this work, it is shown that novel aqueous two-phase systems can be formed by the combination of ace-
tonitrile and polysaccharides, namely dextran. Several ternary phase diagrams were determined at 25 �C
for the systems composed of water + acetonitrile + dextran. The effect of the dextran molecular weight
(6000, 40,000 and 100,000 g mol�1) was ascertained toward their ability to undergo liquid–liquid demix-
ing. An increase in the dextran molecular weight favors the phase separation. Furthermore, the effect of
temperature (25, 35 and 45 �C) was evaluated for the system constituted by the dextran of higher molec-
ular weight. Lower temperatures are favorable for phase separation since lower amounts of dextran and
acetonitrile are required for the creation of aqueous two-phase systems. In general, acetonitrile is
enriched in the top phase while dextran is majorly concentrated in the bottom phase. The applicability
of this new type of two-phase systems as liquid–liquid extraction approaches was also evaluated by
the study of the partition behavior of a well-known antioxidant – vanillin – and used here as a model
biomolecule. The optimized conditions led to an extraction efficiency of vanillin of 95% at the acetoni-
trile-rich phase.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Aqueous two-phase systems (ATPS) are widely applied in bio-
technology for the isolation and purification of enzymes such as
lipase [1–3], antioxidants, namely rutin [4] and gallic acid [5], alka-
loids, such as theobromine, theophyline, nicotine and caffeine [6],
antibiotics, for instance tetracycline [7,8], and antibodies [9,10].
The main advantages of ATPS rely on their scale-up possibility, on
the rapid mass transfer and phase equilibrium, possibility of a con-
tinuous processing, low energy requirements, among others [11].

ATPS are usually formed by mixing two polymers in aqueous
media, for instance polyethylene glycol (PEG) and dextran
[12,13] or PEG and maltodextrin [14], or by one polymer and one
salt, such as PEG and phosphate-based salts [15–17] or PEG and
citrate-based salts [18,19]. However, some other pairs of phase-
forming components can be used in the creation of alternative
ATPS, such as alcohol + salt [20], ionic liquid + salt [21–23], ionic
liquid + PEG [24,25] and ionic liquid + carbohydrate [26].

Previously we have also demonstrated that alternative aqueous
biphasic systems can be created by combining acetonitrile and car-
bohydrates (monosaccharides and disaccharides) [27] as well as
with polyols [28]. In this context, we attempted now the formation
of novel ATPS formed by acetonitrile and polysaccharides, namely
dextran.

Dextran is a water soluble biopolymer produced by a variety of
lactic acid bacteria, such as Leuconostoc sp., and which presents
two valuable properties: biodegradability and biocompatibility
[29]. The chemical structure of dextran is predominantly formed
by 95% of linear a-(1 ? 6) linkages as the main backbone and 5%
of a-(1 ? 3) branch linkages [30]. This homopolymer of glucose
has several targeted industrial applications, varying from food, cos-
metic, and pharmaceutical to oil drilling industries [31].

Acetonitrile (CH3CN) – ACN – is an interesting solvent due to its
properties; it is aprotic and strongly polar and is obtained as a by-
product from the manufacture of acrylonitrile [32]. ACN is widely
used by industry in the production of perfumes, rubber products,
pesticides or pharmaceuticals [33], and in chromatography pro-
cesses as a mobile phase in high performance liquid chromatogra-
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phy – HPLC [34,35]. This solvent is miscible with water in all pro-
portions [36] and its molecules are unable to strongly associate
with themselves leaving a hydrogen-bond network formed by
water [37,38].

The aim of the present work is to study novel aqueous two-
phase systems based on acetonitrile and several dextrans of differ-
ent molecular weights. The ternary phase diagrams were deter-
mined at 25 �C and the effect of the polysaccharide molecular
weight was evaluated. Moreover, the effect of temperature (25,
35 and 45�) through the phase diagrams behavior was also
addressed for the ATPS constituted by the dextran of higher molec-
ular weight. These systems were also ascertained on what regards
their applicability on extraction routes, and in particular on the
extraction of a well-known antioxidant, vanillin (4-hydroxy-3-
methoxybenzaldehyde). Vanillin is the major flavor constituent
of natural vanilla – Vanilla plantifolia, extracted at a rate of
12,000 ton/year [39]. Vanillin is widely used as a flavoring material
in confectionery, food products, beverages, perfumes and in phar-
maceutical preparations [40]. Natural vanillin costs between
1200 and 4000 USD/kg, while synthetic vanillin costs around
15 USD/kg [41]. However, the chemical process usually leads to a
low quality vanillin that further requires a sensitive extraction
and purification procedure [42], and for which ATPS can be
foreseen as an alternative approach.
2. Material and methods

2.1. Materials

The ATPS studied in this work were formed by dextran from
Leuconostoc spp. (Mw = 100,000 g mol�1 – Dx-100; 40,000 g mol�1

– Dx-40; and 6000 g mol�1 – Dx-6) and acetonitrile. Dextran and
acetonitrile (purity of 99.9 wt%), as well as vanillin (>99 wt% pure)
were purchased from Sigma–Aldrich. The chemical structures of
the phase-forming components of the ATPS studied and of the tar-
get biomolecule used in the partitioning experiments are shown in
Fig. 1. Distilled and deionized water was used in all experiments.
2.2. Phase diagrams and tie-lines

The ternary phase diagrams for water, acetonitrile and the dif-
ferent molecular weight dextran were determined at 25, 35 and
45 (± 1) �C in atmospheric pressure by the cloud point titration
method [43]. Pure acetonitrile (since it is water soluble in the
whole composition range and no precipitation effects were
Fig. 1. Chemical structures of the phase-forming components used in the ATPS
formation and of the biomolecule used as a partitioning solute: (a) dextran; (b)
acetonitrile; and (c) vanillin.
observed during the determination of the liquid–liquid saturation
curves) and a solution of dextran (Dx-100, Dx-40 and Dx-6) at
20 wt% (a concentration close and below their saturation limit in
water at room temperature) was previously prepared and used
for the determination of the binodal curves. Repetitive drop-wise
addition of pure acetonitrile to the aqueous solution of dextran
was carried out until the detection of a cloudy solution, followed
by the drop-wise addition of ultra-pure water until the inspection
of a monophasic region (clear and limpid solution). These additions
were carried out under continuous stirring and the saturation
curves were determined gravimetrically within ±10�4 g.

The tie-lines (TLs) were obtained through a gravimetric method
originally described by Merchuk et al. [44]. Several mixtures at the
biphasic region of the ternary systems were prepared (total of 5 g),
vigorously stirred, and allowed to reach equilibrium and phase sep-
aration, for a minimum of 18 h at 25, 35 and 45 (± 1) �C. The tem-
perature was maintained by means of a temperature-controlled
water-bath. Initially, aqueous solutions of each dextran were pre-
pared followed by the addition of pure ACN to reach a specific mix-
ture composition. After the equilibration step, the top and bottom
phases were carefully separated and weighted within ±10�5 g. Each
individual TL was determined by the application of the lever-arm
rule, which describes the relationship between the weight of the
top phase and the overall system weight and composition. For that
purpose, the binodal curves were correlated using Eq. (1),

Y ¼ A expfðB� X0:5 � ðC � X3Þg ð1Þ

where Y and X are the acetonitrile and dextran weight fraction per-
centages, respectively, and A, B and C are constant values obtained
by the fitting of the experimental saturation curve data.

The determination of the TLs, describing the composition of Y
and X at the top (T) and bottom phases (B) – YT, YB, XT and XB –
was then accomplished by solving a system of four equations
derived from Eq. (1) [43,44]. The respective tie-line lengths (TLLs)
were determined through the application of Eq. (2),

TLL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXT � XBÞ2 þ ðYT � YBÞ2

q
ð2Þ
2.3. Partitioning of vanillin

Dextran and an aqueous solution of vanillin (0.1 g L�1) were ini-
tially mixed, and after the complete homogenization, acetonitrile
was added to reach the chosen mixture composition. Each ATPS
(total of 5 g) was prepared in glass tubes. After the complete mix-
ing of all components, for a given mixture composition, each tube
was immersed in a thermostatic water bath from 5 to 45 (± 1) �C
for at least 18 h. After equilibration, both phases were separated
for the quantification of vanillin. At least three independent repli-
cates were made and the average partition coefficients and associ-
ated standard deviations were therefore determined.

The concentration of vanillin at each aqueous phase was quan-
tified through UV-spectroscopy, using a Varian Cary 50 Bio UV–Vis
spectrophotometer, and at a wavelength of 280 nm using a calibra-
tion curve previously established. At the concentration of vanillin
used, dilutions in the order of 1:50 (v:v) were carried out in dis-
tilled water. At these dilutions there are no interferences by the
phase-forming components at 280 nm in the quantification of van-
illin. Therefore, no blanks were needed for the vanillin quantifica-
tion at the dilutions carried out.

The partition coefficient of vanillin was determined taking into
account the concentration of the antioxidant in each phase and
according to,

KVan ¼
CVan;T

CVan;B
ð3Þ
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where Kvan is the partition coefficient of vanillin, C represents the
vanillin concentration, and the subscripts T and B symbolize the
top (acetonitrile-rich) and bottom (dextran-rich) phases,
respectively.

The percentage extraction efficiencies of vanillin, EEVan%, were
defined as the percentage ratio between the amount of vanillin
in the acetonitrile-rich phase and that in the total mixture, accord-
ing to:

EEvan% ¼ wvan ;T

wvan ;T þwvan ;B
� 100 ð4Þ

where wvan,T and wvan,B are the weight of vanillin in the acetonitrile-
rich (top) phase and in the dextran-rich (bottom) phases,
respectively.

3. Results and discussion

The effect of different molecular weights of dextran towards the
phase separation in acetonitrile–aqueous solutions was firstly
addressed through the determination of the respective phase dia-
grams at 25 �C. Then, the impact of temperature was evaluated
with a fixed ATPS and for which the respective phase diagrams
were determined at 25, 35 and 45 �C. Further, the potentiality of
these systems for the extraction of biomolecules, using vanillin
as a model antioxidant, was assessed. The effects of the dextran
and ACN concentrations as well as of temperature were also eval-
uated in what concerns the vanillin partitioning.

3.1. Ternary phase diagrams

Three high molecular weight dextrans (Dx-100, Dx-40 and Dx-
6) were used in combination with acetonitrile in aqueous media,
and the respective phase diagrams were determined at 25 �C and
atmospheric pressure. The binodal curves experimentally deter-
mined are depicted in Fig. 2 in molality units (mole of ACN or mole
or dextran per kg of solvent) for an enhanced understanding on the
impact of the distinct dextrans through the formation of ATPS. The
respective experimental weight fraction data are provided in
Supporting Information.

The analysis of Fig. 2 reveals a strong displacement of the binodal
curves towards the origin in the following order: Dx-6 > Dx-40 > Dx-
100. In general, the higher the molecular weight of the polysaccha-
ride the more able it is to form two aqueous rich phases with aceto-
nitrile. These results corroborate those found by Lima and co-
workers [27] where higher molecular weight carbohydrates, namely
monosaccharides and disaccharides, result in a higher ability for
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Fig. 2. Binodal curves (in molality) for the ternary systems composed of dex-
tran + acetonitrile + water at 25 �C and atmospheric pressure: ( ) Dx-100; ( )
Dx-40; and ( ) Dx-6.
phase separation. The increase of the molecular weight of dextran
leads to an increase on the number of hydroxyl groups per mole of
biopolymer. Indeed, and as previously discussed by Freire and co-
workers [26], the number of hydroxyl groups present in carbohy-
drates as phase-forming components of ATPS is directly associated
with its capability to hydrogen-bond with water and, therefore, to
act as sugaring-out species. In the same context, Lima and co-work-
ers [28] also demonstrated that polyols with more hydroxyl groups
are more able to form ATPS with acetonitrile. In addition, as the
molecular weight of the polysaccharide increases, the binodal
curves shift to lower dextran and ACN concentrations. This is a main
result of the decreasing solubility of the dextran in water with an
increase in its molecular weight. Therefore, species with low affinity
for water are also more able to be phase separated and to form an
ATPS. This tendency is in agreement with other experimental results
for ATPS composed of polymers and ionic liquids [45], polymers and
salts [46] or dextran and a polymer [47].

Fig. 3 shows a general comparison between the strongest sugar-
ing-out agents previously reported (a dissacharide and a polyol)
[29,30], and the dextran with the highest molecular weight deter-
mined here, on their ability to form ATPS with acetonitrile. In fact,
it is clearly seen that polysaccharides perform as better sugaring-
out agents when compared with carbohydrates of lower molecular
weight and polyols. In summary, lower amounts of dextran are
required to induce the liquid–liquid demixing when compared to
disaccharides and polyols and which can be foreseen as a major
advantage towards the sustainability concept.

Finally, the effect of temperature on the phase diagrams behav-
ior was evaluated with the ATPS formed by Dx-100 and ACN. The
binodal curves obtained at 25, 35 and 45 �C are presented in
Fig. 4. The binodal curves reveal that an increase in temperature
decreases the immiscibility region. In general, lower temperatures
are favorable for phase-separation since lower amounts of ACN and
dextran are required. Dextran is more water-soluble at higher tem-
peratures and thus it is more difficult to create an ATPS. The pat-
tern observed is in close agreement with that observed in
dextran-polymer [48] and in ionic-liquid–carbohydrate ATPS [49].

All experimental binodal data were fitted using the empirical
relationship described by Eq. (1). The fitted parameters A, B and
C (estimated by least-squares regression), and the corresponding
standard deviations and regression coefficients are presented in
Table 1. As can be seen by the gathered correlation coefficients,
Eq. (1) provides an accurate description of the experimental satu-
ration curves. To complete the phase diagrams, several TLs and
respective TLLs were additionally calculated and their values are
reported in Table 2.
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Fig. 3. Binodal curves (in molality) for the ternary systems composed of acetoni-
trile + carbohydrates at 25 �C and atmospheric pressure: ( ) dextran; ( ) maltitol
[28]; and ( ) maltose [27].



0

5

10

15

20

25

30

35

40

45

0.0000 0.0005 0.0010 0.0015 0.0020

[Dextran]/(mol. kg-1)

[A
CN

]/
 (m

ol
. k

g-1
)

Fig. 4. Binodal curves (in molality) for the ternary systems composed of Dx-
100 + acetonitrile + water at atmospheric pressure: ( ) 25 �C; ( ) 35 �C; and ( )
45 �C.

G.B. Cardoso et al. / Separation and Purification Technology 136 (2014) 74–80 77
3.2. Partitioning of vanillin

In order to evaluate the potential of the studied ATPS to be
applied as extractive systems, vanillin was thorough used. The par-
tition coefficients and the extraction efficiencies of vanillin at the
acetonitrile-rich phase were determined at different compositions
and at several temperatures.

Contrarily to more conventional ATPS composed of polymer–
salt or polymer–polymer combinations, it should be remarked that
the dextran-ACN-based ATPS proposed here allow the simple
recovery of the phase-forming components since ACN and water
are volatile and the polysaccharide can be easily recovered after
an evaporation step. This opportunity certainly leads to further
investigations on these systems as alternative extraction/separa-
tion techniques when foreseeing more sustainable processes with
a combined recovery and reuse of the ATPS phase-forming
components.
Table 1
Correlation parameters used to describe the experimental binodal data by Eq. (1) and resp

Temperature Dextran ( g mol�1) A ± r

25 �C 6000 77.11 ± 10.89
40,000 38.12 ± 1.20

100,000 33.75 ± 0.53

35 �C 100,000 94.45 ± 2.10

45 �C 100,000 135.80 ± 3.44

Table 2
Weight fraction compositions for the TLs and respective TLLs, at the top (T) and bottom (B)
of acetonitrile (Y) and dextran (X) at 25–45 �C.

Weight fraction composition/wt%

Acetonitrile + dextran + water systems

Temperature Dextran (g mol�1) YM XM

25 �C 6000 29.92 10.14
30.03 12.99

40,000 20.35 15.41
20.00 10.03

100,000 20.13 15.88
22.50 10.00

35 �C 100,000 29.88 17.95
30.98 15.53

45 �C 100,000 30.02 17.98
39.54 14.86
3.2.1. Influence of the dextran molecular weight
Two-phase systems composed of 15 wt% of dextran and 30 wt%

of ACN, and for the 3 different molecular weights dextran (Dx-6;
Dx-40 and Dx-100), were used to study the partitioning behavior
of vanillin. All these results were obtained at 25 �C. The partition
coefficient (Kvan) and extraction efficiency of vanillin (EEvan%) for
the top (acetonitrile-rich) phase are shown in Fig. 5 and the corre-
sponding numeric values are reported in Supporting Information.
Fig. 5 allows the inspection through the influence of the dextran
molecular weight on the vanillin partitioning among the two
phases.

For Dx-6 and Dx-40, vanillin displays a similar partitioning
behavior between the coexisting phases (Kvan � 1.7–1.8). Never-
theless, the use of Dx-100 leads to a preferentially partitioning of
vanillin for the ACN-rich phase (Kvan > 3.0). In general, an increase
on the molecular weight of dextran induces an increase on the par-
tition coefficient of vanillin, particularly seen with Dx-100. This
effect can be explained by a volume exclusion model [50], where
the intermolecular spaces in the dextran-rich phase are reduced
with the increase on the molecular weight, and consequently, van-
illin migrates for the top phase (ACN-rich phase). Other authors
also observed the volume exclusion effect using polymers as poly-
ethylene glycol in the partition behavior of bromelin [51] and pro-
tease [52]. However, and as previously shown by us [29,30], this
increase on the partition coefficients for the ACN-rich phase can
be also a result of a sugaring-out phenomenon of the polysaccha-
ride over the target biomolecule.

The extraction efficiency of vanillin in the ACN-rich phase
ranges between 77% and 88% with higher values achieved with
Dex-100. In summary, the highest partition coefficient and recov-
ery of vanillin in the ACN-rich phase was observed with the system
composed of Dx-100, the higher molecular weight polysaccharide
investigated.

3.2.2. Influence of the dextran/acetonitrile concentrations
To initially evaluate the effect of the dextran concentration

through the vanillin partitioning, a series of ATPS containing vari-
able concentrations of Dex-100 (from 15 to 20 wt%) at fixed
ective standard deviations (r) and correlation coefficients (R2).

B ± r C ± r R2

�0.47 ± 0.05 3.97E�15 ± 4.24E�5 0.9722
�0.24 ± 0.01 1.61E�13 ± 2.09E�5 0.9851
�0.20 ± 0.01 2.03E�5 ± 6.62E�6 0.9912

�0.28 ± 0.01 1.08E�4 ± 5.25E�6 0.9993

�0.39 ± 0.01 1.33E�13 ± 1.11E�5 0.9958

phases, and initial biphasic composition of the mixture (M), for the systems composed

YT XT YB XB TLL

46.56 1.12 8.26 21.88 53.42
55.70 0.46 7.75 23.92 53.64
31.82 0.53 10.25 28.51 35.33
29.12 1.19 14.58 15.28 20.24
33.37 0.00 4.16 35.57 45.87
31.08 0.17 5.54 32.06 40.85

61.99 2.21 0.49 32.35 68.49
60.43 2.48 1.72 28.50 64.22

39.78 9.99 14.18 32.45 33.31
51.34 6.02 13.16 34.64 47.72
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amounts of ACN (25, 30 and 35 wt%) were prepared. The results
obtained are depicted in Fig. 6 and in Supporting Information.

Although the differences are not very significant, in general, an
increase in the dextran concentration leads to a decrease in the
partition coefficients and extraction efficiencies of vanillin, been
this effect more pronounced with the higher ACN content. There-
fore, lower amounts of dextran are enough to lead to high extrac-
tion efficiencies and which represent a decrease on the economic
costs associated to these ATPS. The recovery values of vanillin at
the ACN-rich phase range between 79% and 95% and are vely close
to those found by us (98–99%) using ATPS constituted by alcohols
and strong salting-out species and high charge density potassium
phosphate salts [20].

At all concentrations of dextran it is observed a maximum value
either on the partition coefficients or on the extraction efficiencies
that occurs at 30 wt% of ACN. It seems thus that there is a multibal-
anced phenomenon governing the partitioning trend of vanillin.
3.2.3. Influence of temperature
In the previous sections it was demonstrated that by choosing a

high molecular weight dextran (Dx-100) at a concentration rang-
ing between 15 and 20 wt%, vanillin can be effectively separated
and concentrated into the top phase. Therefore, the effect of tem-
perature was also evaluated at temperatures varying between 5
and 45 �C, for the common mixture composition of 30 wt% of
ACN + 18 wt% of Dx-100. The results obtained are depicted in
Fig. 7 whereas the respective values are presented in Supporting
Information.

At all temperatures, vanillin preferentially migrates for the top
phase (1 < Kvan < 11). However, these values are somewhat lower
than those observed with ATPS composed of ionic liquids + potas-
sium phosphate (7 < Kvan < 50) [53] and of acetonitrile + polyols
(7 < Kvan < 67) [28]. However, the partition coefficients obtained
in this work are similar to those reported by Lima and co-workers
[27] using ATPS formed by acetonitrile and carbohydrates
(3 < Kvan < 10).

The results obtained indicate that temperature influences the
vanillin partitioning. This effect can be divided into two parts: (i)
between 5 and 25 �C in which the Kvan reaches the maximum value
(11.26); (ii) and between 25 and 45 �C in which the partition coef-
ficient of vanillin decreases with an increase in temperature. Sim-
ilarly to the results on the vanillin partitioning in ionic-liquid–salt
ATPS [53] it was also observed here a maximum value in the par-
tition coefficient as a function of temperature. This maximum as a
function of temperature suggests that the partition phenomenon is
driven by opposite effects resulting from enthalpic and entropic
contributions as previously discussed [53]. The extraction effi-
ciency of vanillin for all system ranges between 70% and 95% and
a similar trend with temperature is observed when compared with
the partition coefficients.

4. Conclusion

In this work, novel aqueous two-phase systems based on aceto-
nitrile and dextran were proposed. The binodal curves, which
define the mono- and biphasic regimes, were determined at
25 �C and at atmospheric pressure for three dextran polysaccha-
rides of different molecular weight, namely 6000, 40,000 and
100,000 mol kg�1. In general, the higher the molecular weight of
dextran, the higher is the ability of the system to undergo phase
separation. The effect of temperature was also evaluated. Higher
temperatures are not favorable for inducing the formation of ATPS.
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Lower amounts of dextran and acetonitrile are required to form an
ATPS at lower temperatures.

The novel ATPS were also evaluated in what concerns their
potential for extraction purposes. Vanillin was used as a model
antioxidant or bioactive substance. In all situations, vanillin prefer-
entially migrates for the acetonitrile-rich phase. The higher parti-
tion coefficients and extraction efficiencies of vanillin at the
acetonitrile-rich phase were observed with the dextran with the
higher molecular weight (Dx-100) and at 25 �C. The highest value
of Kvan (11.3) and EEvan% (95%) was found using an ATPS composed
of 18 wt% of Dx-100 and 30 wt% of acetonitrile at 25 �C.
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