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a  b  s  t  r  a  c  t

Dextran  and poly(ethylene  glycol)  (PEG)  in phase  separated  aqueous  two-phase  systems  (ATPSs)  of  these
two polymers,  with  a  broad  molar  mass  distribution  for dextran  and  a  narrow  molar  mass  distribution
for  PEG,  were  separated  and  quantified  by  gel  permeation  chromatography  (GPC).  Tie  lines  constructed
by  GPC  method  are  in excellent  agreement  with  those  established  by the  previously  reported  approach
based  on  density  measurements  of the phases.  The  fractionation  of dextran  during  phase  separation  of
ATPS  leads  to  the  redistribution  of  dextran  of different  chain  lengths  between  the  two  phases.  The  degree
eywords:
queous two-phase system
extran
oly(ethylene glycol)
PC
ractionation

of  fractionation  for dextran  decays  exponentially  as  a function  of  chain  length.  The  average  separation
parameters,  for both  dextran  and PEG,  show  a  crossover  from  mean  field  behavior  to  Ising  model  behavior,
as the  critical  point  is approached.

©  2016  Elsevier  B.V.  All  rights  reserved.
artition

. Introduction

Polymeric aqueous two-phase systems (ATPSs) can be formed
y mixing aqueous solutions of two different polymers, such as
extran and poly(ethylene glycol) (PEG), above a certain concentra-
ion. Two immiscible phases largely containing water are obtained,
ith one phase rich in dextran and the other one rich in PEG. Such
TPSs are widely employed for the separation and purification of
roteins, nucleic acids, viruses and cells [1,2], due to their biocom-
atibility and the unique feature to provide a mild environment
ith extremely low interfacial tension. ATPSs can be employed in
icrofluidic setups [3], as well as in large scales [4], for the sepa-

ation and purification of biological materials. The partitioning of
iomolecules or cells in ATPS is not only controlled by their own

hysico-chemical affinities to the two phases or the liquid-liquid

nterface, but also influenced by the properties of the ATPS such as
he tie line length and the molar mass of polymers, etc [5–7]. The
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interfacial tension between the coexisting phases, which depends
on the composition and molar mass of polymers in the phases, also
plays an important role in the partitioning of cells in ATPS [8]. It is
therefore important to study the phase behaviors of ATPS and find
their correlations with the partitioning of specific samples.

Accurate determination of the tie lines of dextran-PEG sys-
tem is not trivial. To measure the polymer concentrations in
each phase, usually one has to measure two physical proper-
ties, such as optical rotation and refractive index, of both phases
[9]. The dextran concentration in the phase is determined by
a polarimeter, while the PEG concentration is obtained after
subtracting the dextran contribution to the refractive index. A
gravimetric method was  introduced to determine the tie lines
of ATPS containing PEG and salt, by measuring the weight of
two coexisting phases and forcing the tie line end points on a
predetermined binodal fitted with an empirical equation [10].
One must be careful to apply this method for the dextran-PEG
system considering the polydispersity of generally available dex-
tran, because the tie line end points do not exactly match the

binodal of ATPS for polymers with broad molar mass distri-
butions. Recently, we introduced a simple density method to
determine the tie lines of the dextran−PEG system by measur-
ing the density of the coexisting phases [11]. The approach was
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ased on the assumption that end points of the tie lines lie on the
inodal, which is a good approximation when polymers with nar-
ow molar mass distributions are employed. Phase separation in
olydisperse polymer solutions has been considered both theoret-

cally and experimentally [12–18]. It has been shown that during
hase separation of aqueous mixtures of dextran with either gelatin
r poly(ethylene oxide), all having broad molar mass distributions,
ractionation of both species occurs [19,20]. While in ATPSs con-
aining dextran with a broad molar mass distribution and PEG with

 narrow molar mass distribution, the molar mass of dextran in the
extran-rich phase is much larger than that in the PEG-rich phase,
nd no significant molar mass difference of PEG in the two phases
s found [21,22]. A number of different theoretical models for phase
quilibria of ATPS have been reported in the literature [23,24], such
s the model based on osmotic viral expansions [25,26], the lat-
ice model based on Flory-Huggins theory [27] and the UNIQUAC

odel [18,28]. An effective excluded volume model has also been
eveloped using methods of statistical geometry for the calcula-
ion of the binodal curves of ATPS [29]. Zaslavsky et al. proposed
hat phase separation in ATPS is due to the incompatibility of the
olymer-modified water structures [30]. These models describe
he experimental phase diagram reasonably well, but a compre-
ensive theory is still lacking. Additionally, the coexisting phases
f ATPS offer distinct physical and chemical environments which
llow for the selective partitioning of solutes such as proteins. Pro-
ein partitioning in ATPS is related to the polymer concentration
ifference between the phases via parameters such as the molar
ass of polymers, protein-polymer interaction parameters, and the

lectrostatic potential difference between the phases [31,32]. Very
ecently, it was shown that the protein partitioning in ATPS is gov-
rned by the solvatochromic solvent properties of the coexisting
hases [33,34], which depends on the composition and molar mass
f the phase-forming polymers. Therefore, studying the phase dia-
ram and molar mass fractionation of the dextran-PEG system, not
nly contributes to a better understanding of the liquid-liquid equi-
ibria in ATPS, but also provides new insights into the mechanisms
f biomolecules partitioning in ATPS.

In the present study, we performed gel permeation chromatog-
aphy (GPC) measurements on the coexisting phases of the aqueous
ixtures of dextran and PEG. Tie lines were constructed based

n the GPC data and compared with a previous method based on
ensity measurements of the phases. Molar mass fractionation of
extran and PEG during phase separation was studied and com-
ared with theory.

. Material and methods

.1. Materials

Dextran from the bacterium Leuconostoc mesenteroides (molar
ass between 400 and 500 kg/mol, lot number BCBG1982V) and

EG (molar mass 8 kg/mol, lot number MKBD4398V) were pur-
hased from Sigma-Aldrich; they were desiccated in vacuum until
o further reduction in mass was observed before use. All other
eagents were of analytical grade. All solutions were prepared using
ltrapure water from Sartorius water purification system with a
esistivity of 18.2 M� cm.

.2. Phase separation

Cloud-point titration was employed to determine the binodal

nd the critical point of dextran and PEG aqueous solution at
5 ± 1 ◦C [11]. Concentrated stock solutions of dextran and PEG
10–20% by weight) were prepared by dissolving polymers in water.
o establish the binodal curve, a certain concentration of dextran
 1452 (2016) 107–115

(or PEG) solution was  prepared by adding water to the dextran (or
PEG) stock solution in a 10 mL  vial. Then PEG (or dextran) stock
solution was added dropwise into the vial followed by shaking. The
titration was continued until the solution became turbid. The mass
of each stock solution and water was  measured by a balance to
establish the binodal curve. The critical point, at which the phase
volumes are equal as one approaches the binodal from the two-
phase region, was determined by titration as described elsewhere
[11]. To construct the tie lines, mixtures of dextran and PEG solu-
tions were prepared in the two-phase region in 50 mL  separating
funnels by keeping the weight ratio between dextran and PEG equal
to that at the critical point. The solutions were shaken by hand to
ensure good mixing of the polymers. The samples were kept at a
temperature of 25 ± 1 ◦C for one week to ensure complete phase
separation before the PEG-rich phase was taken from the upper
outlet and the dextran-rich phase was collected from the lower one.
The density of each separated phase was measured at 25 ± 0.01 ◦C
by a density meter (DMA4500, Anton Paar) with a resolution of
5 × 10−5 g/mL.

2.3. Gel permeation chromatography

GPC measurements were performed on separated phases to
obtain both composition and molar mass distribution of dextran
and PEG in each phase [22]. The GPC system was  equipped with two
PL aquagel-OH mixed-H columns (7.5 × 300 mm,  Polymer Labora-
tories Ltd.) and a 2414 differential refractive index (RI) detector
(Waters Corporation). The eluent of water containing 0.02 wt%
NaN3 was  delivered by a Waters 515 HPLC pump at a constant
flow rate of 1.0 mL/min. The separated phases were diluted 10–100
times with the eluent and 100 �L polymer solution was injected to
the system via a Waters 717plus autosampler. The concentration
of dextran and PEG in each separated phase was obtained from
the area of the eluting peaks for dextran and PEG using calibration
curves relating the RI peak area to the injected polymer concentra-
tion. The molar mass of dextran and PEG in each separated phase
was determined after calibrating the columns with narrow PEG and
poly(ethylene oxide) (PEO) standards obtained from Polymer Lab-
oratories Ltd. Universal calibration was  applied to obtain the molar
mass of dextran [35–37], which was  validated by coupling GPC
with a DAWN HELLEOS II multi-angle laser light scattering detector
(Wyatt Technology Corporation).

3. Results and discussion

3.1. Binodal and critical point

The binodal of the aqueous solution of dextran and PEG is shown
in Fig. 1. It should be noted that for data points with large weight
fraction of PEG (wp > 0.06), the weight fraction of dextran is very
small with wd < 0.001. Even a small amount of high molar mass
dextran is immiscible with a concentrated PEG solution, due to the
unfavorable interaction between the long dextran chains and the
PEG molecules. Following the protocol in Ref. [11], a series of poly-
mer  solutions in the two-phase region at a certain weight ratio
wd/wp between dextran and PEG were prepared, and the volume
fraction of each phase was  measured when gradually approach-
ing the binodal by adding water. The volume fraction �D of the
dextran-rich phase in the vicinity of the phase boundary is plot-
ted as a function of wd/wp in the inset of Fig. 1. The volumes of
the dextran-rich and PEG-rich phases are equal (�D = 0.50) at the

weight ratio wd/wp = 1.23. Carefully studying the phase behavior
of solutions close to the binodal with wd/wp fixed at 1.23 gave
the composition of the critical point of the system with a total
polymer weight fraction of wcr = 0.0811 ± 0.0002. The phase dia-
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Fig. 1. Binodal of aqueous solution of dextran and PEG at 25 ◦C obtained by titra-
tion (solid circles). The “ + ” symbol indicates the composition of the critical point
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Fig. 2. GPC chromatograms for dextran with injected concentration of 1.18 mg/mL
(red curve) and PEG with injected concentration of 1.02 mg/mL  (blue curve). Dextran
is  eluted earlier with a peak retention volume of 16.0 mL,  while PEG is eluted later
with a peak retention volume of 18.2 mL.  The inset shows the dependence of the
RI  peak area ARI as a function of the polymer mass density or concentration c of
the  solutions injected into the GPC columns for dextran (red squares) and PEG (blue
circles). The straight lines are linear fits to the data with ARI = kc where k = 0.09613 for
dextran and k = 0.08774 for PEG, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. GPC chromatograms of coexisting dextran-rich (red curve) and PEG-rich
(blue curve) phases. The panels (a)-(c) correspond to initial polymer weight fractions
wd,cr = 0.0447, wp,cr = 0.0364). The upper inset shows the dependence of the volume
raction �D of the dextran-rich phase on the weight ratio wd/wp in the vicinity of
he  binodal. For �D = 0.50 (dashed line), the polymer weight ratio wd/wp = 1.23.

ram differs slightly compared to previous results [11], due to both
atch-to-batch differences in the molar mass distribution of the
olymers from the same manufacturer [38] and the subtle differ-
nce in temperature. Phase separation of ATPS was performed at
5 ± 1 ◦C in the present study, which was slightly different from
4 ± 0.5 ◦C in Ref. [11]. However, one should keep in mind that the
hase diagram of ATPS containing dextran and PEG is sensitive to
he temperature [38]. We  performed GPC measurements for dex-
ran and PEG in the present study, as well as for those samples in Ref.
11]. We  found that the molar mass distribution of PEG is nearly the
ame in both studies. However, dextran used in the present study
as a weight average molar mass Mw = 380 kg/mol and a number
verage molar mass Mn = 174 kg/mol (see further below), compared
o Mw = 487 kg/mol and Mn = 174 kg/mol for the polymer used in
ef. [11]. Our conclusion is that one should always determine the
hase diagram of ATPS when new lots of polymer samples are used.

.2. Locating the tie lines by GPC measurements

The compositions of the separated phases in the ATPS system
f dextran and PEG solutions were determined by GPC with a RI
etector. Fig. 2 shows the typical chromatograms for dextran and
EG with injected concentration of about 1 mg/mL. It can be seen
hat dextran is eluted earlier from the GPC columns than PEG, due
o the fact that the studied dextran molecules are much larger than
he PEG molecules. We  then integrated the RI peaks individually
nd plotted the RI peak area ARI as a function of injected polymer
oncentration c, from which we obtained the calibration curves; see
he inset of Fig. 2. Linear relations were established for both dextran
nd PEG solutions over a broad range of concentration between 0.1
nd 10 mg/mL.

In the next step, each separated phase was diluted and analyzed
y GPC. Fig. 3 shows the GPC chromatograms of three couples of the
oexisting dextran-rich and PEG-rich phases with different initial
olymer weight fractions of (wd, wp) = (0.0452, 0.0367), (0.0534,
.0434), and (0.1606, 0.1306), respectively. One can easily identify
he peaks of dextran and PEG from each chromatogram, because
aseline separations of the two components were achieved. From

he RI peak height and area, it is obvious that with increas-
ng polymer concentration, more dextran is partitioned into the
extran-rich phase, and more PEG is distributed into the PEG-rich
hase. At the highest polymer concentrations, no PEG is found in the
of  (wd, wp) = (0.0452, 0.0367), (0.0534, 0.0434), and (0.1606, 0.1306), respectively.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

dextran-rich phase and no dextran is found in the PEG-rich phase.
The polymer concentrations in each of the phases were calculated
from the peak areas of dextran and PEG using the calibration curves
in Fig. 2. The polymer weight fractions in the dextran-rich phase,
(wd

D, wp
D) and those in the PEG-rich phase, (wd

P, wp
P), i.e., the

end points of the respective tie line, were then obtained with the

known dilution ratio before each GPC measurement. Table 1 sum-
marized the resulting compositions of dextran-rich and PEG-rich
phases obtained by the GPC method, which had a typical coefficient
of variation of about 1%.
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Table 1
Compositions of dextran-rich and PEG-rich phases obtained by the GPC method.

ε wd wp Dextran-rich phase PEG-rich phase �w

wd
D wp

D �D (g/mL) �D,cal (g/mL)a wd
P wp

P �P (g/mL) �P,cal (g/mL)a

0.0098 0.0452 0.0367 0.0659 0.0269 1.02805 1.02757 0.0255 0.0452 1.01464 1.01456 0.00038
0.030  0.0461 0.0374 0.0745 0.0242 1.03099 1.03058 0.0189 0.0490 1.01276 1.01261 0.00046
0.092 0.0487 0.0396 0.0931 0.0188 1.03793 1.03727 0.0099 0.0568 1.01045 1.01039 0.00051
0.134 0.0506 0.0411 0.1033 0.0165 1.04162 1.04109 0.0070 0.0604 1.00993 1.00985 0.00050
0.200  0.0534 0.0434 0.1157 0.0139 1.04660 1.04581 0.0043 0.0656 1.00973 1.00969 0.00052
0.302  0.0579 0.0470 0.1332 0.0108 1.05362 1.05262 0.0021 0.0727 1.01004 1.01003 0.00058
0.389  0.0616 0.0501 0.1465 0.0090 1.05887 1.05801 0.0012 0.0786 1.01061 1.01067 0.00036
0.508  0.0667 0.0542 0.1639 0.0071 1.06551 1.06517 0.0006 0.0854 1.01162 1.01158 0.00044
0.599 0.0706 0.0574 0.1756 0.0060 1.07035 1.07011 0.0004 0.0909 1.01249 1.01244 0.00042
0.729 0.0761 0.0618 0.1907 0.0048 1.07700 1.07655 0.0001 0.0989 1.01372 1.01371 0.00037
0.982  0.0867 0.0705 0.2173 0.0033 1.08883 1.08824 0.0000 0.1141 1.01630 1.01625 0.00048
1.552  0.1102 0.0896 0.2684 0.0017 1.11287 1.11166 0.0000 0.1486 1.02234 1.02220 0.00116
2.087  0.1317 0.1071 0.3162 0.0000 1.13518 1.13447 0.0000 0.1806 1.02808 1.02778 0.00152
2.825  0.1606 0.1306 0.3760 0.0000 1.16434 1.16486 0.0000 0.2255 1.03627 1.03573 0.00121
3.605  0.1901 0.1546 0.4347 0.0000 1.19651 1.19629 0.0000 0.2730 1.04490 1.04427 0.00082
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a The densities of dextran-rich phases �D,cal and those of PEG-rich phases �P,cal wer
f  water �s = 1.00297 mL/g, the specific volume of dextran �d = 0.61871 mL/g and th

The tie lines were established by the GPC method over a broad
ange of polymer concentrations, which were characterized by the
ormalized distance to the critical point

 ≡ c/ccr − 1 (1)

here the critical concentration ccr = 0.0828 ± 0.0002 g/mL. Fig. 4
hows the tie lines established by the GPC method when the
educed concentration ε was varied between 0.01 and 3.6. The
ccuracy of the tie lines is supported by the fact that the initial
omposition of the polymer solutions (indicated by “+” symbols in
ig. 4), lie close to the corresponding tie line, with an averaged dis-

ance �w between the initial composition and the tie line of less
han 0.0007 (Table 1).

We  also measured the density of each separated phase by a
ensity meter and established the tie lines as described previ-

ig. 4. Tie lines in the dextran—PEG phase diagram. The solid circles represent the
xperimentally measured points of the binodal (same data as in Fig. 1). The com-
ositions of the initial solutions (with weight ratio wd/wp = 1.23), for which GPC
easurements after phase separation were performed, are indicated by “+” symbols.

he  end points of the respective tie lines are shown with upward-pointing triangles
ndicating the compositions of the dextran-rich phases and downward-pointing tri-
ngles indicating the compositions of the PEG-rich phases. The solid lines show two
xamples of the isopycnic lines for the initial composition indicated with an encir-
led “+” symbol in the graph: (wd, wp) = (0.0867, 0.0705). The compositions of the
wo phases obtained from the intersections of the isopycnic lines with the binodal
re shown as open circles. The inset shows the enlarged region of the phase diagram
lose to the critical point.
lated according to � = [(1 − wd − wp) �s + wd�d + wp�p]−1 with the specific volume
EG �p = 0.83680 mL/g, which were measured by the density meter at 25 ◦C.

ously [11], and the tie lines found from both methods agreed very
well. A typical example is shown in Fig. 4 for the initial compo-
sition (wd, wp) = (0.0867, 0.0705). The measured densities of the
two phases are �D = 1.08883 g/mL for the dextran-rich phase and
�P = 1.01630 for the PEG-rich phase. The intersections of the isopy-
cnic lines with the binodal yield the composition of the dextran-rich
phase (wd

D, wp
D) = (0.2188, 0.0028) and that of the PEG-rich phase

(wd
P, wp

P) = (0.0000, 0.1144). These values are very close to those
obtained by the GPC method (see Table 1): (wd

D, wp
D) = (0.2173,

0.0033) and (wd
P, wp

P) = (0.0000, 0.1141). The averaged differ-
ence of the phase compositions obtained by the GPC and density
methods for all compositions is about 0.001, showing good agree-
ment. This conclusion was also supported by the fact that the
calculated densities of the polymer phases according to their com-
position obtained by the GPC method coincided well with the
measured densities (with an averaged difference of 3 × 10−4 g/mL,
see Table 1). The density method is relatively simple and requires
only the densities of the co-existing phases to be measured, with
the binodal established by titration. Even though the GPC method
is more complex and time-consuming, it is independent of the bin-
odal curve. In addition, the GPC method can provide details about
the molar mass distribution of each polymer species in the sepa-
rated phases, as we  will show below. One caveat is that the GPC
method with RI detection is only applicable to ATPSs with a large
size difference between the two polymers. If these two polymers
have similar sizes and are eluted at about the same time from the
GPC columns, one needs two concentration detectors, such as a RI
and an optical rotation detector [19,20], to determine the concen-
tration of each polymer component. The end points of the tie lines
agree well with the binodal curve, except for the data points of the
PEG-rich phases close to the critical point with 0.01 < ε < 0.2, which
is probably due to polydispersity of dextran (we  will come back to
this point in the next sections).

From the compositions corresponding to the tie line end
points as established by the GPC method, we calculate the order
parameter of the coexisting phases, i.e., the composition differ-
ence �c  corresponding to the length of the tie line expressed
by polymer mass concentration. This composition difference
and the density difference �� are plotted as functions of the
reduced polymer concentration ε in Fig. 5. The effective scaling
exponent  ̌ in �� ∼ ε� and �c  ∼ ε� depends on the distance from

the critical point, as previously observed by the density method
[11]: (i) in the concentration range 0.01 < ε < 0.14 (regime I), we
observed 0.342 ± 0.017 as estimated from the density difference
dependence and 0.348 ± 0.017 as estimated from the composition



Z. Zhao et al. / J. Chromatogr. A 1452 (2016) 107–115 111

Fig. 5. Composition difference �c  (solid squares) and density difference �� (solid
circles) of the coexisting phases as functions of the reduced polymer concentra-
tion ε. In the concentration range 0.01 < ε < 0.14, the effective scaling exponent
ˇ  has the value 0.342 ± 0.017 as estimated from the density difference and
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Fig. 6. Measured molar mass distribution of dextran (a) and PEG (b) in the initial
polymer (black curve), dextran-rich phase (red curve) and PEG-rich phase (blue
curve) at reduced polymer concentration ε = 0.01. The calculated molar mass distri-
.348 ± 0.017 as estimated from the composition difference, while in the range

.2  < ε < 3, we  obtained exponent values 0.490 ± 0.012 from the density difference
nd  0.511 ± 0.013 from the composition difference.

ifference dependence, and (ii) in the range 0.2 < ε < 3 (regime II),
e obtained 0.490 ± 0.012 from the density difference dependence

nd 0.511 ± 0.013 from the composition difference dependence.
hese values are in good agreement with the Ising value of  ̌ = 0.326
or regime I and the mean field value  ̌ = 1/2 for regime II.

.3. Molar mass distribution of dextran and PEG in ATPS

Apart from measuring the polymer concentration, the GPC mea-
urement can also provide the molar mass distributions of each
omponent in the separated phases. Inspection of Fig. 3 shows that
he elution peak of dextran in the PEG-rich phase is not only smaller
n height than that in the dextran-rich phase, but also shifts towards
he higher retention volume, corresponding to a lower molar mass.
he difference between the dextran elution peaks in the two phases
rows with the distance from the critical point. At the same time,
he elution peak of PEG is hardly changed in retention volume for
he two phases at all initial polymer concentrations, although the
eak height in the dextran-rich phase is smaller than that in the
EG-rich phase. This indicates that the molar mass distribution of
EG between the two phases does not change but only the total
mount does.

The precise molar mass distributions of dextran and PEG in
oth phases were obtained from the calibration curves relating
he molar mass of each polymer with the retention volume. The
esults for dextran and PEG are summarized in Table 2 and Table 3,
espectively. Fig. 6 shows an example at initial polymer concentra-
ion (wd, wp) = (0.0452, 0.0367), or reduced polymer concentration

 = 0.01. The original dextran has a broad molar mass distribu-
ion with Mw = 380 kg/mol, Mn = 174 kg/mol, and a polydispersity
ndex Mw/Mn = 2.19 (Table 2). For dextran in the dextran-rich phase

e obtained Mw = 454 kg/mol, Mn = 193 kg/mol, and Mw/Mn = 2.35,
hile Mw = 249 kg/mol, Mn = 153 kg/mol, and Mw/Mn = 1.63 were

ound for dextran in the PEG-rich phase. This is because the high
olar mass component of dextran was enriched in the dextran-rich

hase and depleted from the PEG-rich phase (Fig. 6a). As the ini-
ial polymer concentration increases, the molar mass of dextran in
he dextran-rich phase decreases towards that of the original sam-

le, while the Mw of dextran in the PEG-rich phase continuously
ecreases to 82.2 kg/mol at ε = 0.73, see Fig. 7 and Table 2. At higher
olymer concentration with ε > 0.73, the amount of dextran in the
EG-rich phase is so small that it can hardly be detected by GPC. On
bution of dextran in the two phases are also shown as dashed and short dashed lines
in  panel (a). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

the other hand, the original PEG has a narrow molar mass distri-
bution with Mw = 8.45 kg/mol, Mn = 7.64 kg/mol, and Mw/Mn = 1.11
(Table 3). The molar mass distributions of PEG in the two coexist-
ing phases are almost the same (Fig. 6b). An increase of the initial
polymer concentration does not lead to significant change of the
molar mass and the molar mass distribution of PEG in the two
phases (Fig. 7 and Table 3). It should be noted that in Fig. 6, the
area under each molar mass distribution curve is proportional to
the weight fraction of each polymer component in the initial and
the co-existing phases of the polymer solutions. The summations of
the molar mass distribution of dextran and PEG in the two phases
agree very well with the molar mass distribution of the original
samples (Fig. 6). It indicates that the GPC method provides accu-
rate results for the concentration and the molar mass distribution
of each component in ATPSs. The molar mass distributions of dex-
tran in the two  phases were also calculated from (i) the dependence
of the degree of fractionation of dextran on its molar mass (Fig. 8)
and (ii) the weight fraction of the phases, which were in excellent
agreement with the GPC measurements (Fig. 6a). In the next sec-
tion, we will discuss the fractionation of dextran and PEG based on
their molar mass distribution in the two coexisting phases.
3.4. Molar mass fractionation of dextran and PEG in ATPS

Consider all chains of one polymer component, x, with a certain
chain length as characterized by the number N of monomers. The
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Table 2
Molar mass averages of dextran in dextran-rich and PEG-rich phases.

ε Dextran-rich phase PEG-rich phase

Mw (kg/mol) Mn (kg/mol) Mw/Mn Mw (kg/mol) Mn (kg/mol) Mw/Mn

native 380.0 173.7 2.19 380.0 173.7 2.19
0.0098  453.9 192.9 2.35 249.3 152.6 1.63
0.030  426.9 182.0 2.35 208.9 138.3 1.51
0.092  394.1 172.1 2.29 167.6 120.8 1.39
0.134  397.9 177.8 2.24 152.3 112.5 1.35
0.200  380.6 170.3 2.23 136.0 103.1 1.32
0.302  369.8 164.2 2.25 116.9 90.0 1.30
0.389  373.3 167.1 2.23 109.4 84.8 1.29
0.508  371.3 164.6 2.26 97.1 76.9 1.26
0.599  370.6 163.1 2.27 95.9 69.4 1.38
0.729  375.2 166.0 2.26 82.2 66.9 1.23
0.982  372.4 163.7 2.28
1.552 368.7 161.8 2.28
2.087 368.6 155.8 2.37
2.825 374.7 160.5 2.34
3.605 368.7 161.8 2.28

Table 3
Molar mass averages of PEG in dextran-rich and PEG-rich phases.

ε Dextran-rich phase PEG-rich phase

Mw (kg/mol) Mn (kg/mol) Mw/Mn Mw (kg/mol) Mn (kg/mol) Mw/Mn

native 8.45 7.64 1.11 8.45 7.64 1.11
0.0098  8.38 7.57 1.11 8.35 7.58 1.10
0.030  8.12 7.33 1.11 8.35 7.61 1.10
0.092  8.08 7.25 1.11 8.30 7.52 1.10
0.134  8.18 7.31 1.12 8.41 7.65 1.10
0.200  8.02 7.06 1.14 8.39 7.63 1.10
0.302  8.02 7.00 1.15 8.28 7.53 1.10
0.389  7.98 6.89 1.16 8.40 7.63 1.10
0.508  7.93 6.69 1.19 8.38 7.60 1.10
0.599  7.88 6.55 1.20 8.50 7.70 1.10
0.729  7.78 6.22 1.25 8.29 7.49 1.11
0.982  8.44 7.65 1.10
1.552  8.63 7.82 1.10
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artitioning of these chains between the two phases is described
y the degree of fractionation (or the distribution coefficient) fx(N).
ccording to Flory-Huggins theory, this quantity behaves as [27]

x (N) = cx,poor (N) /cx,rich (N) = exp (−�xN) (2)

here cx,poor(N) and cx,rich(N) are the mass densities of polymer
omponent x (here dextran or PEG) with chain length N in the
-poor and x-rich phases, respectively. Thus, according to this
heory, the degree of fractionation fx(N) should decay exponen-
ially with increasing chain length N, i.e., the long x-chains are
lmost exclusively in the x-rich phase. The separation parameter
x, according to the complex expression provided by the Flory-
uggins theory [17,27], depends on temperature, pressure, and
olymer concentration. This parameter represents the free energy
hange per monomer involved in transferring a chain of length N
rom one phase to the other [27]. The present study was  conducted
t temperature of 25 ◦C and standard atmosphere.

In Fig. 8, we plot the degree of fractionation for dextran fd(N)
s a function of dextran chain length Nd for different values of the
educed polymer concentration ε. An exponential dependence on
he chain length N is indeed observed over a certain range of N-
alues which depends on the value of ε, although the curves are
lightly concave. According to computer simulations, the deviation

f the exponential behavior for short polymer chains is attributed
o end group effects for N up to 400 [39]. The polymer length we
tudied here spans a much wider range, therefore the deviation
rom a single exponential decay might suggest that the separation
8.43 7.64 1.10
8.40 7.57 1.11
8.56 7.76 1.10

parameter for dextran �d is not a constant, but is a function of N.
In Fig. 9, we plotted the natural logarithm of the distribution coef-
ficient of dextran, −ln(fd(N)), as a function of Nd. In the limit of
long dextran chain with Nd > 1500, we observed a scaling relation
of −ln(fd(N)) ∼ Nd

� with ı = 0.63. This exponent has been reported
earlier in the literature [13,14] for the distribution of polyethylene
in diphenyl ether phase separated at several temperatures, and is
still lacking theoretical interpretation. To account for the nonlinear
exponential behavior, the degree of fractionation for dextran fd(N)
was fitted by an empirical relation [39]

fd (N) = A × exp
(
−�dN − �d2N0.5

)
(3)

where two  additional fitting parameters A and �d2 are introduced.
Fitting of the data to Eq. (3) is rather good (Fig. 8). Knowing the
degree of fractionation for dextran fd(N) as a function of Nd, together
with the weight fraction of each phase obtained by mass balance on
the tie line, one can calculate the molar mass distribution of dextran
in the two phases [19,27]. Fig. 6a shows the calculated molar mass
distribution curves of dextran in the two  phases at reduced poly-
mer  concentration ε = 0.01, which are in excellent agreement with
the experimental results. As shown in Fig. 7a, the resulting weight
average molar masses of dextran in both phases are in good agree-
ment with the GPC results at all reduced polymer concentration ε

between 0.01 and 0.73.

On the other hand, the molar mass distributions of PEG are both
rather narrow and very similar in the two phases, which leads to
essentially constant values of the degree of fractionation fp(N) over
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Fig. 7. Weight average molar mass Mw of dextran (a) and PEG (b) in dextran-rich
(squares) and PEG-rich (circles) phases. The dashed lines indicate the average molar
m
M
m

t
t
w
d
P

t

F
m
ε
d

Fig. 9. The natural logarithm of the degree of fractionation for dextran, −ln(fd(N)),
as  a function of the degree of polymerization Nd of dextran for different values of the
reduced polymer concentration ε which is varied from 0.01 (bottom) to 0.73 (top).
The  dashed line indicates a slope of 0.63.
ass Mw = 380 kg/mol for dextran and Mw = 8.45 kg/mol for PEG, respectively. The
w−values of dextran in the two phases, which were obtained from the calculated
olar mass distribution of dextran, are shown as solid lines in panel (a).

he accessible range of Np−values for all reduced polymer concen-
rations ε. Previous studies on ATPS with dextran and PEG, both
ith broad molar mass distribution, did observe the exponential
ecay behaviors of the degree of fractionation for both dextran and

EG between the coexisting phases [20].

Because the narrow molar mass distribution of PEG used in
his study did not allow us to observe the exponential dependence

ig. 8. Degree of fractionation fd(N) for dextran as a function of the degree of poly-
erization Nd of dextran for different values of the reduced polymer concentration

 which is varied from 0.01 (top right) to 0.73 (bottom left). The lines are fits to the
ata by the empirical relation in Eq. (3).

Fig. 10. Average separation parameters <�d> for dextran (solid squares), and <�p>
for PEG (solid circles), as functions of reduced polymer concentration. In the
concentration range 0.01 < ε < 0.14, the data were well fitted by the effective scal-

ing exponents 0.371 ± 0.024 for PEG and 0.418 ± 0.024 for dextran, while in the
range 0.2 < ε < 1.5, the fit leads to the exponent values 0.525 ± 0.002 for PEG and
0.603 ± 0.020 for dextran.

of fp(N) on chain length Np, we considered an average separation
parameter <�p> for the PEG chains as defined by

〈�p〉 = −ln
(

cD
p /cP

p

)
/〈Np〉 (4)

where cp
D and cp

P are total PEG concentrations in the dextran-rich
and PEG-rich phases, respectively. The average PEG length <Np> is
192 according to its Mw of 8450 g/mol.

Similarly, we  defined an average separation parameter <�d> for
dextran via

〈�d〉 = −ln
(

cP
d /cD

d

)
/〈Nd〉 (5)

where cd
P and cd

D are total dextran concentrations in the PEG-rich
and dextran-rich phases, respectively. The average dextran length
<Nd> is 2345 with a monomer mass of 162 g/mol.
The average separation parameters of dextran and PEG are plot-
ted in Fig. 10 as functions of reduced polymer concentration. The
separation parameters �x scale with the reduced polymer concen-
tration ε according to �x ∼ ε� ’ where the effective scaling exponent



1 togr. A

ˇ
t
n
t
f
I
f
h
p
t
t
I
i
b
t
W
t

a
m
e
a
r
b
c
l
m
s
O
c
e
s
w
d
c
c
p
l
p
s
t
b
d

s
i
t
b
t
b
d
7
t
a
r
l
t
p
t
i

A
T
H
w

[

[

[

[

[

14 Z. Zhao et al. / J. Chroma

’ attains two distinct values within two concentration ranges: (i) in
he concentration range 0.01 < ε < 0.14 (regime I), the scaling expo-
ent ˇ’ has the values 0.37 for PEG and 0.42 for dextran, and (ii) in
he range 0.2 < ε < 1.5 (regime II), this exponent has the values 0.52
or PEG and 0.60 for dextran. The values for PEG are close to the
sing value of  ̌ = 0.326 for regime I and the mean field value  ̌ = 1/2
or regime II, i.e., ˇ’ ≈ ˇ. Although the values for dextran are slightly
igh, due to the effect of polymer fractionation on the phase com-
osition (discussed further below), one does observe a crossover of
he exponent from a higher value to a lower one as moves closer to
he critical point, corresponding to a crossover from mean field to
sing model behavior. In a previous study on polymer fractionation
n ATPS based on computer simulations [39], the scaling exponent
etween the separation parameter and the reduced temperature
ook a value of 1/2, in accord with the mean field value of  ̌ = 1/2.

e have shown here that non-mean-field behavior is expected as
he critical point is approached.

Polymer fractionation during phase separation of dextran with
 broad molar mass distribution and PEG with a narrow molar
ass distribution leads to the redistribution of dextran of differ-

nt chain lengths between the two phases. Long dextran chains
re enriched in the dextran-rich phase, and depleted from the PEG-
ich phase. These findings provide an explanation for the mismatch
etween the tie line end points of the PEG-rich phase close to the
ritical point and the binodal curve (see inset of Fig. 4). These tie
ine end points in the PEG-rich phase contain dextran with molar

ass lower than the original dextran (Table 2), and therefore are
hifted upwards in the phase diagram compared with the binodal.
n the other hand, the tie line end points in the dextran-rich phase
ontain dextran of slightly higher molar mass (Table 2), and are
xpected to locate below the binodal, although the effect is too
mall to be observed. These observations are in excellent agreement
ith previous calculations based on the UNIQUAC model [18]. To
etermine the phase compositions of such ATPS system close to the
ritical point by the density method [11], one should first locate the
omposition of the dextran-rich phase, and then estimate the com-
osition of the PEG-rich phase from the intersection of the isopycnic

ine with a line passing through the coordinates of the initial com-
osition and the dextran-rich phase composition. In this way, the
imple density method can be employed for the determination of
he tie line end points for ATPS system containing dextran with a
road molar mass distribution and PEG with a narrow molar mass
istribution.

The results also explain the discrepancy between the observed
caling exponent of 1.67 and the Ising model value 1.26 for the
nterfacial tension as a function of reduced polymer concentra-
ion [11]. Theory of the interfacial tension of immiscible polymer
lends in solution indicates a strong molar mass dependence of
he interfacial tension � ∼ M−d with d ≈ 1.10 [40], as demonstrated
y the two-phase system of polystyrene—poly(dimethylsiloxane)
issolved in toluene with polymer molar masses of 270 and
34 kg/mol, respectively [41]. For polymer compositions close to
he critical point, dextran in the dextran-rich phases has an aver-
ged molar mass larger than that of the original dextran, which
educes the interfacial tension and leads to a scaling exponent
arger than the Ising model value of 1.26. For polymer composi-
ions far away from the critical point, dextran in the dextran-rich
hases has a molar mass very close to that of the original sample,
he interfacial tension is unaffected and the mean field value of 3/2
s observed.

Our results show that mean-field theory is only applicable to
TPS with compositions sufficiently far away from the critical point.

his should be kept in mind when modeling ATPS with Flory-
uggins theory. Studying the biomolecules partitioning in ATPS
ith well-characterized compositions and molar mass distribu-

[
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tions of the coexisting phases will help to elucidate the underlying
mechanisms of their partitioning.

4. Conclusions

Both composition and molar mass distribution of dextran and
PEG in phase separated aqueous solutions of these two polymers
were studied by GPC. The resulting tie lines by the GPC method
confirm those established by the method based on density mea-
surements of the phases. For solutions of dextran with a broad
molar mass distribution and PEG with a narrow molar mass dis-
tribution, fractionation of dextran during phase separation of the
aqueous mixtures was observed. The degree of fractionation fd(N)
for dextran shows an exponential decay on the chain length Nd.
The average separation parameters for both dextran and PEG show
a crossover from Ising model to mean field behavior with increasing
distance from the critical point. Long dextran chains are enriched
in the dextran-rich phase and depleted from the PEG-rich phase,
which leads to the observed deviation of the scaling exponent for
the interfacial tension from the Ising model behavior close to the
critical point.
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