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evaluate polymer–solute thermodynamic
affinity for two-phase partitioning bioreactor
(TPPB) applications
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ABSTRACT

BACKGROUND: Selection of a polymer for two-phase partitioning bioreactor (TPPB) applications has previously been limited to
heuristic approaches. However, recent interest has focused onfirst principles’ selectionmethods basedonpolymer crystallinity,
glass transition temperature and polymer–solute thermodynamic affinity. In this work, a framework is proposed to evaluate
and predict polymer–solute thermodynamic affinity via the polymer-phase activity coefficient.

RESULTS: Polymer screening via thermodynamic affinity was shown to be most effective at very dilute concentrations,
where partition coefficients can be estimated using infinite dilution activity coefficients. In the absence of published values,
UNIFAC-vdW-FV or Flory–Huggins based activity models can provide very good predictions for the polymer-phase activity
coefficient, significantly improving upon previous approaches using Hildebrand and Hansen solubility parameter differences.
For non-dilute systems, however, the activity models failed to consider the full effects of concentration on partition coefficient.
Additionally, a reduction in polymermolecular weight resulted in improved partition coefficients, a phenomenawell described
by the activity models.

CONCLUSION: Predicting and experimentally quantifyingpolymer–solute thermodynamic affinity at very dilute concentrations
will aid futureattemptsatTPPBpolymerselection.Furthermore,experimentalpartitioncoefficientdataata rangeofoperational
concentrations will indicate how TPPB effectiveness will change throughout the fermentation course. Finally, reduction of
polymer molecular weight to improve solute partitioning should be investigated further for a range of polymers.
© 2014 Society of Chemical Industry

Supporting informationmay be found in the online version of this article.
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INTRODUCTION
Bioprocessproductivity is commonlyhinderedby substrate and/or
product inhibition. Benefits have been previously demonstrated
by introducing a non-aqueous phase (NAP), used to sequester
the toxic target molecule and lower its aqueous concentration
to sub-inhibitory levels. This technology platform, commonly
referred to as a two-phase partitioning bioreactor (TPPB), has been
successfully demonstrated with a variety of NAPs including small
molecule solvents,1,2 viscoelastic oligomeric liquids (polypropy-
lene glycol, silicone oil)3–6 and solid co-polymer beads.7–11 In
addition to their need to be non-bioavailable and biocompati-
ble, NAPs are screened based on substrate/product affinity via the
partition coefficient.12 Previous work has established a predictive
screening program to rank liquid solvents based on solute affinity
using the UNIFAC group contribution activity model.13 Polymers,
on the other hand, have been limited to selection through heuris-
tic methods, prompting recent efforts to investigate first princi-
ples approaches to screening polymers on the basis of crystallinity,

glass transition temperature (Tg) and thermodynamic affinity.9,14

To fully realize the benefits of using polymers in TPPBs,5,15 the
present study provides the required framework to rationally select
and evaluate a polymer based on its thermodynamic affinity for
the target substrate and/or product.
Quantifying polymer–solute interactions can be achieved by

finding an expression for the Gibbs free energy of mixing. Favor-
able polymer–solute affinity is characterized by a negative Gibbs
free-energy of mixing, ΔGM, which can be related to the enthalpy
and entropy of mixing,ΔHM andΔSM, by Equation (1):

ΔGM = ΔHM − TΔSM (1)
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The Flory–Huggins solution theory is the most widely used
thermodynamic framework for quantifying the enthalpic and
entropic contributions to the Gibbs free energy of mixing,ΔGM.

16

Other contributions to polymer–solute mixing which could
not be directly attributed as being purely enthalpic (ΔHM)
or entropic (ΔSM) such as the free-volume effect, were later
discovered.17 Therefore, we are proposing a shift in the discussion
of polymer–solute affinity from using the enthalpy and entropy
of mixing to more quantifiable and conceptually available con-
tributions. They include: (1) the combinatorial entropy of mixing;
(2) intermolecular interactions between solute and polymer
molecules; and (3) the free volume effect.17,18 These three main
contributions describe polymer–solute affinity by contributing to
ΔSM,ΔHM or both.
A very thorough description of these three contributions

has been provided by Patterson,18 briefly reviewed here with
respect to their overall contribution to ΔGM. The combinatorial
entropy of mixing, ΔScomb

M , results from increases in positional
disorder/randomness through mixing, that is, an increase in the
number of possible molecular configurations from mixing two
pure substances. Combinatorial entropy is always positive and is
a main component of the overall entropy of mixing, ΔSM, from
Equation (1). Therefore, greater combinatorial entropy will result
in more energetically favorable mixing by reducing ΔGM. An
important contribution to ΔSM which is not included in ΔScomb

M
is the entropic contribution from the conformational changes
associated with polymer chains unfolding.19 This contribution is
particularly significant when polymer–solute mixing induces the
melting of crystals in semi-crystalline polymers.20

Patterson’s18 discussion of polymer–solute intermolecular inter-
actions focuses on dispersive and specific interactions between
polymer chains and solute molecules. The main contribution of
these interactions is toward the enthalpy of mixing,ΔHM. Dis-
persion forces and/or random dipole-induced dipole interactions
always lead to a positive contribution toΔHM andΔGM and there-
fore are not favorable to mixing. In the rarer case of specific inter-
actions, negative contributions to ΔHM and ΔGM can result from
strong hydrogen bonding forces or charge transfer between poly-
mer and solute molecules.18

The free volume effect results from polymer chains having fewer
degrees of freedom and more restricted mobility compared to
small molecules. This lack of mobility causes polymer chains to
have smaller free volumes than small molecules, which havemore
‘free volume’ to wander around their equilibrium positions as they
are not tied to an adjacent polymer segment.20 When polymers
and small molecules mix, the polymer’s small free volume causes
a net contraction in total mixture volume and forces the polymer
and solute molecules closer together.18 This leads to a negative
contribution to ΔHM (favorable to mixing) and a negative contri-
bution to ΔSM (unfavorable to mixing). These two effects do not
cancel out, and the free volume effect leads to a net positive con-
tribution inΔGM which is unfavorable for mixing.18

A large body of research has been devoted to quantifying these
three contributions to polymer–solute mixing by means of the
activity coefficient, � i . The activity coefficient is relatedby Equation
(2) to the excess Gibbs free energy of mixing, ΔGE

M, the difference
between ΔGM of a non-ideal system compared with that of its
ideal counterpart, ΔGideal

M . Analogous to ideal small molecule solu-
tions, an ideal polymer–solute solution has equal solute–solute,
polymer–solute and polymer–polymer interactions. ΔGideal

M
can be theoretically calculated, with its only contribution
being an idealized representation of the combinatorial entropy

of mixing:

ΔGE
M = ΔGM − ΔGideal

M = RT
∑
i

xi ln �i (2)

ΔGideal
M = −TΔSidealM (3)

Conceptually, the activity coefficient provides a measure to
account for the deviations from ideality that result from mix-
ing small solute molecules and long polymer chains. The activity
coefficient provides a direct indication of polymer–solute affin-
ity, with smaller activity coefficients indicating more favorable
mixing. In the case of TPPBs, a polymer or small molecule sol-
vent NAP is best suited for a target molecule when the activ-
ity coefficient of the target molecule in the NAP is small. The
presentwork explores thepractical benefits of using activity coeffi-
cients to quantify polymer–solute affinity, including a convenient
approach for experimental activity coefficient evaluation and sev-
eral easily-accessible prediction methods.
Previous first principles’ methods to screen and rank

polymer–solute thermodynamic affinity have been limited to
analysis of the intermolecular interactions through the use of
Hildebrand and Hansen solubility parameters differences.9,14 Such
methods can be effective with polymer solutions due to their
significantly lower combinatorial entropy of mixing when com-
pared to small molecules.21 However, the combinatorial entropy
becomes more significant as the molecular weight decreases, as
seen in small molecule and oligomeric NAPs, thereby increasing
the favorability of mixing by reducing ΔGM. Due to the signifi-
cance of molecular weight on ΔGM, activity models or alternative
approaches topredictingpolymer–solute affinity canbenefit from
considering intermolecular interactions, combinatorial entropy
and the free volume effect as described above.16,22,23

This study uses activity coefficients to characterize the thermo-
dynamic affinity of a polymeric NAP for a range of solutes. A sim-
ple and direct correlation between activity coefficients and par-
tition coefficient establishes a framework for polymer screening
and evaluation for TPPB applications. The study begins with a
demonstration of the influence of solute concentration on par-
tition coefficient for three target molecules specifically selected
to possess varying hydrophobicity and aqueous solubility (methyl
tert-butyl ether, n-pentanol, n-butyl acetate). Very dilute condi-
tions are shown to be effective for the prediction and experi-
mental evaluation of partition coefficients, with the predictive
activity coefficient models demonstrating less precision at higher
concentrations.
The use of published infinite dilution activity coefficients is

examined for polymer screening applications before evaluating
three predictive polymer-phase activity coefficient models for use
in cases where literature values are not available. Alternatively,
a brief exploration of two surrogate approaches9,14 to ranking
polymer–solute affinity is provided. Both the activity coefficient
estimation approach, and the surrogate approaches are evalu-
ated using experimental partition coefficient data collected for
16 solutes (alcohols, ketones, ethers, esters, aromatics) absorbing
into poly(n-butyl acrylate) at very dilute conditions. This polymer
is an amorphous viscoelastic liquid with a glass transition temper-
ature below 25∘C (Tg = –54∘C)24 that does not present complica-
tions associated with crystallinity or an unabsorptive glassy state,
thereby isolating polymer–solute thermodynamic affinity.9,14

The report concludes with a demonstration of the influence
of NAP molecular weight on partition coefficients, highlight-
ing the importance of the combinatorial entropy contribution
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towards ΔGM, and establishing a bridge between small molecule,
oligomeric andpolymeric TPPB systems. Throughout thework, the
activity coefficient based framework for analyzingpolymer–solute
thermodynamic affinity is discussed in the context of improving
polymer NAP screeningmethods, TPPB processes and operational
understanding.

EXPERIMENTAL
Materials andmaterial preparation
All chemicals were purchased from either Sigma-Aldrich (Canada)
or Fisher Scientific (Canada). High molecular weight (Mw ≈
100 000 g mol-1) poly(n-butyl acrylate) was purchased from
Scientific Polymer Products (Ontario, NY) and isolated from
toluene solution by solvent evaporation. Low molecular weight
(Mw = 6200 g mol-1) poly(n-butyl acrylate) was prepared by atom
transfer radical polymerization (ARGET ATRP) in anisole solution as
outlinedpreviously,25 andpurified fromresidual copperbypassing
through a silica column before isolating by solvent evaporation.

Partition coefficient tests
Partition coefficient tests were performed in triplicate using three
polymer masses, ranging from 0.5 to 1.5 g of dry mass. Each
targetmoleculewas prepared in separate aqueous solutions using
Type I ultrapure water. In addition to the polymer mass, 10 mL
aliquots of aqueous solution were added to each scintillation vial,
sealed tightly with a foil lined cap and allowed to equilibrate
in an Innova 4400 incubator shaker for 6 days at 30∘C and 180
rpm. Aqueous concentrations before and after equilibration were
measured using either a Varian 450-GC gas chromatography unit
equipped with a CP-8410 AutoInjector, VF-5ms 30 m column and
FID detector or a Varian Pro Star HPLC with UV/VIS detection and
separated on a Polaris C18 150× 4.6 mm 5 μm column with a
mobile phase of 50:50 water/acetonitrile at 1 mL min-1. A mass
balance was performed to determine the solute concentration in
the polymer. Experimental partition coefficients were calculated
using aqueous and polymer phase weight fractions,waq

i andwpoly
i ,

in Equation (4). Reported mean and standard deviation (n= 3)
values were calculated from triplicate data.

Partition Coefficient =
wpoly

i

waq
i

(4)

RESULTS ANDDISCUSSION
Partition coefficient prediction
The partition coefficient is defined as the ratio of the equilibrium
solute concentration in the non-aqueous phase (NAP) to that in
the aqueous phase. In general, a higher partition coefficient is
desired in TPPB applications, as it indicates an increased ability to
sequester toxic substrates/products within the NAP. Since phase
equilibrium is achieved when a solute’s activity is equal in each
phase, the partition coefficient can be expressed as a ratio of activ-
ity coefficients. Therefore, given appropriate correlations and/or
predictions of activity coefficient values for the aqueousphase and
the polymeric NAP, partition coefficients can be calculated for any
polymer/solute system.

aaqi = apolyi (5)

a�i = ��i x
�
i = Ω�

i w
�
i (6)

Therefore

Partition Coefficient =
Ωaq

i

Ωpoly
i

(7)

where a�i is the activity, x�i is the mole fraction, w�
i is the weight

fraction, ��i is the mole fraction activity coefficient, and Ω�
i is the

weight fraction activity coefficient which can be converted from
the mole fraction activity coefficient as follows

Ωi = �i
xi
wi

(8)

Information on the activity of solutes in aqueous solution is
widely available, both in terms of experimental data26–29 and in
the form of correlations such as NRTL30 and UNIQUAC.31 Where
data and correlative model parameters32 are lacking, fully pre-
dictive models such as UNIFAC or modified-UNIFAC may be used
to predict activity based on molecular structure. Note that while
aqueous-phase activity coefficients are reported on a mole frac-
tion basis, Equation (8) converts them to the weight fraction basis
normally used for TPPB systems employing a polymeric NAP.
Compared with aqueous solutions, polymer-phase activity

coefficient data are scarce.33–35 However, there are a num-
ber of correlative and fully predictive models available for
polymer-phase activity coefficient estimation, several of which
have been reviewed by Costa et al.36 Unfortunately, correlative
parameters are lacking for the poly(n-butyl acrylate) mixtures
of present interest, necessitating the use of predictive models
such as UNIFAC-vdW-FV 23 and the Flory–Huggins model in con-
junction with pure component Hildebrand and Hansen solubility
parameters.21,37

A simpler approach to gauging polymer–solute affinity which
does not involve activity coefficient calculations, utilizes surro-
gate parameters in their place. Common surrogates include the
Hildebrand solubility parameter differences9,38 and theHansen ’Ra
Distance’,9,21 whose simplicity warrants their use in TPPB polymer
screening, but at the expense of thermodynamic rigour.

Effect of solute concentration on partition coefficients
The process of selecting a polymeric NAP for a target molecule
often begins with consideration of the solute’s published Log Ko/w
value. This is a measure of the solute’s partition coefficient in an
n-octanol/water system,withhighvalues indicativeof ahydropho-
bic molecule that is best suited to a non-polar NAP. Note that the
guidelines for Log Ko/w estimation established by the Organiza-
tion for Economic Co-operation and Development (OECD) require
solute concentrations to be <0.01 mol L-1 in both the aqueous
and n-octanol phases.39 This restriction on solute concentrations
ensures that both phases abide by a dilute-ideal solution assump-
tion, and that the system as a whole abides by the Nernst distri-
bution law.39 The Nernst distribution law states ‘the distribution
ratio of a solute between two liquid phases at equilibrium is a
constant, provided that the solute forms a dilute-ideal solution in
each phase.’40 In a dilute-ideal solution, the solvent approaches
ideality and can be represented by Raoult’s law (�2 → 1) while the
solute follows Henry’s law (�1 → �∞1 ). Therefore, Log Ko/w values
measured under these conditions are single-point constants that
describe solute partitioning under dilute conditions, but theymay
not reflect thepartition coefficient at higher solute concentrations.
Similar arguments pertain to the NAP/water systems of present

interest, in that partition coefficients can be concentration depen-
dent, and single-point constants may apply only where both

wileyonlinelibrary.com/jctb © 2014 Society of Chemical Industry J Chem Technol Biotechnol 2014; 89: 948–956
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Figure 1. Equilibrium phase composition data ( ) and model predictions
for (a)MTBE, (b) n-pentanol and (c) n-butyl acetate in poly(n-butyl acrylate)
(Mw ≈ 100 000 g mol-1). Upper and lower bounds of phase composition
( ) are based upon partition coefficient (PC) values at maximum
and minimum solute concentration. Inlays show an enlarged view of
the very dilute concentration region. Model predictions shown are using
UNIFAC-vdW-FV ( ), FH-HSP ( ) and FH-Hildebrand ( ).

phases abide by a dilute-ideal solution assumption. Consider the
data presented in Fig. 1, in which equilibrium MTBE, n-pentanol
and n-butyl acetate concentrations in the aqueous and poly(butyl
acrylate) phase are plotted. Using Equation (4), we can identify
the ratio of the solute concentration in the polymer (y-axis) to the
aqueous concentration (x-axis) as the partition coefficient. Single
point partition coefficient (PC) values at minimum and maximum
solute concentrations have been extended over the concentration
range to form the PCmin and PCmax lines (.........), illustrating the
lower and the upper bounds of experimental phase composition.
The upward trends for the experimental data in Fig. 1, from PCmin

to PCmax, suggest that increased equilibrium concentrations cor-
respond to higher partition coefficients, that is, larger ratios of

polymer phase to aqueous phase concentrations. The inlays in
Fig. 1 show that in the very dilute regime, partition coefficients
are nearly constant (i.e. constant slope) and are at the lower PCmin

boundary. In contrast, partition data at higher concentrations
are generally near the upper PCmax boundary, indicating higher
partition coefficients. The model predictions shown in Fig. 1 are
discussed below in the section ’Partition coefficient prediction for
non-dilute systems’.
Most partition coefficients for TPPB applications are

determined near the inhibitory substrate and/or product
concentration,10,41,42 which may exceed the dilute-ideal solu-
tion limit, although this is not always the case.43 The implications
of a concentration-dependent partition coefficient are twofold.
In the first place, single-point partition coefficients should be
measured and reported at infinitely dilute conditions. Second,
recognizing that many TPPB processes operate under conditions
that exceed the dilute-ideal solution limit, partition coefficient
data should also be provided as a function of solute concen-
tration where these conditions may arise. For example, single
phase biodegradation is completely inhibited when exposed to
greater than 130 mg L-1 of 2,4-dichlorophenol,10 while ethanol
production with Zymomonas mobilis is inhibited only when con-
centrations reach 120 g L-1.44 Based on the relationships illustrated
in Fig. 1, a NAP’s absorptive capacity may change during batch
fermentation as product concentration increases and/or substrate
concentration is reduced. Therefore, TPPB process design requires
knowledge of partition coefficient variation with aqueous phase
and NAP compositions. However, where the objective is limited
to the selection of a polymeric NAP for a given solute, dilute-ideal
solution values are likely to suffice.

Evaluation of partition coefficients at infinite dilution
The benefits of infinitely dilute concentrations for initial screening
and selection of a polymeric NAP are twofold: (1) partition coef-
ficients can be more easily predicted using single point infinite
dilution activity coefficients; and (2) experimental partition coef-
ficients can be analyzed to yield an experimental estimate of the
polymer phase activity coefficient.
The first benefit is generally limited to the aqueous phase, for

which a wide range of published molar infinite dilution activity
coefficients, �aq,∞i , are available26–29 and can be converted to the
weight fraction activity coefficient using Equation (9). These exper-
imental published values are preferred over predictive or correl-
ative activity models when operating within the infinitely dilute
concentration regime. On the other hand, data for polymer-phase
activity coefficients, Ωpoly,∞

i , are generally more scarce.33 For the
poly(n-butyl acrylate) systems of present interest, polymer phase
infinite dilution activity data are unavailable, necessitating the use
of activity models to achieve partition coefficient predictions.

Ωaq,∞
i = �

aq,∞
i

MWH2O

MWi

(9)

The second benefit of using infinitely dilute conditions arises
when evaluating polymer phase activity model predictions. When
analyzing a wide range of solutes, each with a unique aqueous
activity coefficient, Ωpoly,pred

i cannot be directly compared with
experimental partition coefficients. However, experimental parti-
tion coefficients can be normalized using the solute’s aqueous infi-
nite dilution activity coefficient, Ωaq,∞

i , to yield an experimental

estimate of the polymer phase activity coefficient,Ωpoly,expt
i . Thus, a
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Table 1. Summary of partition coefficients, experimental polymer phase solute activity coefficients, Hansen Ra and Hildebrand solubility parameter
differences, and activity coefficient predictions using Flory–Huggins theory and UNIFAC-vdW-FV. Partition coefficients were determined using
poly(n-butyl acrylate) (Mw ≈ 100 000 g mol-1). Errors shown are +/- one standard deviation

Solute

Partition

Coefficient Ωaq,∞ Ωpoly,expt

Hildebrand

|Δ�| (MPa1/2)

Hansen ’Ra’

Distance (MPa1/2)

FH-Hildebrand

Ωpoly,pred

FH-HSP

Ωpoly,pred

UNIFAC-vdW-FV

Ωpoly,pred

Benzene 117± 12 538 d,e,f,g 4.6± 0.7 c 0.90 4.94 4.8 4.2 4.0

Toluene 328± 66 1806 d,e,f,g 5.5± 1.1 c 0.56 3.71 4.8 3.9 4.1

n-Butanol 0.8± 0.4 12.3 d,e,f,g 15.4± 7.8 b 5.59 11.85 15.9 13.0 16.5

n-Pentanol 3.3± 0.9 41 d,e,f,g 12.5± 3.4 c 4.32 10.12 11.3 10.8 13.9

n-Hexanol 12± 2 134 d,e,f,g 11.2± 2.1 c 3.43 8.79 9.1 9.4 12.3

n-Heptanol 58± 4 525 d,e,f,g 9.2± 1.1 c 2.91 7.85 8.1 8.5 11.3

n-Octanol 207± 8 1784 e,f,g 8.6± 0.8 c 2.55 7.29 7.5 8.2 10.5

Acetone 0.4± 0.2 2.3 d,e,f,g 5.8± 2.9 b 2.33 8.35 6.1 6.2 9.4

Cyclohexanone 3.0± 0.4 9.9 g 3.3± 0.5 c 2.73 5.89 5.9 4.4 4.3

Methyl iso-butyl ketone 10.6± 0.9 53 f,g 5.0± 0.6 c 0.63 4.40 5.2 4.6 6.3

Tetrahydrofuran 1.5± 0.3 4.2 e,f 2.8± 0.6 b 1.85 4.56 5.2 3.9 4.4

Methyl tert-butyl ether 4.4± 0.8 23 e,f,g 5.2± 1.0 c 1.40 4.28 6.1 4.9 5.5

Anisole 208± 2 606 g 2.9± 0.2 c 1.98 3.54 4.9 3.4 3.7

Ethyl acetate 2.9± 0.3 13 e,f,g 4.6± 0.6 b 0.55 4.20 4.7 3.9 5.3

n-Butyl acetate 35± 2 144 d,e,f,g 4.1± 0.9 c 0.20 2.87 4.7 3.7 4.5

iso-Pentyl acetate 113± 12 412 e,f,g 3.6± 0.5 c 0.50 3.97 4.8 4.2 4.3

a Aqueous phase concentration< 0.01 mol L-1 (Ωaq,∞
i ) in all cases.

b Polymer phase concentration< 0.01 mol L-1 (Ωpoly,∞
i ).

c Polymer phase concentration< 0.1 mol L-1 (Ωpoly,expt
i ).

Aqueous phase activity references: d 26; e 27; f 28; g 29.

direct comparison between experimental and predicted polymer
phase activity coefficients is possible.

Ωpoly,expt
i =

Ωaq,∞
i

Partition Coefficient
(10)

The recommended threshold for the accepted dilute-ideal con-
centration threshold (<0.01mol L-1) likewise affects the concentra-
tion range for which Equation (10) remains valid. For the remain-
der of this work, partition coefficients were determined at suffi-
ciently dilute conditions such that the aqueous phase concentra-
tions were always <0.01 mol L-1, enabling the use of Ωaq,∞

i . How-
ever, in many cases, particularly when the polymer had a high
affinity for the solute, the solute was concentrated in the polymer
and exceeded the 0.01 mol L-1 limit. In these cases, the experi-
mental polymer phase activity coefficient could not be considered
infinitely dilute,Ωpoly,∞

i , and is instead indicated by the experimen-

tal equilibrium conditions, Ωpoly,expt
i . Table 1 identifies the polymer

phase solute concentrations at which the partition data were col-
lected. Effortsweremade to obtain partition coefficient data at the
lowest possible concentrations, however, analytic detection limits
prevented the<0.01mol L-1 condition fromholding in some cases.

Estimation of polymer-phase activity coefficients
Activity model identification and implementation
We have examined three polymer-phase activity coefficient mod-
els that can be used towards partition coefficient predictions.
They include Flory–Huggins solution theory16 in conjunc-
tion with Hildebrand solubility parameters (FH-Hildebrand),21

Flory–Huggins solution theory in conjunction with Hansen
solubility parameters (FH-HSP)37 and UNIFAC-vdW-FV.23 The

Flory–Huggins solution model16 considers combinatorial entropy
in the first three terms in Equation (11) and by convention, any
contribution to ΔGmix which is non-combinatorial (intermolec-
ular interactions and free volume effects) is included in the
Flory–Huggins interaction parameter, �12.

18 A set of sample cal-
culations for the FH-Hildebrand and FH-HSP models is included in
the Supporting Information.

ln �predi = ln
�i

xi
+ 1 −

�i

xi
⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟

combinatorial

+ �ij�
2
j

⏟⏟⏟
non−comb

(11)

Equation (11) was used to evaluate the mole fraction activity
coefficient (�predi ) which was subsequently converted to weight

fraction activity coefficient (Ωpoly,pred
i ) using Equation (8).

The use of � ij is advantageous because binary interaction
parameters are specific to the polymer–solute pair of inter-
est. Unfortunately, Flory–Huggins interaction parameters for
poly(n-butyl acrylate) and the solutes of interest were not avail-
able, necessitating the use of the semi-empirical correlations that
predict the binary mixture parameter from pure-component data.
FH-Hildebrand calculations utilized Equation (12) to provide � ij

estimates from solute and polymer Hildebrand solubility param-
eters, �1 and �2. Where V1 is the molar volume of the solute, and

 =0.34.21

�12 =
V1
RT

(
�1 − �2

)2 + 
 (12)

Greater insight into the non-combinatorial contributions to
polymer–solute mixing can be gained using Hansen solubility
parameters to separate the total Hildebrand solubility parame-
ter into three components: atomic dispersion forces (�d), polar
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dipole–dipole forces (�p) and hydrogen bonding interactions
(�h).

21 FH-HSP calculations were derived from � ij estimates based
on Hansen solubility parameters. The � value is an adjustable
parameter which can be used to fit the model to an experimental
datasetwith sufficient datapoints, e.g.more than6.45 The� param-
eter was originally prescribed by Lindvig et al.37 to be � = 0.6, how-
ever, we found that � = 1.0 resulted in better predictions for the
poly(n-butyl acrylate) systems of present interest.

�12 = �
V1
RT

[(
�d1 − �d2

)2 + 0.25
(
�p1 − �p2

)2 + 0.25
(
�h1 − �h2

)2]
(13)

In contrast to the Flory–Huggins basedmodels, which use com-
ponent solubility parameters to quantify polymer–solute interac-
tions, the UNIFAC-vdW-FV model captures how each functional
groupwithin the solutemolecule andpolymer chain interact. Each
pair of functional groups present corresponds to an experimen-
tally regressed binary functional group interaction parameter. As
outlined by Kannan et al.,23 UNIFAC-vdW-FV is a free volume based
activity model akin to the original UNIFAC-FV,22 that considers
combinatorial entropy, intermolecular interactions and free vol-
ume effects. The ’UNIFAC-vdW-FV’ computer program46 was used
to run calculations with input of polymer and solute molecular
structures, bulk densities, polymer molecular weight and solute
vapour pressure.

Activity model comparison
Figure 2 presents a comparison of experimental activity coeffi-
cient datawith predictions derived from the three thermodynamic
models. The near 1:1 ratio of predicted vs experimental results
(indicated by the dashed line) demonstrates the very good pre-
dictability of several solute classes in poly(n-butyl acrylate) by
all three models. Trends for the primary alcohols (n-butanol to
n-octanol) are most effectively captured by direct activity coef-
ficient estimation methods. It is likely that the parallel struc-
tures of the primary alcohols made this series more predictable,
whereas the more diverse structures tested within groups such as
ethers (THF, MTBE, anisole) or ketones (acetone, MIBK, cyclohex-
anone) complicated our attempts to predict their phase partition-
ing behaviour.
The greater thermodynamic rigour employed by considering

group contributions in the UNIFAC-vdW-FV model is thought
to provide a more fundamental foundation for future polymer
screening efforts compared with the semi-empirical correla-
tions relating Hildebrand and Hansen solubility parameters to
the Flory–Huggins interaction parameter ’�12’. However, the
Flory–Huggins based models are considerably quicker to com-
pute and may provide adequate results for initial polymer NAP
screening for TPPB applications.

Partition coefficient prediction for non-dilute systems
Equilibrium phase composition predictions using FH-Hildebrand,
FH-HSP and UNIFAC-vdW-FV are shown with experimental data
in Fig. 1 for MTBE, n-pentanol and n-butyl acetate in poly(n-butyl
acrylate). The NRTL model was used to predict the aqueous phase
activity coefficient at varying concentrations using experimen-
tally regressed binary model parameters.32 In accordance with
the results in Fig. 2, the three activity models provided good
approximations of polymer phase activity coefficients and parti-
tion coefficients at very dilute concentrations. However, it is evi-
dent in Fig. 1 that the models fail to consider the full effects
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Figure 2. Comparison of weight fraction activity coefficient predictions
using (a) FH-Hildebrand, (b) FH-HSP and (c) UNIFAC-vdW-FV with experi-
mental estimates for the weight fraction activity coefficient of various tar-
get molecules in poly(n-butyl acrylate) (Mw ≈ 100 000 g mol-1).

of phase composition on partition coefficient as the concentra-
tions increase. When compared with the infinitely dilute case in
which solute–polymer and polymer–polymer interactions domi-
nate, the additional effect of solute–solute intermolecular interac-
tions at higher concentrations may have contributed to the activ-
ity models’ poorer precision. These results suggest that the use
of these activity models is currently limited to polymer screening
applications at infinitely dilute conditions, and that they cannot
reliably be used in the place of experimental data to quantify the
effects of changing concentrations on TPPB operation.
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When predicting partition coefficients for non-dilute systems,
activity coefficient evaluation must be performed in conjunction
with a system mass balance in an approach equivalent to that of
a flash calculation. Contrary to the case in which activity coeffi-
cients are fixed at their infinite dilution values, activity coefficients
in non-dilute systems vary with composition. In the non-dilute
case, an iterative ’flash calculation’ approach is requiredusing com-
position dependent activity models to determine the polymer
and aqueous phase concentrations which satisfy the equi-activity
requirement in Equation (5).

Surrogate approach to ranking polymer–solute affinity
Twomethods of providing a surrogate to polymer–solute thermo-
dynamic affinitywere identified as (1) Hildebrand solubility param-
eter difference and (2) Hansen ’Ra distance’. Hansen solubility
parameters used in the ’Ra distance’ approach were readily avail-
able for all systems using the HSPiP v4.0.04 computer program,47

which contains a large database of experimental solubility param-
eter estimates. Compilations of published Hildebrand solubility
parameters exist, however for consistency, the Hildebrand solubil-
ity parameterwas found as the sumof squares of Hansen solubility
parameters.

Hildebrand solubility parameter differences
When the difference between a solute’s and a polymer’s solubility
parameters is small, the non-combinatorial contribution tomixing
is reduced, resulting in a higher polymer–solute affinity, i.e. a
smaller activity coefficient, seen in Fig. 3. Therefore, a simplified
surrogate for polymer–solute affinity can be estimated by the
Hildebrand solubility parameter difference in Equation (14).

|Δ�| = |�poly − �solute| (14)

Hansen ’Ra distance’
The Hansen ’Ra distance’ defined in Equation (15) is analogous
to the Hildebrand difference, with lower values indicating more
favorable mixing between the solute and polymer. The constant
’4’ before the dispersive parameter produces spherical regions of
solubility, thereby simplifying correlations with Hansen solubility
parameter differences.21 A more complete discussion of this cor-
rective constant is available.21

Ra =
√

4
(
�d1 − �d2

)2 + (
�p1 − �p2

)2 + (
�h1 − �h2

)2
(15)

Comparison of surrogate approaches
Figure 3 reveals a strong correlation between the experimental
infinite dilution polymer-phase activity coefficient and the two
surrogate approaches: Hildebrand solubility parameter difference
and Hansen ’Ra distance’. The data show that the Hildebrand
surrogate approach does not provide a direct (1:1) estimate of
activity coefficient, however, a reasonable trend is evident from
which a general ranking of polymer–solute affinity can be made.
Consistent with a recent report,9 Fig. 3 indicates that Hansen
’Ra Distance’ values provide a more direct (1:1) and linear (R2)
correlation with experimental polymer-phase activity coefficients
compared with Hildebrand solubility parameter differences.
By testing a single polymer with a variety of solutes at relatively

constant concentration, the combinatorial entropy contribution
remains similar between systems. Therefore, Fig. 3 is likely a ’best
case’ result of the Hildebrand and Hansen surrogate approaches,
which does not consider any entropic effects.
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Figure 3. Comparison of (a) absolute Hildebrand solubility parameter
difference and (b) Hansen ’Ra distance’ with experimental estimates for
the weight fraction activity coefficient of various target molecules in
poly(n-butyl acrylate) (Mw ≈ 100 000 g mol-1).

Effect of molecular weight on partition coefficient
Experimental partition coefficients were alsomeasured for solutes
from three chemical classes (alcohol, aromatic, ester) absorbing
into poly(n-butyl acrylate) of two different molecular weights,
as well as a representative small molecule (dibutyl adipate). The
applicability of dibutyl adipate as a model for low molecular
weight poly(n-butyl acrylate) was evaluated by comparing activ-
ity coefficient predictions for the three solutes in poly(n-butyl
acrylate) (Mw = 258 g mol-1) with those estimated for dibutyl adi-
pate (Mw = 258 g mol-1). Differences in polymer–solute activity
coefficient predictions varied between the activity model used,
with an average absolute deviation for FH-Hildebrand= 1.8%,
FH-HSP= 12.6% and UNIFAC-vdW-FV= 3.8%. These comparisons
suggest that the compositionofdibutyl adipate is a reasonable low
molecular weight proxy for our polymer system.
The data listed in Table 2 show that the partition coefficients

measured for n-butanol, n-butyl acetate and benzene increased
with decreasing NAP molecular weight. By reducing molecular
weight from 100 000 to 258 g mol-1, the partition coefficients
increased 85% for benzene, 156% for n-butyl acetate and 160%
for n-butanol. This molecular weight effect was captured by both
Flory–Huggins based methods (FH-Hildebrand and FH-HSP) and
the UNIFAC-vdW-FVmodel. A closer analysis of the Flory–Huggins
equation (Equation (11)) suggests that the effect of poly(n-butyl
acrylate) molecular weight is largely captured within the model
as an increase in combinatorial entropy. Previous observations on
poly(propylene glycol) have also shown molecular weight effects
to be significant,4 as the partition coefficient for n-butanol in this
system increased from 3.0 to 4.8 as the polymer molecular weight
was reduced from 4000 to 1000 g mol-1. Due to the pronounced
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Table 2. Comparison of the ability of three activity models to capture the effect of poly(n-butyl acrylate) molecular weight on solute activity
coefficient in the polymer phase. Aqueous phase infinite dilution activity coefficients were used as reported in Table 1. Errors shown are +/- one
standard deviation

Solute
Polymer Mw

(g/mol)
Partition

Coefficient c Ωpoly,expt
FH-Hildebrand

Ωpoly,pred
FH-HSP
Ωpoly,pred

UNIFAC-vdW-FV
Ωpoly,pred

n-Butanol 258 a 2.1± 0.2 5.9± 0.6 d 10.5 b 6.8 b 8.3 b

6,200 1.3± 0.1 9.5± 0.9 d 15.6 12.8 15.9
100,000 0.8± 0.4 15.4± 7.8 d 15.9 13.0 16.5

n-Butyl Acetate 258 a 86± 3 1.7± 0.4 e 2.6 b 1.9 b 2.0 b

6,200 37± 1 3.9± 0.8 e 4.6 3.6 4.4
100,000 35± 2 4.1± 0.9 e 4.7 3.7 4.5

Benzene 258 a 216± 16 2.5± 0.3 e 3.1 b 2.7 b 2.2 b

6,200 125± 6 4.3± 0.5 e 4.7 3.7 3.9
100,000 117± 12 4.6± 0.7 e 4.8 3.8 4.0

a Dibutyl adipate (Mw = 258.4 g mol-1) was used as a lowmolecular weight model compound for poly(n-butyl acrylate).
b Predictions were made for dibutyl adipate.
c Aqueous phase concentration< 0.01 mol L-1 (Ωaq,∞

i ) in all cases.
d Polymer phase concentration< 0.01 mol L-1 (Ωpoly,∞

i ).
e Polymer phase concentration< 0.1 mol L-1 (Ωpoly,expt

i ).

effect of molecular weight, partition coefficients published in
the future will also benefit from reporting the oligomer/polymer
molecular weight used.
The effect of molecular weight on the polymer-phase activity

coefficient ismostpronounced in the lowmolecularweight region.
In some cases lower molecular weight small molecules/oligomers
may exhibit operational challenges in TPPBs such as increased
foaming,48 more challenging extractant recovery,48 and decreased
biocompatibility,4 however, the potential for molecular weight to
improve solute partitioning merits further investigation.
A major limitation of the surrogate approaches is that their con-

sideration of polymer–solute affinity cannot capture the combina-
torial entropy contribution tomixing. As previously discussed, this
contribution is significant in describing how changes in molecu-
lar weight affect polymer–solute affinity. Furthermore, in the case
of poly(n-butyl acrylate), molecular weight has very little effect
on Hildebrand and Hansen solubility parameters, and as such, the
influence of polymer molecular weight cannot be described by
these methods.

CONCLUSIONS
The present study demonstrated that UNIFAC-vdW-FV and
Flory–Huggins-based models provide accurate activity coeffi-
cient estimates for dilute solutions of small molecule solutes in
poly(n-butyl acrylate). However, significant deviations between
model predictions and experimental activity coefficients were
observed at higher solute concentrations, indicating that par-
tition coefficients should be reported along with the solute
concentration used to produce the measurement. Furthermore,
the sensitivity of partition coefficients to poly(n-butyl acrylate)
molecular weight was demonstrated experimentally and through
thermodynamic modelling, suggesting that partition coeffi-
cient values for polymeric systems should be accompanied by
molecular weight information.

Supporting Information
Supporting informationmay be found in the online version of this
article.
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