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y the year 2000, the world

biochemical market  will

reach an estimated $40-100

billion!. Bioprocess engi-
neering is a vital (but currently weak)
link between lab discoveries and the
fulfillment of this commercialization
potendal. To strengthen the link, re-
searchers are exploring biochemically
based separations, especially for hig:h-
value-added chemicals. Brochemical
approaches—including li:juid-]iquid
partitioning—promise readily scalea-
ble, economical separation of large
bipmolecules, as well as an anawer (o
industry's need for hetter staristical,
mechanical, and thermodynamic
models and measurernents for biose-
parations.

One bioprocess in particular—ewo-
phase aqueous partitioning—has
great potential as an economical sepa-
ration method for biochemical prod-
ucts. It offcers the potential for strict
product quality control, as well®,

With many potential applications in
the food and pharmaceutical indus-
tries for such things as enriching soy-
bean and corn endosperm proteins
and harvesting lysozymes for use in
artificial blocrcgl, partitioning serves
three main roles:

® concentrating dilute solutions of
biclogical substances of interest;

® purifying enzymes and other pro-
teins; and

® extractive bioconversion®.

Based nn partitioning the compo-
nents of an organic mixture between
two immiscible (or partly miscible)
solvents, this encrgy-¢fficient method
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uses water as the solvent in dealing
with hiological materials®*,

In such a two-phase aqueous 3ys-
tem, incompatible polymers segre-

ate in the water to t!c):nrm two phases.
While it doesn't work for some small
molecules such as amino acids (which
distribute themselves evenly in the
two phases), such « systern suits large
biomaolecules. These partition un-
evenly to form various kinds of col-
loids™™—and provide a convenient
handle for separations (see figure I).

Calculating the
Partition Coeffcient

A usetul parameter for characteriz-
ing the partition of component i of a
mixture in a two-phase matnx is the
partition  cocfhcient K = Ci/Cims
where Cy and Cyp are the concentra-
tions of the partitioned substance in
the top and bottom phases, respec
tively.

According to Bronsted® the follow-
ing relationship exists for the parti
tion coefficient K;:

K| = exp (M; L/KT)
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where

M| = meolecular weight of the partitioned
substance (i)
k = Boltzmann constant

T = absolute temparature
A = aconstant related to the two-phase

systenve characteristics and othet prop-
erties of the paritioned substance

This exponential relation implies
that for large molecules, a small
change in A significantly influences
partitioning behavior.

In general, the pardtion cosfhcient
for a soluble substance is a function of
the following:

& properties of the two phases;

& properties of the sample; and

® lemperature.

MNote, however, that the coefficient
remains independent of the total vol-
ume of the system. Therefore, the
partition coefhicients for large-scale
processes will be equal to the values
obtained in lab-scale experiments.

Calculating the Partition Ratio

The partition rvatio Gy is the ratio
between the amount of substance £ in
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Figuwre 1. Partition of mixture containing macromolecules A and B heitween two

polymer phases.
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the top and bottorn phases, and is
written as ’

G = (Cy/CipVeVy) o1 B = Ki(VyiVi)

where C; is the concentration of the
solute i and V is volume. Subscripts ¢
and & denote top and bouom phases.

For efhalent large-scale separation
of components p and ¢ of a mixture of
biclogical macromolecules, partition
ratios G, and G, must have suitable
values, The best scparation occurs
when

GpQy = 1 or KoKy (VyVp)? = 1

Another vital parametey, the time
required for phase separation, de-
pends on both the viscosities and the
density differences between the two
phases, Near the critical point, set
tling ume 15 long, due to the small
density difference. Far from the criv-
cal point, settling time is also long, in
this instance due to high phase-viscos-
ity. The shortest setthing times occur
at mtermediate polymer phase com-
positions. One can also enhance set-
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tling rate by adding a salt, a third
polymer, or an electric field.

Column Des;

Macromolecules and other biologi-
cal substances with differing partition
coefficients can be separated either in
a single-stage (batch or continuous)
or multistage apparatusg’w.

For industrial-scale partitioning,
multistage separations rely on a lig
uid-liquid partitioning column. Tn
this arrangement, a pump feeds a
heavy polymcrdphase into the top of
the column and a lighter phase into
the bottom of the column. These im-
miscible phases move in opposite di-
rections through alternating mixing
and separation stages (see figure 2).

The mixing stages effect mass
transfer; setthng stages allow for
phase separation. To perform a sepa-
ration, the operator introduces a sam-
ple in one of twao ways: either by
feeding it along with one of the twe
polymer phases, or by injecting it
directly inta one of the mixing or
settling stages.

An alternative multistage system

rosrsrmer—esr= A Figure 2, Multistage partitioning with

altemating mixing and separating
stages.

Figure 3. Phagze diagram of a mixture =

of two polymers and water. Mixtures
having compesitions represented by
points above the binodal curve will
scparate inlg two phases; mixtures
n;gre.scntcd by peints below the bino-
dal curve exist as a single phase. 4
system with total compaosition F sepa-
rates into l-:Epél.' phaze U and lower
phase L, with the ratio of the volumes
of the two phases approximatel
equal to the ratio of the j;!l:uu:es F
and FU on the connecting Lne, Simi-
lnfly, a system with total compaosition
F separates into phases U'and L At
critical point C, the rwo liguid phases
become identical.

Figure 4. An aqueous solution of &

disperse ors A and H.
Eﬂnﬂedpearea Ei': icates regions in
which mixtures will be somewhat tur-
bid, due to incomplete soluhility of
ceriain midlecular welghts of B in A
and vice versa.

consists of a series of stages separated
by filter plates. Mixing and separat-
ing take place in the same stage. The
Ii% ter phase enters from the bottom
of the column and moves upward
while the heavy phase is kept station-
aty. After allowing mixing and phasc
separation to occur, the svstem
pumps a volume of the lighter phase
mtz the column from bhelow. This
influx pushes an equal volume of
light phase through the flter and intw
the stage above, where it migrates up
through the stationary phase.

Mathematical Models
of Pa.rﬁtiuning

Given that ten or more variables
affect a biological substance’s parti-
tion coefficient’’, qualitative ~ and
quantitative understanding of this
process presents a formidable task,
And although a vast amount of scat-
tered data on protein partition coeffi-
cients have been publishedg'"‘, these
data apply to systems that are ther-
modynamically unspecified and in-
COnsslent H[IlUng Cxpcrlm(:ﬂt.ﬁ.

Predictive maodels that illuminate
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the interrelationships among system
variables should primarily predict the
phase diagram of the polyvmers {see
figure 3). But such models are com-
pl%catecl by the polydispersity of the
polymers and by the effect of salt tons
i enhancing the partition of charged
proteins'®, Interactions between the
polymers and the proteins further
complicate matters.

One can, however, calculate phase
diagrams of two-phase aqueous sys-
tems from the equality relationship
between the components’ chemical
potentials, To understand multicom-
ponent interactions, the modeler sys-
tematically rearranges themn into bi-
nary interactions for calculation.

A difficulty in predicting aqueous

chemical potentials stems from the
common assumption that polymers in
aﬁueous two-phase systems are mon-
odisperse as single components'®'.
Polymers have a molecular weight
distribution, so treating them as sin-
gle components is not always sarisfac-
tory.
Mansoori and Ely’s phase equilibri-
um model for polydisperse solu-
tions'’, modified and extended to
polvdisperse Polymcr aqueous solu-
tions, takes the rnelecular weight dis-
tribution into account. It leads tw the
following equations for chemical po-
tentials of systemns characterized as
polydisperse polymer l/polydisperse
polymer 2/water;

g
MM Ihimyy + 8 My + o My {mads +
AT
mgz.Jz)

i B Inm:i +d Mz + i M2i (m1J1 +
AT
Mauz)
-u" 1 &
—hFW V‘W=_ -—H—I-I’Th + My +—"3"m$f1 +
=14 Mg L £

_g-n'lg fz + (fms Mz + o myMa)(mads + mEJE)]

where

h

jﬁz(l)dl

g [r:,z(l)fw]m

In the equations above,

4

n

my = I My, My = X myMyim,

and m.'s are the molalities of the i*™
molecular-weight fraction of poly-
mers 1 and 2. M,;'s are the ratios of
molar volumes of the i** fraction of
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pelymers 1 and 2 with respect to
waier (w), respectively.

The chemical potentals in the
working conditions and reference
state are denoted as p and p¥, respec-
avely. o,B.8, and £ are interaction
terms for polymer-polymer and poly-
ter-water 5ystems.

The molecular weight distribution
functions of the two polymers in the
two phases can be expressed as
Fi(Lorpmy) and Fo(lopma), where o
and o7 are variances and m; and T
are mean molecular weights of the
wo polymers, respectively. (Js, fz, ma,
and M; are defined similarly 1o Jy, i,
ete.)

Using the “cquality of chemical po-
tentials” algorihm for cantinuous
mixture phase equilibria’™'®, we can
calculate equilibrium compositions of
the two phases.

If the biomelecule in the two-phase
system is considered as another poly-
mer molecule, and assuming the
large hiomolecule bears a net charge
Loy then:

“BiM = Hpolymer T Zamm F“’phase

In this expression, Mpoiymer 1§ the
chemical potential of a polymer in the
solution, ¥ is the Faraday number,
and $phase is the electrostatic poten-
tial, The second term in this equation
contributes to  partitioning  when
there is an electrostatic potential dif-
ference hetween the two phases. As a
result, the contribution of macromo-
lecular charge to its partition coeth-
ciant is as follows:

BKgpa = EXP - ZgypuF A RT)

Since each phase in equilibrium
must be elecirically neutral, Ad be-
tween the two phases must satisty the
electroneutrality  conditions, which
vary for cach two-phase partitioning
system. lons present im the two

hases and, possibly, ionization of the
Eiomolecules affect the electroneu-
trality conditions of a two-phase sys-
tem,

Research Needs and Prospecis

A recent National Bureau of Stan-
dards workshop drew a clear consen-
sus that more experimental dataare
essential to develop predictive part-
toning models. Care in choasing the
systems for study will ensure that the
number of measurements is kept
low!?. For example, using molalities

at the critical point of the solution,,

one can calculate interaction parame-

ters between palymers and water and
between the polymers themselves us-
ing some hinary polymer-water mix-
ture data®’,

Assuming adequate R & D funding
and planning, partition-based biose-
patations are lilﬁ:ly L find inereasing
use in biotechnology product devel-
opment, due to the aystem’s biocom-
patibility, amenabibity to scale-up, and
favprable economics compared with

other bioseparation technigques.
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