Available online at www.sciencedirect.com

SCIENCE@DIREGT° JOURNAL OF
CHROMATOGRAPHY A

ELSEVIER Journal of Chromatography A, 1043 (2004) 135-147

www.elsevier.com/locate/chroma

Modeling continuous aqueous two-phase
systems for control purposes

Laurent Simo#, Shalini Gautam

Otto H. York Department of Chemical Engineering, New Jersey Institute of Technology, University Heights,
323 Dr. Martin Luther King, Jr., Newark, NJ 07102, USA

Received 4 June 2003; received in revised form 25 September 2003; accepted 28 May 2004

Abstract

A mathematical model was proposed to allow the analysis of steady-state and transient behaviors of single-stage continuous aqueous
two-phase systems. Since the complete system of simultaneous equations contains more equations than unknown variables, a program base
on the method of least squares was developed to solve the problem. The methodology was tested using a system composed of thaumatin
sodium chloride, and a contaminant protein. A poly(ethylene-glycol)/phosphate salt/water system was selected to isolate the thaumatin. For the
steady-state and transient operations, a constrained optimization procedure - from the Matlab Optimization Toolbox (MathWork, Inc.)—was
implemented after recasting the system of equations as a minimization problem. Euler's method was used in the transient case to discretize
the differential equations. The steady-state concentrations agreed with published data. An input—output model based on a 4% step change
decrease in the inlet stream flow rate showed that output variables such as concentrations of sodium chloride and phosphate salt settled tc
their final values in different time periods. The proposed analysis may be helpful in the dynamic control of large-scale commercial extractor
units using advanced control schemes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction applications. This shift is partly due to the high cost of Dex-
tran, commonly used as the bottom phase. The low viscosity
Aqueous two-phase systems (ATPS) have been used exand short phase separation time, is also an asset of poly-
tensively in pharmaceutical research for the separation andmer/salt systemigl]. The upper phase is usually rich in PEG,
purification of biomolecules. Two viscous, immiscible liquid which is biodegradable and non-toxic. The bottom phase is
phases are formed when two polymers (i.e. PEG/Dextran), orrich in salt, namely sulfate, phosphate, or citrate. The prod-
a polymer and a salt (i.e. PEG/Phosphate salt) are dissolvedict, with more affinity to one of the phases, is recovered in
in water. The main advantages of these types of extractionthat phase while the waste containing cell debris is directed
processes are their biocompatibility, ease of scale-up, andto the other phase. Recycling of the final PEG-rich phase
low operation cost$1,2]. Furthermore, these methods are helps to minimize PEG loss.
approved by regulatory agencig&. Compared to current In large-scale separations, the two phases are equilibrated
separation methods, ATPS are versatile and can be designednd separated either by gravity (mixer—settler) or by disk
for enzyme extraction and purification based on size, molec- stack centrifuges. Some of the advantages of continuous
ular mass, conformation, charge and/or hydrophobidity crosscurrent extraction over batch processing are a shorter
To make ATPS economically viable and further reduce po- residence time, the use of extreme pH conditions and rel-
tential impact on wastewater, polymer/polymer systems haveatively high temperatures with negligible loss of protein
been replaced by polymer/salt systems in most large-scaleactivity. Because of the number of variables, such as pH
and temperature, that can be manipulated to direct the par-
mspondmg author. Tel+1-973-536-5263: titioning of target moIepuIe;, contro! of continuom_Js aque-
fax: +1-973-596-8436. ous two-phase extraction is attractive from an industrial
E-mail address: laurent.simon@njit.edu (L. Simon). viewpoint. However, as in most chemical processes, the
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development of a mathematical model is a prerequisite for F,,
designing an adequate controller. Using an experimental ap- Cii
proach to tune controllers for ATPS can be time consuming Covin
and quite costly. These techniques would involve testing dif- Cozin

ferent flow rate profiles and monitoring the protein concen-
trations in the system. Also, in cases where a control design
step precedes the construction of the plant, a theoretical ap- POLY(ETHYngiS};YCOL) (p1)-RICH
proach becomes a necessary tool. As outlined by Petrides

et. al., one of the advantages of process simulation is that Cir FT;,
the impact of process changes can be assessed immediately gPLT Cir
and documented in a systematic manfagr p2.T Corr

Two-phase systems have been investigated extensively to Coor
describe the mechanism responsible for phase separation PHOSPHP‘;&ESS‘?;ZT) (P2) - RICH
[1,6]. These theoretical studies help in understanding the
factors influencing protein partitioning. The derived models c

i,B

provide invaluable tools for scale-up purposes and further
system optimization. Knowing, for instance, that protein ex- o1

traction in ATPS is influenced by temperature, can help the Cram
process engineer to design a temperature-induced separa-

tion process, in which heat is added or removed in order Fg
to improve product yield. However, process scale-up offers Cip
unique challenges, such as meeting production requirements Coin
in the presence of disturbances and decreasing downtime, G2

that are not addressed in current modeling frameworks. The
dynamic behavior of these systems has to be investigated
and understood to enhance plant-wide control of continu-
ous ATPS and assess safety and environmental risks at th
earliest possible design stapg.

é:ig. 1. Flow scheme of the single aqueous two-phase continuous protein
extraction. Fip, Fr, and Fg are the inlet, process and waste streams,
respectively.

2. Mathematical modeling of single-stage continuous practice, the two phases are separated in the equipment by
ATPS gravity in accordance with the phase equilibrium concentra-

tions given by the tie-lines. This separation requires a den-

The basic components of the aqueous two-phase systemS!tY difference between the top and bottom phasgs<(or)

used in this study, are a polymer;fpa salt (or another  SUch thalos > pin > o1 For PEG-salt systems, for instance,

polymer) (p), and water Fig. 1). The system is composed this difference may be in the range of 40-100 kg/in this

of at least 4 components: water, polymer)(golymer or  WOrk, we assume thaig ~ pr (thereforeps ~ p1 ~ pin)

salt (), and a biomoleculei), The top phase is rich in  and USEEQ. (1)to write:

polymer p (i.e., PEG), and the bottom is rich in i.e., d(Vt + VB)

Dextran or phosphate salt). — a Fin— Fr — Fa (2)
Assuming quasi steady-state approximation, the total con-

tinuity equation is: Mistry et. al.[8] used a similar assumption when per-

forming steady-state mass balances for the main units in a

d(prVr + p8VE) = Finpin — Frot — Faps 1) two-stage PEG4000/Phosphate system to extract thaumatin.

dr Although it was not specifically stated, they have assumed
whereFt andFg are the volumetric flow rates of the output that no significant density variation exists within the sys-
stream from the top and bottom phase, respectively. The feed®M When the inlet and exit volumetric flow rates were set
Fin is a heterogeneous two-phase stream containing the varf0 be equal. Within the scope of the analysis presented in
ious components. The global composition of that stream is this paper, it is sufficient to mention that the difference in
located above the binodal curve. In order to simpiy. (1) phase densities is not significant to the point of influencing
we make the following assumption: the effect of composi- the computed final compositions of the components in the
tions and temperatures on the densities is neglected, and th&yStem. However, this difference is large enough to drive the
densities of the heterogeneous mixtupg,), the top py) ~ Phase separation in the equipment by gravity.
and bottom phasepg) are approximately equabs ~ pr ~ The species balances are:
Pin- A d_eviati(_)n from th_is assumption may introduce error d(vCit + VeCip) e e e 3
in the simulation and will be addressed in a later section. In dr = FinCijin — F1Ci7 — F8Cip  (3)
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60 of the systeni9]. In general, a system, with a known total
composition, separates, by centrifugation, into an upper and
50 a lower phase, connected by a tie line. The compositions of
both phases in equilibrium are calculated using expressions
40 -

for the chemical potentials of all species in solution, activity
coefficient models, and interaction parameters obtained by
fitting the model equations to the tie-line experimental val-
ues. Since the tie-line connects equilibrium concentrations

PEG (%)
w
o

20 - ) . ; e .
of both phases, the binodal is obtained by joining points lo-
10 4 cated at the extremities of a few tie-lines generated using
the above method.
0 ‘ ‘ The slopeM of the tie-lines is given by:
0 10 20 30 Coit—C
. M= pLT pLB (9)
PSALT (%) Cp27 — Cp2B
Fig. 2. Typical phase diagram of a mixture of PEG (p1), phosphate salt  Although the assumption of strictly parallel tie-lines is
(p2) and water. solely based on empirical observations (in fact, no analyti-

cal framework has been established for its thermodynamic
foundation), it is used in this work to simplify the mathe-
matical model. In practice, this assumption does not hold in
4 all cases. R4 msch and coworkers, for instance, found that
in agueous two-phase systems containing urea, the slope of
d(VrCp21 + VBCp2B) CFCort FC FoC the tie-lines for PEG 3000 systems remained constant for
dr = fintpzin = FT&p2T = FBL-p2.B various urea concentrations, while the slope of the tie-lines
(5) for PEG 6000 systems decreased with increasing urea con-

) . centration[10].
The variableC, ,, represents the concentration of com- The equations of the tie-lines are given by:

ponentx in streamy. The process variables and parameters

d(VrCpr1 + VBCp1B)
dr

= FinCpyin — F1CprT — FBCp1B

are defined in the Nomenclature. The partition coefficient of Cpr1 = MGz 7+ INT (10)
component (K;) is assumed to be constant: and
K = Gt (6) Cp1e = MCpzg + INT (11)

Cie whereM is the slope and INT is thg-intercept. Following

In practice, the partition coefficient is a function of the the work of Mistry et al[8], INT is calculated by using the
system compositions, temperature and pH (i.e., concentra-composition of the inlet streanfri, in this case) such that:
tions of potassium hydrogen phosphate and potassium dihy-

. in = MCpzin + INT 12

drogen phosphate). For this study, we assume that the per- P+ p2in + (12)
turbations in the system concentrations are relatively small As a resultEgs. (10) and (11pecome:
anq thqt the system is glways operating near th(nT same t|e—I|neCpLT = MCp2.7 + Cp1in — MCp2in (13)
region in the phase diagram. As a result, the influences of
the concentration disturbances on the partition coefficients and
are negligible and do not affect the final composition of the Cp1e = MCp28 + Cpin — MCp2in (14)

system. . .
The phase behaviors at equilibrium are defined by the The system is descr!bed Bas. (2.)_(8)’ (13_),_anc_;| (1'4)
Because of the nonlinear terms involved, it is difficult to

binodal curve Fig. 2), which divides a two-phase region i .
(above the curve) from a single-phase region (below the prowde a closed-form ;olutlon o_f the above set of equa-
tions. Also, for a numerical solution, the model equations

curve):

) are not easily amenable to standard mathematical software
Cpr1 = fa(Cp21) (7 packages, without further manipulations. In most of these
Cp1B = fa(Cp2B) (8) computational packages, only single variable derivatives are

accepted.

Mistry et al. [8] used an exponential function to repre-
sentf, because it described, fairly well, phase equilibrium
data for a PEG4000/Phosphate system used in prior stud-3. Degree of freedom analysis of single-stage ATPS
ies[1]. The simplified model was sufficient to explain the
binodal curve. However, in theory, phase diagrams are ob- Degree of freedom (DF) analysis is important for con-
tained by analysis of the basic thermodynamic properties trol implementation. The number of degrees of freedom, or
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Table 1 preset variables). This is equivalent to a system of 8i
The number of process variables, disturbances and parameters (variable%quationS in 4+ i unknowns. For the steady-state case, the
With preset values) for the single stage ATPS volumes of the top and bottom phases are not included in the

Variables Distubances Preset variables  model equations; therefore the freedom of the systesilis
Vr Vr (DF = [9 + 3i] variables— [3 + i] disturbances- [7 + 2i]
CoLT equations). This is equivalent to a system of2i equa-
Cp21 tions in 6+ i unknowns. An exact solution does not exist
E” . for these problems. In this case, it is convenient to minimize
v; v; the sum of squares of ¥ 2i equations of 6+ i variables. A
Coie solution, that approximately satisfies all the equations, can
Co2B then be obtained. These issues routinely arise in complex
Cis engineering problems. Parameter estimation problems, for
'E_B e Fs instance, inevitably lead to an overdetermined system, since
C'” _ C'” _ they consist of more equations than unknowns.

plin plin
C2,in sz.in
C:i,in Ci,in
Total: 11 + 3i Total: 34 i Total: 4 4. Protein extraction using steady-state ATPS analysis

Based on the control objective, process engineers attempt
to identify favorable operating conditions of a plant under
the most advantageous process constraints. The computed
values are typically implemented via controllers to keep the
process as close as possible to setpoints. This procedure
f=N-—E (15) usually involves numerical optimization techniques based

on steady-state analyses of a given plant. Consequently, it
whereN, andE are the number of variables and model equa- s important to calculate steady-state solutions of ATPS for
tions, respectively. This number must be zero in order to protein extraction to maximize process performance.
obtain a unique solution for a defined system. A total of 11 The steady-state solution of the process, considered in this
+ 3i variables Table ) and 7+ 2i equations Table 9 are  study, is obtained by usinggs. (6)-(8), (13) and (14nd
identified for the single-stage continuous aqueous two-phasesetting the left-hand side &qgs. (2)-(5)to zero:
system. The freedom of the process is ther-4. Thus,

simply the freedomf] of a process, consists of the number
of independent variables that must be specified, a priori, for
a complete description and adequate control of a gtit
This number is defined by:

4 + i variables need to be specified in order to solve the Fin—Fr—Fg=0 (16)
model. Since the flow rate and composition Qf feed enter- FinCiin — FrCi1 — F5Cig =0 (17)

ing (Fin, Ci in, Cpwin, andCp2in) are usually defined by the

unit preceding the ATPS, they are treated as disturbancesFinCp1in — FrCp11 — FgCp1s =0 (18)
(Table 7 and can be removed frofqg. (15) A one-degree ‘ ‘ _

of freedom system is then obtained (BF[11 + 3i] vari- FinCpain — FrCpa1 — FaCpzp =0 (19)
ables— [3 + i] disturbances- [7 + 2i] equations) for the Since the above equations represent an overspecified set

dynamic process. To limit the scope of the study, we will of equations (degree of freedos —1), an exact solution
assume that the volumetric holdups of both phases remainis unlikely. A numerical search technique, based on a least
constant and that the outlet flow rate values, calculated from squares approach, is proposed to minimize the squared error

steady-state analysis, are pre-set by the operatl¢ J. [12]. The procedure takes advantage of the fact that the
As a result,Eq. (2)is not used throqghout the rest of the solutionZ for a systeng(Z) = 0 with g(2) = [91(2), 92(2),
paper. The final degree of freedom-i2 (DF = [11 + 3i] ..., O.(2)] is equivalent to the minimum of the function

variables— [3 + i] disturbances- [6 + 2i] equations—4 = gi(z) -|—g§(Z) +8r21(Z)- When there is an overspecified

set of equations, redundant information is usually discarded,
before a unique solution is obtained. This is not the case in
the model considered in this study. In fact, a closer inspection

Table 2
The number of equations for the single stage ATPS

Model equations (eq. #) Number of equations  of the two-stage system, developed by Mistry et[8l,
Continuity equation (2) 1 revealed a system of 30 equations in 28 unknowns.
Component balance (3-5) i+2

Partition coefficient (6) i

Binodal curve-top layer (7) 1 . . . . .

Binodal curve-bottom layer (8) 1 5. Protein extraction using transient ATPS analysis

Tie-line equations (13, 14) 2 ) )

Total 742 Although key parameters affecting pertinent process out-

puts can be identified from a steady-state analjid§ time
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domain information is lacking. As aresult, itis very difficult  si—1[n + 1] =[V7CprT + VBCprBli=1
toimplement a pr_ocedure to accglera;e process startup. Also, = hy—a[n + 1] At + VrCp170 + VBCp1.80
because of continuous fluctuations in feed flow rates and
compositions of chemical processes, steady-state operations (23)
are difficult to achievg14]. Thus, an understanding of pro-
cess dynamics is a prereq_uisit_e to efficient process control. sk=1ln + 2] = [VrCpat + VeCp2lie1

Except for a few contributions, such as the work of
Minstry and co-workers who proposed a steady-state model = hi=a[n + 2] At + VrCp210 + VBCp280
of continuous ATPSJ[8,15], modeling effort has been (24)
devoted to understanding contributing factors to protein | ) )
partitioning [16]. These studies are indispensable and aid With i = 1:n andn s the total number of biomolecules and
in large-scale operation. However, for control purposes, a the other components in the system gnd p are not in-
branch dealing with modeling and simulation of transient cluded). The variabldy_, in Eq. (21)is substituted into
behavior using the results of these studies is also important.EdS- (22)=(24py using:

A numerical scheme, baseq on Euler's method, is proposedy, _, — [#,_1[i], hea[n + 1], heea[n + 2]] (25)
to describe the process variables as they evolve from startup
to equilibrium. Both hx—1[i] and sx—1[i]are vectors of lengtim.

To study ATPS dynamic behavior, consider an applica- The following relations hold:
tion, in which, the compositions of individual components C:
in the mixture are slightly deviated from their steady-state K; = [i} (26)
values C; 1s, Ci Bs, Cp1r1s CprBs: Cp2.Ts:s CpZ,Bs)- For the B lk=1
sake of simplicity, the inlet and outlet flow rateSi, Fr, [CorT = fu(Cpa)]k=1 27)
Fg) remain unchanged. It is important that the deviations in
compositions be small enough to have negligible influence [Cp1s = fa(Cp2B)]i=1 (28)
on the system parameters. It is possible that the system has
deviated from its normal operating conditions as a result of [Cp1T = MCp21 + Cprin — MCp2in]k=1 (29)

a small and short-lived perturbation in the inlet stream com- and

positions. We are interested in computing the dynamic pro-

file as the process settles back to its steady-state solution[Cp1g = MCp2 + Cprin — MCp2inli=1 (30)
For this problem, the new set of initial conditions &; 1o, )

Ci.80, Cp1.70, Cp1.80, Cp2.70, Cpz.80. The dynamic profiles To solve the set oEgs. (22)—(24), (26)—(3006 +2i equa-

resulting from these step changes can be calculated as fol{ions) in 4+ 2i unknown variables; 7, Ci s, Cp17, Cp1,
lows: Cp2 T, Cp28), the system is written as a minimization prob-

lem of the form:
e Step 1: Definition of initial conditionsC; 10, C; go,

Cp110, Cp1,B0, Cp2,70: Cp2.BO- MIN[C; 7, Cig. CprT. Cpy .- Crpr- Crppl,_, (G) (31)
e Step 2: Iteration at the first sampling timle £ 1) using i
Egs. (3)-(5)ives: with
N
FinCijin — F1rC; 1 — IBC; B .
e l : G=Y (VrCiT + VBCigli=1 — sk=1[i])?
hi=1 = | FinCpiin — FTCp11 — F8Cp1B (20) P
FinCp2in = FrCp21 = FaCp2e |y + ([VrCpwT + VBCpr8li=1 — sk=1ln + 1])?
Eqg. (20) is obtained by setting the right-hand side of + ([V7Cp21 + VBCp2Blk=1 — Sk=1[n + 2))?
Egs. (3)-(5)to hy_,. Using the initial conditionsEq. (20) N
can be rewritten as: + Z([Kici,B — Citlk=1)?
FinCiin — FrCito — FBCiBO i=1 ,
hi=1 = | FinCpvin — FTCpr10 — FBCp1BO (21) + ([Cpr1 — falCp2m)]k=1)
FinCp2in — FrCp210 — F8Cp2B0 |;_4 +((Cp1 — fa(Cpap)li-1)”
. . 2
After applying of a basic forward Euler computation +([Cprr — MCp21 + Cprin — MCp2in)]i=1)
scheme to approximate the time derivative€gs. (3)—(5) + ([Cpre — (MCp2B + Cprin — MCpZ,in)]k:l)z
the following expressions are obtained:
(32)
sk=1[i] = [VTCit + VBCiBlk=1 e Step 3: repeat the above procedurekor 1.

= hy=1[i] At + V1CiTo + VBCigo (22) e Step 4: stop at the end of the simulation.
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6. Results to Fig. 1). The two inlet streamd; andF>), in the original
study, are combined into a single stredfy). The various
flow rates and component concentrations are calculated us-
ing the relations:

The case study is adapted from the work of Minstry at
al. [8]and experimental data from Cascone ef{&f]. The F1Cj1+ F2Cj2 . .
original process was aimed at separating thaumatin from “/in = I EY Cit=Cj4 Cip=Cj3:
Escherichia coli contaminants with the addition of sodium  p — ). fs = F3; Fp = F1 + P>
chloride to the system. The components were thaumatin,
PEG and phosphate sal The process idluded two puriica-2/eCsin C1.1: €. Fr Fo, Fin are the inet, top and
. . bottom stream concentrations and flow rates, respectively
tion _stages anda re_cycle streaﬁq_ 3. The bulk of the Sep- (Fig. 1). The subscrip} represents the components, includ-
?y:zt;g; :;Oho;sgl?sgclgn riS(;A[?hEasle\)NItShTrCealngO(\jvl:g S;Z\erg :)Oar ing p1 and p. The single-stage unit consists of five com-
tition the product back to the bottom phase (Phosphate-rich ponents: sodium salt NaCLgavr), contaminant Gcon),

desired protein @pro), polyethylene (glycol) Cpeg), and

phase). The top phase was, then, recycled. These two Stageﬁhosphate saltpsa,). The inlet stream composition and

consisted of six different streams, including a waste outlet flow rate are listed ifrable 3 The inlet flow rate was then
stream from the first stage and a recycle stream. The ﬂowincreased by 50% (fronfi, = 13.03 to 19.54 s 1) to
. ops I — . .

rate connecting the two stage_s and the compositions of thef rther verify the numerical procedure. An increase in the
streams were the process vanables._The steady-;tate ”.‘Od? ow rate should not affect the concentrations of the out-
was sc_)IvedRilg..3), |nth!s research, usmgaconstrameq MIN- et stream. After recasting the system as a minimization
|m|zat|0n function “fmincon” from the Matlab th|m|za- problem Eq. (31), a constrained optimization procedure,
tion Toplbo>_< (MathWo_rks, Inc.). Only the underlined values “fmincon”, from the Matlab Optimization Toolbox (Math-
were given m_the original _Work. _The results showrﬁlg_. 3 . Works, Inc.), was used to solve the problem. The results are
form the basis for the simulation work presented in this shown in the last two columns dable 3 The variables were
pag_?_;"GE 1 ofFid. 3| d in this simulati q constrained to values between 0.00 and 200.0. As expected,

. OfFig. 3is used in this simulation to study a only the top and bottom flow rate values change. A compar-
single-stage continuous aqueous two-phase system (S|m|Iarison (usingFin = 13.03n%s-1) with the values, reported
in Fig. 3 shows good agreement (Flow streaRgsand Ft
in Fig. 1 correspond to streants andF4, respectively, in

6.1. Seady-state continuous ATPS

(33)

F1: 10.00 m*s! Fig. 3).
Cpror: 1.00 kg m™
Ceont: A.L)llkg_nﬁ3
CpEcli IQM T:
- able 3
Crsuit 10.00 ke Solutions for the steady state continuous ATPS problem
Csavri: 10.00 kg m™] y p
i F2: 3.03 m>s™! Variables Known Numerical Solutiort Solutior*
Kzlf f‘fi STAGE! Cproz: 2.51 kg m™ variables values
i ) | Ceona: 1.23 kg m?

WASTE F3:8.85m’s” | i Cpgo: 0.89 kg m™ CreaT 20.91 20.90
Cpros: 0.09 kg m™ F4: 421 ms”! Cpsara: 17.26 kg m? CpsaLT 5.11 5.11
Ceong: 4.00 kg m™ Conow: 3.99 kgm? | Csavrai6.17 kg m? Cerat 3.99 3.99

. -3 S
Cppgs: 1.67 kg m LV Ceons: 2.00 kg m* Ccon,T 2.00 2.00
Crsavy: 1482 kg m Cppga: 20.90 kg m CsaLT.T 9.16 9.11
Csarrs9.11 kgm Cpsare: 5.11 kg m™® Fr 4.20 6.31
. -3
F5: 2.00 m*s™ 1, Csavra: 911 kg m CrecB 1.69 1.67
Cosasi2200 kem® | 500 | gromm CpsaLB 14.82 14.82
Kd: 0.83 CrroB 0.10 0.09
Ccon ‘ 4.00 4.00
CsaLTB 9.09 9.11
PRODUCT F6: 3.17 m>s™ Fg 8.83 13.24
Cpros: 2.88 kg m™
Ceons: 1.48 kgm™ CprEgin CpeGin 7.88
Cpras: 26.84 kgm™ \ CpsALin CpsaLin 11.69
CPSALG:A 22-00kkg m} CpRrain Cprain 1.35
Coaurs: 617 kg m v CcoNiin Cconin 3.35
CsaLT,in CsALT,in 9.11
Fin 13.03; 19.54*

Fig. 3. Flow scheme of the aqueous two-phase continuous protein extrac—Fi”
tion. The flow rates and concentrations were obtained after solving the The inlet stream composition and flow rate are listed. Soltitiand

system given in Mistry et al[8]. Only the underlined values were given  solution* correspond to inlet flow rate of 13.03 and 19.5%sm!, re-
in the original work. spectively.
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Table 4

Concentration values after 2.08 h

Variables Known variables Operating condition Initial values SS soltitipr= 2.08 h) SS solutioff (t = 2.08h)
V1 Vr 13188.09

CpegT 16.73 19.26 19.98
CpsaLT 4.09 5.57 5.36
CpraT 3.19 3.92 3.96
CconT 1.60 1.99 2.06
CsaLt.T 7.33 9.14 9.16
Fr 4.20¢; 6.31*

Vg Vg 3338.89

CpeGB 1.35 2.05 1.92
CpsaLB 11.86 14.66 14.72
CpraB 0.08 0.09 0.09
Ccong 3.20 3.90 4.09
CsaLT.B 7.27 9.06 9.04
Fg 8.83; 13.24&

CreGin CrEGin 7.88

CpsaLin CpsaLin 11.69

Cerain Cprain 1.35

Cconin Ccon,in 3.35

CsaLT.in CsALT.in 9.11

Fin Fin 13.03; 19.54*

This time length was chosen to make sure that the system has reached steady-state. The flow rates used to study the dynamic behavior of the systen
were the values obtained in the steady state caablé 3. Fr = 4.20, Fg = 8.83, Fj, = 13.03n¥slin one case, anéft = 6.31, Fg = 13.24,F;,
=19.54n¥s! in another case.

6.2. Unsteady-state continuous ATPS tained when the inlet flow rate was increased by 56% (
=19.54n?s1) (compareTable 4 SS sot* with Table 3
Following the pilot scale enzyme purification of Boland solutiori*). These results show the efficiency of the method
et al. [18] using ATPS, dilution rates of 3.19 10~ and in predicting the process transient behavior. The noise could
1.26 x 10-3s~1 were used for the top and bottom layers, be reduced greatly by using a smaller step size. However,
respectively. Consequently, the volumes of the top and bot- this may introduce considerable computational overhead. A
tom layers aré/r = 13,188.09 and/g = 3338.89m. The step size of 1s was used in the study.
flow rates were fixedRj,, Fr, Fg) at their steady-state val-
ues. A step change decrease of 20% in top and bottom phase
concentrations was applied to the system in order to pro-
vide initial conditions for the simulation. For the purpose of
the study, the unit operated continuously for 2.1 h. As in the
steady-state case, two different feed flow rates were chosen:
Fin = 13.03 and 19.54 &s~L. The results of the simulation 18
are shown inFigs. 4-13 The concentrations at the end of 16
the simulation are listed iflable 4for both flow rates. For 14
Fin = 13.03n¥s 1, the following observations were made -
(Figs. 4-8: after the perturbation, the components of the
system exhibited different dynamical behaviors in reaching
their steady-state concentrations values; in accordance with
a partition coefficient of 0.5, the concentration of undesired
protein was higher in the bottom layer than in the top layer
(Fig. 7); sodium chloride concentration profiles in the top
and bottom phases were simildfig. 8), consistent with a
partition coefficient of 1; as expected, the top phase was 0 05 1 15 2 05 1 15 2
rich in PEG Fig. 4) while the bottom phase was rich in time (hr) time (hr)

phosphate salfHg. 5). The steady-states values for the con- _ o of - i
centrations Table 4 SS sof) agreed, fairly well, with the ~ F9: 4- Concentrations profiles of PEG in the tdeggr) and bottom

. . . . phasesCpegg). A step change decrease of 20% in top and bottom phase
Ve_‘lu_es obtained in th? static analySTEa_ble 3 SOIu“Oﬁ)' concentrations was applied to the system in order to provide initial condi-
Similar trends and ultimate concentration values were 0Db- tions for the simulation. The inlet flow rate was sefig = 13.03n3sL.

PEG concentration in PEG concentration in
the top phase the bottom phase

=
o

Cpeg,s(kg m-3)

o B N W A~ 00O N 0 ©

Cpeg,1(kg m-3)

o N M O o ® B

o
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Phosphate salt concentration Phosphate salt concentration Contaminant concentration Contaminant concentration
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Fig. 5. Concentrations profiles of phosphate salt in the ©ps4LT) Fig. 7. Concentrations profiles of contaminants in the tGpdy,t) and

and bottom phasesChsaLg). A step change decrease of 20% in top bottom phasesQcong). A step change decrease of 20% in top and
and bottom phase concentrations was applied to the system in order tobottom phase concentrations was applied to the system in order to provide
provide initial conditions for the simulation. The inlet flow rate was set initial conditions for the simulation. The inlet flow rate was setRg

to Fin = 13.03n¥s L. =13.03n¥s L.

6.3. Input—output continuous ATPS model centrations, settle to their final values at different times.
These observations cannot be based on steady-state analysis
In process control applications, it is customary to perform alone.
open-loop analysis in order to determine possible control This section investigates how the output variables
strategies. Such input—output models allow the process en-(Csait, T, Csat.s, CconTts Ccong, Cpras: CprarT,
gineer to investigate the response of pertinent process vari-CregT, Cpegs: CpsaLT, CpsaLp) respond to a 4%
ables to changes in the input variablBsction 6.Joutlinesa  sStep change decrease in the inlet stream flow r&ig (
steady-state analysis to compute equilibrium values of ATPS = 13.03-12.51 fis~1) and component concentrations. The
state variables and flow rate3ection 6.5hows how the in- initial conditions used in the simulation for the transient
terested variables reach their setpoint values. Frags. 5 case correspond to the steady-state solution prior to the
and 8§ for instance, it is evident that state variables, such as step changeTable 3 solutiort). The Euler's method was,

sodium chloride Csa 1) and phosphate salCpsa) con- again, implemented to solve the set of equations. At high
Protein concentration Protein concentration NaCl concentration NaCl concentration
in the top phase in the bottom phase in the top phase in the bottom phase
11 . . . . 1 . . . 11 . . . 11 . . .
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3r p 31 3t
21 0.2 2| ol
11 0.1 [ 11 1t
0 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘
0 0.5 1 1.5 2 0 0.5 1 15 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2
time (hr) time (hr) time (hr) time (hr)
Fig. 6. Concentrations profiles of target protein in the t@proT) and Fig. 8. Concentrations profiles of sodium salt in the t@gA 1 1) and

bottom phasesGprog). A step change decrease of 20% in top and bottom phasesGsaiT.g). A step change decrease of 20% in top and
bottom phase concentrations was applied to the system in order to providebottom phase concentrations was applied to the system in order to provide
initial conditions for the simulation. The inlet flow rate was setRg initial conditions for the simulation. The inlet flow rate was setRg
=13.03n¥s 7L =13.03n¥s L.
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Fig. 9. Concentrations profiles of PEG in the tdppfgT) and bottom
phasesCpegp). A step change decrease of 20% in top and bottom phase
concentrations was applied to the system in order to provide initial condi-
tions for the simulation. The inlet flow rate was sefg = 19.54n¥s 1.

Fig. 11. Concentrations profiles of target protein in the t@proT)

and bottom phaseLbrqgg). A step change decrease of 20% in top and
bottom phase concentrations was applied to the system in order to provide
initial conditions for the simulation. The inlet flow rate was setRg
=19.54nFs L.

disturbance, the algorithm tends to diverge, as indicated

by a large value for the sum of square errors. Steady-statetuning methods can be implemented resulting in improved
and transient behaviors were studied and the results ardoop performance. The overall benefit is a better control of
shown inTables 5 and &nd Figs. 14-18 The simulation the process and increased productivity.

was allowed to run for a longer period (2.78 h) to allow the

system to settle to its new steady state after initiating the

perturbation. A comparison of the concentrations at the end 7. Effects of the density difference between the two

of the simulation Table § SS sol. { = 2.78 h)) with those phases

from the steady-state analysisaple 5 solution) revealed

similar results. In the context of process control, open-loop  Phase separations occur by centrifugation with the den-
response tests are crucial. These tests allow the controlsity difference as the driving force. Although both phases
engineer to determine the process time constant, gain andn aqueous two-phase systems contain mainly water, it is
deadtime. Using these parameters, classical PID controlleruseful to investigate the effect of the difference in phase

Contaminant concentration
in the bottom phase

Contaminant concentration
in the top phase

Phosphate salt concentration
in the bottom phase

Phosphate salt concentration
in the top phase
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Fig. 10. Concentrations profiles of phosphate salt in the @psA.T)
and bottom phasesCfsaLg). A step change decrease of 20% in top

Fig. 12. Concentrations profiles of contaminants in the ©gof.1) and
bottom phasesQcong). A step change decrease of 20% in top and

and bottom phase concentrations was applied to the system in order tobottom phase concentrations was applied to the system in order to provide

provide initial conditions for the simulation. The inlet flow rate was set
to Fin = 19.54nfs™%.

initial conditions for the simulation. The inlet flow rate was setRg
=19.54n¢s7 L.
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NaCl concentration in NaCl concentration in PEG concentration PEG concentration
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Fig. 13. Concentrations profiles of sodium salt in the t@ga(7 1) and Fig. 14. Concentrations profiles of PEG in the t&pggT) and bottom

bottom phasesdsaiTs). A step change decrease of 20% in top and PhasesCpegs). A step change decreascle of 4% was applied in the inlet
bottom phase concentrations was applied to the system in order to providestream flow rateKin = 13.03-12.51 rs~!) and component concentra-
initial conditions for the simulation. The inlet flow rate was setRg tions.

=19.54n¥s71.
density of pr = 1077 kg/n? is used for the top phase. As

aresultpg = 1177 kg/n? and pin = 1127 kg/n? for case A
andpg = 1117 kg/n? andpin, = 1097 kg/nt for case B. The
algorithm is designed to minimize a weighted mean square
error function so that the individual functiows(2), g2(2),
pinFin — p1Fr — pgFg =0 (34) ..., 0.(2) (seeSection 9 are of the same order of magni-
tude. The results are listed able 7 Columns solution A
and solution B show that there was no significant difference
between the two cases.

densities on the ultimate concentrations of the system. The
main difference with the above analysis is th&g. (1) is
now replaced by:

For the purpose of the study, the density of the inlet flow
(heterogeneous mixture) is taken as the average of the den
sities of the top and bottom phase. We will consider two
particular cases. A) One in which the density difference of
the two phases is 100 kgAmB) The other in which the den-

sity difference of the two phases is 40 kg/nAn average 8. Discussions

Although steady-state analysis provides prediction of op-

Table 5 _ _ _erating conditionsRection 6.}, the response time could not
Solution for the steady continuous ATPS problem obtained by decreasing

the original inlet stream flow rate and component composititable 3

numerical valuesF, = 13.03r‘r§s’1) by 4% Phosp?:t;sa:gpcz?](;ir;tratlon Phosi;:]h;tg Esgocrgn‘)c;greatlon

Variables Known Numerical Solution 1 T T T 20 — 7 7 77
variables values 10t 1 18

CreaT 18.88 = o 1 16

CpsaLT 5.50 £ s} | & 0

Cprat 3.79 2 4 | E e

Ccont 1.92 = < 1]

CsaLt,T 874 3 6} 1=

Fr 4.08 g spe—— 1 & 10¢

CrecB 2.08 © 4l | & 8}

CpsaLB 13.99 61

CpraB 0.09 3t 1

Ccong 3.85 2| ] 4t

CsaLt,B 8.75 11 | 2|

Fg 8.43 0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘

Creain CreaGin 6.30 0 05 1 15 2 25 0 05 1 15 2 25

CpsALin CpsALin 9.35 time (hr) time (hr)

Cprain Cerain 1.08 ) i i )

Ceoniin Ceonin 268 Fig. 15. Concentrations profiles of phosphate salt in the @fs4LT) ‘

CSAU: n CSAL'I: n 7.29 gnd bqttom phase£psal g). A step change decrease of 4% was applied

Fin ' Fin ' 12.51 in the inlet stream flow rateF{, = 13.03—-12.51rhs1) and component

concentrations.
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Table 6

Concentration values after 2.78 h

Variables Known variables Operating condition Initial values SS solutica 2.78 h)
V1 V1 13188.09

CpegT 20.91 19.47
CpsaLT 5.11 5.32
CpraT 3.99 3.80
Ccon,T 2.00 1.91
CsalT.T 9.16 8.65
Fr 4.08

Vg Ve 3338.89

CpeGB 1.69 1.80
CpsaLB 14.82 14.08
CpraB 0.10 0.09
Ccons 4.00 3.86
CsaLT.B 9.09 8.80
Fg 8.43

Cregin Creain 6.30

CpsaLin CpsaLin 9.35

Cprain Cprain 1.08

Cconin CcoNiin 2.68

CsaLT.in CsaLT.in 7.29

Fin Fin 12.51

This time length was chosen to make sure that the system has reached steady-state. The flow rates used to study the dynamic behavior of the systen
were the values obtained in the steady state caabl¢ 5. Ft = 4.08,Fg = 8.43,Fi, = 12.51n¥s L.

be determined. Simulation of the dynamic behavior of the  The benefits of continuous aqueous two-phase extractions
system allows the process engineer to estimate the responséor the purification of enzymes and other biomaterials are
time of key process variables. The proposed methodology tremendoug19,20] A mixer—settler extractor was used by
accurately predicts steady- and unsteady-state behaviors. ICastro et al[21]to separate lanthanum from a rare earth
may be extended to many applications dealing with protein chloride mixture; a high purity of lanthanum product was
separations. Even though most continuous solvent extrac-obtained with a 20-stage process. Bim and Frgd2&p de-
tions are carried out on a steady-state basis, possible safetgigned a pulse caps column for the continuous extraction of
and environmental risks at the earliest possible design stagealkaline xylanase. With a single-step operation, a purifica-
need to be investigatef¥]. These issues can only be ad- tion factor of 33 and a yield of 98% enzyme were achieved.
dressed with a firm knowledge of the transient behavior of These works, however, did not take into account the dy-

the process. namic behavior of the process. An assessment of safety and
Protein concentration Protein concentration Contaminant concentration Contaminant concentration
1 in the top phase 1 __in the bottom phase 11 in the top phase 1 in the bottom phase
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Fig. 16. Concentrations profiles of target protein in the t0proT) and Fig. 17. Concentrations profiles of contaminants in the ©go.1) and

bottom phasesQprgg). A step change decrease of 4% was applied in bottom phasesGcong). A step change decrease of 4% was applied
the inlet stream flow rateF{, = 13.03-12.51 s 1) and component in the inlet stream flow rateF{, = 13.03—-12.51rhs~1) and component
concentrations. concentrations.
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Table 7
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Solution for the steady continuous ATPS problem using a density difference of 108 kggiation A) and 40 kg/m (solution B) between the two phases

Variables Known variables Numerical values Solution Ap(= 100 kg/n¥) Solution B (Ap = 40kg/n?)
CpeaT 21.23 21.05
CpsaLT 5.06 5.09
CpraT 3.95 3.98
Ccon,T 2.04 2.02
CsalLT.T 9.24 9.17
Fr 4.26 4.22
CpegB 1.43 1.59
CpsaLB 15.22 14.98
CpraB 0.09 0.09
Ccong 4.08 4.03
CsaLT.B 9.25 9.17
Fg 8.58 8.73
CreGin CreGin 7.88

CpsaLin CpsaLin 11.69

Cprain Cprain 1.35

Cconiin Ccon,in 3.35

CsaLT.in CsALT.in 9.11

Fin Fin 13.03

environmental risks in the current framework would be very troller (IMC) [24] on a Karr extraction column. Grossman
difficult. This paper provides a framework for transient anal- and Lewin[25] also studied a Karr-type column to show
ysis of ATPS. More advanced controllers, using model-basedthe performance of a nonlinear model predictive controller
control methodologies (IMC and NMPC), can be used to (NMPC). The process dynamic model was generated us-
regulate ATPS. These controllers explicitly take into account ing genetic programminfR6], a system identification tech-
constraints and include the dynamic behavior of the plant. niqgue based on an evolutionary optimization procedure. A
They would be very useful to control ATPS since these sys- common feature of model-based control methodologies is
tems are nonlinear and, therefore, difficult to regulate using the use of a mathematical model of the system transient
classical controllers. In fact, advanced control schemes havebehavior.

been implemented to control liquid-liquid extraction with

Aqueous two-phase systems offer a unique challenge

an organic and a single aqueous phase (completely immisci-in that they are formed from solutions of partly miscible

ble phases). Wachs et §3] tested an internal model con-

NaCl concentration

=
o

CsaLT,1(kg m-3)

in the top phase

MMH_ﬁ;

Fig. 18. Concentrations profiles of sodium salt in the t@ga(T.T) and
bottom phasesGsait.8). A step change decrease of 4% was applied
in the inlet stream flow rateF{, = 13.03-12.51hs™1) and component

concen
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NaCl concentration
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~—

0 05 1 15 2 25
time (hr)

phases (two mutually incompatible polymers or a poly-
mer and a salt), increasing the mathematical complexity
of these systems, as compared to traditional liquid-liquid
extraction. Since ATPS behaviors are difficult to predict,
their industrial applications are limited because of a lack
of mathematical models. The proposed dynamic descrip-
tion can be used in the context of model predictive con-
trols to handle process non-linearity, time-varying parame-
ters, and to meet the control objectives without constraint
violation.

9. Conclusion

A mathematical model and a method of solution, based
on a least squares approach, were investigated to study the
static and dynamic behaviors of single-stage continuous
ATPS. The methodology was tested using experimental
data obtained for purification of thaumatin forBa coli
contaminant proteins in a poly (ethylene-glycol)/phosphate
salt/water system. The study was conducted assuming con-
stant volumetric holdups of both phases. The degrees of
freedom for the static and dynamic models wer2 and
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