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Experiment and Correlation of Liquid —Liquid Equilibria of an Aqueous Salt
Polymer System Containing PEG6000+ Sodium Citrate

Muthiah Perumalsamy,” Apparsamy Bathmalakshmi, and Thanapalan Murugesan#

Department of Chemical Engineering, National Institute of Technology, Trichy-620015, India, and Chemical Engineering
Programme, Universiti Teknologi PETRONAS, Bandar Seri Iskandar, 31750, Tronoh, Malaysia

Liquid—Liquid equilibrium data were obtained for an aqueous two-phase system containing poly(ethylene glycol)-
6000 (PEG6000)} sodium citratet water at three different temperatures, 293.15, 303.15, and 313.15 K. An
empirical equation relating the concentrations of PEG6000 and sodium citrate was used to fit the binodal curve,
and the coefficients were estimated for the corresponding temperatures. The effect of temperature on binodal and
tie line data was studied. The Othmeéfobias and Bancraft equations were used to correlate the tie line
compositions, and the parameters are reported.

Introduction Table 1. Binodal Data for the PEG6000 (14 Sodium Citrate (2) +
Water (3) System at 293.15, 303.15, and 313.15 K
An aqueous two-phase extraction system has become an
important emerging technique for separation, concentration, and 293.15K 303.15K 313.15K
purification of proteins, cell organelles, and other biological _ %W 100W, 100w, 100W, 100W, 100W,
i i 48.23 1.06 48.57 0.86 47.99 0.81
products._Aqueous two-phase systems were first ap_plled to 4657 133 1493 139 4579 115
recover biomolecules by AlbertssérHde showed that micro- jg.gg %.?g gégg %g jg.gg %_gé
organisms, cell walls, chloroplasts, chloroplast vesicles, and 3757 545 36.98 537 3757 291
other biological molecules could be selectively partitioned gggg g.gi gg.gg %‘83 2222 %.ig
between the phases of an aqueous two-phase systems (ATPS) 3170 342 3128 318 3414 5’58
composed of either two polymers or a polymer and an inorganic %g-gg i-g; %g-g? 3-471‘71 3"{?3 %;;2»,
salt. Aqueous polymersalt systems have several a(_jvantages 25.74 4.65 26.88 3.98 31.08 3.00
over the polymer-polymer systems due to the larger differences ~ 23-39 oi3 2 439 2504 333
in density, greater selectivity, lower viscosity, lower cost, etc.  19.22 6.14 23.49 4.67 27.30 3.59
17.20 6.75 22.49 4.92 26.56 3.71
Most of the rgsearch works on aqueous polymzam systems 1505 748 5161 511 5588 383
were made using poly(ethylene glycol) with salt consisting of ﬁé? g.gg %8.3(15 g.gg gg.g% 21.%8
selective cations, namely, ammonium, potassium, or sodium, 1531 947 1931 563 5317 437
and anions, namely, phosphate, sulfate, or carbonates. These 912 9.98 18.63 5.80 21.66 4.70
ts. h led t hiah trati f sulfat q 82 10.41 17.97 5.99 20.96 4.84
salts, nowever, led 10 a nign concentration oOr sulfate an 757 10.61 17.36 6.17 20.62 4.93
phosphate salts in the effluent streams, causing environmental gég ﬂ-‘ltg ig;? g-‘;g 13'8% g-%g
problems. Recently, Vernau and KélZafarani-Moattar et af, 4.98 1175 14.78 6.99 17.84 5.56
and Murugesan and Perumalsdmyave used citrate as a 3% 1219 R 7.20 1599 a8
substitute for phosphate and sulfate salts to form an aqueous 2.73 13.00 12,51 7.77 15.54 6.28
; ; i 1.67 14.13 11.88 8.01 14.98 6.41
two-phase system W|th PEG. Because citrates are biodegradable 775 1534 1108 897 1438 6.60
and nontoxic, PEG- citrate salts could form environmentally 0.58 16.62 10.35 8.57 13.33 6.92
safe aqueous two-phase systems, which are more suitable for 954 1843 o1z & 12.29 712
the extraction of biological materials. However, only a very 8.53 32.3471 g.gg g.gi ig.gg ;.g%
limited amount of research work has_been l_reported usir]g c_itrate 0.20 3150 730 9.78 9.79 8.00
salts. Vernau and Kutahave determined binodal and tie line 8'%2 % % g-gg %8-22 g-gg g-%g
data for the agueous PEG155%0sodium citrate system at room ‘ 5.50 1051 8.58 8.43
temperature. Murugesan and Perumalshrhgve reported 493 w1 *73-88 827
liquid—liquid equilibrium data of the PEG2008 sodium citrate 3.92 11.08 6.64 9.09
+ water system at (25, 30, 35, 40, and 48). In the present 3 127 o8 oz
work, the binodal data and liquidiquid equilibrium data for 2.83 11.63 4.54 9.87
PEG6000+ sodium citrate+ water at 293.15, 303.15, and 552 1182 35 1022
313.15 K were measured and correlated using the Othmer %gg g%g %g %ggg
Tobias and Bancraft model equations. 173 1239 193 11.07
1.61 12.50 1.69 11.33
i 1.44 12.67 1.45 11.65
Experimental 1.09 12.92 0.96 12.24
Materials. Analytical grade (Merck) poly(ethylene glycol) o7 1384 503 1.8
with a molar mass average of 6000 and tribasic sodium citrate 0.30 17.79 0.23 14.83
0.25 20.57 0.17 17.85
* Corresponding author. E-mail: murugesan@petronas.com.my. 8% %g% gig %ggé
T National Institute of Technology. 0.14 29.83 0.11 28.27
* Universiti Teknologi PETRONAS. 0.11 29.83
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Table 2. Experimental Liquid —Liquid Equilibrium Data (w/w %) for PEG6000 (1) + Sodium Citrate (2) ATPS at 293.15, 303.15, and 313.15 K

293.15K 303.15K 313.15K
top phase bottom phase top phase bottom phase top phase bottom phase
Wl Wz Wl Wz W1 Wz Wl Wz W1 W2 W1 Wz

30.24 3.65 1.86 20.76 26.49 4.08 1.00 18.93 23.45 4.43 0.99 16.35
33.91 3.04 0.93 24.16 28.53 3.62 0.91 19.45 29.15 3.30 0.23 18.14
39.03 231 0.81 25.36 32.12 3.01 0.79 20.30 34,51 2.62 0.22 20.47
41.49 2.04 0.61 26.62 33.49 291 0.57 21.85 37.41 2.26 0.21 22.20
43.21 1.80 0.20 28.05 35.31 2.65 0.18 23.14 39.47 2.04 0.19 23.18
46.14 1.36 0.12 30.59 37.23 2.42 0.12 23.89 45.32 121 0.13 24.84

dihydrate (Merck) with a minimum purity of 99 % were used. was titrated with the polymer solution or vice versa, until the
The polymer and salts were used without further purification. clear solution turned turbid. The composition of the mixture
Double distilled, deionized water was used for the present was determined by mass using an analytical balance (OHAUS-

experiments. Essae-Teraoka, model AR2140) with a precisioa:dd.1 mg.
Apparatus and ProcedureThe experiments were carried out Glass separators (100 émwere used to carry out the phase
using a glass vessel with a working volume of 5003dm equilibrium studies. The feed samples (60 g basis) were prepared

determine the phase equilibrium (binodal curve). The glass by mixing appropriate amounts of polymer, salt, and water in
vessel was provided with an external jacket in which water was the vessel. The sample was stirredr fb h at a desired
circulated at constant temperature using a thermostat (Schotttemperature, and then the mixture was allowed to settle for 24
Gerate CT 52, Germany). The temperature was maintained withh at constant temperature using a thermostat. After separation
an uncertainty oft 0.05 K. of the two phases, an Abbe-type refractometer and flame
The binodal curves were determined by a titration method. photometer were used for the determination of phase composi-
Stock solutions of known concentrations were prepared and kepttions. The concentrations of sodium citrate in the top and bottom
in a constant temperature bath, and their densities werephases were determined by flame photometry. The top and
measured. A magnetic stirrer was used to ensure constant stirringpottom phases were diluted to concentrations of less than 100
in the jacketed vessel. A salt solution of known concentration ppm of sodium ions. The concentration of sodium in the sample

as given by the flame photometer was then converted in terms
50

S of the amount of salt. The precision of the mass fraction of
54 % sodium citrate and PEG was better thar9.002 andt 0.001,
* .
w0d e *293.15K respectively. _ _ _
¥ .« 303.15K The concentration of PEG in both phases was determined by
351 ¥, refractive index measurements performed at 303.15 K using an
Q » a313.15K i i
£ 30 *E..’ Abbe-type refractometer. The relation between the refractive
2 A, index, n, and the mass fraction of polymenw,, and saltws, is
S B Ve given by
Z 20 ,'-\:
A
15 4 Ve = a,+ a,W, + a,W, 1)
A‘...: R
10 1 RO .
o, The values of coefficientsy, a;, anda, for the PEG6006+-
51 N “.,. sodium citratet water system were obtained as 1.3324, 0.1434,
0 ‘ Bl v NN 2 e e and 0.1572, respectively, and the estimated errors are within
0 5 10 15 20 1.0 %.
Wt.% of salt
Figure 1. Binodal curves for the PEG6000 sodium citratet- water system 45
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Figure 2. Binodal curves and the tie lines for the PEG6060sodium Figure 3. Effect of temperature on the tie lines for the PEG6808odium

citrate + water system at 293.15 K. citrate + water system.
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0.6 the tie line compositions for the PEG6080sodium citratet
A water system.
051 *293.15K 5
=04 - 0 303.15K
2 A313.15K o [(@ = wp)wp] = K1 = w)wgT" @
(=]
i 0.3 1 L b ty o By
¥ 2 (Wi, wg) = Ky, ) ®)
0.2 - * A
*
0.1 - . ¢ a whereK, n, K;, andr are the fit parameters. The superscripts t
and b represent the polymer-rich phase (top phase) and the salt-
0 0 0'2 0‘4 0‘6 08 rich phase (bottom phase), respectively. The subscripts p and s

stand for the PEG and salt, respectively. Figures 4 and 5 show
the linear dependency of the plots log[{1 wy!)/w,1] against
log[(1 — wd)ws’] and logiw,Liws) against logfutwy), re-
spectively. The values of the estimated parameters are given in

log (l-w;")/w;b

Figure 4. Linear dependency of the OthmeFobias equation at 293.15,
303.15, and 313.15 K.

0.8 Table 3. Using the estimated parameters, uncertainties of the

0.7 1 A tie lines are found to be within an rms errorbfl % indicating

0.6 s o 4 o an acceptable consistency of the results. The corresponding
- L correlation coefficient values and the constants of eqs 2 and 3
'1; 051 A, e e e are given in Table 3. Recently, eqs 2 and 3 have been
"z 044 . ¢ successfully used for the correlation of tie line compositions of
;? 0.3 ;izz::i the PEG6000+ potassium citratet water systen.

0.2 A313.15K )

o1 Conclusion

0 ; ‘ ‘ : ;

The binodal data and tie line data for the system PEG6000
o e + sodium citratet water at 293.15, 303.15, and 313.15 K were
log(ws /wi) obtained. As the temperature increases, the two-phase area
Figure 5. Linear dependency of the Bancroft equation at 293.15, 303.15, expands due to an increase in solubility. It was also observed

0 0.1 0.2 0.3 0.4 0.5 0.6

and 313.15 K. that the slope and length of the tie lines increased with increasing

Table 3. Parameters of Equations 2 and 3 for PEG6008- Sodium temperature. The tie line data for the PEG6608odium citrate

Citrate + Water at Different Temperatures -+ water system were correlated satisfactorily using the Othkmer
temp K n R Ki r R2 Tobias and Bancroft equations.

203.15K 0.3593 13983 009666 2.1466 0.6812 0.9660 . _
303.15K 02895 15158 0.9883 23875 0.6183 09818 Literature Cited

313.15K 01754 17735 0.9879 2.7134 0.5681 0.9874 (1) Albertsson, P. APartition of Cell Particles and Macromolecule3rd
ed.; Wiley: New York, 1986.

Results and Discussion (2) Vernau, J.; Kula, M. R. Extraction of Proteins from Biological Raw
) ) ) Materials Using Aqueous Poly(ethylene) glye®itrate Phase Sys-
The binodal data, for the PEG6080sodium citratet water tems.Biotechnol. Appl. Biochen199Q 12, 397-404.

i ini ; i (3) Zafarani-Moattar, M. T.; Sadeghi, R.; Hamidi, A. A. Liquitliquid
system, representing the minimum concentration required for Equilibrium of an Aqueous Two Phase System Containing Polyeth-

the formation of two pha_lses at temperatures 293.15, 3_0_3-15' ylene glycol and Sodium citrate: Experimental and Correlafiduid
and 313.15 K are given in Table 1. The tie line compositions Phase Equilib2004 219 149-155. -
at three different temperatures, 293.15, 303.15, and 313.15 K, (4 E\/l#]rulgesanl. T-:I)Pzeélégagagﬁy, 'V(l:-_tl-lqg:iI\?VUI? eqlll(lglg gfg’;l)g-o
. . . ethylene glyco odium Citra ater af , 30, 35, 40,

are given in T.able 2 The effect of temperature on thg binodal and 45)°C. J. Chem. Eng. Dat&005 50, 13921395,
curves of the investigated aqueous PEG6808odium citrate (5) Voros, N.; Proust, P.; Fredenslund, A. Liqitiquid Equilibria of
system is represented in Figure 1, which shows that an increase  Aqueous Two Phase Systems Containing Salts and Polyethylene
in temperature expands the two-phase area of the binodal curve, ., Glycol- Fluid Phase Equilib1993 90, 333-353. , .

L . . . . . (6) Mishima, K.; Nakatani, K.; Nomiyama, T.; Matsuyama, K.; Nagatani,
V.VhI(')h is attributed to the increase in golupnlty. The experimental M.; Nishikawa, H. Liquic-Liquid equilibria of aqueous two-phase
tie line data at 293.15 K are shown in Figure 2, as an example. systems containing polyethylene glycol and dipotassium hydrogen-

Also, the effects of temperature on tie line data are shown in phosphateFluid Phase Equilib.1995 107, 269-276.
P (7) Othmer, D. F.; Tobias, P. E. LiquitLiquid Extraction Datas Toluene

Figure 3. From the .figullre, it was .obser.ved that .the slope and and Acetaldehyde Systemisd. Eng. Chem1942 34, 690—692.
the length of the tie line increase with an increase in temperature. (8) Gonzéez-Tello, P. G.; Camacho, F.; Blguez, G.; Alar¢n, F. J.
In the aqueous two-phase system, PEG and salt are predomi- k/ilqtéi&—ii?_iuig thggg)[iugn(i:?] the Eystelgn t';ggéezqyllegg 39'%/3932

; ; g 20 a .J. Chem. Eng. Dai , .
nantly _present Ir.] the top and_b_ottom phase, respectlve_ly, due (9) Zafarani-Moattar, M. T.; Hamidi, A. A. LiquigtLiquid Equilibria of
to the increase in hydrophobicity of PEG molecules with an Aqueous Two-Phase Poly(ethylene glyedBotassium Citrate System.
increase in temperature. Voros et®ahand Mishima et af. J. Chem. Eng. Dat2003 48, 262-265.

reported similar results for other aqueous PEGalt systems.
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