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Developing a novel Ionic-liquid (IL) based aqueous two-phase system (ATPS) with polyethylene glycol (PEG) as adju-
vant for the separation of biomolecules is studied. This original work involves addition of various concentration of PEG
(2000, 4000, and 6000 gr/mol) to 1-butyl-3-methylimidazolium acetate1 potassium hydrogen phosphate ATPS to investi-
gate their subsequent effect on phase diagrams and partitioning coefficient of a-amylase. In another innovative aspect of
this work, response surface methodology (RSM) based on three-variable central composite design was employed to
understand the effect of phase forming components on extraction studies of a-amylase. The addition of small amount of
PEG improved the partitioning coefficient of biomolecule. The effective excluded volume theory was applied to correlate
the salting-out ability. As a result, it can be stated that the proposed system can effectively be used in separation and
purification studies instead of task specific ILs. VC 2015 American Institute of Chemical Engineers AIChE J, 62: 264–

274, 2016
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Introduction

The manufacture of pure biological active substances is

widely significant as the final cost is entirely related to the

purification processes involved.1 In the past decade, aqueous

two-phase system (ATPS) has found its platform in purifica-

tion of proteins,2–4 heavy metal ions,5 organic molecules,6 and

antibiotic.7–9 ATPS is typically formed when two incompati-

ble polymer/polymer or polymer/salt are dissolved in

water.10–12 The bulk of the two immiscible phases is mainly

composed of water, thus, the ATPS creates a gentle and bio-

compatible media for separation of biomolecule.1,13,14 The

partitioning of the biomolecule in aqueous two phase system

is beneficiated by the diverse physical and chemical properties

of the phases. Low toxicity, low volatility, large water misci-

bility and high biodegradability of polyethylene glycol (PEG)

make it a viable candidate as phase-forming component in the

ATPS.15–17 Application of polymer-salt ATPS in downstream

processing is more advantageous over polymer–polymer type

ATPS due to its low interfacial tension, fast phase separation

rates, and low costs.15 However, tailoring chemical nature of

PEG is only achievable through changes in its molecular

weight or its structural modification. On the contrary, ionic

liquids (ILs) can effectively overcome these limitations.
In 2003, Rogers and coworkers18 observed phase separation

while adding inorganic salts to aqueous solutions of ILs. Ionic

liquids are salts which are in liquid form at temperature below

1008C. The remarkable physical and chemical properties of

ILs such as negligible vapor pressure, nonflammability, tuna-

bility, high selectivity, and a wide liquid range make their

industrial application appealing.13 Recent advances have

focused on application of ILs as an alternative to polymer

based ATPS.19–24 The main advantage of IL-based over

polymer-based ATPS is the possibility of controlling the

phases polarities by a suitable manipulation of cation-anion

combinations.14 Moreover, hydrophilic/lipophilic balance of

polymers is more limited.25,26

To modify the intrinsic properties of ATPS some research-

ers have used a promoter or adjuvants of ATPS formation.

Pereira et al.15 applied various imidazolium based ILs as adju-

vants to conventional PEG/inorganic salt ATPS. They

observed that the salting-in/salting-out aptitude of ILs can

largely influence L-tryptophan extraction. Moreover, Almeida

et al.17 have recently shown that IL can tune the polarity of

PEG-rich phase and its chemical nature can affect the extrac-

tion of phenolic acids. Many researchers have attempted in

enhancement of extraction ability of ILs. The concept of task

specific ILs was originally proposed by Davis, Rogers, and

coworkers.27 Liquid–liquid extraction of mercury (II) and cad-

mium (II) were investigated by incorporation of ion-ligating

groups into imidazolium cation. Appending metal-ion ligating

group to IL increased the metal ion distribution ratios by sev-

eral orders of magnitude.27,28

In conventional methods of studying a process, one factor is

varied while maintaining other factors at an unspecified con-

stant level. These methods, apart from being time-consuming

and requiring a large number of experiments, do not determine

the interaction among the variables.29,30 Statistical
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experimental design such as response surface methodology
(RSM) is developed to overcome the limitations of conven-
tional methods. RSM improves and optimizes the process and
evaluates the significance of affecting parameters. Moreover,
in the presence of complex interactions, it effectively studies
the interactions among the variables.

To modify the characteristics of the IL-rich phase, a new

approach, making use of PEG is developed. PEG with various

molecular weights has been used as a promoter or adjuvant of

ATPS formation. Consequently, the phase behavior of IL-

K2HPO4 in presence of various concentration of PEG has been

studied. The extraction ability of IL-K2HPO4 in presence of

PEG is evaluated using a-amylase as model biomolecule. The

effect of initial concentration of IL, K2HPO4, and PEG on par-

titioning coefficients of a-amylase has been studied using

RSM based on CCD.

Materials and Methods

Materials

In this study, ATPSs were established using aqueous solution

of 1-butyl-3-methylimidazolium acetate, [C4mim]CH3COO

(>99% pure, Iolitec) and potassium hydrogen phosphate,

K2HPO4 (>99% pure, Merck). The PEGs were added to the

system as additives with various molecular weights, 2000,

4000, and 6000 gr/mol and are abbreviated as PEG 2000, PEG

4000, and PEG 6000, respectively. The polymers were pur-

chased from Merck. a-amylase as the selected enzyme for parti-

tioning studies was provided from Merck. Moreover, the

chemicals were utilized without further purification. Double dis-

tilled deionized water was applied to prepare the samples.

Experimental Procedure

Phase diagrams

In most research studies, visual detection of cloud points

has been the experimental basis for evaluation of the binodal

curve.7–27 Thus, the cloud point titration method was per-

formed at (25 6 1)8C and atmospheric pressure to determine

the phase diagrams. The binodal curves of IL-based ATPS

were plotted at various fixed concentrations (0, 4, and 8 wt %)

of PEG 2000, 4000, and 6000 as adjuvants. Consequently,

aqueous solution of K2HPO4 1 fixed concentration of PEG,

aqueous solution of [C4mim]CH3COO1desired concentration

of PEG, and aqueous solution of PEG with the same concen-

tration were prepared.
There are two fundamental experimental procedures: (1)

formation of turbid biphasic solution by drop wise addition of

aqueous salt solution to ionic liquid solution; (2) detection of

clear monophasic region by drop wise addition of polymer

solution. Subsequent compositions of each point were eval-

uated by weight quantification within 61024 g. The comple-

tion of the phase diagrams were performed by addition of

ionic liquid solution to salt solution. Accordingly, the experi-

mental binodal curves were fitted to the following three-

parameter equation31

½IL�5Aexp ðB½salt�0:52C½salt�3Þ (1)

where ½IL� and ½salt� are mass fraction percentage of the ionic

liquid and inorganic salt, respectively; and A, B, and C are fit-

ting parameters evaluated by data regression.

Determination of tie-lines

The tie-lines of a polymer-based ATPS were originally

determined by a gravimetric method proposed by Merchuk

et al.31 On the basis of this method, binodal data by Eq. 1 are

coupled with mass balance relationships. Consequently, each

tie-line was evaluated by application of lever-arm rule

between the composition of the top phase, the bottom phase,

and the overall system. Thus, solving the following system of

four equations and four unknowns led to the determination of

TLs compositions

½IL�top5Aexp ðB½salt�top
0:52C½salt�top

3Þ (2)

½IL�bot5Aexp ðB½salt�bot
0:52C½salt�bot

3Þ (3)

½IL�top5
½IL�M

a
2

12a
a
½IL�bot (4)

½salt�top5
½salt�M

a
2

12a
a
½salt�bot (5)

where subscripts “top,” “bot.,” and “M” refer to the top-phase,

the bottom-phase, and the mixture, respectively. Moreover,

[IL] and [salt] refer to mass fraction percentage of ionic liquid

and salt. The parameter a is the ratio between the mass of the

top phase and the total mass of the mixture.
Furthermore, the tie-line length (TLL) and slope of TLs

(STL) can be calculated according to Eqs. 6 and7

TLL5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½IL�top2½IL�botÞ

2
1ð½salt�top2½salt�botÞ

2
q

(6)

STL5
½IL�top2½IL�bot

½salt�top2½salt�bot

(7)

Design of experiments

Studying a process based on conventional methods involves

changing a single factor while keeping all the other factors

at constant levels. Consequently, these methods are time-

consuming and require a large number of experimental runs.

However, they do not give the combined effect of all the pro-

cess variables.29 As a result, limitations of the conventional

methods necessitate the application of a statistical experimen-

tal design, such as RSM, which optimizes the process varia-

bles.29,30 Consequently, the design of experiment based on

RSM evaluates regression models along with the effect of pro-

cess variables in the presence of complex interactions.32,33 A

well-known standard RSM design is central composite design

(CCD); it was applied as the basis of this research to study the

effect of process variables on partitioning of a-amylase. The

design of experiments (DOE) based on CCD consists of 2n

axial runs with 2n full factorial runs and also nc replicates at

the center points.
The effect of different process variables on the partitioning

of a-amylase in IL-K2HPO4 ATPS with PEG as adjuvants

were studied with a central composite face centered design. In

this research, the studied independent variables were (1) X1:

[C4mim]CH3COO mass fraction percentage in the feed; (2)

X2: K2HPO4 mass fraction percentage in the feed; and (3) X3:

PEG concentration in the ATPS. Moreover, the partitioning

coefficient of biomolecule was selected as the dependent out-

put response variable
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Ka-amylase5
½a-amylase�IL
½a-amylase�salt

(8)

where ½a-amylase�IL is the concentration of a-amylase in the
IL-rich phase and ½a-amylase�salt is its respective concentration
in the K2HPO4-rich phase.

In this study 23 full factorial CCD for 3 variables and 2 3 3
axial points were used. The independent variables, Xi, were
coded as xi based on the following equation

xi5
ðXi2X0Þ
@X

(9)

where xi is the coded value of i th independent variable, Xi the
natural value of ith independent variable, X0 the natural value
of the ith independent variable at the center point, and @X is
the value of step change.

Table 1 demonstrates the independent variables along with
their coded and uncoded values for all three systems based on
the molecular weight of PEG. A mathematical relationship
between the dependent response and the independent variables
can be evaluated. Consequently, each set of responses was
employed to develop an empirical model using a second
degree polynomial equation

Y5b01
Xn

i51

bixi1
Xn

i51

biixi
21
Xn21

i51

Xn

j5i11

bijxixj (10)

where Y is the predicted response, b0 the constant coefficient,
bi the linear coefficients, bii the quadratic coefficients, bij the
interaction coefficients; and xi, xj are the coded values of inde-
pendent process variables.

Table 2 shows the complete design matrix. The required IL-
based ATPS with a desired amount of PEG as the additive is

formulated to get the required composition in DOE table. Fur-

thermore, a suitable amount of a-amylase was added to get the

concentration of 0.4 wt %. The prepared mixtures were stirred

and kept in small decanters for 24 h for complete phase sepa-

ration. To eliminate the temperature effect, all samples were

incubated at (25 6 1)8C. Additionally, the same mass fraction

percentages were used for tie-line determinations.
The regression and graphical analysis was performed by

MINITAB 16 statistical software.

Results and Discussion

Phase diagrams

Since all the biphasic systems share the same inorganic salt

as well as IL, and also pressure and temperature were held

constant, the comparison of the binodal data results in to the

comprehension of the effect of molecular weight and concen-

tration of PEG on ATPS formation. Figures 1–3 represent the

Table 1. Experimental Range and Levels of Independent

Process Variables for a-amylase Extraction

in IL-Based ATPS

Ranges and Levels

Independent Variables (21) (0) (11)

[C4mim]CH3COO (X1) 10 12.5 15
K2HPO4 (wt %) (X2) 30 32.5 35
PEG (wt %) (X3) 0 4 8

Table 2. CCD Design Matrix Along with Experimental and Predicted Response Values

Partition Coefficient

PEG 2000 PEG 4000 PEG 6000

Std. Order x1 x2 x3 Experimental Predicted Experimental Predicted Experimental Predicted

1 21 21 21 9.36 9.360829 9.25 9.239592 9.3 9.327697
2 1 21 21 14.6 14.56873 14.52 14.64239 14.62 14.4901
3 21 1 21 11.35 11.33363 11.41 11.56749 11.33 11.8111
4 1 1 21 19.2 18.86253 19.13 18.54479 19.19 18.694
5 21 21 1 11.99 11.45013 10.77 11.32619 9.31 9.840997
6 1 21 1 16.1 16.65803 13.99 13.79249 12.54 12.0869
7 21 1 1 16.54 15.75593 15.95 15.78859 15.01 15.1639
8 1 1 1 22.75 23.28483 19.85 19.82939 19.11 19.1303
9 21 0 0 13.25 14.60349 14.05 13.52413 14.12 12.96331
10 1 0 0 21.56 20.97189 17.55 18.24593 16.45 17.52771
11 0 21 0 14.35 13.94364 13.75 13.29833 12.69 12.74731
12 0 1 0 18.12 18.24344 16.85 17.48073 17.65 17.51071
13 0 0 21 11.32 11.83729 11.26 11.59573 11.45 11.59811
14 0 0 1 14.85 15.09309 13.45 13.28133 12.31 12.07291
15 0 0 0 16.56 16.09354 15.01 14.68587 14.01 14.19596

Figure 1. Evaluation of the PEG 2000 effect in the ter-
nary phase diagrams composed of [C4mim]-
CH3COO (2)1 K2HPO4(1)1 H2O.

, 0% PEG 4000; , 4% PEG 2000; , 8% PEG 2000;

and , PEG 2000 (2)1 K2HPO4 (1) (no IL). [Color fig-

ure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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experimental phase diagrams for [C4mim]CH3COO1

K2HPO41H2O1PEG 2000, 4000, or 6000, respectively. The
binodal curve for the control system without PEG is also plot-
ted in all figures to enhance the comparison. Moreover, it
should be stressed out that the PEG concentration was held
constant along each binodal curve.

Generally, the biphasic region is located above the satura-
tion curve. Consequently, as the curve gets closer to the origin
the biphasic area is extended and thus phase separation is pro-
moted. The presented figures indicated that the presence of
PEG reduced the phases’ miscibility. These remarkable results

were observed with the addition of PEG as adjuvants. Hence,

ATPS formed by addition of PEG in small amount demon-

strates a better phase separation in comparison with the ATPS

formed only with the IL and inorganic salt. This result

suggests that the mixtures of IL–PEG may be more

“hydrophobic” than their pure counterparts and are more eas-

ily salted-out by K2HPO4. The ability of each ATPS to form

two liquid phases is as follows
IL1 K2HPO41 H2O1 8 wt % PEG> IL1 K2HPO41

H2O1 4 wt % PEG> IL1 K2HPO41 H2O (no PEG). There-

fore, an increase in the concentration of PEG from 0 to 8 wt %

enhanced the degree of phase separation.
Figure 4 shows the impact of the molecular weight of PEG

on ATPS creation. It is obvious that there is an increase in the

ATPS formation ability with the increase in PEGs molecular

weights. This behavior can be interpreted with the fact that

higher hydrophobicity was displayed by PEGs with higher

molecular weights; this means that they possess lower affinity

for water, and are more easily excluded as a second liquid

phase.
Nonlinear regression of the binodal data evaluated the

parameters of Eq. 1, along with the corresponding correlation

coefficients (Table 3). The competence of Eq. 1 in describing

the experimental data was validated as the R2-value was close

to unity.

Effective excluded volume and salting-out ability

In 1993, Guan et al.34 developed a binodal model for aqueous

solution of polymers. The main concept of their theory is based

on the random distribution of the molecular species in the solu-

tion, which results in a solution that is geometrically saturated of

each solute in the presence of other components for each system

composition along the binodal curve.35 For evaluation of the

salting-out ability of [C4mim]CH3COO-K2HPO4 with various

concentration of PEGs as additive, the binodal curves were corre-

lated based on the effective excluded volume (EEV) theory. In

Figure 2. Evaluation of the PEG 4000 effect in the ter-
nary phase diagrams composed of [C4mim]-
CH3COO (2)1 K2HPO4 (1) 1 H2O.

, 0% PEG 4000; , 4% PEG 4000; , 8% PEG 4000;

and , PEG 4000 (2)1K2HPO4(1)(no IL). [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. Evaluation of the PEG 6000 effect in the ter-
nary phase diagrams composed of [C4mim]-
CH3COO (2) 1 K2HPO4(1) 1 H2O.

, 0% PEG 6000; , 4% PEG 6000; , 8% PEG 6000;

and , PEG 6000 (2)1 K2HPO4(1)(no IL). [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. The evaluation of the effect PEG with various
molecular weights in the ternary phase dia-
grams composed of [C4mim]CH3COO (2)1
K2HPO4(1)1 H2O.

, 0% PEG; , 4% PEG 2000; , 4% PEG 4000; and ,

4% PEG 6000. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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the ternary system of [C4mim]CH3COO (1) 1 K2HPO4 (2) 1

water (3), the excluded volume theory can be written as32

ln ðV�213

w2

M2

1f213Þ1V�213

w1

M1

50 (11)

ln ðV�213

w2

M2

Þ1V�213

w1

M1

50 (12)

where V�213, f213, M1, and M2 are the scaled EEV of organic

salt, the volume fraction of unfilled effective available volume

after tight packing of salt molecules into the network of

[C4mim]CH3COO, and molecular weight of IL and inorganic

salt, respectively. The EEV values obtained from the correla-

tion of the binodal data with various concentrations and

molecular weights of PEG are presented in Table 4. The EEV

value is the mere indication of the compatibility of the sys-

tem’s components as it shows the smallest space at which

each IL molecule will accept an individual salt in the presence

of PEG as additive. In our work, a negligible value for f213 is

observed. Recently, in many research studies, the EEV values

and the salting-out ability of the components has been

related.36,37 Consequently, the ATPS system with larger val-

ues of EEV is composed of stronger salting-out agents. Thus,

the rank order of 4 wt % PEG 6000> 8 wt % PEG 6000> 8

wt % PEG 4000> 4 wt % PEG 4000> 8 wt % PEG 2000> 4

wt % PEG 2000> No PEG demonstrates the ability of PEG

with various molecular weight and concentration to create a

biphasic region.

Tie-line data and correlations

For each experimental run in DOE table the tie-line compo-

sitions were obtained. Tables 5–7 manifest the upper and

lower phase compositions with their subsequent values of STL

and TLL with variation of process variables. The compositions

of TLs were calculated by application of gravimetric method

together with solution of a system of four equations and four

unknowns. As can be observed, [C4mim]CH3COO concentra-

tion in lower phase is quite insignificant.
Moreover, the application of Othmer–Tobias38 equation

resulted in validation of tie-lines for the studied system

ln
1002½IL�top

½IL�bot

5a1bln
1002½salt�bot

½salt�bot

(13)

where a and b are adjustable parameters which are evaluated

from the intercept and slope of the plotted linear relationships.

Consequently, the values of adjustable parameters as a func-

tion of molecular weight of PEG are reported in Table 8. Tak-

ing into account the reported correlation coefficient values in

Table 3. Values of Parameters (A, B, and C) of Eq. 1 for the IL-based ATPSs at T5298.15 K

Biphasic System A B C 3 105 R2�

IL1 salt1 H2O 80.46 20.307 2.184 0.9984
IL1 salt1 H2O1 4 wt % PEG 2000 73.34 20.2914 2.279 0.998
IL1 salt1 H2O1 8 wt % PEG 2000 66.73 20.2773 2.509 0.9978
IL1 salt1 H2O1 4 wt %PEG 4000 61.19 20.2567 3.008 0.9967
IL1 salt1 H2O1 8 wt % PEG 4000 57.36 20.2595 3.207 0.9956
IL1 salt1 H2O1 4 wt % PEG 6000 55.04 20.2477 4.300 0.9974
IL1 salt1 H2O1 8 wt %PEG 6000 50.91 20.2718 2.934 0.9944

*R2512
PN

1 ðYexp 2YpreÞ2=
PN

1 ðYxpÞ2; Yexp Experimental binodal data; Ypre Predicted binodal data by regression.

Table 4. Values of Parameters of EEV of Salts Using Eqs. 11

or 12 for the [C4mim]CH3COO (1) 1 Salt (2) 1 Water (3)

ATPS with PEG as Additive at T5298.15 K

Salt V�213 R2� sd*

No PEG 5.381 0.997 4.638
4 wt % PEG 2000 5.434 0.994 4.265
8 wt % PEG 2000 5.579 0.995 4.646
4 wt % PEG 4000 5.723 0.995 4.606
8 wt % PEG 4000 6.075 0.994 4.175
4 wt % PEG 6000 6.334 0.996 4.041
8 wt %PEG 6000 6.191 0.991 5.108

*R2512
PN

1 ðwIL;exp2wIL;preÞ2=
PN

1 ðwIL;expÞ2; sd5ð
PN

1 ðwIL;exp2wIL;preÞ2=
NÞ0:5; w IL, exp 5 Experimental IL wt % and wIL;pre5predicted IL wt %.

Table 5. Weight Fraction Percentage (wt %) Obtained by DOE for the Coexisting Phases of [C4mim]CH3COO(1)1K2HPO4

(2)1H2O1PEG 2000 Along with Their Respective Values of STL and TLL*

PEG 2000 Std. order

Feed Top phase Bottom phase

a STL TLLw1 w2 w1 w2 w1 w2

0 1 10 30 18.833 18.387 3.334 38.765 0.430 20.761 25.603
3 10 35 29.386 10.266 1.139 46.306 0.314 20.784 45.791
2 15 30 31.389 9.078 0.847 48.068 0.463 20.783 49.529
4 15 35 38.576 5.672 0.315 53.267 0.384 20.804 61.067

13 12.5 32.5 30.389 9.657 0.981 47.209 0.392 20.783 47.698
4 9 10 32.5 23.833 13.448 1.464 44.257 0.382 20.726 38.073

10 15 32.5 35.679 6.030 0.432 51.147 0.413 20.781 57.253
11 12.5 30 25.929 11.825 1.257 45.216 0.456 20.739 41.517
12 12.5 35 34.048 6.805 0.468 50.743 0.358 20.764 55.300
15 12.5 32.5 29.942 9.093 0.746 48.274 0.403 20.745 48.862

8 5 10 30 19.870 15.990 1.836 41.588 0.453 20.705 31.312
7 10 35 28.714 8.868 0.594 48.135 0.335 20.716 48.298
6 15 30 30.879 7.511 0.348 50.751 0.480 20.706 52.933
8 15 35 36.974 4.499 0.111 55.667 0.404 20.720 63.064

14 12.5 32.5 29.332 8.464 0.431 49.734 0.418 20.700 50.383

*Standard uncertainties u are uðwÞ50:0001 and uðTÞ51 K.
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Table 8, it is reasonable to conclude that this correlation is

adequate for the assessment of the TL data.

Effect of PEG on tie-lines

The effect of PEG concentration and its molecular weight

as an additive on the TLLs and STLs is illustrated in Figure 5.

This figure is plotted at the center points of initial concentra-

tion of [C4mim]CH3COO and K2HPO4.

It is obvious that an increase in PEG concentration leads to
a rise in STLs and TLLs values. In these systems, the absolute
values of slope of tie-lines climb in the following order: 8 wt
% of PEG< 4 wt % of PEG< No PEG. Thus, it is reasonable
to conclude that with decrease in polymer concentration, water
is driven from top phase to bottom phase. Additionally, the
augmentation of the molecular weight of PEG induced a slight
increase in TLLs and STLs.

Partitioning of the PEG in IL-ATPS

Physical and chemical nature of PEG as an additive affects
its subsequent partitioning between the two phases. Hence,
evaluation of the partitioning behavior of PEG in IL-based
ATPS is crucial to comprehend its impact on extraction ability
of ATPS. The partitioning coefficient of PEG is defined in the
same manner, thus, it is known to be the ratio of PEG concen-
tration in IL-rich phase to that in K2HPO4-rich phase

KPEG5
½PEG�IL
½PEG�salt

(14)

where ½PEG�IL and ½PEG�salt are the concentrations of PEG in
IL and inorganic salt aqueous phase, respectively. Figure 6

Table 6. Weight Fraction Percentage (wt %) Obtained by DOE for the Coexisting Phases of [C4mim]CH3COO(1)1K2HPO4

(2)1H2O1PEG 4000 Along with Their Respective Values of STL and TLL*

PEG 4000 Std. order

Feed Top phase Bottom phase

a STL TLLw1 w2 w1 w2 w1 w2

0 1 10 30 18.610 18.591 3.273 38.913 0.439 20.755 25.459
3 10 35 29.018 10.496 1.112 46.452 0.319 20.776 45.514
2 15 30 31.559 8.982 0.866 47.940 0.461 20.788 49.597
4 15 35 38.860 5.562 0.326 53.104 0.381 20.811 61.197

13 12.5 32.5 29.949 9.921 0.940 47.459 0.399 20.773 47.441
4 9 10 32.5 22.349 13.305 0.426 47.381 0.437 20.643 40.518

10 15 32.5 34.383 4.978 0.089 53.672 0.435 20.704 59.559
11 12.5 30 26.166 10.155 0.410 0.469 0.469 20.689 45.412
12 12.5 35 32.764 5.810 0.112 52.845 0.379 20.694 57.258
15 12.5 32.5 29.774 7.590 0.220 50.208 0.416 20.693 51.863

8 5 10 30 20.893 13.074 0.586 44.629 0.464 20.644 37.525
7 10 35 28.533 7.013 0.173 49.839 0.347 20.662 51.365
6 15 30 30.511 5.801 0.067 53.297 0.491 20.641 56.416
8 15 35 35.939 3.231 0.017 57.733 0.417 20.659 65.276

14 12.5 32.5 29.030 6.694 0.101 51.857 0.429 20.641 53.633

*Standard uncertainties u are uðwÞ50:0001 and uðTÞ51 K.

Table 7. Weight Fraction Percentage (wt %) Obtained by DOE for the Coexisting Phases of [C4mim]CH3COO(1)1K2HPO4

(2)1H2O1PEG 6000 Along with Their Respective Values of STL and TLL*

PEG 6000 Std. order

Feed Top phase Bottom phase

a STL TLLw1 w2 w1 w2 w1 w2

0 1 10 30 18.908 18.318 3.354 38.716 0.427 20.763 25.652
3 10 35 28.949 10.539 1.107 46.479 0.319 20.775 45.463
2 15 30 31.209 9.180 0.827 48.205 0.467 20.779 49.457
4 15 35 38.946 5.529 0.330 53.055 0.380 20.813 61.237

13 12.5 32.5 30.071 9.847 0.951 47.389 0.397 20.776 47.512
4 9 10 32.5 22.287 11.475 0.052 49.522 0.447 20.584 44.068

10 15 32.5 33.784 3.844 0.006 55.374 0.444 20.655 61.615
11 12.5 30 26.055 8.486 0.048 49.764 0.479 20.630 48.787
12 12.5 35 32.293 4.563 0.009 54.207 0.387 20.650 59.218
15 12.5 32.5 29.231 6.306 0.022 52.036 0.427 20.639 54.262

8 5 10 30 20.850 10.075 0.317 47.783 0.472 20.545 42.936
7 10 35 28.042 4.763 0.130 51.541 0.354 20.597 54.473
6 15 30 29.970 3.778 0.036 56.212 0.500 20.571 60.377
8 15 35 35.211 1.838 0.013 59.591 0.426 20.609 67.634

14 12.5 32.5 28.611 4.455 0.065 54.145 0.436 20.574 57.306

*Standard uncertainties u are uðwÞ50:0001 and uðTÞ51 K.

Table 8. Parameters of Othmer–Tobias Equations Along

with Their Correlation Coefficients (R2
)

Biphasic System
PEG
wt %

Othmer–Tobias

a b R2

[C4mim]CH3COO1K2HPO4

1PEG 2000
0 0.743 1.563 0.923
4 0.745 1.137 0.793
8 0.678 2.047 0.982

[C4mim]CH3COO1K2HPO4

1PEG 4000
0 0.655 1.788 0.996
4 0.927 1.987 0.905
8 0.991 1.386 0.969

[C4mim]CH3COO1K2HPO4

1PEG 6000
0 0.661 1.728 0.999
4 1.103 2.122 0.906
8 1.144 1.383 0.924
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Figure 5. Effect of PEG on TLLs and STLs in center
point of [C4mim]CH3COO and K2HPO4 initial
concentration in DOE table.

TLL: , PEG 6000; , PEG 4000; and , PEG

2000. STL: , PEG 6000; , PEG 4000; and ,

PEG 2000. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6. Effect of PEG on and KPEG and Ka-amylase in
center point of [C4mim]CH3COO and K2HPO4

initial concentration in DOE table.

KPEG: , PEG 6000; , PEG 4000; and , PEG

2000. Ka-amylase: , PEG 6000; , PEG 4000; and

, PEG 2000. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 7. Contour plots of effects of initial concentrations of [C4mim]CH3COO and K2HPO4 on partitioning coeffi-
cient of a-amylase (a) PEG 2000 (b) PEG 4000, and (c) PEG 6000.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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represents the partitioning coefficients of PEG as the function

of its molecular weight and concentrations at the center points
of [C4mim]CH3COO and K2HPO4 concentrations. The PEG
in all cases partitioned preferentially to IL-rich phase. The par-

titioning behavior of PEG is related to its hydrophobicity/
hydrophilicity. PEG with lower molecular weight is more

hydrophilic and migrates to the inorganic-rich phase. Presence
of PEG in each phase defines its physical and chemical proper-

ties; thus, enhancement in a-amylase partitioning is observed

by presence of PEG.

Effect of process variables

Effect of Feed’s Initial Concentration. In this study, dif-

ferent initial concentration of [C4mim]CH3COO, K2HPO4and

Figure 8. Contour plots of effects of initial concentrations of [C4mim]CH3COO and PEG on partitioning coefficient
of a-amylase (a) PEG 2000 (b) PEG 4000, and (c) PEG 6000.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 9. ANOVA Table for the Partition Coefficient of

a-Amylase in [C4mim]CH3COO1K2HPO41water1PEG

2000 ATPS

Source Sum of squares DF Mean square F-value P-value

Model 200.25 7 28.61 43.98 <0.0001
IL 101.39 1 101.39 155.89 <0.0001
Salt 46.22 1 46.22 71.06 <0.0001
PEG 26.50 1 26.50 40.74 0.0004
IL3salt 2.69 1 2.69 4.14 0.0813
Salt3PEG 2.72 1 2.72 4.18 0.0801
IL2 8.04 1 8.04 12.36 0.0098
PEG2 19.34 1 19.34 29.74 0.0010
Residual 4.55 7 0.65
Total 204.80 14

Table 10. ANOVA Table for the Partition Coefficient of

a-Amylase in [C4mim]CH3COO1K2HPO41 water1PEG

4000 ATPS

Source Sum of squares DF Mean square F-value P-value

Model 128.53 9 14.28 30.11 0.0008
IL 55.74 1 55.74 117.52 0.0001
Salt 43.73 1 43.73 92.20 0.0002
PEG 7.10 1 7.10 14.98 0.0118
IL3salt 1.24 1 1.24 2.61 0.1669
IL3PEG 4.31 1 4.31 9.09 0.0296
Salt3PEG 2.28 1 2.28 4.80 0.0799
IL2 3.70 1 3.70 7.80 0.0383
Salt2 1.27 1 1.27 2.68 0. 1623
PEG2 12.99 1 12.99 27.38 0.0034
Residual 2.37 5 0.47
Total 130.90 14
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PEG were investigated to evaluate their effects on biomole-
cule’s partitioning. Table 2 presents the complete design

matrix with their subsequent response values. Response con-
tour plots of 7a, 7b, and 7c (Figure 7) are the visual indications
of the fact that an increase in the initial concentration of
[C4mim] CH3COO and K2HPO4 leads to a rise in a-amylase

partitioning. An increase in the initial concentration of inor-
ganic salt makes the space of the bottom phase more packed
and thus, a-amylase preferentially migrates to the top phase.

In IL-based ATPSs, the IL-rich and inorganic salt-rich

phases are of distinct nature. The presence of high charge den-
sity species in K2HPO4 –rich phase make it more hydrophilic
while [C4mim]CH3COO-rich aqueous phase is mainly hydro-
phobic in nature.39 Hence, the variation in the phases polarities

is the governing factor affecting Ka-amylase. The capability of
ionic liquids’ anions to form the hydrogen bond between the
solute and the solvent determines its hydrophobicity. The
reported hydrogen bond basicity (b) for [C4mim]CH3COO is

1.2.40 Consequently, an increase in the initial concentration of
[C4mim]CH3COO makes the IL-rich phase more hydrophobic
and therefore an augmentation in the partitioning coefficient is

observed. Thus, it can be stated that the extraction process is
mainly controlled by the hydrophobic interactions.

The effect of additive’s initial concentration in the feed for PEG
2000, 4000, and 6000 are shown in Figures 8a–c. With an increase
in PEG weight percent, the partitioning coefficient increases while

a slight decrease is observed at high PEG concentrations. This
effect can be due to the interactions among a-amylase and PEG
molecules. PEG molecules may exclude a-amylase molecules to

lower phase at high polymer concentration. However, at low con-
centrations of PEG this effect is less pronounced.

Effect of Polymer Molecular Weight. The experimental
data (Figure 6) indicated that Ka-amylase decreases with an
increase in PEG molecular weight, which is in accordance with

the observations of Zhi et al.41 and Schmid et al.42 With an
increase in the molecular weight of PEG, the number of hydroxyl
groups for the same concentration of PEG decreases. Conse-

quently, the hydrophobicity of the upper phase improves. Addi-

tionally, less space is available for the partitioning of the

biomolecule in the upper phase. Hydrophobic interaction chro-

matography evaluated a relatively high surface hydrophobicity

for a-amylase;42 thus, the size-exclusion effect is suggested to be

the main reason for the decrease in the partitioning coefficients.

Development of regression model equation

For evaluation of a-amylase’s partitioning coefficient a

second-order polynomial regression equation was developed.

The represented equations evaluate the effect of independent

process variables on the response. Furthermore, confidence

level of 95% was appointed in the analysis of response surface

which means that the effects with less than 95% significance

were not considered. Regression models in the coded values

are represented as follows
IL1 K2HPO41PEG 2000

Ka-amylase516:9013:18x112:15x211:63x3

10:58x1x211:69x2
122:63x2

3

R250:9778

(15)

IL1 K2HPO41PEG 4000

Ka-amylase514:6912:36x112:09x210:84x310:39x1x2

20:73x1x310:53x2x311:2x2
110:70x2

222:25x2
3

R250:9819

(16)

IL1 K2HPO41PEG 6000

Ka-amylase514:2012:28x112:38x210:24x310:43x1x2

20:73x1x310:71x2x311:05x2
110:93x2

222:36x2
3

R250:9736

(17)

Each regression equation has a unique R2-value, which is a

mere indication of the adequacy of the model. The R2-value for

Eqs. 15–17 was 0.9778, 0.9819, and 0.9736, respectively. As a

result, e.g. 97.78% of total variation in a-amylase partitioning in

IL1 K2HPO41PEG 2000 ATPS can be assigned to the experi-

mental variables under investigation. Moreover, all the regression

equations had R2-values which were close to unity which indi-

cated the agreement between experimental and predicted K-value.
The statistical significance of the regression model was

assessed by the analysis of variance (ANOVA). Table 9–11

tabulate the F-test and P-values for the significant linear,

quadratic and interaction effects. Thus, taking into account the

ANOVA analysis for all three systems, the significance of

models are validated.
The optimization of the response was performed to obtain

the optimum values of the process variables (Table 12). These

data are in close agreement with those obtained from RSM,

indicating that RSM is a good statistical method to optimize

the process parameters in complex processes.

Table 11. ANOVA Table for the Partition Coefficient of

a-Amylase in [C4mim]CH3COO1K2HPO41water1PEG

6000 ATPS

Source Sum of squares DF Mean square F-value P-value

Model 134.42 9 14.94 20.48 0.0020
IL 52.08 1 52.08 71.42 0.0004
Salt 56.72 1 56.72 77.78 0.0003
PEG 0.56 1 0.56 0.77 0.4196
IL3salt 1.48 1 1.48 2.03 0.2136
IL3PEG 4.25 1 4.25 5.83 0.0605
Salt3PEG 4.03 1 4.03 5.53 0.0655
IL2 2.83 1 2.83 3.88 0.1058
Salt2 2.24 1 2.24 3.07 0.1401
PEG2 14.33 1 14.33 19.65 0.0068
Residual 3.65 5 0.73
Total 138.06 14

Table 12. Optimum Operating Conditions of the Process Variables for Maximum Partition Coefficient at T5298.15 K

Biphasic system

Optimum level Ka-amylase

IL wt % Salt wt % PEG wt % Predicted Experimental

[C4mim]CH3COO1K2HPO41PEG 2000 14.97 34.76 4.65 23.63 24.12
[C4mim]CH3COO1K2HPO41PEG 4000 14.68 34.66 5.78 20.12 21.27
[C4mim]CH3COO1K2HPO41PEG 6000 14.04 34.91 4.56 19.43 19.18

272 DOI 10.1002/aic Published on behalf of the AIChE January 2016 Vol. 62, No. 1 AIChE Journal



Optimization procedure

The purpose of optimization is the evaluation of a combina-

tion of factor levels that can satisfy the desired requirements

for responses and factors. The alternative goals are either max-

imize, minimize, target, within range, or an exact value.

Hence, a desired goal is appointed to each independent vari-

able and response and an overall desirability function is

resulted by the combination of the goals. Two or more opti-

mum values can be estimated from the optimization procedure

due to the curvature of the response surface.
In our optimization studies, we tried to maximize the parti-

tion coefficient of a-amylase with goal selection to be within

range for three independent variables. Table 12 demonstrates

the optimization results. Some experimental runs were con-

ducted to evaluate the efficiency of the models; the experimen-

tal results are tabulated in Table 12. It can be observed that the

experimental results are congruent with the predicted partition

coefficient.

Conclusion

The application of PEGs as additive in [C4mim]CH3COO-

based ATPS for enhancement of extraction of a-amylase was

studied. The quaternary phase diagrams of [C4mim]-

CH3COO1 K2HPO41 4/8 wt % PEG (2000, 4000, and

6000)1 water was established and it was compared with ter-

nary phase diagram of [C4mim]CH3COO1 K2HPO41 water.

A three- parameter equation was employed in order to corre-

late the binodal data. The presence of PEG as additive with

higher molecular weight and concentration expanded the two

phase area. Furthermore, the concentration effect of phase

forming components on partition coefficient of a-amylase was

studied by the use of RSM based on three-variable CCD. The

regression models along with the ANOVA successfully esti-

mated the effect of process variables on extraction. Moreover,

foe each experimental run the TLs were evaluated and vali-

dated with a proper model. It was observed that PEGs would

preferentially migrate to IL-rich phase and thus it noticeably

increased the partition coefficients. The optimization studies

were carried out and the subsequent results were reported. To

sum up, addition of PEG as adjuvants in IL-based ATPS

enhanced the partition coefficients of biomolecule and with

proper selection of process variables Ka-amylase could be

optimized.
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