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ABSTRACT: In this research, liquid-liquid equilibrium (LLE) data were experimentally obtained
for the ternary systems of (water + carboxylic acid + dipropyl ether) at T =298.2 K and P = 101.3 kPa.
The carboxylic acids used in this study were isobutyric acid, valeric acid and isovaleric acid.
All these systems are according to Treybal classification, Type-2 systems because the two binary
subsystems are partially miscible. The lowest distribution coefficients and separation factors
were calculated for isobutyric acid (40 and 329, respectively). The authenticity of the experimental
equilibrium data was identified from Hand and Othmer-Tobias correlations. The experimental
tie line data were correlated by using the nonrandom two-liquid (NRTL) and universal quasi-chemical
(UNIQUAC) activity coefficient models. RMSD values are between 0.0112 and 0.0155 for NRTL
model; and are between 0.0083 and 0.0153 for UNIQUAC model.
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INTRODUCTION

Aqueous Two-Phase System (ATPS) is a liquid-liquid
extraction technique that has gained interest due to its great
potential for the extraction, separation, purification and
enrichment of various biological materials such as
proteins, membranes, viruses, recombinant proteins and
enzymes, nucleic acids [1-7] and separation of metal ions,
such as Chromium [8], Gold (III) [9, 10], Cobalt (II),
Iron (111), Nickel (1) [11]], Hg(Il) [12], Cd (1) [12, 13],
Zn(I1) [24, 15], Copper [14-16], Gallium [17], Tungsten (V1) [18],

Molybdenum (VI) [19], Zirconium and Hafnium [20].
ATPSs have many advantages such as a high yield [21],
a relatively high load capacity [22], scaling up feasibility [23],
low material cost [24], low energy consumption [25],
low interfacial tension [26], short processing time [27],
good resolution [28], ease of continuous process [29],
biologic compatibility [30], selective extraction [31].

The phase diagram is one of the most important
elements for designing, optimizing and scale up of ATPSs.
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It is a “fingerprint” unique to ATPS under set conditions
of, for example, polymer molecular weight and
temperature [32]. Measurement of the phase equilibrium
data is very sensitive to the experimental equipments and
conditions, which makes it time consuming, costly and
difficult to measure. For this reason, providing a
mathematical model that can accurately predict phase
equilibrium data can lead to a reduction of the number
of experiments and thus it contributes to saving time,
materials and energy. This predicted data can be of great
help in designing the separation process based on ATPS.

Some researchers applied Artificial Neural Networks (ANNS)
for prediction of the phase equilibria of PEG /salt
ATPSs [33,34] and ionic liquid/salt ATPSs[35, 36].
The present work is devoted to obtaining the phase equilibria
of five poly (ethylene glycol) (PEG) - sodium dihydrogen
phosphate, ATPSs at different temperatures (298.15,
308.15 and 318.15 K). Also, phase equilibrium data
of PEG1000 (and 6000) + NaH,PO4 + water [37] are both
for reliability of the data and to compare the accuracy
of the data, has also been used. After that, the system
was modeled using a combination of artificial intelligence
approaches, the scope being to determine the optimal
model that can efficiently capture the dynamic of the
system and can provide accurate predictions for different
combinations of parameters, thus eliminating the need
to manually select an acceptable thermodynamic model.
The present approach consists in: i) a neuro-evolutive
technique combining ANNs with Differential Evolution (DE)
algorithm; ii) Support Vector Machines (SVM);
and iii) SVM optimized with DE. A comparison between
the three approaches was performed, and the variant
generating the best predictions was considered.

In this work, the ANNs and SVMs were chosen
as alternatives to the standard thermodynamic models
because the main advantage of efficiently modeling
complex input-output relations without the need of
including the chemical and physical laws that govern the
system. In addition, the two procedures, ANN and SVM,
avoid a series of difficulties associated with
thermodynamic models such as: i) are inaccurate (as the
majority are based on the ideal gas equation of state); ii)
multiple models exists with different efficiencies
and complexities; and iii) choosing the one that provides
a desired level of accuracy is, in fact, a trial — and - error
approach, which does not guarantee that an optimum
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is reached. Many predictions can be made simultaneously
with ANNs or SVMs.

SVM is based on the concept of structural risk
minimization [38]. Origininally, SVMs were developed
as classfiers (as they use hyperplanes to separate data into
clasess) but they were futher extended to also perform
regression [39]. Consequently they were applied to solve
various problems including chemical engineering systems
such as: CO; equilibrium absorption in Piperazine aqueous
solutions [40], aerobic phase length for partial nitrification
processes in lab-scale sequencing batch reactor [41],
polypropylene  fibres  reinforced  self-compacting
composites incorporating nano-CuO [42], saturation
pressure of crude oils [43], clathrate hydrates of methane,
carbon dioxide, nitrogen, and hydrogen + water soluble
organic promoters [44]. The main problem encountered
in SVMs is the influence of the parameters on
its performance and the difficulty in finding the optimal
values [45] . Consequently, in this work, the idea of neuro-
evolution (evolving ANN parameters to find good models)
is adapted to SVMs, DE algorithm being applied to evolve
the SVM parameters.

The novelty of the current study consists in the
experimental analysis of the phase equilibrium behavior of
five PEG - sodium di hydrogen phosphate ATPSs
at different temperatures (298.15 and 308.15 K).
Consequently, the effects of temperature and molecular
weight on the phase behavior of the studied systems
were investigated and the system was modeled using
kto extend the understanding of the inner relations governing
the process and to generate predictions in specific cases,
thus reducing the need for high cost laboratory
experiments and setting the base for reaction optimization.

EXPERIMENTAL SECTION
Materials

To prepare the materials, PEG with averge of 1500,
2000, 3000, 4000, 8000 g mol* were obtained from Merck
(Darmstadt, Germany) and used without further
purification, sodium dihydrogen phosphate (NaH2PO, ,
mass purity > 0.99%). Distilled deionized water
(conductivity = 17.5 ps - cm™) has also been used. All
materials had an analytical grade. All chemicals were dried
for at least 24 h (433.15 K for salts and 313.15 K
for polymers) to eliminate the adsorbed water.
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Fig. 1: Simple graphical representation of cloud point method used to determine the bimodal.

Apparatus and Procedure
Binodal Curve

The cloud-point titration method [32] was used
to obtain the binodal curve. All the devices used in these
experiments were essentially the same as in our previous
works [46-48]. 5 g of a stock solution of PEG into a
25 cm3volume jacketed glass vessel was weighted while
its temperature within £0.05 K has been fixed by water
circulation through an external jacket. Then the vessel
was weighted and a stock solution of salt was added, drop-wise,
until the first sign of turbidity was observed, i.e., the cloud
point. By weighting the amounts of salt and polymer,
the first point on the binodal is obtained. After that,
a known weight of water was added below the cloud point
and the step of adding salt stock solution was repeated.
This method is illustrated graphically in Fig. 1.

Modelling and optimization

In this work, in order to model the considered systems,
three distinct approaches were applied. They consists in: i)
classical SVM; ii) SVM optimized with DE; and iii) ANN
optimized with DE. As the classical SVM does not include
a procedure to automatically set-up its control parameters
and these control parameters influence its performance,
DE was considered as optimizer for SVM (second
approach). In order to determine if SVM (simple,
or in combination with DE) is a good approach
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for the considered process, a combination seldom used
was also employed (the third procedure) as a mean to compare
the predictions.

The DE version used for the two models (cases two and
three) previously mentioned is the same, the only
difference consisting in the length of the individuals that
contain the encoded models. Consequently, the observed
difference in performance of estimations is only due to
the model characteristics and specificity.

Support Vector Machine

Having a set of n examples in the form (X;, Yi) where
Xi represents the input and Y; the output (which in case of
classification is a bipolar label) and using a non-linear
maping 6(), X; is mapped into a high dimensional feature
space F in which the optimum decision function
f(X))=wb(Xi) +b is constructed, where w=(w1, oy, ..., ®n)
is the vector of wheights in F. Using the structural risk

minimization principle, the optimization problem
becomes:
Minimize R = §||w||2 + CRe 1)

where R is the error term and C is the regularization
parameter.

In the standard SVM regression, the optimization
objective is formulated as:
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min J(@,§) = 20’0+ C Xy (& + &) 0
Y, —w0(X) —b < e+§

wd(X)+b—Y <g +¢&

&6 >0,i=1,..,1

Where &;, &/ are slack variables and ¢ is the accuracy.

The solution of the optimization is given by the saddle
point of the Lagrangian and based on the Mercer condition;
the kernels are defined as K(X;, X;) = 6(X)0(X;) [48].
There are several types of kernel functions, the most used
being represented by: linear, polynomial and radial basis
function (RBF).

The parameters of the SVM which control its
performance include C, the kernel type and its parameters.
As there is no systematic manner to determine them, in this
work, two approaches were performed. First, the SVM
is run with the classical settings specific to the SVM library.
Second, all the possible parameters are encoded into
individuals which are evolved by an Evolutionary
Algorithm (EA), called Differential Evolution (DE). DE is
based on the Darwinian principle of evolution and
performed a global serch by employing mutation crossover
and selection for a number of iterations until a stop
criterion is reached.

For both SVM and ANN parameters, the same DE
variant was used. It was first proposed in [49] and
represented a hybridization of DE in combination with
ANNs (hSADE-NN approach). Although initially applied
on the depollution of some volatile compounds, due to
the flexibility of the approach, it can be efficiently used to any
problem that can be sufficiently described by a set of
experimental data [50, 51]. In the hybridized DE version:
i) initialization uses the principle of opposition based
learning; ii) mutation uses 2 differential terms and it is
based on the best so far individual; iii) a local search
procedure, combining Backpropogation (BK) and Local
Search (LS) algorithms, is applied to the best solution.
More details about the motivation and inner workings
of the hRSADE-NN approach can be found in [49].

Since in this work DE is combined with both SVM
(denoted SVM-DE) and ANN (denoted ANN-DE) and
since the application of BK is only possible for ANNs,
the local improvement procedure is modified to include only
LS. In this manner, a comparison between the DE-SVM
and DE-ANN combinations will show the efficiency of DE
in providing good parameters.
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Artificial Neural Networks

The ANNSs have the capability of modelling any type
of relation. However, their optimal parameters are
difficult to set and, consequently, in this work,
the training and identification of the best architecture
is performed with an evolutionary algorithm named DE.
The combination of ANNs with EAs is called neuro-
evolution and the literature shows that it can efficiently
be used for various problems, the range of applicability
being large. Examples include: Cu(ll) removal [51],
PVC/clay nanocomposite foams [53], fault diagnosis
[54]. The major disadvantage of neuro-evolution is its
computational cost wich is closely related to the
effectiveness of the EA used [55]. Consequently,
this work uses an improved variant of the DE algorithm,
the same applied to evolve the SVM parameters. In order
to determine an optimal ANNs for the process studied,
the individuals are structures containing the following
ANNSs parameters: number of hidden layers, number of
neurons in each hidden layer, wheights, biases
and activation functions (type and parameters). As it
can be observed, DE simulatenously performs the training
and the topology determination. In the majority of
cases, the activation function type is set per layer, but
in this case, each neuron can have one from the
following list of activation functions: Linear, Hard
Limit, Bipolar Sigmoid, Logarithmic Sigmoid, Tangent
Sigmoid, Sinus, Radial Basis with a fixed centre at 0,
and Triangular Basis functions. The main difference
between the DE-SVM and DE-ANN combination
is represented by the number, type and meaning
of parameters included in the evolutionary process.

A general schema of the modelling procedure
is provided in Fig. 2, where Model can be represented
by either SVM or ANN. In case of SVM, the parameters
considered include: the SVM type (U-SVR, &-SVR), kernel
type (linear, polynomial, RBF and sigmoid), degree
(applicable only for polynomial kernel type), v
(a coefficient of polynomial and sigmoid kernels) and C,
the cost parameter. DE encodes all these parameters into
a vector containing real values and when computing
the fitness in order to determine the performance indicators,
only the necessary parameters are extracted to construct
the SVM. In this work, the SVM module is represented
by the LIBSVM library [52], which was integrated
into the DE procedure.
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Fig. 2: General schema of the modelling procedure.

The weight fraction of polymer was modelled
as function of weight fraction of salt, PEG molecular weight
and temperature. The choice of these variables is based on
their importance in polymer-salt ATPS design.

RESULT AND DISCUTION
Binodal Curve

The binodal experimental data plotted in Fig. 3 are shown
in Table 1.

Effect of Molecular Weight on the Binodal Curve
According to Table 1 and Figs. 3 and 4, as the PEG
molecular weight is increased, the binodal curves shift
to lower PEG concentration. For the studied systems,
the effect of polymer molecular weight on increasing the
two-phase region follows the order: 8000 > 4000 > 3000 >
2000 > 1500. For complete comparison and investigation
of the effect of polymer molecular weight, the binodal
curve of the PEG1000(and 6000) + NaH,PO, + water [37]
are also shown in Fig. 3. This is because the solubility of
PEG in water decreases with increasing PEG molecular weight.
In fact, at high PEG molecular weights, the PEG-rich phase
saturates at relatively low PEG concentrations, because
the size of PEG molecules is quite large. This trend is
in agreement with other experimental results [37, 46, 47,53-55].

Effect of Temperature on the Binodal Curve

As shown in Table 1 and Fig. 5, as the temperature
rises, an increase of the PEG concentration in the top phase
and a decrease of the salt concentration in the bottom phase
were observed. The increase of the two-phase region with
increasing temperature has also been observed in previous
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works [37, 46, 47, 53-56]. When the temperature increases,
the attraction between the PEG molecules increases and,
therefore, with increasing temperature, the attraction
between the PEG and the water molecules will decrease
in the PEG-rich region.

Modeling Results

In order to model the process, three approaches
were considered: i) SVM, ii) SVM-DE; and iii) ANN-DE.
These combinations were implemented in Visual Studio.
NET Framework 4.0 (C# environment) and the simulations
run on a desktop computer with Pentium 4 Dual Core and
250 GB SSD. From the dataset including 266 exemplars,
200 were randomly chosen to be used in the training phase
and 66 in the testing phase. This splitting and random
assignation to the two classes is valid for all the three
approaches.

Due to the intrinsic nature of the DE algorithm,
the variants that use it to determine the optimal values
for the parameters (ANN-DE and SVM-DE) are repeated
50 times. In all three cases, the results obtained are presented
in Table 2, where Fitness is invers proportional with mean
squared error (MSE) testing and represents the measure of
performance used internally to guide the DE evolution
and to identify the optimal control parameters. R? represents
the coefficient of determination. The DE parameters used
were: number of generations = 200, individuals in the
population = 50. The F and Cr parameters of the DE
algorithm were internally set through the process of
self-adaptability, their limits being between 0 and 1.

As it can be observed, the best model is the one based
on SVM and DE because it has the highest fitness and
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Table 1: Binodal curve data of the poly (ethylene glycols) (1500, 2000, 3000, 4000 and 8000)+ sodium di hydrogen

phosphate + water system at (298.15 and 308.15) K and 0.1 MPa.

4 PEG1000+NaH.PO, [37] PEG1500+ NaH,PO, )
298.15K 308.15K 298.15K 308.15K

Wy Wp Wy Wp Wy Wp Ws Wp
30.86 0.39 26.63 1.15 6.59 31.03 6.57 31.23
28.87 0.70 25.29 1.87 6.83 30.26 6.89 30.46
25.95 1.61 23.69 2.88 7.01 29.44 7.11 29.16
24.89 2.59 22.32 4.05 14.29 13.45 14.31 13.56
23.20 3.94 22.07 4.30 14.59 12.69 14.59 12.56
21.57 5.70 21.70 4.71 14.78 12.27 14.55 12.27
19.86 7.98 21.14 5.36 17.21 8.61 17.14 8.61
18.00 10.75 20.31 6.40 17.54 8.02 17.30 7.89
16.29 13.24 19.73 7.21 17.88 7.83 17.45 7.77
13.70 17.45 19.14 8.06 18.67 6.32 18.29 6.13
12.88 18.79 18.28 9.36 20.02 4.44 19.71 4.14
12.19 19.19 17.34 10.91 20.88 3.74 20.28 3.55
10.52 23.03 16.41 12.5 21.01 3.44 20.77 3.12
8.64 26.86 14.63 15.57 21.21 2.52
7.22 30.72 13.11 18.41
5.96 33.88 12.73 19.76
4.86 37.27 11.18 22.06
4.05 39.94 9.98 24.53
3.29 42.65 8.76 27.26
2.63 45.00 7.22 31.12
2.08 47.73 5.99 34.65

4.75 38.86

3.45 43.31

2.58 46.76

2.02 49.61

PEG2000+ NaH,PO, PEG3000+ NaH,PO,
298.15K 308.15K 298.15K 308.15K
Wy Wy Wy Wp Wy Wp Ws Wp
6.29 28.55 6.01 28.17 6.25 27.99 5.63 28.87
6.72 27.12 6.44 27.29 6.39 27.43 5.82 28.37
\_ 6.99 26.56 6.56 27.01 6.66 26.55 5.94 28.03 )
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Table 1: Binodal curve data of the poly (ethylene glycols) (1500, 2000, 3000, 4000 and 8000)+ sodium di hydrogen

phosphate + water system at (298.15 and 308.15) K and 0.1 MPa.

a2y 12.41 13.12 13.26 12.84 13.21 8.90 2012 )
14.54 11.63 13.21 13.06 13.00 13.00 9.45 18.76
14.72 11.29 13.31 12.83 13.06 12.82 9.87 18.03
17.11 751 15.95 8.42 15.50 8.45 10.21 17.06
17.45 7.02 16.08 8.26 15.55 8.38 11.76 14.15
17.56 6.81 16.14 8.14 15.59 8.33 11.95 13.77
18.80 5.14 16.57 7.64 16.94 6.17 13.01 11.73
18.93 4.96 17.43 6.24 16.89 6.10 13.28 11.06
18.98 4.86 17.93 553 16.92 6.08 15.80 7.10
19.02 481 18.02 5.46 16.91 6.05 16.33 6.21
18.61 4.45 17.81 4.80 16.96 5.12
17.82 473 18.04 3.66
17.84 469
18.45 3.89
18.54 3.77
18.55 3.69
19.09 3.15
19.18 3.05
19.29 2.92
19.72 2.57
19.89 2.41
PEG4000+NaH,PO, PEG6000+ NaH,PO, [37]
298.15K 308.15K 298.15K 308.15K
Wy w,, Wy wp Wy wp Wy Wy,
553 28.77 492 29.57 18.46 0.21 341 37.61
5.73 27.93 5.09 28.99 16.31 15 2.86 40.57
5.76 27.83 5.21 28.54 15.23 2.83 2.27 43.78
11.2 13.91 8.99 17.26 14.19 468 14.99 0.27
11.28 13.73 9.11 17.02 13.69 5.62 14.36 0.52
11.31 13.62 9.21 16.79 12.99 72 13.32 1.35
13.72 8.99 10.95 13.23 12.03 9.26 1251 2.55
13.74 8.90 11.04 13.00 10.99 11.63 11.54 456
13.73 8.86 11.15 12.74 9.93 14.17 10.75 6.65
\_ 14% 6.60 12.49 0.88 9.04 16.51 9.93 894 )
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Table 1: Binodal curve data of the poly (ethylene glycols) (1500, 2000, 3000, 4000 and 8000)+ sodium di hydrogen
phosphate + water system at (298.15 and 308.15) K and 0.1 MPa.

4 14. 96 6.58 12.75 9.48 8.19 18.94 9.15 11.31 N
14.97 6.57 12.99 9.11 7.46 21.26 8.19 14.34
15.92 511 14.54 6.33 6.15 255 7.18 17.92
15.94 5.08 14.76 5.90 5.01 30.22 6.68 20.28
15.90 5.07 15.57 471 414 33.86 6.06 22.95
16.47 4.22 16.02 3.97 5.39 26.18
16.49 418 4.79 29.02
16.52 4.15 41 32.97
16.98 354 3.44 36.95
17.00 3.52 2.87 41.23
17.03 351 2.53 44.12
17.44 3.06
17.47 3.01
17.50 3.00

PEG8000+ NaH,PO,
298.15K 308.15K

Wy Wp wg wp
433 30.11 3.46 31.83
4.46 29.58 3.62 30.56
4.64 28.79 3.78 29.77
8.41 13.54 6.94 14.72
8.52 13.35 7.05 14.58
10.07 9.5 7.17 14.25
10.13 9.38 8.8 9.27
10.14 9.21 9 8.91
11.28 571 9.17 8.41
11.68 4.84 10.57 5.07
12.04 411 10.78 4.75
12.09 401 11.04 4.08
12.56 3.35 11.9 2.25
12.55 3.09 12.13 1.83
12.91 2.56 12.32 141
12.93 2.46

13.12 2.19

\_ 13.25 2.07 ),

Standard uncertainties: u (w;) =0.02; u (T) = 0.05 K; u (pH) = 0.01 and u (P) = 5 kPa.
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Fig. 3: The experimental binodal curves of the aqueous
PEG1000 (+)[37],PEG1500(= ), PEG2000( ®),PEG3000( *),
PEG4000( ©), PEG6000(*)[37],PEG 8000(*)+ NaH2PO4
two-phase system at 298.15K.
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Fig. 4: The experimental binodal curves of the aqueous

PEG1000 (1)[37],PEG1500( = ), PEG2000( ™),PEG3000( +),
PEG4000( ©), PEG6000(*)[37],PEG 8000(*)+ NaH2PO4
two-phase system at 308.15K.
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Fig. 5: The experimental binodal curves of the aqueous
PEG1500, PEG 8000 + NaH2POs two-phase system at different
temperatures (298.15 and 308.15K ).
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the lowest MSE in both training and testing phases. A further
anaysis of the best results obtained with each method
indicates that the same trend is kept for average absolute
error, in the testing phase the following errors beeing
obtained: 29.85% (SVM), 12.99% (ANN-DE) and 6.71%
(SVM-DE). Fig. 6 presents a point by point comparison
between predictions generated by the three approaches
for the testing set and the experimental data.

The analysis of Table 2 indicates two aspects:

i) The use of DE for parameter determination
considerably improves the performance of SVM. This is
due to the fact that DE adapts the landscape of the search
space and identifyes the near optimum position
(combination of parameters). In contrast, the manual
set-up does not guarantee finding a good solution and,
in addition, it is computationally costly, as there are
a multitude of parameters that can be tested.

ii) DE provided better parameters when is in
combination with SVM than with ANNs. This can be explained
by two factors: a) in this case, SVM has a better
generalization capability; b) the number of parameters
to optimized for ANNs were 3 x 20 + 20 x 1 + 3 x 24 = 144,
while for SVM, the total number of parameters
to optimized was 12; consequently, for ANNS, the search
space beeing bigger, more computational resources
are required to find the optimum.

CONCLUSIONS

The main objective of this study was the development
and construction of a model that faithfully predicts
the phase equilibria of seven PEG- sodium dihydrogen
phosphate salt ATPSs. For this purpose, new expremental
LLE data for five ATPSs containing sodium dihydrogen
phosphate and poly (ethylene glycols) (PEG) (1500, 2000,
3000, 4000 and 8000) have been determined at different
temperatures (298.15 and 308.15 K). PEG1000( or 6000)
+ NaHPO, + water [37] were used as to indicated
the reliability of the new data and to compare its accuracy.
The main trend observed is that with the increase of
temperature and molecular mass, the two-phase region
increases. In order to model the system, three cases
were considered: SVM, SVM-DE and ANN-DE. As to have
a reliable comparison, for the SVM-DE and ANN-DE,
the same DE version with the same parameters was used.
The simulation data indicated that the use of DE for parameter
estimation improves performance and that SVM-DE
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Table 2: Centralized results obtained with the 3 modelling approaches.

Vol. 39, No. 6, 2020

/Approach Fitness MSE training MSE testing R? training R? testing \
Best 884.28 1.13E-03 2.51E-03 0.9897 0.9912
ANN-DE Worst 194.01 5.15E-03 1.18E-03 0.6381 0.4183
Average 417.468 2.65E-03 5.51E-03 0.8027 0.7535
Best 2962.391 3.38E-04 3.19E-04 0.9984 0.9983
SVM-DE Worst 2739.599 3.65E-04 2.83E-04 0.9985 0.9983
Average 2834.884 3.53E-04 3.06E-04 0.9984 0.9993
\_ SWM 4.96E-03 4.99E-03 0.9840 09808
50 [3] Zaveckas M, Zvirbliene A., Zvirblis A.,
45 | | T Sxpermental Chmieliauskaite V., Bumelis V., Pesliakas H., Effect
40 AV of Surface Histidine Mutations and Their Number on
% the Partitioning and Refolding of Recombinant
30 . .
§ 2 Human Granulocyte-Colony Stimulating Factor
20 (Cysl7Ser) in Aqueous Two-Phase Systems
15 _ L Containing Chelated Metal lons, J. Chromatography
10 4 B., 852(1-2): 409-419 (2007).
z v vV ’ v [4] Shahbaz Mohamadia H., Omidinia E., Purification
0 20 40 60 of Recombinant Phenylalanine Dehydrogenase
Exemplars by Partitioning in Aqueous Two-Phase Systems,

Fig. 6: Comparison between the predictions generated by the three
approaches and the experimental data for the testing set.

provides the best results, its predictions beeing in close
agreement with the experimental data. The average
absolute error of SVM-DE for the testing dataset is 6.71%,
which, for the considered process, is in an aceptable
interval.
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