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Abstract The liquid density of imidazolium-based ionic liquids has been estimated
using a combined method that includes an artificial neural network and a simple group
contribution method. A total of 1736 data points of density at several temperatures
and pressures, corresponding to 131 ionic liquids, have been used to train the neural
network developed with particle swarm optimization. To discriminate among the dif-
ferent substances, the molar mass and the structure of the molecule were given as input
variables. Then, new values of density as a function of temperature and pressure for
33 other ionic liquids (426 data points) have been predicted and the results compared
to experimental data from the literature. The results show that the chosen artificial
neural network with particle swarm optimization and the group contribution method
represent an excellent alternative for the estimation of the liquid density of imidazoli-
um-based ionic liquids with acceptable accuracy (AARD=0.44; R? = 0.9934), for a
wide range of temperatures and pressures (258 K to 393 K and 99 kPa to 206,940 kPa).

Keywords Artificial neural networks - Group contribution method - Tonic liquids -
Liquid density - Particle swarm optimization

1 Introduction

Tonic liquids (ILs) have been the object of increasing attention due to their unique
physicochemical properties such as high thermal stability, large liquidus range, high
ionic conductivity, high solvating capacity, negligible vapor pressure, and nonflamma-
bility that make them ideal solvents for green chemistry and clean synthesis [1]. ILs
are organic salts composed of cations and anions that are liquid at conditions around
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room temperature [2]. The most commonly used cation in room-temperature ionic
liquids (RILs) is dialkylimidazolium [3]. Moreover, in recent years, 1-alkyl-3-meth-
ylimidazolium ([C, mim] ™) ILs have been intensively studied [4].

The liquid density (p) is probably the most measured property of ILs [5,6]. One
reason is that its determination is straightforward and can be very accurate if the
appropriate equipment, usually a pycnometer or densimeter, is used [7,8]. Density is a
physical property required in several design problems and in liquid metering calcula-
tions [5,9]. The reported densities of ILs vary between 1.12g-cm™ and 2.4 g-cm™>
[5,7].

Imidazolium-based ionic liquids (MIM-ILs) have some special characteristics that
make them suitable for uses in bioprocesses [10]. The design of equipment such as
condensers, reboilers, liquid/liquid two-phase mixer-settler units, sizing of storage ves-
sels, calculation of tower heights, and material and energy balances involving liquids
and vapor-liquid and liquid-liquid separation processes, all require accurate values
of liquid density [5].

There exist a great variety of analytical expressions that allow correlation and pre-
diction of the density of liquids. Such expressions are usually based on the use of
adjustable parameters for each fluid (correlations), on the corresponding-states princi-
ple, and on semi-empirical and predictive methods with the group contribution method
(GCM) [5].

Among the classical proposals presented in the literature, the approach developed
by Lydersen [11] is perhaps the most widely used GCM to estimate critical proper-
ties. Later, Joback and Reid [12] developed a method that is frequently mentioned in
the literature and used in several applications. In all these methods, the property of a
compound is calculated by summing up the contributions of certain defined groups of
atoms, considering at the same time the number frequency of each group occurring in
the molecule.

Several authors use these concepts of GCM to calculate the density of diverse sub-
stances [13—18]; however, in these works, the authors do not incorporate ILs. Recently,
Ye and Shreeve [19] proposed a group activity method for the estimation of densities
of RILs and salts. They estimated the density of a small range of ILs with good accu-
racy, but its application is restricted to 298.15 K and atmospheric pressure. Gardas and
Coutinho [9] proposed an extension of the Ye and Shreeve GCM [19] for the estima-
tion of densities of ILs. The new version presented allows the estimation of densities
in wide ranges of temperature and pressure, but only for a small range of ILs.

Concerning the computational applications to the study of ILs, several publications
demonstrate the general suitability of these methods to calculate several properties.
Palomar and co-workers [6] predicted the specific density and molar liquid volume of
40 imidazolium-based ionic liquids at 298 K using the COSMO-RS method.

The aforementioned group contribution methods use linear and nonlinear regres-
sion techniques to represent the relations among the variables of a given system. The
relationship between the physical and thermodynamic properties is highly nonlinear,
and consequently an artificial neural network (ANN) can be a suitable alternative to
model the underlying thermodynamic properties. ANN is an especially efficient algo-
rithm to approximate any function with a finite number of discontinuities by learning
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the relationships between input and output vectors [20]. Thus, ANN is an appropriate
technique to model the nonlinear behavior of thermophysical properties [5,21].

Taskinen and Yliruusi [22] presented a complete list of properties that have been
analyzed in the literature using different approaches of artificial neural networks.
Properties such as boiling point, critical temperature, critical pressure, vapor pressure,
heat capacity, enthalpy of sublimation, heat of vaporization, density, surface tension,
viscosity, thermal conductivity, and acentric factor, among others, were thoroughly
reviewed. Applications of neural networks to mixture properties (PTV properties,
vapor-liquid equilibrium, activity coefficients) have been also presented in other pub-
lications [23,24]. To the best of the author’s knowledge, there is no application for
liquid density as a function of the temperature and pressure, p(7, P), such as the
one presented here, and certainly there is no publication on the prediction of these
properties for imidazolium-based ILs using ANN.

In this work p (7, P) of MIM-ILs has been correlated and predicted using a sim-
ple GCM implemented in an ANN replacing standard backpropagation with particle
swarm optimization (PSO), which is one of the most recently developed evolutionary
algorithms [25].

2 Neural Network Used

Many models of neural networks have been used in the estimate of thermodynamic
properties [26-28]. In this work, a typical three-layer feedforward neural network
was used, which is very effective for representing nonlinear relationships among vari-
ables. The network was programmed with the software MATLAB Version 6.5.0 [29]
and consists of an input layer, a hidden layer, and an output layer, connected by weight
and bias that quantify the influence of each fact and of each variable. There are two
main states in the operation of a neural network: the learning and the validation. The
learning or training is the process for which a neural network modifies the weights in
answer to entrance information [5,21,24].

This ANN program considers the reading of the necessary data organized in an
Excel file: p(T, P) experimental data of MIM-ILs are used to train the network. To
distinguish between the different physical and chemical properties of the substances
considered in this study, so the network can discriminate and learn in optimum form,
the following properties are considered: the molecular mass M (size) and the struc-
ture of the molecules, represented by the number of well-defined groups forming the
molecule, are provided as variables.

The input layer contains one neuron (node) for each variable. The output layer has
one node generating the scaled estimated value of the p. The number of hidden neu-
rons needs to be sufficient to ensure that the information contained in the data utilized
for training the network is adequately represented. There is no specific approach to
determine the number of neurons of the hidden layer; many alternative combinations
are possible. The optimum number of neurons was determined by adding neurons
in systematic form during the learning process. The ANN was trained with particle
swarm optimization [30]. Some researchers have used PSO to train neural networks
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and found that PSO-based ANN has a better training performance, faster convergence
rate, and a better predicting ability than the standard backpropagation algorithm [31].

PSO is a population-based optimization tool, where the system is initialized with a
population of random particles and the algorithm searches for optima by updating gen-
erations [32]. In a PSO system, each particle is “flown” through the multidimensional
search space, adjusting its position in search space according to its own experience
and that of neighboring particles. The particle therefore makes use of the best position
encountered by itself and that of its neighbors to position itself toward an optimal solu-
tion. The performance of each particle is evaluated using a predefined fitness function,
which encapsulates the characteristics of the optimization problem [31].

In each iteration, the velocity for each particle is calculated according to the fol-
lowing formula:

vi(t+ 1) =wu (@) +a; (pi —x;()) + a2 (pg — xi (1)) (D

where ¢ is the current step number, w is the inertia weight, o1 and « are the accel-
eration constants, x; (¢) is the current position of the particle, p; is the best solution
that this particle has reached, and pg is the best solution that all the particles have
reached. In general, the value of each component in v can be restricted to the range
[—vmax, Ymax] to control excessive roaming of particles outside the search space [32].
After calculating the velocity, the new position of every particle is

xi(t+1)=x;@)+vi(t+1) )

The PSO algorithm performs repeated applications of the update equations above until
a specified number of iterations have been exceeded, or until the velocity updates are
close to zero.

The total steps to calculate the output parameter (p), using the input parameters,
were as follows [5,21,24]:

The net inputs (N) are calculated for the hidden neurons coming from the input
neurons. For a hidden neuron

n
Ni=>"whpi + b 3)
i

where p corresponds to the vector of the inputs of the training, j is the hidden neuron,
w;; is the weight of the connection among the input neurons with the hidden layer,
and the term b; corresponds to the bias of the neuron j of the hidden layer, reached
in its activation. Starting from these inputs, the outputs (y) of the hidden neurons are
calculated, using a transfer function f” associated with the neurons of this layer;

y;' = f}l (Z wlhjpi +b?) )
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Similar calculations are carried out to obtain the results of each neuron of the following
layer until the output layer is reached.

To minimize the error, the transfer function f should be differentiable. In the ANN,
two types of transfer functions were used: the hyperbolic tangent function (fansig) in
the hidden layer, defined by the equation

N eNik — e~ Nijk 5
FWNit) = N &)
and the linear function (purelin) in the output layer, defined as

f (Njk) = (Njx) ©6)

All the neurons of the ANN have an associated activation value for a given input
pattern, and the algorithm continues finding the error that is presented for each neu-
ron, except those of the input layer. After finding the output values, the weights of all
layers of the network are actualized by PSO, using Eqgs. 1 and 2.

Figure 1 presents a block diagram of the program developed and written in MatLab
M-file.

3 Data Used and Training

In this study, 1736 experimental data points for 131 MIM-ILs were used to train
the ANN+PSO, introducing as entrance parameters temperature (7'), pressure (P),
molecular mass (M), and the structural groups that form the molecules. The output
parameter is the liquid density (p). Table 1 shows the 30 groups used as entrance
variables. The value associated to the structural group was defined as: 0, when the
group does not appear in the substance and n, when the group appears n times in
the substance. For instance, for 1-propyl-3-methylimidazolium hexafluorophosphate,
besides the data points (7, P), the property data are M = 270.2kg - kmol~! and the
structure of the molecule [-CH3]=2, [-CH2-]=2, [=CH-(ring)]=3, [>N-(ring)]=1,
[=N-(ring)]=1, [-P]=1, and [-F]=6. Table 2 shows the properties for all ILs consid-
ered in the study. The heterogeneous set of MIM-ILs includes cations of mono-, di-,
and tri-imidazolium and anions such as halides, pseudohalides, sulfates, sulfonates,
tosylates, imides, amides, borates, phosphates, carboxylates, triflates, trifluoracetates,
and metal complexes.

All data chosen correspond to those claimed by the authors as being experimen-
tally determined. Data available in the literature obtained from theoretical methods,
correlations, or extrapolations of any kind were not considered. Also, data for which
the authors themselves indicate that accuracy is not guaranteed for any reason (pres-
ence of impurities, instability of the fluid, or problems with the equipment) were not
considered.

As seen in Table 2, p(T, P) properties cover wide ranges: 273 K to 393K for the
temperature, 99 kPa to 206,940 kPa for the pressure, and 983kg-m~3t0 2,151 kg-m—3
for p. In addition, the ILs included in the study have very different physical and
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Reading of the necessary data:

p(T,P) for each substance and the independent properties
(T, P, M, and Structural Groups)

Normalization of data and transformation

\J

Definition of the net architecture
(number of hidden layers and neurons)

\

Build Neural Network Model: training and
validation

e Feedforward Neural Network

e Hidden layer: fansig transfer function

e Output layer: purelin transfer function

® Algorithm: Particle Swarm Optimization

\J

Optimum weights and bias for correlation and validation

l

Reading of new data (7, P, M, Structural Groups) of the
new substance to predict p

\2
Normalization of the validation data
\2

Prediction of density for the new substances

\’

String of the predicted data for analysis p(7.P)

Fig. 1 Flow diagram for the ANN+PSO program developed for this work

chemical characteristics. Low molecular mass substances such as 1-methylimidazo-
lium chloride (M = 119) to high molecular mass substances such as [C9(bim)2]
[dTf2N], with M = 935, were considered. Thus, the problem is not straightforward
and probably is one of the reasons why the liquid density for MIM-ILs has not been
treated using ANN as proposed in this paper.
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Table 1 Groups considered in

the ANN method for MIM-ILs ~ Suuctural groups

Non-ring -S- [>S-1T [>S <]t
—CHj3 -SOp—

—CHjp- -BH

>CH- —Al

>C< [>C-]™ -Ga

-OH —In

-0- [-0]~ —Fe

—-COO- With ring
[-N-]7 >N-[>N <]t =CH-

-CN >C<

-NO, =C<

-F [-F~ -0-

—Cl [-C1~ >C=0

-Br -NH-

-P [>P-]T [>P<]t >N- [> N <]t
-B -N= [>N=]*

This work used a leave-20 %-out cross-validation method to estimate the predictive
capabilities of the model [5]. Training and prediction sets were selected randomly, with
the consideration that in the group contribution methods, the molecules are decom-
posed into fragments and all fragments that are present with adequate frequency are
in the training database.

Once the training was successfully done and the optimum network architecture was
determined, new input data (7', P, M, and structural groups) of 33 ionic liquids (426
data points) not used in the training process were fed to the ANN and the liquid density
was predicted at several temperatures and pressures.

Several network architectures were tested to select the most accurate scheme. Since
no additional information about the recommended number of neurons has been found
for the calculation of properties for any type of substances, the optimum number of
neurons was determined by trial and error [5,24]. Figure 2 shows the average abso-
lute relative deviation (AAR D) found in correlating p of all MIM-ILs as a function
of the number of neurons in the hidden layer. As observed in the figure, the opti-
mum number of neurons in the hidden layer is between 5 and 7. The network that
gave the lowest deviation during training was one with 33 parameters in the input
layer, 6 neurons in the hidden layer, and one neuron in the output layer. For this
architecture, the average deviation during training is 0.43 % and during prediction is
0.49 %.

The accuracy of the chosen final network was checked using the AAR D between
the calculated value (calc) of p and the experimental data (exp) from the literature.
The deviations were calculated as:

exp

pcalc —p
PEXP

N
100
AARD = ~ Z

i=1

(N
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AARD

0 ‘ - : ‘ ‘ ‘ ‘ ‘
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Neurons in the hidden layer

Fig.2 Average absolute deviation (in %) found in correlating the liquid density of all ILs as a function of
the number of neurons in the hidden layer: () during training and (H) during prediction

Table 3 Overall minimum, maximum, and average deviations for the calculated liquid density for all
MIM-ILs using the ANN+PSO model

ANN model Training set Prediction set Total set

Experimental data

No. ionic liquids 131 33 164

No. data points 1736 426 2162
Deviations

AAR Dy, (%) 0.00 0.00 0.00

AARDmax (%) 6.58 6.51 6.58
AARD (%) 0.43 0.49 0.44

No. AARD <5% 1732 424 2156

No. AARD > 10% 0 0 0

4 Results and Discussion

Table 2 presents the results of the method for each ionic liquid used in this study.
The last column in the table shows these deviations. The results were calculated using
Eq. 7. Also shown at the end of Table 2 are the deviations for the 33 MIM-ILs used to
check the prediction capabilities of the trained network. As observed in the table, the
deviations for these ILs are within the same ranges found during training.

Table 3 shows the overall minimum, maximum, and average deviations calculated
by Eq. 7, for all MIM-ILs using the proposed network 33-6-1. The results show that
the ANN +PSO model can be accurately trained and that the chosen topology can esti-
mate the liquid density of ILs at several temperatures and pressures with accuracy and
give lower deviations than other models available in the literature (AARD less than
0.43 % for the 1736 data points used in the training and AARD less than 0.49 % for
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Table 4 Optimum weight and biases for the ANN 33-6-1

Input wi 1 2 3 4 5 6
T (K) 1 0.4628 0.2631 0.3654 0.4712 0.4168 0.0126
P (kPa) 2 —1.2532 —0.5468 —0.7770 —1.2951 —1.1447 0.0452
M 3 —1.5742 —1.0731 0.6360 —0.9130 0.2144 —0.2154
—CH3 4 —0.7404 0.2173 —2.0378 —1.1929 —2.3124 —0.2181
—CHp— 5 —2.9001 —0.0164 —2.3218 —3.2172 —5.8168 0.1720
>CH- 6 —0.0182 0.2022 —0.1040 —0.0048 0.1822 —0.2081
>C< 7 —0.0920 0.2367 —0.3520 —0.2229 —0.5341 —0.1508
-OH 8 0.2387 —0.2235 0.0906 0.2595 0.1500 0.2540
-O- 9 —0.0129 0.0702 0.4677 0.0104 0.7799 0.1391
-COO- 10 —1.1049 —0.3481 —0.1979 —0.7036 1.6544 0.1315
>N- 11 0.2865 0.6445 1.9268 —0.2154 0.7301 1.1587
—-CN 12 —0.9153 0.1206 0.3014 —0.7829 —0.1732 0.0613
-NO, 13 0.7113 —0.0057 —0.4281 0.3568 0.3676 —0.1794
-F 14 0.4542 —0.0812 0.4305 0.4198 0.8333 0.1180
—Cl 15 0.3853 0.3370 —0.4736 0.3573 1.1915 —0.0223
—Br 16 0.2433 —1.1714 0.0106 0.4393 0.6094 0.1011
P 17 0.6005 0.5496 0.0162 0.5828 0.9064 —0.4704
-B 18 0.5427 0.2680 —0.7818 0.5047 2.5040 —0.2106
-S- 19 —0.1175 0.2942 —0.7969 —0.2307 0.1382 —0.2808
-SO,— 20 —0.4012 —0.1745 0.2348 —0.3069 2.0618 0.0902
=CH- 21 0.8832 1.3496 0.9699 0.2236 —0.4437 —0.3323
>C< 22 —0.3491 —0.1937 0.1637 —0.4709 —0.1681 0.0281
=C< 23 —1.8068 —0.7329 —0.0061 —1.5351 —1.3384 0.2518
-O- 24 0.1711 —0.6106 —0.1732 0.9701 —0.2492 —0.2290
>C=0 25 0.4850 0.3449 —0.5231 0.2743 —0.2692 0.0477
—NH- 26 0.4350 0.1869 0.0821 0.0126 —0.2680 0.0330
>N- 27 1.5526 —0.1628 0.8947 1.7112 0.2855 0.1521
=N- 28 0.1674 0.1110 0.6783 0.1777 0.1799 0.3369
-BH 29 0.1240 0.1353 0.0419 —0.0209 0.6915 0.3579
—Al 30 0.3208 —0.3135 —0.7804 0.4159 —0.7273 —0.2415
-Ga 31 0.8353 0.1490 0.3629 0.5388 —0.2831 —0.2346
—In 32 0.8616 0.1096 0.3347 0.6140 —0.1089 —0.2753
—Fe 33 0.4424 —0.4519 0.2938 0.0898 —0.1356 0.3013
by 1.1084 —1.1960 —0.0851 —0.0847 —0.9165 1.1919
wy 1 2 3 4 5 6 by
1 1.0632 —0.6390 0.4625 —1.1806 0.4432 —1.1644 0.3743
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Fig. 3 Comparison between experimental and calculated values of liquid density of MIM-ILs: a during
training and b during prediction

the 462 data points in the prediction step). For all data (2162 data points) the AARD
is below 10 %, and for 2156 data points, the AARD is below 5 %.

Note that these deviations are relatively small if one considers the deviations
between some experimental data published in the open literature. Valderrama and
co-authors [33] show the experimental densities that have been published by different
authors for two ionic liquids. Deviations up to 17 % are observed between some values.

Once the architecture was determined, the optimum weights required to carry out
the estimate of p (7', P) for any MIM-ILs were obtained. Table 4 shows the optimum
weight and bias for the ANN 33-6-1.

Figure 3 shows a comparison between experimental (solid line) and calculated
values (circles) by the ANN+PSO model to determine p (7, P). Figure 3a shows a
comparison during training between correlated and literature values of the liquid den-
sity. The correlation coefficient R? is 0.9947. Figure 3b shows a comparison during
prediction between predicted and literature values of p for MIM-ILs. In this case, the
correlation coefficient R? is 0.9883. For the total set, R? is 0.9934. The figure ratifies
the discussion presented above.

5 Conclusions

In this work, the liquid density of imidazolium-based ionic liquids ILs as a function of
temperature and pressure has been correlated and predicted using a simple group con-
tribution method implemented in an artificial neural network replacing the standard
backpropagation algorithm with particle swarm optimization.
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Based on the results and discussion presented in this study, the following main
conclusions are obtained: (i) The great differences in the structure and the chemical
and physical properties of the MIM-ILs considered in the study impose additional
difficulties to the problem that the proposed ANN +PSO model has been able to han-
dle; (ii) The results show that the ANN+PSO model can be properly trained and
that the chosen topology (33-6-1) can estimate the liquid density for MIM-ILs at
several temperatures and pressures with accuracy and with deviations within exper-
imental errors; (iii) The values calculated with the proposed method are believed to
be accurate enough for engineering calculations, for generalized correlations, and for
equation-of-state methods, among other uses.
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