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Abstract: The lower flammability limit (LFL) is one of the most important parameters for evaluating
the fire and explosion hazards of flammable gases or vapors. This study proposed quantitative
structure—property relationship (QSPR) models to predict the LFL of binary hydrocarbon gases from
their molecular structures. Twelve different mixing rules were employed to derive mixture descriptors
for describing the structures characteristics of a series of 181 binary hydrocarbon mixtures. Genetic
algorithm (GA)-based multiple linear regression (MLR) was used to select the most statistically
effective mixture descriptors on the LFL of binary hydrocarbon gases. A total of 12 multilinear
models were obtained based on the different mathematical formulas. The best model, issued from
the norm of the molar contribution formula, was achieved as a six-parameter model. The best model
was then rigorously validated using multiple strategies and further extensively compared to the
previously published model. The results demonstrated the robustness, validity, and satisfactory
predictivity of the proposed model. The applicability domain (AD) of the model was defined as well.
The proposed best model would be expected to present an alternative to predict the LFL values of
existing or new binary hydrocarbon gases, and provide some guidance for prioritizing the design of
safer blended gases with desired properties.

Keywords: lower flammability limit; binary hydrocarbon gases; mixture descriptors; quantitative
structure—property relationship (QSPR)

1. Introduction

The lower flammability limit (LFL), is defined as the minimum volume percentage concentration
in air in which a flammable substance can create a fire or explosion when an ignition source appears [1].
LFL is an important parameter widely used to reflect the flammability hazard of gases and vapors
in the practical industry process. The LFL values of chemicals can be obtained through experimental
tests, literature inquiry and other methods [2-5]. However, although the experimental tests are the
most reliable, accurate and main source of the LFL data used in practice, the lower flammability limits
of various mixtures are always infrequently reported, since the properties of the mixtures are closely
related to their compositions and ratios, which are rather difficult to test one by one. Therefore, it is of
great significance to develop theoretical models for predicting the LFL for mixtures.

There are two main theoretical methods for predicting the lower flammability limit of flammable
mixtures in the literature. One is the theoretical derivation model based on the Le Chatelier equation.
Zhao et al. [6] measured the flammability limits of binary saturated /unsaturated hydrocarbon mixtures.
The validity of Le Chatelier’s law was also evaluated for those fuel mixtures, and a modification of
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this law was developed from the experimental data. The other is the empirical model based on
physicochemical parameters. Ma [7] proposed a methodology based on thermal balance for estimating
the flammability limits of a mixture. This method is equivalent to Le Chatelier’s rule but has increased
flexibility in dealing with various fuel/oxygen/diluents combinations. Although these methods
could provide acceptable prediction results for LFL of mixtures, they also have some obvious defects,
especially the limited applicability domain of the models which are usually only applicable to mixtures
with specific compositions.

A current trend in predicting the physicochemical properties is the use of the quantitative
structure—properties relationship (QSPR) method. QSPR is a mathematical method that relates the
properties of interest to the molecular structures of chemicals which are represented by a variety of
molecular descriptors. In many cases, QSPR techniques have been successfully used for the prediction
of different properties for pure chemicals, which have been extensively reviewed elsewhere [8-14].
However, only a few studies have been completed on QSPR models for mixtures [15-23], due to the
complexity of the structure description of the mixtures. In most studies, the molecular descriptors
for each pure chemical were combined by mole-weighted averaging to derive mixture descriptors.
These mixture descriptors were then correlated to the property of the studied mixtures. As for the
QSPR studies for predicting the lower flammability limit of the mixtures, the involved studies are
scarce. Recently, Wang et al. [18] developed three QSPR models based on the same dataset but with
three different external validation strategies to predict the lower flammability limits of blended gases.
The same mixtures descriptors calculated by mole weighted average using the individual descriptor
values and mole fraction of each component were employed.

The present study aimed to develop new QSPR models for the lower flammability limit of
binary hydrocarbon gases and to evaluate the potential of various mathematical formulas of mixture
descriptors for the development of such models for predicting this property. Also, the most reliable
QSPR model for predicting the lower flammability limit of binary hydrocarbon gases, which are of
industrial importance, would be selected and proposed from only their molecular structures.

2. Materials and Methods

2.1. Data Set

In this study, an extended database obtained by gathering additional data from the literature to
enlarge the data set employed by Wang et al. [24] was used in order to extend the diversity of the
chemicals involved in the mixtures. The new dataset consisting of 181 binary hydrocarbon gases which
was taken from the literature [6,25-28]. A complete list of the detailed compositions of mixtures as well
as the LFL values was presented in Table S1 in the Supporting Information . It comprises 10 different
pure chemicals, which are methane, ethane, propane, butane, isobutane, ethylene, propylene, butylene,
butadiene and acetylene. The lower flammability limit values range from 1.65 to 4.71 vol.% while mole
fractions vary from 0.1 to 0.9. As is well known, with a larger dataset a better predictive model could
be developed, but it is rather difficult to find a larger set of LFL data for hydrocarbon gases mixtures in
the publicly available literature in terms of chemical diversity.

2.2. Molecular Descriptors for Pure Chemicals

Molecular descriptors are defined as numerical characteristics related to the molecular structures
of a chemical component [29,30]. In the present work, the molecular descriptors calculated by the
Dragon 6.0 software (Talete S.r.l., Milano, Italy) were used to characterize the structural features of pure
hydrocarbon [31]. Dragon 6.0 is a sophisticated program for the calculation of molecular descriptors
which can calculate 29 types and 4885 kinds of molecular descriptors which were presented in Table 1.
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Table 1. The types and numbers of descriptors calculated by Dragon 6.0 software.

Type Number Type Number
Constitutional descriptors 43 Ring descriptors 32
Topological indices 75 Walk and path counts 46
Connectivity indices 37 Information indices 48
2D matrix-based descriptors 550 2D autocorrelations 213
Burden eigenvalues 96 P_VSA-like descriptors 45
ETA indices 23 Edge adjacency indices 324
Geometrical descriptors 38 3D matrix-based descriptors 90
3D autocorrelations 80 RDF descriptors 210
3D-MoRSE descriptors 224 WHIM descriptors 114
GETAWAY descriptors 273 Randic molecular profiles 41
Functional group counts 154 Atom-centered fragments 115
Atom-type E-state indices 170 CATS 2D 150
2D Atom Pairs 1596 3D Atom Pairs 36
Charge descriptors 15 Molecular properties 20

Drug-like indices 27

P_VSA: van der Waals surface area having a property P; ETA: extended topochemical atom; RDF: radial distribution
function; MoRSE: molecule representation of structures based on electron diffraction; WHIM: weighted holistic
invariant molecular; CATS: chemically advanced template search.

Firstly, the structures of all pure chemicals were drawn in 2D ChemDraw (PerkinElmer, Waltham,
MA, USA). Then, the drawn structures were optimized using MM+ molecular mechanics force field
by the 3D ChemDraw based on the minimum energy molecular geometries optimized. Subsequently,
geometry optimization was carried out by Materials Studio 2017 software (Dassault Systémes,
San Diego, CA, USA) based on the AM1 semi-empirical method to obtain the stable conformation
with the minimum energy. Afterwards, all the energy minimized structures were ported to Dragon 6.0
software to calculate the corresponding molecular descriptors. In all, a total of 1037 descriptors were
calculated for each chemical in the dataset.

After the calculation of molecular descriptors, the descriptors that stayed constant and near
constant for all studied chemicals were removed from the descriptor pool, because those descriptors
were not encoding the structural differences between chemicals that account for their different lower
flammability limit values. Further reduction of the descriptor pool was attained by examining pairwise
correlations between descriptors, so that only one descriptor was retained from a pair that contributed
similar information (correlation coefficient > 0.90 in this study). Finally, a total set of 93 remaining
descriptors that have significant contributions to the lower flammability limit was obtained.

2.3. Determination of Mixture Descriptors

The definition of mixture descriptors was identified as a critical parameter in existing QSPR
models for mixtures, in particular for properties that can follow a nonlinear trend with the concentration
of each chemical. In the previous work of Gaudin et al. [20], 12 different mixing rules (mathematical
formulas) were employed to calculate the mixture descriptors for the development for QSPR models
to predict the flash points of binary mixtures. Mixture descriptors D were developed by combining
the molecular descriptors (d;) of each chemical, taking into account their respective mole fractions (x;).
The same 12 mixing rules were tested in this study for the development of QSPR models to predict
the lower flammability limits of binary hydrocarbon gases. The 12 formulas can be divided into three
classes: direct combinations, deviation combinations and other combinations. The formulas were
provided in Table 2.
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Table 2. Twelve formulas used for calculation of mixture descriptors.

Mixing Rule Binary Mixtures Equation
Direct combinations

Molar contribution (fmol_sum) D = x1dq + xpd; (1)
Norm of the molar contribution (norm_cont) D = /(x1d1)? + (xod>)? )
Weighted difference (fmol_diff) D = |x1dy — xpdy| €))
Square mole fraction (sqr_fmol) D= x%dl + x%dz 4)
Square-root mole fraction (root_fmol) D = \/x1dy + \/x2d; (5)
Square molar contribution (sqr_fmol_sum) D = (xydy + x2d2)2 (6)

Deviation combinations

mol_dev D= (1-Ax)Ad (7)
sqr_mol_dev D= (1-Ax*)Ad 8)
mol_dev_sqr D=(1- Ax)zAd )

Other combinations
Centroid approach (cent) D= @ (10)
Square of the difference (sqr_diff) D= (d — d2)2 11)
Absolute difference (abs_diff) D = |dy — dy| (12)

2.4. Descriptor Selection and Model Development

One of the most important steps involved in QSPR studies is to select the optimal subset of
descriptors that have significant contribution to the desired property. The well-known genetic
algorithm (GA) is a powerful optimization method for solving this problem [32]. This algorithm
is developed to search for the global optima of solutions, and it has been successfully applied to feature
selection in QSPR studies. In this work, the GA- multiple linear regression (MLR) method, which is a
sophisticated hybrid approach that combines GA with MLR [33], was used to find the optimal subset
of descriptors that can efficiently represent the relationship between molecular structures and the LFL
for binary hydrocarbon gases. The program required to perform GA-MLR in this study was written in
MATLAB (MathWorks, Natick, MA, USA) M-file in our laboratory.

2.5. Model Validation

Model validation is of crucial importance for the developed QSPR models. In this study,
various validation strategies were employed to validate the performance of the developed models for
their fitness, robustness, and predictivity. First, the widely used statistical parameters, the squared
correlation coefficient (R?), the root-mean-square error (RMSE), and the average absolute error (AAE)
were employed for the validation of the fitness of the model. AAE and RMSE are calculated as follows:

n R
AAE = Tz Vi~ ol |le ol (13)

n L 2
RMSE = M (14)

where y; is the experimental value, y, is the predicted value, and # is the number of chemicals in the
data set.

Second, the internal robustness of the models was evaluated by the leave-one-out (LOO)
cross-validation test on the training set [34]. The outcome from such a test is a cross-validated
correlation coefficient, Q%OO, which is calculated according to the following formula:

Z:tmining (y —y )2
Qoo =1 - e =, (15)
1 (vi =)
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where y;, 1, and i were respectively the experimental, predicted, and mean experimental LFL values
of the chemicals in the training set.

The external validation is a significant and necessary validation method used to determine both
the generalization performance and the true predictive capability of the QSPR models for new mixtures.
There are three different validation strategies widely used in the literature, including “points out”,
“mixtures out” and “compounds out”. “Points out” is the prediction of the observed property for any
composition from the dataset, “Mixtures out” is the prediction of the observed property for novel
mixtures which are absent in the training set, and “Compounds out” is the prediction of the observed
property for mixtures formed by novel pure compounds, and these pure compounds are absent in the
training set. Among these three strategies, the “Points out” strategy is applicable if and only if several
mixtures with the same components with different ratios are present in the training set. However,
this method is the easiest and the simplest one, and it will fully reflect the ability of models to predict
existing mixtures with new composition. Thus, in this study, the external validation was carried out
by randomly splitting the available data set into a training set (80% of the dataset) and an external
test set (20% of the dataset) based on the “Points out” partition strategy. The training set is used for
descriptor selection and model development, while the test set is used for model validation. Moreover,
in order to avoid obtaining the QSPR results by chance or obtaining non-general conclusions, all the
developed models were tested on a sufficiently large number of chemicals (20% of the dataset) in the
test sub-sets [35]. The predictive capability of a QSPR model can be judged by an external Q2,, which
is defined as follows: et 5

Q% =1-— i1 (Vi — Yo) (16)

ext — test

i=1 (}/i - ytr)Z,
where y; and y, were the experimental and predicted LFL values of the chemicals in the test set, and v/,,
was the mean experimental LFL values of the chemicals in the training set. Moreover, the rm? metrics
introduced by Roy et al. [36] cold also be used for validation of regression-based QSPR models.
Finally, the Y-randomization test was also employed to further ensure the robustness of the
involved model. The Y-randomization test is also a widely used technique to ensure the model
robustness [37], whereby the performances of the original model in data description are compared to
that of models built for permuted (randomly shuffled) response, based on the original descriptor pool
and the original model building procedure. The process is repeated 50-100 times. If all the randomized
generated models have much lower R? values than that of the original model as expected, and the
difference between R? of the original model and the mean highest random (mhr) R? is higher than 2.3
standard deviation (SD) for significance on the 1% level, higher than 3 SD for the 0.1% level, etc, one
may reasonably conclude that there is no chance correlation in the model development.

2.6. Applicability Domain

According to the Organisation for Economic Co-operation and Development (OECD) principle
3 [38], an applicability domain (AD) should be defined when an acceptable QSPR model is proposed.
It is a valid range to determine whether the new mixtures can be reliably predicted by the developed
model. There are many existing methods for the definition of AD, such as range based, distance based,
geometrical based and probability based methods [39]. In this study, the definition of AD is based
on the leverage values and the cross-validated standardized residuals, which can be depicted in the
Williams plot. It is a scatter plot presenting the investigated chemicals in two dimensions. If the
leverage value (h;) of a mixture is higher than the standard leverage value (h*), it could be regarded as
being out of the application range of the model. If the cross-validated standardized residual is greater
than 3 standard deviation units of the model, the mixture is classified as an outlier. In other words,
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all the data should be in the rectangular area of #* and 3 standard deviation units and the points on the
boundary could be considered acceptable, i; and /* are calculated as follows:

-1
hizzxf(XTx) x (i=1,23,..., 1), (17)

where x; is the descriptor vector of the considered mixture and X is the model matrix derived from the

training set descriptor values.

«_ 3(gt1)

where g is the number of mixture descriptors used in the model, and 7 is the data size of the training set.
3. Results and Discussion

3.1. Comparisons of the Twelve Developed Models

By performing the GA-MLR procedure on the training set based on different mathematical
formulas, the different optimum subsets of mixture descriptors were achieved. The types and
definitions of these descriptors were presented in Tables 52-5S13. A total of 12 different new QSPR
models for the lower flammability limit of binary hydrocarbon gases were developed, which were
presented as Equations (S1)—(S12) in the Supporting Information. The performances of all the
12 developed models were presented in Table S14.

To evaluate the potential of the 12 involved formulas for the model development for predicting
LFL, it should be noted that the “deviation formulas” aimed to describe the deviation of the property
from the linear contributions of the two components with their respective concentrations. Thus,
the three corresponding formulas (mol_dev, sqr_mol_dev, and mol_dev_sqr) were not tested directly
on the LFL but on the difference between the actual experimental LFL values and the linear contribution
of the experimental LFL values of the pure hydrocarbons weighted by their respective mole fraction in
the mixtures. However, all the three deviation formulas (Table S14) failed in accessing reliable models,
with R? = 0.484 for mol_dev, R? = 0.525 for sqr_mol_dev and R? = 0.360 for mol_dev_sqr, respectively.

Afterwards, as for the “other combinations” (Equations (10)—(12) in Table 2), the capacity of the
model issued from each combination to reproduce qualitatively the shapes of the mixture profiles
of the data set was examined. The results showed that the cent, sqr_diff and abs_diff may be less
pertinent. The reasons could be contributed to the fact that all the above-mentioned three formulas do
not consider the mole fractions, while the properties including lower flammability limit varies with the
composition of the mixtures. For instance, the same LFL values for the whole range of concentration for
the methane/butylene mixture were provided for the cent, sqr_diff and abs_diff formulas, as shown in
Figure 1.

As for the remaining six “direct combinations”, which were directly used to develop models for
the prediction of LFL, better results were obtained. Meanwhile, among the six “direct combinations”,
some resulting models demonstrated a much better predictive capability than others in terms of
AAE values for both training and test sets, as shown in Figure 2. For example, the models based on
root_fmol, sqr_fmol, and fmol_sum presented the highest errors in prediction with AAE being of
0.194 vol%, 0.136 vol%, and 0.119 vol %, respectively. The best model was obtained based on the norm
of the molar contribution (norm_cont), for which the AAE value is being of 0.052 vol% for the test
set. This model has a better generalization performance and predictive capability, with the Q% , value
being of 0.988. In conclusion, one out of the 12 developed models was selected as the best model from
a statistical point of view: norm_cont, which presented the best and satisfactory performances.
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Figure 1. Experimental and predicted lower flammability limit (LFL) values for methane/
butylene mixtures.
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Figure 2. Performance comparisons of the QSPR models for the LFLs of mixtures depending upon the
types of mixture descriptors.

3.2. Details of the Best Model

On the basis of the previous analysis, the model developed based on the norm of the molar
contribution formula (norm_cont) was selected as the best model for the prediction of lower
flammability limits for binary hydrocarbon gases. The types and definitions of these descriptors
are presented in Table 3. The corresponding best model is presented as the following;:

LFL = 2.720 — 0.567 x \/(leBNl)z + (x2RBN,)? — 4.661x
\/ (xyMAXDP;)? 4 (x;MAXDP,)* + 0.642 x \/ (x1Psi_i_01)* + (x2Psi_i_0y)* + 0.544
\/(xlspMax4_Bh(e)1)2 + (x2SpMax4_Bh(e),)* —2.056 x \/(x1M0r24u1)2 + (xyMor24uy)* — (19)

23.689 x \/(x1M0r16m1)2 + (xoMorl6m,)?,
R?Z =0.964, s = 0.138, F = 606.440, n = 145

where R? is the squared correlation coefficient, s is the standard error of the model, F is the value of the
F-test, and n is the number of data in the training set.
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Table 3. Descriptors selected for the best model for prediction of LFL.

Descriptor Type Definition ME Value
RBN Constitutional indices Number of rotatable bonds —5.0%
MAXDP Topological indices Maximal electrotopological positive variation —19.4%
Psi_i_ 0 Topological indices Intrinsic state pseudoconnectivity index—type 0 32.5%
. Largest eigenvalue n. 4 of Burden matrix o

SpMax4_Bh(e) Burden eigenvalues weighted by Sanderson electronegativity 14.5%
Mor24u 3D-MoRSE descriptors Signal 24 /unweighted —5.7%
Morl6m 3D-MoRSE descriptors Signal 16/weighted by mass —22.9%

ME: Mean effect.

The mean effect (ME) percentage is used to describe the significant effects of the selected
descriptors on the LFL, which is defined as follows:

MEI _ 2?21 Dl']' X a]‘
D LjL|Th Dy x g

x 100, (20)

The ME values of these descriptors were presented in Table 3. The symbol (positive or negative) of ME
represents the trend of the impact of each descriptor on the LFL. Also, if the absolute value of ME is
larger, it indicates that the descriptor is more important. As can be seen from Table 3, Psi_i_0 descriptor
has the most significant influence on LFL. In addition, the relative importance and contribution of
each descriptor in the model was determined and ranked based on the ME values: Psi_i_0 > Morl6m >
MAXDP > SpMax4_Bh(e) > Mor24u > RBN.

Among the six descriptors, RBN is a constitutional index, which is the number of bonds that
allow free rotation around themselves. These bonds are any single bond, not in a ring, bound to a
nonterminal heavy atom. RBN explicitly takes into account the role of rings in a molecule. It can be
determined by the Ny; (the number of nonterminal freely rotatable bonds) and 7, (the number of single
bonds in any nonaromatic ring). The larger N;; and n, are, the lower LFL will be [30]. MAXDP is the
maximal electrotopological positive variation, which is related to the total number and the type of the
atoms. It plays a negative role on the LFL [29,30]. Psi_i_0 is the intrinsic state pseudoconnectivity index.
The second letter i in the Psi_i_0 shows that this index is derived from the intrinsic state I, and the 0 is
the type of the index. The intrinsic state depending on the type of the considered atom reflects the
possible influence partitioning of non-o electron. The smaller the partitioning of the electron influence,
the more available are the valence electrons for intermolecular interactions [30]. SpMax4_Bh(e) is
a burden eigenvalue descriptor, which is defined as eigenvalues of a modified connectivity matrix
(burden matrix B) [30]. The diagonal elements are roughly proportional to the electronegativity of
the atoms. The larger the electronegativity of the atoms are, the larger the SpMax4_Bh(e) value will
be, which would lead to an increase in the LFL and a lower hazard. Both Mor24u and Morlém
are the 3D-MoRSE descriptors, which can be calculated by various weighting schemes or different
physicochemical properties. The more values are chosen, the finer the resolution in the representation
of the molecule. They have a negative impact on the LFL [30].

In conclusion, all the six employed descriptors are correlated with the simple structural features
(the number of bonds, number and type of the atoms, et al.), the 3D structural characteristics as well
as molecule’s electrostatic property of the mixtures. Therefore, the overall LFL property of binary
hydrocarbon gases can be mainly explained by their electrostatic and steric effects.

The predicted LFL values of the model are presented in Table S1 in the Supporting Information .
A plot of the predicted LFL values versus the experimental ones for both the training and test sets is
shown in Figure 3. The obtained results presented in Figure 2 showed that the resulting AAE values
for both training and test sets are within the experimental error of LFL determination, which is around
£0.1 vol% [10]. Also, both the AAE and RMSE values were not only low but also as similar as possible
for the training and external test sets, which suggests both predictive capability (low values) and
generalization performance (similar values) of the proposed model.
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Figure 3. Correlation between the predicted and experimental LFL values for both the training and
test sets.

3.3. Model Stability Validation

The proposed model was then tested for chance correlation to further analyze the model stability.
The Y-randomization test method was employed to ensure the robustness of the model. It was
performed 100 times on the training set. The resulted maximum, minimum, and average values of
the obtained random R? were 0.133, 0.011, and 0.040, respectively, while the value of SD is 0.021.
The resulted maximum, minimum, and average values of the obtained highest random R? were 0.133,
0.011, and 0.040, respectively, while the value of SD is 0.021. The difference between R? of the original
model and the mean highest random R? resulted in a distance of 44 SD, which is much higher than 3
SD and showed obvious statistical significance of the proposed model. As expected, all the models
generated had produced low R? values, which were much lower than the one calculated when the
dependent variables were not scrambled. That is to say, only the correct dependent variables can be
used to generate reasonable models. Thus, it could be reasonably concluded that chance correlation
had little or even no effect in the presented model. Also, as can be seen from the predicted residual
distributions of the model as shown in Figure 4, the prediction residuals are randomly distributed on
both sides of the baseline, which indicated that there are no systematic errors in the model development.
It can be reasonably concluded that the best model is valid and can be effectively used to predict the
lower flammability limits of binary hydrocarbon gases.
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Figure 4. Plot of the residuals vs. the experimental LFL values for the best model.
3.4. Applicability Domain of the Best Model

The Williams plot for the best model is showed in Figure 5. From this plot, the applicability
domain is established inside a squared area within 43 standard deviations and a leverage threshold h*
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of 0.145. Only when a mixture lies within the domain, the predicted LFL value could be considered
reliable. As can be seen from Figure 5, all the values in the dataset are within the AD area. However,
it should be stated that there is also a limitation of the AD of the model in terms of chemical diversity,
since only 10 different pure chemicals are composed in the studied dataset, although it is rather
difficult to find a further larger set of LFL data for hydrocarbon gases mixtures in the open literatures
containing more different pure hydrocarbons.

4

B Training set

h*=0.145
A Test set

3

:-illl'."f‘i' ar .

Standardized residuals
(=)

-4
0.00 0.02 0.04 0.06 0.08 010 012 0.14 016 0.18 0.20

Leverages
Figure 5. The Williams plot describing the applicability domain of the best model (h*=0.145).
3.5. Comparison with Previous Works

General comparisons should be considered between the presented model and previous ones,
since the various models had been developed based on different dataset and different methods.

Compared to the Le Chatelier’s rule as well as Ma’s [7] methodology, which is equivalent to
Le Chatelier's rule, the presented model can be conveniently used to predict the LFL of unknown
hydrocarbon mixtures solely from the molecular structures without requiring any extra information on
physicochemical properties. The use of the models of Le Chatelier’s rule requires extra data on needed
physicochemical properties such as the LFL of pure chemicals, and if only one of the needed properties
is missing, the calculation cannot be performed. In contrast, because only theoretical descriptors
derived solely from the molecular structure is involved, the presented model would theoretically
be used to reliably predict the LFL for any hydrocarbon mixtures belonging to its applicability
domain. Moreover, these employed theoretical descriptors in the presented model have definite
physical meanings, which are useful for probing the physicochemical information that has a significant
contribution to the LFL property of binary hydrocarbon gases. In regards to Le Chatelier’s rule as well
as Ma’s [7] methodology, because the estimated results are highly dependent on the accuracy of the
input physicochemical properties, any errors introduced by initial measurements will be passed on to
the estimated results. In addition, all flammability data are still dependent on the flame temperature
or flame structure. Both will be difficult to predict using this theory.

The detailed comparisons between the best model and works of Wang et al. [24] are presented
as follows. Wang et al. [24] developed three linear QSPR models between the LFL and the quantum
chemical descriptors of a diverse set of blended gases. The comparisons of statistical parameters
between the presented model and the models by Wang et al. [24] are showed in Table 4. As can be
seen from Table 4, the presented model is obviously better in terms of both R? and Q2 , than the
models of work [24], which showed better goodness of fit and robustness of the presented model.
Moreover, the presented model is developed based on a larger number of mixtures in the dataset
(181 vs. 86), and also more mixtures are employed in the test set for model external validation
(36 vs. 18/19). However, two more different external validation strategies were employed to evaluate
the true predictive ability of the generated models the work of Wang et al. [24] than that in this
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work. Regarding the input parameters used in the models, both models employed the theoretical
descriptors which can be directly calculated from the molecular structures. Moreover, these theoretical
descriptors have definite physical meanings, which are useful to probe the physicochemical information
that has significant contribution to the LFL property of mixtures. However, the discussion of the
descriptor interpretation is missing in Wang et al.’s work. Regarding the applicability efficiency of the
models, all the descriptors selected in the presented model are Dragon descriptors, which could be
freely accessible from the online MOLE db—Molecular Descriptors Data Base [40] comprised of 1124
molecular descriptors for 234,773 chemicals, while the quantum chemical descriptors employed in
work [24] are more complicated and professional knowledge and software are needed for calculation.

Table 4. Comparison of statistical parameters between the presented model and previous ones.

Training set Test set
R Qoo AAE RMSE n R? Q%; AAE RMSE =1

Model 1 0916  0.901 0.041 0.053 68 0.935 0.932 0.040 0.051 18
Wang et al. work [24] 2 Model 2 0916  0.896  0.045 0.058 68 0932 0964 0.022  0.029 18
Model 3 0923 0905  0.041 0.054 67 0944 0.899 0.042 0.048 19

Model

This work T;ZZE? 0.964 0.964 0.070 0.137 145 0.988 0.988 0.052 0.077 36
2 Both the AAE and RMSE values of the models of Wang et al. work are for log LFL while which of this work are
for LFL.

4. Conclusions

In this study, a series of mixture descriptors have been tested in order to achieve reliable QSPR
models for predicting the lower flammability limits of binary hydrocarbon gases. To the best of our
knowledge, the largest existing database of lower flammability limits for mixtures was employed
for modeling. A total of 12 different mixing rules was used to calculate mixture descriptors for
representing the structure characteristics of hydrocarbon mixtures. The best resulting model was
obtained with the norm of the molar contribution formula, as nonlinear effects were observed on the
LFL with concentration. The results of rigorous model validation showed the satisfactory goodness
of fit, internal robustness and predictive capability of the presented model. When comparing the
results of the model to those of the previously published one, it showed that the presented model
possesses some obvious superiority despite of the different composition of the studied datasets.
Thus, it can be reasonably concluded that the proposed model would be expected to be valid and
reliably used to predict the LFL of hydrocarbon mixtures with an accuracy that can approach the
accuracy of experimental LFL determination. Additionally, this model would be expected to provide
an alternative for predicting the LFL values of existing or new binary hydrocarbon gases belonging to
its applicability domain.

Supplementary Materials: The following are available online: Table S1: A complete list of the detailed
compositions of mixtures as well as the experimental and predicted LFL values (the best model), Table S2:
Descriptors selected for the prediction model based on fmol_sum mixing rule, Table S3: Descriptors selected for
the prediction model based on norm_cont mixing rule, Table S4: Descriptors selected for the prediction model
based on fmol_diff mixing rule, Table S5: Descriptors selected for the prediction model based on sqr_fmol mixing
rule, Table S6: Descriptors selected for the prediction model based on root_fmol mixing rule, Table S7: Descriptors
selected for the prediction model based on sqr_fmol_sum mixing rule, Table S8: Descriptors selected for the
prediction model based on mol_dev mixing rule, Table S9: Descriptors selected for the prediction model based on
sqr_mol_dev mixing rule, Table S10: Descriptors selected for the prediction model based on mol_dev_sqr mixing
rule, Table S11: Descriptors selected for the prediction model based on cent mixing rule, Table S12: Descriptors
selected for the prediction model based on sqr_diff mixing rule, Table 513: Descriptors selected for the prediction
model based on abs_diff mixing rule, Table S14: Performances of all the 12 developed models based on mixture
descriptors issued from the 12 mixing rules. Equations (S1)—-(512): The 12 different QSPR models for the lower
flammability limit of binary hydrocarbon gases based on different mixing rules.

Author Contributions: Data curation, X.J.; Formal analysis, ].J.; Funding acquisition, Y.P.; Methodology, X.J. and
L.D,; Software, X.J.; Validation, L.D.; Writing—original draft, Y.P.; Writing—review & editing, J.J.



Molecules 2019, 24, 748 12 of 13

Acknowledgments: This research was supported by National Natural Science Fund of China (No. 21576136,
21436006) and National Program on Key Basic Research Project of China (2017YFC0804801, 2016 YFC0801502).
Yong Pan acknowledges the sponsorship of Qing Lan Project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

De Smedt, G.; De Corte, F; Notelé, R.; Berghmans, J. Comparison of two standard test methods for
determining explosion limits of gases at atmospheric conditions. ]. Hazard. Mater. 1999, 70, 105-113.
[CrossRef]

Gharagheizi, F. Quantitative structure-property relationship for prediction of the lower flammability limit of
pure compounds. Energy Fuels. 2008, 22, 3037-3039. [CrossRef]

Pan, Y,; Jiang, ].C.; Wang, R.; Cao, H.Y,; Cui, Y. A novel QSPR model for prediction of lower flammability
limits of organic compounds based on support vector machine. J. Hazard. Mater. 2009, 168, 962-969.
[CrossRef] [PubMed]

Bagheri, M.; Rajabi, M.; Mirbagheri, M.; Amin, M. BPSO-MLR and ANFIS based modeling of lower
flammability limit. J. Loss Prev. Process Ind. 2012, 25, 373-382. [CrossRef]

Chen, C.C.; Lai, C.P; Guo, Y.C. A novel model for predicting lower flammability limits using quantitative
structure activity relationship approach. J. Loss Prev. Process Ind. 2017, 49, 240-247. [CrossRef]

Zhao, EM.; Rogers, W.J.; Mannan, M.S. Experimental measurement and numerical analysis of binary
hydrocarbon mixture flammability limits. Process Saf. Environ. Prot. 2009, 87, 94-104. [CrossRef]

Ma, T.G. A thermal theory for estimating the flammability limits of a mixture. Fire Saf. J. 2011, 46, 558-567.
[CrossRef]

Albahri, T.A. Flammability characteristics of pure hydrocarbons. Chem. Eng. Sci. 2003, 58, 3629-3641.
[CrossRef]

Taskinen, J.; Yliruusi, J. Prediction of physicochemical properties based on neural network modeling.
Adv. Drug Deliv. Rev. 2003, 55, 1163-1183. [CrossRef]

Vidal, M.; Rogers, W.J.; Holste, J.C.; Mannan, M.S. A review of estimation methods for flash points and
flammability limits. Process Saf. Prog. 2004, 23, 47-55. [CrossRef]

Katritzky, A.R.; Fara, D.C. How chemical structure determines physical, chemical, and technological
properties: An overview illustrating the potential of quantitative structure-property relationships for fuels
science. Energy Fuels 2005, 19, 922-935. [CrossRef]

Katritzky, A.R.; Maran, U.; Lobanov, V.S.; Karelson, M. Structurally diverse quantitative-structure property
relationship correlations of technologically relevant physical properties. J. Chem. Inf. Comput. Sci. 2000, 40,
1-18. [CrossRef] [PubMed]

Quintero, EA.; Patel, S.J.; Mufioz, F.; Mannan, M.S. Review of existing QSAR/QSPR models developed for
properties used in hazardous chemicals classification system. Ind. Eng. Chem. Res. 2012, 51, 16101-16115.
[CrossRef]

Nieto-Draghi, C.; Fayet, G.; Creton, B.; Rozanska, X.; Rotureau, P.; De Hemptinne, ].C.; Ungerer, P;
Rousseau, B.; Adamo, C. A general guidebook for the theoretical prediction of physicochemical properties of
chemicals for regulatory purposes. Chem. Rev. 2015, 115, 13093-13164. [CrossRef] [PubMed]

Muratov, E.N.; Varlamova, E.V.; Artemenko, A.G.; Polishchuk, P.G.; Kuz'min, V.E. Existing and Developing
Approaches for QSAR Analysis of Mixtures. Mol. Inf. 2012, 31, 202-221. [CrossRef] [PubMed]

Oprisiu, I.; Varlamova, E.; Muratov, E.; Artemenko, A.; Marcou, G.; Polishchuk, P.; Kuz’'min, V.; Varnek, A.
QSPR approach to predict nonadditive properties of mixtures. Application to bubble point temperatures of
binary mixtures of liquids. Mol. Inf. 2012, 31, 491-502. [CrossRef] [PubMed]

Ajmani, S.; Rogers, S.C.; Barley, M.H.; Livingstone, D.J. Application of QSPR to mixtures. J. Chem. Inf. Model.
2006, 46, 2043-2055. [CrossRef] [PubMed]

Saldana, D.A.; Starck, L.; Mougin, P.; Rousseau, B.; Creton, B. Prediction of flash points for fuel mixtures
using machine learning and a novel equation. Energy Fuels 2013, 27, 3811-3820. [CrossRef]

Solov’ev, V.P. Quantitative structure-property relationship (QSPR) modeling of normal boiling point
temperature and composition of binary azeotropes. Ind. Eng. Chem. Res. 2011, 50, 14162-14167. [CrossRef]


http://dx.doi.org/10.1016/S0304-3894(99)00163-6
http://dx.doi.org/10.1021/ef800375b
http://dx.doi.org/10.1016/j.jhazmat.2009.02.122
http://www.ncbi.nlm.nih.gov/pubmed/19329246
http://dx.doi.org/10.1016/j.jlp.2011.10.005
http://dx.doi.org/10.1016/j.jlp.2017.07.007
http://dx.doi.org/10.1016/j.psep.2008.06.003
http://dx.doi.org/10.1016/j.firesaf.2011.09.002
http://dx.doi.org/10.1016/S0009-2509(03)00251-3
http://dx.doi.org/10.1016/S0169-409X(03)00117-0
http://dx.doi.org/10.1002/prs.10004
http://dx.doi.org/10.1021/ef040033q
http://dx.doi.org/10.1021/ci9903206
http://www.ncbi.nlm.nih.gov/pubmed/10661545
http://dx.doi.org/10.1021/ie301079r
http://dx.doi.org/10.1021/acs.chemrev.5b00215
http://www.ncbi.nlm.nih.gov/pubmed/26624238
http://dx.doi.org/10.1002/minf.201100129
http://www.ncbi.nlm.nih.gov/pubmed/27477092
http://dx.doi.org/10.1002/minf.201200006
http://www.ncbi.nlm.nih.gov/pubmed/27477467
http://dx.doi.org/10.1021/ci050559o
http://www.ncbi.nlm.nih.gov/pubmed/16995735
http://dx.doi.org/10.1021/ef4005362
http://dx.doi.org/10.1021/ie2018614

Molecules 2019, 24, 748 13 of 13

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Gaudin, T.; Rotureau, P; Fayet, G. Mixture descriptors toward the development of quantitative
structure-property relationship models for the flash points of organic mixtures. Ind. Eng. Chem. Res.
2015, 54, 6596—6604. [CrossRef]

Gaudin, T,; Rotureau, P.; Fayet, G. Combining mixing rules with QSPR models for pure chemicals to predict
the flash points of binary organic liquid mixture. Fire Saf. J. 2015, 74, 61-70. [CrossRef]

Jiao, L.; Zhang, X.F.; Qin, Y.C.; Wang, X.F; Li, H. QSPR study on the flash point of organic binary mixtures
by using electrotopological state index. Chemom. Intell. Lab. Syst. 2016, 156, 211-216. [CrossRef]

Wang, Y.L.; Yan, EY.; Jia, Q.Z.; Wang, Q. Distributive structure-properties relationship for flash point of
multiple components mixtures. Fluid Phase Equilib. 2018, 474, 1-5. [CrossRef]

Wang, B.B.; Park, H.; Xu, K.L.; Wang, Q.S. Prediction of lower flammability limits of blended gases based on
quantitative structure—property relationship. J. Therm. Anal. Calorim. 2018, 132, 1125-1130. [CrossRef]
Kondo, S.; Takizawa, K.; Takahashi, A.; Tokuhashi, K.; Sekiya, A. A study on flammability limits of fuel
mixtures. |. Hazard. Mater. 2008, 155, 440-448. [CrossRef] [PubMed]

Kondo, S.; Takizawa, K.; Takahashi, A.; Tokuhashi, K.; Sekiya, A. Flammability limits of isobutane and its
mixtures with various gases. J. Hazard. Mater. 2007, 148, 640-647. [CrossRef] [PubMed]

Shen, X.B.; Zhang, B.; Zhang, X.L.; Xiu, G.L. Explosion characteristics of methane-ethane mixtures in air.
J. Loss Prev. Process Ind. 2017, 45, 102-107. [CrossRef]

Tang, R.J. Theoretical Prediction of Lower Explosive Limit and Researches on Explosion Suppression Rules
for Binary Hydrocarbon Gas Mixtures. Master’s Thesis, Nanjing Technical University, Nanjing, China,
June 2017.

Todeschini, R.; Consonni, V. Handbook of Molecular Descriptors; Wiley: New York, NY, USA, 2000.
Todeschini, R.; Consonni, V. Molecular Descriptors for Chemoinformatics; Wiley: New York, NY, USA, 2009.
DRAGON for Windows (Software for the Calculation of Molecular Descriptors), Version 6.0.; Talete S.r.1.: Milano,
Italy, 2011.

Holland, J.H. Adaptation in Natural and Artificial Systems; University of Michigan Press: Ann Arbor, MI,
USA, 1975.

Leardi, R.; Boggia, R.; Terrile, M. Genetic algorithms as a strategy for feature selection. J. Chemom. 1992, 6,
267-281. [CrossRef]

Gramatica, P. On the Development and Validation of QSAR Models. In Computational Toxicology; Reisfeld, B.,
Mayeno, A.N., Eds.; Humana Press: Totowa, NJ, USA, 2013; Volume 930.

Gramatica, P. Principles of QSAR models validation: Internal and external. Mol. Inf. 2007, 26, 694-701.
[CrossRef]

Roy, K.; Chakraborty, P.; Mitra, I.; Ojha, PK; Kar, S.; Das, R.N. Some case studies on application of “rm2”
metrics for judging quality of quantitative structure-activity relationship predictions. J. Comput. Chem. 2013,
34, 1071-1082. [CrossRef]

Riicker, C.; Riicker, G.; Meringer, M. y-Randomization and its variants in QSPR/QSAR. J. Chem. Inf. Model.
2007, 47, 2345-2357. [CrossRef] [PubMed]

Guidance Document on the Validation of (Quantitative) Structure-Activity Relationship [(Q)SAR] Models;
ENV/JM/MONO(2007)2; OECD Environment Health and Safety Publications, Series on Testing and
Assessment, No. 69; Organization for Economic Cooperation and Development (OECD): Paris, France, 2007.
Sahigara, F.,; Mansouri, K.; Ballabio, D.; Mauri, A.; Consonni, V.; Todeschini, R. Comparison of different
approaches to define the applicability domain of QSAR models. Molecules 2012, 17, 4791-4810. [CrossRef]
[PubMed]

MOLE db—Molecular Descriptors Data Base. Available online: http://michem.disat.unimib.it/mole_db/
(accessed on 12 January 2019).

Sample Availability: Samples of the mixtures are available from the authors.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/acs.iecr.5b01457
http://dx.doi.org/10.1016/j.firesaf.2015.04.006
http://dx.doi.org/10.1016/j.chemolab.2016.05.023
http://dx.doi.org/10.1016/j.fluid.2018.07.005
http://dx.doi.org/10.1007/s10973-017-6941-9
http://dx.doi.org/10.1016/j.jhazmat.2007.11.085
http://www.ncbi.nlm.nih.gov/pubmed/18178003
http://dx.doi.org/10.1016/j.jhazmat.2007.03.021
http://www.ncbi.nlm.nih.gov/pubmed/17433539
http://dx.doi.org/10.1016/j.jlp.2016.11.012
http://dx.doi.org/10.1002/cem.1180060506
http://dx.doi.org/10.1002/qsar.200610151
http://dx.doi.org/10.1002/jcc.23231
http://dx.doi.org/10.1021/ci700157b
http://www.ncbi.nlm.nih.gov/pubmed/17880194
http://dx.doi.org/10.3390/molecules17054791
http://www.ncbi.nlm.nih.gov/pubmed/22534664
http://michem.disat.unimib.it/mole_db/
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Data Set 
	Molecular Descriptors for Pure Chemicals 
	Determination of Mixture Descriptors 
	Descriptor Selection and Model Development 
	Model Validation 
	Applicability Domain 

	Results and Discussion 
	Comparisons of the Twelve Developed Models 
	Details of the Best Model 
	Model Stability Validation 
	Applicability Domain of the Best Model 
	Comparison with Previous Works 

	Conclusions 
	References

