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Abstract: Petroleum-derived gasoline is still the most widely used liquid automotive fuel for ground
vehicles equipped with spark-ignition engines. One of the most important properties of gasoline
fuels is their antiknock performance, which is experimentally evaluated via the octane number (ON).
It is widely accepted that the standard methods for ON measuring (RON: research octane number
and MON: motor octane number) are very expensive due to the costs of the experimental facilities
and are generally not suitable for field monitoring or online analysis. To overcome these intrinsic
problems, it is convenient that the ON of gasoline fuels is estimated via faster methods than the
experimental tests and allows for acceptable results with acceptable reproducibility. Various ON
prediction methods have been proposed in the literature. These methods differ in the type of fuels for
which they are developed, the input features, and the analytical method used to underlie the link
between input features and ON. The aim of this work is to develop and evaluate three empirical
methods for predicting the ON of petroleum-derived gasoline fuels using MIR spectra, GC-MS, and
routine test data as input features. In all cases, the chosen analytical method was partial least squares
regression (PLSR). The best performance for both MON and RON prediction corresponded with the
composition-based model, since it presented lesser evaluation indices (RMSE, MAE, and R2) and
more than 80% of residuals were within the established criteria (sum of the reproducibility and the
uncertainty of the standard method). Although the routine-test-data-based method performed poorly
according to the established criterion, its use could be recommended in cases of scarce data since
it showed an acceptable value of R2 and physical consistency. Despite their empirical nature, the
proposed prediction models based on MIR (mid-infrared) spectra, GC-MS, and routine test data had
the potential to predict the RON and MON of real gasoline fuels commercialized in Colombia.

Keywords: gasoline; octane number; GC-MS; MIR; API gravity

1. Introduction

Petroleum-derived gasoline is still the most widely used liquid automotive fuel for
ground vehicles equipped with spark-ignition engines. Commercial automotive gasoline
fuels are complex mixtures composed primarily of hydrocarbons belonging to four main
families: aromatic, olefinic, paraffinic (straight-chain and branched), and naphthenic. In
addition, gasoline fuels also contain several additives and oxygenated compounds such
as alcohols or ethers. The chemical composition and hydrocarbon molecular structure
determine the fuel physicochemical properties, which in turn affect fuel quality, engine per-
formance, combustion characteristics, and emissions. One of the most important properties
of gasoline fuels is their antiknock performance, which is governed by the ability of the
“end-gas” (fuel/air mixture yet to ignite) to resist autoignition when simultaneously being
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compressed by the piston and the flame-front. This fundamental characteristic can, to a
large extent, dictate the ability of an engine to work to its full thermodynamic potential [1].

The antiknock performance of gasoline fuels is commonly evaluated using an empirical
index called the octane number (ON), in such a way that gasoline fuels with a higher ON
can be utilized in spark-ignition engines with a higher compression ratio, producing a
higher engine thermal efficiency and smoother engine running [2,3].

The ON is directly measured by using a standardized single-cylinder engine that can
accurately adjust the compression ratio. The test and reference fuels are burned in the engine
to measure their knocking tendency under standard experimental conditions. According
to the different experimental standards, namely ASTM D2699 [4] and ASTM D2700 [5],
ON is classified into the research octane number (RON) and motor octane number (MON),
respectively. The MON assesses the fuel’s resistance to detonation when the engine operates
under severe conditions, while the RON measures how the fuel resists detonation when the
motor is under a full load at low rpm. All practical fuels have RON higher than MON, and
the difference between RON and MON is known as octane sensitivity [1]. For commercial
purposes, manufacturers prefer to use the so-called antiknock index (AKI), defined as
the average between the RON and MON. Although the effectiveness of the two standard
methods is not questioned by the industrial and research community, they result in being
expensive due to the costs of the experimental facilities (engine and instrumentation) and
reagents (standards of purity and quantity) to be employed and are generally not suitable
for field monitoring or online analysis because of the equipment size and complicated
instrumentation and/or long analysis time required. To overcome these intrinsic problems,
it is convenient that the ON of gasoline fuels is estimated via faster methods than the
mentioned standard tests which allow for acceptable results with high repeatability and
reproducibility [6,7].

Various ON prediction methods have been proposed in the literature. These methods
differ in the type of fuels for which they are developed, the input features, and the analytical
method used to underlie the link between input features and ON. In relation to the type of
fuels, there are prediction methods for pure hydrocarbons [8,9], commercial gasoline [10,11],
oxygenated gasoline [12,13], gasoline surrogate fuels [1], and fuels for advanced combustion
engines [6]. The input features can either be chemical or physical attributes such as chemical
composition [14,15], infrared spectroscopy [16,17], NIR [18,19], MIR [20,21], FT-Raman
spectroscopy [22], nuclear magnetic resonance spectroscopy [2,23], distillation curves [24],
flame spectroscopy emission [25], dielectric spectrum [26], and ignition delay time [27].
Regarding the analytical methods used in ON prediction, most studies have employed
multivariate methods such as PLSR (partial least square regression) or PCR (principal
component regression). However, the non-linear nature of the ON behavior in complex
mixtures has led many researchers to build correlations via machine-learning methods or
other novel approaches such as artificial neural networks (ANNSs), support vector machines
(SVMs), Bayesian estimation, and random forest [21,28].

Since it is evident that ON is highly dependent on the chemical nature of gasoline
fuels, prediction methods based on chemical composition should be the preferred option.
However, the development of this type of method is not straightforward due to the com-
plexity of the gasoline composition and the non-linear blending characteristics of the ON of
the individual components and gasoline blend stocks [14,21]. The composition of gasoline
can vary widely depending on the refineries’ crude diet, the refining processes, such as
cracking or catalytic reforming, and local regulations [29]. The chemical complexity of
gasoline is due, in part, to the high structural diversity in its components (aromatic, olefinic,
paraffinic (straight-chain and branched), and naphthenic hydrocarbons). For example, in
the case of alkanes, it is observed that isoparaffins have better performance than n-alkanes.
Furthermore, the ON of isoparaffins depends on a variety of structural features, such as the
size of the molecule and the type, position, separation, and number of branches. Specifically,
ON decreases with the separation between branches and increases with the more central
position of branches and with their bulkiness [30].
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Van Leeuwen et al. [14] developed several models for the prediction of ON from
high-resolution gas chromatographic data (GC). Initially, they used linear models based
on PCR and multiple linear regression (MLR) to establish a relation between RON and
PIANO (paraffins, isoparaffins, aromatics, naphthenes, and olefins) groups. With neither
PCR nor MLR, acceptable results were found, unless via the inclusion of many variables
or principal components. Later, the researchers proposed two non-linear non-parametric
methods (projection pursuit regression and neural network) to model the relation between
RON and PIANO groups. The RMSEP (root mean square error of prediction) was near
the inherent variance in the ON. The data set consisted of 851 gasoline fuels with known
ROM and MON. GC analysis (carbon distribution over 418 individual components) and
classification in PIANO groups were available for each gasoline. Nikolaou et al. [31]
proposed a simple non-linear method for NO prediction using compositional data from
high-resolution capillary GC analysis. The method utilized calculable weighting factors,
which were specific for each gasoline blend used, and showed excellent agreement with
the experimental RON values of various refinery isomerate samples. Ghosh et al. [11]
developed a composition-based predictive model for both RON and MON. They claimed
that their model could be universally applied across a wide variety of gasoline fuels derived
from different naphtha process streams and blends, and that it was applicable to a broad
range of ONs from 30 to 120. The ON was correlated to 54 hydrocarbon lumps and 3 lumps
for oxygenates measured via gas chromatography. The model predicted the ON to be
within a standard error of one number for both the RON and MON. The authors argued
that the blend value of a molecule i or a lump i varied almost linearly with the ON of the
gasoline fuel that it was part of or blended into. Alexandrovna and Tuyen [32] presented
a mathematical model for predicting the ON of gasoline fuels from different naphtha
process streams. The ON was correlated to a total of 69 hydrocarbons measured via gas
chromatography and the intermolecular interaction between hydrocarbons and oxygenates
in gasoline blends was considered. The model predicted the ON to be within a standard
error of one number for both the MON and RON. Anderson and Wallington [13] developed
a model that predicts different ethanol blending responses in the base fuels of different
compositions and properties. According to the authors, ethanol blending into gasoline
yields a wide range of octane rating responses, most frequently synergistic (i.e., greater
than expected via linear blending) but also linear or antagonistic. The proposed model
considered an interaction term to the linear molar blending model with a coefficient that
quantified the synergistic/antagonistic blending effect. Fuel property and hydrocarbon
composition data for 299 ethanol-gasoline blends and their 90 complex base fuels were
collected from the literature, market gasoline fuels, blend stocks for oxygenate blending,
and research fuels.

Among the ON prediction methods based on spectroscopy techniques, near-infrared
spectroscopy (NIRS) has become an attractive method for gasoline analysis and ON pre-
diction because most of the absorption bands observed in this region are due to over-
tones and/or combinations of carbon-hydrogen, carbon—carbon, carbon—-oxygen, carbonyl-
associated groups, and aromatic stretching and deformation vibration of the hydrocarbon
molecules [16]. Furthermore, spectroscopic methods such as NIRS appear to be faster and
more cost-effective, and require less sample volume [7,33]. Since the spectral data are chal-
lenging to analyze, spectroscopic methods almost always need support from chemometric
analysis, i.e., statistical mathematics [23]. Consequently, a large number of samples are
necessary for both method calibration and validation.

Several reports in the literature have proposed the application of NIRS to assess the
ON in gasoline fuels. Pioneer work was carried out by Kelly et al. [10] who evaluated
several ASTM specifications, including RON and MON, using a short wavelength near
infrared (SW-NIR) scanning spectrophotometer (660-1215 nm) and partial least squares
(PLS) data analysis. They reported that the RON of gasoline was predicted with a standard
error within 0.4-0.5. Bohacs et al. [16] developed a method to predict the RON and MON
of gasoline fuels using NIR spectroscopy with fiber optics in combination with PLSR. The
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R and standard error values for the model (0.975 and 0.34 for RON, and 0.972 and 0.30
for MON, respectively) indicated that the NIR-predicted ONs were superior compared
to the reproducibility of the standard tests. Felicio et al. [18] compared different partial
least squares algorithms used on mid- and near-infrared data for assessing several fuel
parameters, including RON. The applied techniques were single PLS, multiblock PLS, and
serial PLS. According to the authors, the best calibration model was single PLS since the
results were quite accurate and were achieved in less time. Daly et al. [9] correlated IR-ATR
(infrared-attenuated total reflectance absorbance) spectra data to RON by way of PCR.
They used neat hydrocarbons and surrogate fuels to provide the model input for predicting
the RON of fuels for advanced combustion engines (FACE). Al Ibrahim and Farook [21]
developed a model for the prediction of the RON and MON of hydrocarbon mixtures and
gasoline—ethanol blends based on infrared spectroscopy data of pure components. Infrared
spectra for neat hydrocarbon species were used to generate the spectra of hydrocarbon
blends by averaging the spectra of their pure components on a molar basis. The authors
demonstrated that several features from the group contribution method could be extracted
from IR spectra by applying PLSR. Furthermore, they proposed an ANN method to predict
the RON and MON using the features from the group contribution method as inputs.
Finally, they reported mean absolute errors from an ANN of 0.56 and 0.73 for RON and
MON, respectively, which were within the experimental uncertainty of octane testing.
Wang et al. [26] combined a dimensional reduction method with ANN to build an ON
prediction model with the input parameters being the NIR spectra. Landmark-isometric
feature mapping (L-Isomap), as a novel manifold learning algorithm, was used for the
dimensionality reduction in spectral data. Wu et al. [7] developed a model for determining
the RON of gasoline fuels based on NIRS and ANN methods. They argued that when the
input features were PLS factors extracted via the PLSR method, at least 90% of residuals
were within the experimental error range. The model was validated using a sample of
200 gasoline fuels collected from different regions of China with values of RON ranging
from 90 to 100. Results showed that the selected PLS factors generally contained the C-H
bond vibration information, the second vibrational overtone of the C-H bond, and the
vibrational combination of the C-H bond.

Instead of analytical methods such as GC and NIRS, several researchers have focused
their efforts on developing ON prediction approaches based on fuel properties that can
be determined via inexpensive test methods. Mendes et al. [34] used distillation curves
(ASTM D86) associated with PLS to predict the MON and RON values of gasoline fuels
from different Brazilian refineries, in a range between 81.6 and 83.4 for MON, and 97.3 and
101.4 for RON. The RMSEC (root mean square error of calibration) values obtained were
0.051 and 0.078, and the RMSEP (root mean square error of prediction) values were 0.063
and 0.085 for MON and RON, respectively. Tipler et al. [12] investigated 41 parameters
from inexpensive tests to find a link between fuel properties and the RON and MON. They
first reduced the number of properties to only consider the principal ones relying on PCA.
Then, they applied ANN to identify the underlying links between the selected properties
(different points of the distillation curve, the atomic mass fraction, and the specific gravity)
and the ON. According to the authors, the methodology was only validated for a gasoline
blend stock mixed with an oxygenated molecule and the MSE was equal to 0.7.

As a summary, Table 1 shows a comparison between the several representative models
described in this section.
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Table 1. Summary of the representative literature models for ON prediction.

Author Input Feature Al\r;lzlty}::);al Ii{a (1)11;e R? RMSE
Wu et al. [7] NIR ANN 90-100 0.970 0.125
De Paulo et al. [25] FES: flame spectroscopy emission PLS 92-100 0.955 0.167
Mendes et al. [34] Distillation curves PLS 97.4-101.4 - 0.085
Kardamakis et al. [19] NIR _ MLRandLPC 90.7-102.2 0987 0310
(Linear predictive coding)
Felicio et al. [18] NIR Serial PLS 89-101 - 0.270
Jameel et al. [2] NMR ANN - 0.990 -
Kelly et al. [10] NIR PLS 91-98 - 0.230
Jeon et al. [17] NIR Ridge regression 90-98 - 0.067
Cooper et al. [22] Raman PLS - - 0.535
Van Leeuwen et al. [14] GC ANN - - 0.350

Despite the multiple efforts mentioned above, it has not been possible to develop
ON prediction methods that can be generalized to any gasoline fuel or even to a specific
type such as petroleum-derived gasoline. Part of this limitation in the proposed models
originates from the purely empirical and statistical nature of the underlying mathematical
structure used to develop the models, making them rather restrictive for extrapolation.
In addition, the ON is not strictly a physical property, but an empirical index, petroleum-
derived gasoline fuels are very complex mixtures, and the ON of their components (pure
hydrocarbons, alcohols, or blend stocks) typically exhibits non-linear blending characteris-
tics. The aim of this work is to propose alternative models that can be applied to predict
the ON of gasoline fuels marketed in Colombia (petroleum-derived fuels with 10% added
ethanol). Bearing this in mind, three prediction models with different input features were
developed and evaluated. The first model was based on the detailed chemical composition
of the gasoline samples determined via CG-MS. In principle, an adequate identification
of the individual components with a greater contribution to a complex property such
as ON can help local refiners in the process of gasoline compounding. To simplify the
analytical process and the time needed for analysis, a model based on MIR spectroscopy
was implemented. Portable pieces of equipment based on NIR or MIR spectroscopy and
chemometrics are frequently used in mobile laboratories to test that the fuel quality is right
at filling stations, fighting fuel adulteration fraud. With the purpose of estimating the ON of
gasoline fuels as part of routine analysis, a third method based on two physical properties
(density and volatility) and the ethanol content on a volumetric basis was developed. The
main novelty of the last method is to correlate a complex parameter such as ON with simple
and easy-to-measure fuel properties such as the API (American Petroleum Institute) gravity
and representative points of the distillation curve.

2. Materials and Methods

This section is organized in agreement with the three main differences between the
ON prediction methods: the type of fuels for which they are developed, the input features,
and the analytical method used to underlie the link between input features and ON.

2.1. Type of Fuel

Thirty samples of gasoline fuels collected over a twelve-month period were tested. All
samples were supplied by a regional service station in Colombia. As established by the
Colombian Ministry of Mines and Energy, all gasoline fuels (extra and regular) marketed
in the country must have 10% added ethanol. The duration of the sampling period, the
sample size and type, and the sampling frequency were selected in such a way as to
ensure a set of samples with the appropriate differences in chemical composition and,
therefore, physicochemical properties, thus being able to guarantee a detailed statistical
analysis [35]. Fuel samples (500 to 700 mL) were freshly sourced, and their homogeneity
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and stability were guaranteed by storing them in amber-type glass containers in a controlled
environment of around —14°C. The octane number values for all samples were determined
using a Fourier transform spectrometer eralytics (eraspec model) based on mid-infrared
spectroscopy with a measurement range from 70 to 110 for RON and from 60 to 100 for
MON. This piece of equipment is designed as a fully automated multifuel analyzer and is
periodically calibrated against ON engine measurements.

2.2. Input Features
2.2.1. Chemical Composition

The composition of the gasoline samples, expressed as the mass percentage of 69 in-
dividual hydrocarbons belonging to the saturated (paraffin), cyclosaturated (naphthenic),
olefinic, and aromatic groups, was determined via gas chromatography coupled with mass
spectrometry (GC-MS). Quantification was performed using hexadecane as an internal
standard and determining the response factors of the reference compounds cyclohexane,
hexane, and toluene for naphthenic, paraffin, and aromatics, respectively. It was verified
that hexadecane did not interfere with the components of the gasoline samples. The internal
standard had a retention time of 57.87 min, while all target compounds had retention times
ranging from 2.33 to 31.40 min. Target compounds were monitored via the total ion mode
with a mass/charge (m/z) ratio in the range of 35 to 500. Data were analyzed using the
MassHunter mass spectrometry software from Agilent company and the compounds were
identified according to the NIST 2017 mass spectral library. The analysis was performed
in a gas chromatograph coupled with a mass spectrometer (Agilent 7890/MSD 5975C)
equipped with an HP-5MS capillary column. The analysis conditions described in the
“gasoline analysis method using a GC-MS” published by Shimadzu Corporation (Appli-
cation Data Sheet 21 [36]) were followed, with minor modifications. The main analysis
conditions were vaporization chamber temperature: 250 °C, control mode: constant linear
velocity (30.6 cm/s), injection quantity: 1.0 pL, solvent elution time: 0.50 min, and mass
range: m/z 35 to 500.

2.2.2. Infrared Spectroscopic Analysis

The absorption spectra of gasoline samples were collected using a Thermo Scientific
Nicolet iS5 FTIR (Fourier transform infrared) spectrometer with a spectral range of 7800
to 350 cm ™!, a resolution of 0.8 cm ™!, and a precision of 0.01 cm~!. A liquid sample cell
with a potassium bromide (KBr) window and a verified step length of 0.04 mm was used.
FTIR spectrophotometers are mainly used to measure the light absorption of so-called mid-
infrared light, which is light in the wavenumber range of 4000 to 400 cm~! (wavelengths 2.5
to 25 pm). Considering the chemical composition of the collected samples, to facilitate data
handling, the wave number range used in this study was 2700 to 3500 cm ™! and the second
derivative technique was used to improve the separation of overlapping peaks and thus
obtain more useful information. The IRsolution FTIR software was used to perform the
second derivative analysis and all mathematical and statistical treatments of the spectra and
calibration data. The FTIR spectrometer was also used to quantitatively identify the ethanol
percentage in the gasoline samples. According to Conkling et al. [37], the percentage of
ethanol in hexanes and gasoline fuels can easily be determined using the O-H and alkane
C-H absorptions in an infrared spectrum.

2.2.3. Physical Properties

The distillation curve and the API gravity of all samples were obtained using the
proper ASTM standard methods. The API gravity was evaluated using the standard test
method for the API gravity of crude oil and petroleum products (hydrometer method),
ASTM D287-12b [38]. The distillation test was carried out according to the standard test
method for the distillation of petroleum products and liquid fuels at atmospheric pressure,
ASTM D86-19 [39]. To better characterize the volatility performance of gasoline fuels, it is
recommended to report the initial boiling point (IBP) and the distillation yield at several



Processes 2023, 11, 1437

7 of 15

temperatures, particularly at T10 (temperature at 10% recovery), TS50 (temperature at 50%
distilled volume), T90 (temperature at 90% distilled volume), and final boiling point (FBP).

2.3. Analytical Method

Given the available database and the need to model the dependency relationship
between a dependent (target) variable and multiple correlated independent (explanatory)
variables, the chosen analytical method in all cases was partial least squares regression
(PLSR). This method is a multivariate statistical technique designed to deal with multiple
regression when there is a small sample of data, or when there are missing values or multi-
collinearity. Furthermore, PLSR focuses on covariance while reducing the dimensionality
of correlated variables [40]. To test the performance of the proposed models, three common
evaluation indices, root mean squared error (RMSE), maximum absolute error (MAE), and
coefficient of determination (R?), were used. RMSE indicates the standard deviation of the
residuals (prediction errors); it is a measure of how spread out these residuals are. MAE
evaluates the average magnitude of the errors between the predicted and experimental
values without considering their direction, and all individual errors have equal weight. R?
reflects the mutual relationship between the predicted and experimental values, and their
correlation direction is also identified [7].

3. Results and Discussion

In this section, in addition to the presentation and discussion of the results obtained
through the three proposed approaches, an evaluation of the methods as such is also carried
out, using a methodology based on the uncertainty generated in the measurement proce-
dures. Furthermore, it is verified that the predicted values are within the reproducibility of
the standards adopted in the gasoline conformity assessments.

3.1. Composition-Based Model

The GC-MS analysis allowed for identifying 69 individual hydrocarbon components
present in the oxygenated gasoline fuels tested. Figure 1 shows the superposed chro-
matograms of representative extra (RON = 96) and regular (RON = 86) gasoline samples.
According to the chromatograms, the individual hydrocarbons with greater concentration
were 2-Methyl-butane (retention time, rt = 2.5 min), 2-Methyl-pentane (rt = 2.96), 2,2,3,3-
Tetramethyl-butane (rt = 4.47), 2,3,4-Trimethyl-pentane (rt = 5.97), 2,3,3-Trimethyl-pentane
(rt = 6.12), toluene (rt = 6.54), and p-xylene (rt = 10.89). Figure 2 shows a comparison of
the mass percent (normalized due to the presence of ethanol) of these components in both
gasoline fuels. As expected, the extra gasoline with higher ON had a higher content of
aromatic hydrocarbons and multibranched isoparaffins.

/Abundan¢e TIC: M201.D\data.ms
2200008 TIC: M211.D\data.ms ()

200000t
1800001
160000
1400001
1200001
1000001

80000

60000

:Ezzz )\V\ A 3_50AA LA{EA Aﬁﬁ JJ“PU\ M AJ?&X A AM\M AM

Time-> 550 70

Figure 1. Chromatograms of representative samples of extra and regular gasoline fuels (M201 sample:
extra, M211 sample: regular).
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Figure 2. Individual hydrocarbons with greater mass percent in representative gasoline samples
(M201 sample: extra, M211 sample: regular).

To determine the existence of significant linear relationships between the input vari-
ables, a correlation matrix was calculated, finding strong linear relationships between
most of the variables. The strongest direct relationship was 0.99, which occurred across
several pairs of variables, for example between 3-Methyl-pentane and 2-Methyl-pentane.
The strongest inverse relationship was —0.98 between pentane and ethanol. Due to the
multicollinearity between explanatory variables, multiple regressions were obtained via
the PLRS analytical method. The results of the composition-based models for the RON and
the MON are shown in Figure 3. These models explained 87% and 92% of the variation in
the RON and MON, respectively.

RON: Composition-based model

MON: Composition-based model
R?2=0.87, RMSE=1.15, MAE=0.86

R2=0.92, RMSE=1.05, MAE=0.84

96 ° (] 88 R
94 o L 86
E 92 o . .". E 84 ‘.03”
£ 90 XY & 2 o :’ ...... *o
] o o ¢ .
A 88 ® et X ~ 78 ® .a
Ty Lee *e Tl 0.t

84 8 88 90 92 94 96 74 76 78 80 82 84 86 88

Measured Measured
Figure 3. Comparison of predicted and measured octane numbers. Composition-based models.

Figure 4 shows the variables that had coefficients with higher positive or negative
values in the linear regression models. As can be seen in this figure, these coefficients do not
correspond to the individual hydrocarbons with a higher or lower ON. This result confirms
the purely empirical and statistical nature of the underlying mathematical structure used
to develop the models, making them rather restrictive for extrapolation despite their
acceptable evaluation indices.
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Figure 4. Variables (mass percent of individual hydrocarbons) with coefficients of greater absolute

values in the linear-composition-based models.

3.2. Infrared Spectroscopy Data-Based Model

Figures 5 and 6 present the absorbance and its second derivative spectra for a represen-
tative sample of extra gasoline. To facilitate the analysis and eliminate the zone containing
mainly experimental noise, the points for analysis were taken in the spectra wavenumber
region from 27005.2058 cm ™! to 3507.0458 cm ! (105 points with an approximate resolution
of 7.6365 cm~!). The selected points were set as the input features to the MON and RON
prediction models based on the PLSR analytical method.

Figure 5. FTIR absorbance spectra for a representative sample of extra gasoline.
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Figure 6. FTIR second derivative spectra for a representative sample of extra gasoline.

As a preliminary analysis, the variation in the MON and RON with absorbance was
analyzed for each of the selected points, without finding a defined trend. For the wave
number 3329.71 cm ™!, a slightly increasing trend was observed, that is, as the absorbance
increased, the antiknock index also increased at that wave number. In contrast, for wave
number 3206.35 cm ™!, a slightly decreasing trend of NO was observed as absorbance
increased. To determine the existence of significant linear relationships between the input
variables, a correlation matrix was calculated, finding strong linear relationships between
most of the variables. Of the 105 explanatory variables, only 14 of them were not signif-
icantly related to any other. The results of the MIR-based models for the RON and the
MON are shown in Figure 7. These models explained 75% and 78% of the variation in the
RON and the MON, respectively. Figure 8 shows the coefficients of the linear regression
models with greater positive or negative values. In the case of the RON, the points with
the greatest positive weight were 2743.755 cm ! and 3136.9658 cm !, while those with the
greatest negative weight were 2805.4358 cm ™! and 2820.8558 cm 1.

MON MIR-based Model
R2=0.78, RMSE=1.71, AAE=1.41

e _ e 88 PY

\9. ...... o.g

90 92 94 96 74 76 78 80 82 84 86 88

Measured Measured

Figure 7. Comparison of predicted and measured octane numbers. MIR-based models.
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Figure 8. Variables (wavenumber points) with coefficients of greater absolute values in the linear
MIR-based models.

3.3. Physical-Properties-Based Model

Five points of the distillation curve (IBP, T10, T50, T90, and FBP), the API gravity, and
ethanol content were selected as input features for the models. Regarding ethanol content,
only a small variation (from 9 to 11%) was considered, since all types of gasoline (extra
and regular) sold in Colombia must have 10% added ethanol. As a preliminary analysis,
the variation in the MON and RON with the chosen features was analyzed. Well-defined
trends were only identified in the cases of T50 and API gravity, as shown in Figure 9.

98

- “ > 96
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g .
‘. R o2 .-!‘.
T 90 o .®
“e EIERYTI
.9 2 88 e "o Og
° S 86| L °
[ ] 3 @
82
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Figure 9. Variation in the RON with API gravity and T50.

To determine the existence of significant linear relationships between the input vari-
ables, a correlation matrix was calculated, finding strong linear relationships between most
of the variables. The results of the physical-properties-based models for the RON and
MON are shown in Figure 10. These models explained 82% of the variation in both ON
measurements. Figure 11 shows the coefficients of the linear regression models for all of
the explanatory variables considered. According to the magnitude of these coefficients,
the variables with the greater contribution to the predicted values of the MON and RON
are ethanol content and API gravity. Although an increase in the ON of gasoline fuels is
expected with the addition of ethanol, the estimation of the RON or MON of the blend
on a volumetric basis has a limited application because the value of these parameters also
varies with the composition of the base fuel. Furthermore, it has been well established
that the increases in RON and MON with the addition of ethanol are approximately linear
when compositions are expressed in molar concentrations [41]. In the case of API gravity,
there was a correspondence between model structure and physical sense. As can be seen in
Figure 11, this variable has a coefficient with a negative sign (—0.72 for RON and —0.82
for MON), indicating that the ON increases as API gravity decreases or density increases.
This trend can be checked in the case of the pure hydrocarbons present in gasoline fuels
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and is representative of the main groups (paraffinic, naphthenic, and aromatic) as shown in
Table 2.
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Figure 10. Comparison of predicted and measured octane numbers. Physical-properties-based models.
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Figure 11. Explanatory variables and their coefficients in the linear physical-properties-based models.

Table 2. Density and ON of representative hydrocarbons present in commercial gasoline fuels [21].

Density

Name Formula glem® at 20 °C RON MON
Hexane Ce¢Hig 0.6590 24.8 26
Cyclohexane Ce¢Hip 0.7781 83 77.2
Benzene CeHg 0.8756 105 102.5

One way to evaluate the performance of the proposed prediction methods is to con-
sider the uncertainty generated in the measurement procedures and to check whether
the predicted values are within the reproducibility of the standards adopted in gasoline
conformity assessments. Then, an adequate evaluation criterion can be used to compare
the difference between the predicted and measured values (residuals) with the sum of
the reproducibility and the uncertainty established by the method. The standard test
method for the measurement of RON in spark-ignition motor fuels, such as ASTM D2699-
19, states a reproducibility value of 0.8, and the uncertainty estimated from this value was
0.56 [4]. Adding the reproducibility and the uncertainty, a value of 1.36 was obtained.
According to Figure 12, the best performance corresponded with the composition-based
model, since about 80% of residuals were within the established criterion. This result
agreed with the lowest value of the MAE obtained with this model. In the case of the
MIR and physical-properties-based models, those proportions were about 67% and 47%,
respectively. Although the physical-properties-based method showed an unacceptable
performance according to the established criterion, its use could be recommended in cases
of scarce data since it showed an acceptable value of R? and physical consistency. As can
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be shown in Figure 12, this method tended to underestimate the value of the RON for most
of the samples.
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Figure 12. Performance of the RON prediction methods.

In the case of the MON, the sum of the reproducibility and the uncertainty was 1.54 [5].
According to Figure 13, the best performance also corresponded with the composition-
based model, since about 83.3% of residuals were within the established criterion. In the
case of the MIR and physical-properties-based models, these proportions were about 60%
and 73.3%, respectively. The results also showed a better performance of the physical-
properties-based method in comparison with the RON prediction.
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Figure 13. Performance of the MON prediction methods.

4. Conclusions

Three models for predicting the ON of petroleum-derived gasoline fuels using MIR
spectra, GC-MS, and routine test data as input features were developed and evaluated.
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In all cases, the chosen analytical method was partial least squares regression (PLSR).
According to the results obtained, the following conclusions can be drawn:

e Despite their empirical nature, the proposed prediction models had the potential to
predict the RON and MON of real gasoline fuels commercialized in Colombia.

e  The results showed that the best performance for both MON and RON prediction
corresponded with the composition-based model, since it presented lesser evaluation
indices (RMSE, MAE, and Rz) and more than 80% of residuals were within the estab-
lished criteria (sum of the reproducibility and the uncertainty of the standard method).

e  Although the routine-test-data-based method performed poorly according to the
established criterion, its use could be recommended in cases of scarce data since it
showed an acceptable value of R? and physical consistency. The main novelty of
the last method is to correlate a complex parameter such as ON with simple and
easy-to-measure fuel properties such as the API gravity and representative points of
the distillation curve.
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