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Abstract Higher heating value (HHV) is probably the

most important property of the fuels. Bomb calorimeter and

derived empirical formulae are often used for accurate

determination of HHV of fuels. A useful empirical equa-

tion was derived to estimate HHV of petro-diesels from

their C and H contents: HHV (in MJ/kg) = 0.3482(C) ?

1.1887(H), r2 = 0.9956. The derived correlation was val-

idated against the most common formulae in the literature,

Boie and Channiwala–Parikh correlations. Accordingly,

accurate determination of C and H contents is essential for

estimation of HHV and avoids using a bomb calorimeter.

However, accurate estimation of C and H contents requires

using expensive and laborious gas chromatographic tech-

niques. In this work, chemometry offered a simple method

for HHV determination of petro-diesels without using

bomb calorimeter or even gas chromatography. PLS-1

calibration was used instead of gas chromatography to find

C and H contents from the non-selective mid-infrared

(MIR) spectra of petro-diesels, HHV was then estimated

from the earlier empirical equation. The proposed method

predicts HHV of petro-diesels with high accuracy and

precision, with modest analysis costs. The present method

may be extended to other fuels.
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Introduction

Diesel fuel is a common term that usually describes any

fuel used in diesel engines. The most common diesel fuel is

obtained from crude oil, which is often referred to as petro-

diesel [1]. Petro-diesel is derived from crude oil by frac-

tional distillation at temperature range 175–300 �C and

normal pressure [1]. Chemically, petro-diesel is composed

of 75% saturated hydrocarbons (mainly paraffins including

normal and branched cycloparaffins), and 25% aromatic

hydrocarbons (including napthalenes and alky benzenes)

[1]. The density of petro-diesel is *850 kg m-3, about

15% higher than gasoline (720 kg m-3) [1]. Petro-diesel is

a highly consumed commodity; USA consumption in 2006

was 200 billion liters, which is mainly used in transporta-

tion and heating systems [2]. One of the most important

properties that should be regularly determined for petro-

diesels is the heating value (HV). HV is the amount of

energy that released as heat when a unit mass or volume of

a fuel is completely combusted with oxygen and usually

expressed as either the higher heating value (HHV) or the

lower heating value (LHV) [1, 3]. HHV, also known as the

gross calorific value, of a fuel is defined as the released

heat from a specific quantity (maintained at 25 �C and

1.0 atm) when it is completely combusted and the com-

bustion products have returned to the initial temperature.

HHV is identical to the thermodynamic heat of combustion

[4]. In fact, HHV includes the heat of condensation of

gaseous products (mainly gaseous H2O) that produced

upon combustion, while, LHV excludes heat of water
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condensation [4]. Therefore, HHV is significantly higher

than LHV if the condensation energy is high. HHV is about

7% higher than LHV for petro-diesel, while, it is 15%

higher for H2 due to the higher hydrogen content compared

to petro-diesel. Practically, HHV is determined by bomb

calorimeter where fuel is combusted with oxygen in a

sealed steel container at 25 �C [4, 5]. After cooling the

reaction container to 25 �C, the released energy is calcu-

lated which accounts for the heat of combustion and heat

due to condensation of gaseous water, i.e., HHV [4]. HHV

of petro-diesels are often close to 45 MJ kg-1, which is on

average, higher than heating value of biomass materials

(10–20 MJ kg-1 or kJ g-1) but lower than HHV of meth-

ane gas (55 MJ kg-1) [6].

The international standard method, ASTM D240, is the

most adopted method for accurate estimation of HHV of

most fuels including petro-diesel [4–6]. However, this

method has some disadvantages, such as regular calibration

of the bomb calorimeter, long analytical procedure, diffi-

culties in sample preparation and high analysis costs [4].

Accordingly, many efforts have been made to provide sim-

pler methods for predicting HHV from the elemental com-

position of fuels [3, 4, 6–8]. For example, HHV of petro-

diesels were empirically estimated from the contents

of carbon and hydrogen as following [3]: HHV =

0.3032(C) ? 0.1423(H), with a prediction error of only

0.4% [3]. For liquid hydrocarbons like gasoline and petro-

diesels, the most validated formula was derived by Boie [9]:

HHV ðMJ kg�1Þ ¼ 0:3517 Cð Þ þ 1:1626 Hð Þ þ 0:1047 Sð Þ
� 0:111 Oð Þ:

For solid lignocellulosic fuels, HHV were fairly predicted

as [7]: HHV (MJ kg-1) = 33.5(C) ? 142.3(H) - 15.4(O).

In addition to the elemental composition, saponification

value, iodine value, density, viscosity, and molecular weight

were correlated with HHV for many fuels [10, 11]. The HHV

of vegetable oils were found to be fairly correlated with

density d: HHV (MJ kg-1) = 79.014 - 43.126 d (r2 =

0.938) [12]. Accordingly, chemical and physical analyses

have been highly correlated with HHV of many liquid fuels

as these offered reasonable alternatives to ASTM D240 for

HHV estimation. Prediction of HHV of petro-diesels from

density (d), sulfur level (s), water content (x), and ash content

(y) is also an official method, which is often adopted in

advanced fuel laboratories [8]:

HHV ðMJ kg�1Þ ¼ 51:916� 8:792d2 � 10�6
� �

1� xþ yþ sð Þ½ � þ 9:420s:

Recently, Channiwala and Parikh have derived a unified

formula, using elemental composition of large number of

fuels, which predicts HHV of gaseous, liquid, and solid fuels

[6]: HHV (MJ kg-1) = 0.3491(C) ? 1.1783(H) ? 0.1005(S)

- 0.1034(O) - 0.0151(N) - 0.021(Ash). With only a few

exceptions, this formula [6] can predict HHV of wide

spectrum of fuels with average absolute error of 1.45%. Even

though not directly stated in the work of Channiwala and Parikh

[6], the elemental composition of fuels seem to be more

significant for predicting HHV compared to the approximate

analysis data. Correlations that are derived from the elemental

composition of petro-diesels [3, 6, 9] are extremely useful,

however, a disadvantage is that they need an elemental analysis

as input data, which requires expensive chromatographic

analysis [13].

However, Fourier transform infrared (FTIR) spectros-

copy, either mid-IR (MIR) or near-IR (NIR), are among the

most trusted analytical techniques in monitoring the quality

of petro-diesels blends [14]. IR techniques are non-

destructive, very reliable, easy to apply, offer rapid anal-

ysis, with no sample treatment required [14]. FTIR can be

described as a molecular ‘‘fingerprinting’’ method with a

high sensitivity toward many fuels. MIR spectroscopy

rapidly provides chemical information on a very large

number of compounds and the absorption bands are sen-

sitive to the physical and chemical states of individual

constituents [15]. Recently, multivariate calibration (also

known as chemometry) has found many applications in

petrol chemistry, which extend from detecting impurities to

multi-component determination [14–17]. The ultimate aim

of multivariate calibration is to find useful relationships

between data from relatively low cost procedures like FTIR

and from expensive, lengthy analyses [18, 19]. In addition

to their accuracy, chemometric methods have been used for

clustering different fuel samples and detecting outliers [18,

19]. However, few studies have reported using chemometry

for estimating HHV and other important fuel parameters

from spectroscopic data [20].

In this work, a simple analytical method is developed to

estimate HHV of petro-diesels. Three steps are adopted

during method development: (a) an empirical formula is

developed to correlate HHV with elemental composition of

petro-diesels using bomb calorimetery and gas chroma-

tography; (b) partial least squares (PLS-1) calibration is

trained for accurate prediction of C and H contents from

MIR spectra of petro-diesels; (c) for a new sample, the

MIR spectrum is recorded and the optimized PLS-1

method is applied to determine C and H contents, and HHV

is estimated from the derived correlation from (a).

Experimental

Collection of petro-diesel samples

One hundred samples were collected from ten local petrol

stations located in Amman area, Jordan. Fifty milliters of
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each sample was stored in a sealed glass bottle and kept in

a dark, cooled environment. The Jordanian Petroleum

Refinery Company is the main supplier of petro-diesels

(85%) in Amman with the remaining imported from

neighboring countries. It is important to note that the

composition of the samples will depend not only on the

supplier specifications, but also on the residual level in the

main station tank. Therefore, each sample represents a

unique chemical identity because of the inherent differ-

ences in the station tank levels upon filling. The samples

were carefully filtered to remove colloids prior to analysis.

Determination of HHV using ASTM D240

An oxygen bomb calorimeter (IKA Calorimeter system

C2000, Petrotest Instruments GmbH, Germany) was

employed to estimate HHV of diesel samples. An accu-

rately weighed sample (0.8–1.0 g) was placed directly in a

stainless steel capsule (2.5 cm diameter and 1 cm deep)

and burned with oxygen at a pressure of 3.0 MPa according

to ASTM D240 [5]. The sealed capsule was then placed

inside a 2-L water bath that placed in an adiabatic con-

tainer. Upon thermal equilibration of the whole system, the

sample was combusted. The HHV (in MJ/kg) of the sample

at room temperature was calculated from the temperature

increase in water bath DT as following [5]: HHV =

(CDT - e1 - e2)/m, where C, e1, e2, and m are the cali-

bration constant of the calorimeter (MJ/K): correction

factor for the heat of combustion of the ignition wire (MJ);

the heat of formation of the acids (MJ); sample mass (kg),

respectively. Before analysis, the calibration constant was

estimated from the combustion of pure benzoic acid as

described in the instrument manual.

Elemental composition determination of petro-diesels

by gas chromatography

The contents of carbon, hydrogen, nitrogen, and sulfur in

the samples were determined using gas chromatography

(EuroVector EA3000 Instrument and Software, Italy).

Diesel samples were carefully weighed using a highly

sensitive (±0.001 mg) balance (Sartorius, Germany).

1.0 lL sample (which is equivalent to 0.7 mg) was care-

fully delivered to a small aluminum cup and then placed

inside a tube furnace connected with GC. The sample was

combusted at 1000 �C in an oxygen atmosphere and the

final combustion products were CO2, H2O, N2, and SO2.

The gases were separated at 115 �C using 2.0 m length

PTFE-GC column. The flow rate of the mobile phase was

maintained at 110 ml/min. The eluted gases were detected

using thermal conduction detector (EuroVector EA3000). A

five-point calibration graph was prepared for each gas,

before fuel analysis, and used for quantitative determination

of gases. The elemental composition (in wt%) of the petro-

diesels were estimated from the amounts of liberated gases.

Spectral measurements and software

MIR spectra of petro-diesels were recorded in duplicate

over 400–4000 cm-1 spectral range using a Shimadzu IR

Prestige-21/FTIR-8400S spectrophotometer (Shimadzu,

Japan). The liquid samples were carefully placed in a fixed

length KBr cell and the spectra were sampled at 5 cm-1

resolution, and digitised absorbance values (720 spectral

points/spectrum) were determined. The data treatment and

the chemometric calculations were undertaken using

Excel� and MATLAB� software.

Multivariate calibration

The extent of correlation between C, H, N, and S content

and HHV’s of samples were estimated by calculating a

correlation matrix [18]. Principal component analysis PCA

was applied to elemental composition data and HHV’s to

find the optimum correlation [19]. Many of the 100 tested

samples were of similar HHV (0.01 MJ/Kg difference) and

of close chemical analysis, therefore, these were excluded

from the study. Thirty samples of petro-diesel were care-

fully selected from the initial batch; the samples of high

variations in energy values and chemical composition were

selected for multivariate calibration. As will be discussed

later, PCA revealed that HHV showed high correlation

with C and H content of fuels. Therefore, the next step is to

apply PLS-1 to develop informative calibration relation-

ships between MIR data and C/H content. Twenty samples

were used to build the calibration model and the remaining

ten samples were kept for validation. Initially, the spectral

absorbance of petro-diesels were pre-processed, the

instrumental noise in the spectra were removed or mini-

mized by applying 5-points window Savitzky–Golay filter

[18], the negative absorbance values were removed, and

the data were mean-centred. PLS-1 method, an inverse

calibration model, was used to create regression formulae

to estimate content of C and H from MIR spectra for new

samples. The general regression equation was used [15,

18]: cun = pa, where cun, p, and a are the atom content, the

optimized calibration vector obtained by PLS-1 algorithm

[15, 18, 19], and the MIR spectrum of the unknown sam-

ple. The minimum prediction error of both C and H atoms

in the validation set was observed at four PLS-1 latent

variables. Multivariate analysis was applied over the entire

MIR range (400–4000 cm-1) using 720 points/spectrum

and on carefully selected sub-regions as well be discussed

later. Detection of outliers in the calibration and validation

sets was carried out by estimating Mahalanobis distances

for the samples [21]. As a final step, PLS-1 was used to
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extract C and H content in new diesel samples that were not

involved in the calibration, and the estimated HHVs of

these samples were compared with ASTM D240 results.

The analyses costs and time taken for these procedures

were critically evaluated.

Results and discussion

It should be noted that multivariate calibration has found

many applications in petroleum analysis. For example, the

technique was applied to both MIR and NIR spectroscopic

data to detect gasoline adulteration without running the

tedious liquid or gas chromatographic methods. Using

multivariate calibration the highly overlapped and non-

selective IR signals were resolved and the identity of the

mixtures was identified with high accuracy [15]. Deter-

mination of fatty acid in palmitolein was undertaken by

treating MIR spectra with PLS-1 [22]. Pimentel et al. [14]

have applied multivariable calibration on MIR and NIR

spectroscopic data to detect low levels (1–5%) of biodiesel

in petro-diesel blends and the authors noted the reasonable

cost and the short analysis time of the procedure. Among

the employed chemometric methods, PLS-1 is the most

popular in analytical chemistry with this attributed to the

following [23], (a) it employs full data, which is critical for

multicomponent analysis, (b) its calibration models ignore

the effect of other co-existed compounds except the target

analyte, and (c) a short analysis time with no sample clean

up or even physical separation in many cases.

Correlating HHV of petro-diesels with elemental

composition

Higher heating value of petro-diesel which mainly com-

posed of C, H, N, and S (Table 1) cannot be estimated

directly from the heats of formation of CO2, H2O, NO2, and

SO2 products because petro-diesel is formed from complex

mixtures of compounds (saturated and aromatic hydrocar-

bons), hence, complex oxidation reactions with radical

formation upon burning are all possible which produces

variation in energies compare to estimated values.

As an example, the total amount of released energy

including condensation of water vapor was estimated for

sample 6 (Table 1). The total combusted mass was

0.70185 mg (± 0.001 mg) which contained 0.6151 mg C,

0.08675 mg H, 1.2633 lg N, and 6.1061 lg S. The heat of

formation of H2O, CO2, NO2, and SO2 gases (assuming

complete combustion under experimental conditions) are -

242, -393.3, 34.0, and -297.0 kJ/mol; respectively, while

the heat of condensation of H2O is -41.0 kJ/mol [1].

Accordingly, the estimated amount of released energy that

is attributed to the earlier masses is 41.14 MJ/kg, which is

about 9% lower than the experimental value (45.15 MJ/

kg).

ASTM D240 is an important standard method for HHV

determination of liquid hydrocarbon fuels ranging in vol-

atility from light distillates to residual fuels, using bomb

calorimetry [3, 4]. Under normal conditions, this method is

common for gasoline, kerosene, biodiesel and petro-diesel

[5]. The reported HHVs in this study ranged from 41 to

46 MJ/Kg which is typical for petro-diesels and reflects the

high combustion energies [1]. Even though the level of S

seems to be insignificant (0.4–1.0% by mass), accumula-

tion of acidic gases like SO, SO2, and SO3 would be

Table 1 Elemental composition and HHV of petrodiesels

Sample C/wt% H/wt% N/wt% S/wt% HHV/kJ g-1

Calibration set

1 84.72 15.28 0.14 0.67 47.58

2 87.04 12.96 0.19 0.65 45.75

3 85.74 14.26 0.15 0.95 46.78

4 86.75 13.25 0.13 0.68 45.86

5 84.00 15.88 0.17 0.95 48.06

6 87.64 12.36 0.18 0.87 45.21

7 84.56 15.44 0.19 0.86 47.83

8 87.71 12.20 0.17 0.87 45.20

9 85.69 14.31 0.17 0.75 46.92

10 83.50 16.40 0.16 1.00 48.62

11 86.72 13.28 0.18 0.50 46.00

12 83.40 16.60 0.16 1.03 48.81

13 85.25 14.75 0.15 1.00 47.33

14 84.31 15.66 0.11 0.87 48.02

15 86.25 13.75 0.12 0.92 46.48

16 85.99 14.01 0.16 0.77 46.71

17 84.98 15.02 0.14 0.37 47.44

18 86.14 13.86 0.19 0.53 46.52

19 86.50 13.50 0.17 0.88 46.19

20 85.34 14.66 0.16 0.93 47.19

Validation set

21 86.73 13.27 0.14 0.55 46.06

22 85.55 14.36 0.16 0.65 46.95

23 84.64 15.36 0.17 0.74 47.82

24 86.07 13.93 0.17 0.85 46.34

25 87.12 12.66 0.13 0.99 45.49

26 84.06 15.94 0.18 0.99 48.33

27 83.51 16.10 0.16 0.99 48.44

28 84.42 15.58 0.18 0.65 47.92

29 85.12 14.96 0.16 1.04 47.55

30 86.37 13.63 0.18 0.70 46.35

Elemental composition/wt% was obtained by GC

Higher heating values HHV were determined by ASTM D240 [5]

Relative standard deviations (RSD, n = 3) were 0.53 and 0.82 for GC

and ASTM D240 measurements; respectively
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produced from the huge consumption of this fuel. The level

of S is above the permitted level which should be less than

0.5% [3] to ensure low emissions of gases. Elemental

composition of petro-diesels were determined with high

precision (RSD = 0.53%) using standard gas chromato-

graphic method. The results were shown in Table 1. A

typical gas chromatogram is presented in Fig. 1.

As shown in Fig 1, the gases were completely separated

in a short time with retention times of 31, 49, 170, and

211 s for N2, CO2, H2O, and SO2, respectively. The high

polarity of H2O and SO2 gases increased their affinity

toward the polar stationary phase and postponed their

elution from the column. The low percentages of N and S

in diesel samples are indicated from the low peak-intensity

of their corresponding gases, as shown in Fig. 1. As

reported earlier, many studies have indicated that HHV of

petro-diesels and other common fuels show high correla-

tion with elemental compositions [3, 4, 6–9]. Therefore, it

is essential to assess the correlations between HHV and

elemental composition. Such correlations can be obtained

by estimating a correlation matrix of the data presented in

Table 1 [4]. The correlation matrix (5 9 5 dimension)

which is symmetric around its diagonal is presented in

Table 2.

As can be noted in Table 2, HHV demonstrates high

correlation with C and H content, with positive correlation

(0.9973) with H% and negative correlation with C% (-

0.9949). However, a poor correlation was observed

between HHV and other atoms (r2 \ 0.5). The high and

negative correlation (-0.9976) is expected because C and

H atoms make up the vast majority of petro-diesel ([99%),

therefore, as C levels increases H levels should decrease

and vice versa (See Table 1).

The data presented in Table 1 were subjected to PCA to

derive an empirical relationship between elemental com-

position (4 independent variables) and the dependent HHV

variable. The data were mean-centered prior to PCA

analysis and the following empirical equation was obtained

using samples 1–20 in Table 1:

HHV ¼ 0:3482 Cð Þ þ 1:1887 Hð Þ þ 0:0019 Nð Þ
þ 0:0559 Sð Þ

r2 ¼ 0:9957

ð1Þ

A t-test was used as a statistical indicator to assess the

significance of each coefficient in Eq. 1 provided that more

experiments (20 experiments) were performed than number

of coefficients (4 coefficients). The significance t-test was

carried out as following [18]: (a) the square covariance

matrix (4 9 4 dimensions) was calculated where the

diagonal values of this matrix represents the variance (v)

for each parameter, (b) Sresid, the error sum of squares, which

was determined from the experimental HHV (HHVexp) and

those obtained by Eq. 1 (HHVestim) for all samples was

calculated as following:
Pn

i¼1 HHVi;exp � HHVi;estim

� �2
,

where n is the number of samples, (c) determination of

mean error sum of squares (s) by dividing Sresid by number of

degrees of freedom. Degrees of freedom = N - P, where N

is number of experiment (20 in this case) and P is the number

of coefficients (4 coefficients), and (d) estimation of t value,

t ¼ b

ðsvÞ1=2, the higher this ratio, the more significant is the

coefficient at the desired confidence level. The obtained t

values were: 9.6, 23.6, 0.62, and 2.39 for C, H, N, and S

coefficients, respectively. Using two-tailed t test table, t table

(99%, 16) is 2.79. Accordingly, the coefficients of N and S

are insignificant for HHV prediction while coefficients of C

and H are very significant. Without affecting its HHV (MJ/

kg) prediction, Eq. 1 is reduced to:

HHV ¼ 0:3482 Cð Þ þ 1:1887 Hð Þ r2 ¼ 0:9956 ð2Þ

The obvious correlation between HHV and C/H is

expected because both atoms make up a large fraction of

petro-diesels (see Table 1). The positive and high

correlation between HHV and H% is also expected

because as H content increases the amount of water

produced increases and more condensation energy is

obtained. This is illustrated in sample 12 where the

maximum HHV was observed. The prediction power of

Eq. 2 was further tested by finding HHV of new fuel
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Fig. 1 Gas chromatogram obtained for sample 13

Table 2 Correlation matrix calculated using data presented in

Table 1

HHV C H N S

HHV 1

C -0.9949 1

H 0.9973 -0.9976 1

N -0.0301 0.0426 -0.0341 1

S 0.3115 -0.316 0.3003 -0.1114 1
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samples not included in the correlation derivation (samples

21–30 in Table 1) and the relative error of prediction

REP% was calculated to assess the performance of Eq. 2:

REP% ¼ 100�

Pn

h¼1

ðHHVi;exp � HHVi;estimÞ2

Pn

i¼1

ðHHVi;expÞ2

0

BB@

1

CCA

1=2

ð3Þ

The obtained REP% value was only 0.26%, which reflects

the high accuracy of the derived empirical equation. This

confirms the results of other researchers, in that HHV value

can be correlated to the elemental composition of fuels. An

accurate and fast estimation of C and H levels in petro-diesels

is necessary to determine HHV and avoid using expensive

and laborious bomb calorimeters. As will be shown in the

following section, a simple chemometric method based on

analysis of MIR data with PLS-1 is proposed to estimate C

and H contents and finally determine HHV using Eq. 2.

Demirbaş [3], Channiwala-Parikh [6], and Boie [9] reported

different formulae for HHV prediction for liquid fuels. The

formula derived by the first author was primarily for petro-

diesel, while, the other authors derived formulae that can

work for wide spectrum of fuels including petro-diesel. Due

to their high popularity, the aforementioned correlations

were used to find HHV of our samples (samples: 21–30

Table 1) from their C and H contents and the overall

performance of all formulae were compared. The obtained

REP% values were 0.26, 0.28, 0.25, and 1.23%

corresponding to Eq. 2, Boie, Channiwala-Parikh, and

Demirbaş equations, respectively. Demirbaş’s formula

showed a large REP% value while the other formulae gave

similar perdition powers as Eq. 2.

Determination of C and H contents using MIR/PLS-1

Representative MIR spectra of petro-diesels (samples 8 and

12) are presented in Fig. 2.

The spectral features depicted in Fig. 2a are typical for

petro-diesels and identical spectra were reported in litera-

ture [14]. The aim of depicting MIR spectra of samples 8

and 12 is due to the samples having high variations in their

elemental compositions and also in HHVs. The large

variations in the chemical composition should be reflected

in the sample spectra. Figure 2b showed that both samples

have identical spectral behavior over 650–1600 cm-1,

while, the maximum variations in the intensity of MIR

bands was observed at 2856, 2926, and 2956 cm-1 as

indicated in Fig 2c. At 2926 cm-1, there is 34% increase in

the absorbance value in sample 12 compared to sample 8.

This was mainly attributed to the large H% content which

is 36% higher in sample 12. The difference in C content in

samples (about 5% higher is sample 8) is insignificant

(compared to the H difference in both samples) and cannot

account for the large spectral variations in the samples.

Accordingly, univariate calibration at 2926 cm-1 was

carried out and the regression equation, (H% ¼
0:28A2926 cm�1 � 3:18, r2 = 0.6578) was used to predict

H% in diesel samples. High REP% values were obtained

(25–53%); this was expected as using one spectral point in

the calibration is not sufficient and more data points are

necessary in order to improve the selectivity of the cali-

bration. The non-selectivity problem is common in FTIR

analysis and can be eliminated by including informative

spectral regions and using inverse calibrations algorithms

[19]. For estimation of C and H contents from non-selec-

tive MIR overlapped bands, multivariate calibration by

PLS-1 was applied. In principle, PLS-1 is a simple and

convenient calibration method for resolving mixtures and

could be applied for determination C and H contents in

petro-diesels from MIR spectra. The multivariate data were

gathered in matrix A which contains the spectral data of

dimension 20 9 720 and two separate vectors of dimen-

sion 1 9 20 containing the reference values of C and H, as

obtained by GC. Due to the high co-linearity in calibration

data, the classical least squares method was invalid for

predicting fuel composition from MIR data. Co-linearity

(i.e., the linear relationships between absorbance at multi-

ple wavenumbers) is a significant disadvantage that may

negatively affect the accuracy and precision of the cali-

bration method. A good estimation of co-linearity in a data

matrix is the condition number [15, 19], a matrix of high

co-linearity has a high condition number and cannot be

involved calibration. The condition number of matrix A

was 2,407, which reflected the high degree of co-linearity

and also the non-selective nature of MIR signals. The high

co-linearity in calibration data was eliminated by decom-

posing matrix (A) using the elemental composition of C/H

atom. With the aid of PLS-1 algorithm, Wn9h, Ph9n

matrixes and qh91 vector were obtained. where h represents

the number of optimum PLS-1 latent variables needed to

perform accurate calibration. The calibration parameter b

was obtained as following [15, 19, 23]: b = W(PtW)q.

The PLS-1 calibration was carried out separately for each

atom. The presence of outlier(s) was also investigated in all

samples by estimating Mahalanobis Distance MD form

elemental composition and spectral data [21]. Using data

presented in Table 1, the covariance matrix B (5 9 5) was

initially calculated and used to estimate MD as:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
btðBÞ�1b

q
, where b is the mean centered vector (ele-

mental composition or absorbances) of the sample [18].

The obtained MD values (calculated form elemental

composition data) ranged from 1.30 to 1.42 indicating the

absence of outliers, and the standard samples represent one

cluster. For spectral data, the score matrix (20 9 6) was used
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as input data to find MD values using the same earlier for-

mula and the values were in the range 12–16, which also

confirms the absence of outliers. For higher quality calibra-

tion, the initial spectral data (720 absorbances/sample) was

further filtered to obtain the informative spectral regions.

Various criteria have been developed to allow for the effect

of wavelength selection prior to multivariate calibration

[24]. In this work, the method proposed by Alba et al., 2002,

was adopted to select the optimum wavelength regions prior

to multivariate calibration [25]. Simply, the correlation

coefficients between the atom content (in the calibration set)

and the corresponding absorbance at each wavenumber were

estimated. For both atoms, the most informative spectral

regions were within 400–670 and 2840–2970 cm-1, which

contain 184 data points/spectrum. The second region

(2840–2970 cm-1) contains the characteristics vibration

bands of C–H bond [15]: 2960, 2950, 2925, 2915, 2870, and

2855 cm-1. The earlier bands are attributed to sp3 CH3

(asymmetric), sp2 CH2 (olefinic), sp3 CH2 (asymmetric), sp3

CH, sp3 CH3 (symmetric), and sp3 CH2 (symmetric). The

spectral region 3400–3600 cm-1 is totally excluded from

analysis due to the negative correlations with C and H con-

tent. After selecting the informative spectral regions,

checking for outliers, and latent variables determination, the

power of PLS-1 for C and H quantification from MIR data

can be tested. Critical values of calibration and validation

including recovery, RSD, RMSD (root mean square differ-

ence), r2 (square of correlation), and REP (relative error of

prediction) were reported to assess the analytical perfor-

mance of PLS-1 for quantification of H and C content in

petro-diesels [26, 27]. The results are summarized in

Table 3.

As indicated in Table 3, all statistical quantities confirm

that PLS-1 was accurate and precise for quantitative

determination of C and H in petro-diesels. PRESS, RMSD,

recoveries, and RSD all reflected the outstanding perfor-

mance of PLS-1 and r2 values were high for both atoms,

which confirm the high degree of fit between PLS-1 values

and those obtained by GC. It is interesting to note that the

atoms were predicted using high number of latent variables

(6–7) and this was attributed to the large spectral overlap in

the characteristics bands of C–H bond in the sample. As

indicated in Table 3, the PLS-1 has a high prediction power

for both atoms in the validation set with satisfactory REP%

values (0.21–1.22%). The following conclusion was

deduced from the earlier discussion: PLS-1 was capable for
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resolving the non-selective MIR spectra and find C and H

levels in petro-diesels with high accuracy and precision.

Precision, accuracy, and ruggedness of the proposed

method

The proposed analytical procedure could be applied in

official laboratories for routine analysis of diesel samples,

therefore, the inter/intra-day precision and accuracy of the

PLS-1 procedure was evaluated. More over, ruggedness of

the method was also carefully assisted. Three different

samples (5, 15, and 25 in Table 1) were analysed in five

replicates during the same day (intra-day precision) and

five consecutive days (inter-day precision). The RSD%

values of inter and intra day indicated that the precision

was good as shown in Table 4. The accuracy of the ana-

lytical method was expressed as percentage of relative

error between experimental HHV values and the values

obtained using Eq. 2. An acceptable size of relative error

was obtained (\0.5% in all trials) as indicated in Table 4.

Method’s ruggedness was expressed as the RSD% of the

same procedure applied by three analysts as well as using

three different spectrophotometers. The results of rugged-

ness are provided in Table 4 and indicated that the pro-

posed method has a reasonable degree of ruggedness (RSD:

1–3%).

Determination of HHV for new petro-diesel samples

The next step is the application of the proposed analytical

method for HHV determination for new petro-diesel sam-

ples that were not included in the original calibration. Five

petro-diesel samples were carefully selected from different

five petrol stations, the samples were filtered and stored at

cooled place until day of analysis. For each sample, MIR

spectrum was recorded and the HHV was determined using

ASTM D240 method. PLS-1 method was applied to find C

and H contents from MIR spectra as discussed earlier, and

HHVs were estimated using Eq. 2. Five determinations

were carried out for each sample. Table 5 summarizes the

output along with statistical results.

As presented in Table 5, t and F statistical tests were

applied to determine whether the results of both methods

were comparable, or not, under the experimental conditions

and at 95% confidence level. Before applying t test, F test

was applied to compare the standard deviations of the

methods. As can be noted, the standard deviations of both

methods are not significantly different at 95% confidence

level where F calculated values \F table value. The t test

was applied to determine if the results of ASTM D240 and

Table 3 Assessment of PLS-1 method for determination of C and H

contents in petrodiesels from their MID spectra

Parameter C/wt% H/wt%

Calibration set

Informative spectral

regions/cm-1
2840–2970 400–670, 2840–2970

Analytical range/wt% 83–87 12.0–16.6

LVsa 7 6

PRESS 0.85 0.92

RMSDb 0.20 0.20

r2b 0.9954 0.9976

Recoveryc 101.2 99.63

RSD 0.42 0.61

Validation set

Recovery 98.9 99.0

RSD 0.38 0.57

REP%b 0.21 1.22

r2 0.9922 0.9990

a PLS-1 latent were variables calculated using cross-validation

method [18, 19]
b Calculated as outlined in Refs. [26, 27]
c Recovery values were calculated using reference values obtained by

GC (Table 1)

Table 4 Assessment of precision, accuracy and ruggedness of the MIR/PLS-1 method

Sample HHVa Intra-day Inter-day Ruggedness

PLS-1

predictionb
RE% RSD% PLS-1

predictionc
RE% RSD% Inter-analyst

RSD%

Inter-instrumentd

RSD%

5 48.06 48.12 0.12 0.88 48.22 0.33 0.92 1.22 2.1

15 46.48 46.41 0.15 0.92 46.38 0.22 0.63 1.03 3.2

25 45.49 45.39 0.22 0.55 45.53 0.10 0.23 0.95 1.9

a Calculated using ASTM D240 in kJ g-1

b Calculated using MIR/PLS-1 and Eq. 2 in kJ g-1

c Three different analysts were involved
d Three different spectrophotometers were used
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MIR/PLS-1 are comparable within the experimental error.

At 95% confidence level, the results of t-test indicate that

there is no significant difference between two methods for

determination of HHV in petro-diesels, t calculated\t table

in all cases. The analysis time and cost for HHV determi-

nation by both methods were provided in Table 5 for

comparison. ASTM D240 requires a long timeframe which

is consumed for setting and calibrating the calorimeter,

sample preparation, and attainment of thermal equilibration

in the system. In addition, this procedure is expensive where

pure oxygen is needed for sample burning and large vol-

umes of acetone and chloroform are often required for

cleaning sample holders after burning. The MIR/PLS-1

method was less expensive and faster compared to ASTM

D240 and the expenses are mainly to cover solid KBr and

organic solvents used in cleaning. Moreover, the proposed

method is simple, does not need expert analysts and can be

easily implemented in most fuel laboratories.

Conclusions

A simple, cheap and easy-to-implement analytical protocol

was developed for accurate estimation of HHV for diesel

samples. Both C and H content were accurately quantified

using MIR data and PLS-1 calibration. Finally, HHV

was predicted from the formula: HHV = 0.3482(C) ?

1.1887(H). Five petro-diesels obtained from different sta-

tions were analyzed by the proposed method to find HHV,

the results clearly indicated that MIR/PLS-1 gave compa-

rable results to official ASTM D240 method. The proposed

method is simple and can be adopted by most fuel analysis

laboratories.
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12. Demirbaş A. A direct route to the calculation of heating values of

liquid fuels by using their density and viscosity measurements.

Energy Conserv Manag. 2000;41:1609–14.

13. Ahmaruzzaman M. Proximate analyses and predicting HHV of

chars obtained from cocracking of petroleum vacuum residue with

coal, plastics and biomass. Biores Technol. 2008;99:5043–50.

14. Pimentel MF, Ribeiro GM, da Cruz RS, Stragevitch L, Pacheco

Filho JG, Teixeira LS. Determination of biodiesel content when

blended with mineral diesel fuel using infrared spectroscopy and

multivariate calibration. Michrochem J. 2006;82:201–6.

15. Al-Degs YS, Al-Ghouti M, Amer M. Determination of motor

gasoline adulteration using FTIR spectroscopy and multivariate

calibration. Talanta. 2008;76:1105–12.

16. Oliveira JS, Montalvão R, Daher L, Suarez PAZ, Rubim JC.

Determination of methyl ester contents in biodiesel blends by

FTIR-ATR and FTNIR spectroscopies. Talanta. 2006;69:

1278–84.

17. Divya O, Mishra AK. Multivariate methods on the excitation

emission matrix fluorescence spectroscopic data of diesel–kero-

sene mixtures: a comparative study. Anal Chim Acta. 2007;592:

82–90.

18. Brereton RG. Chemometrics. 1st ed. England: Wiley; 2003.

19. Naes T, Isaksson T, Fearn T, Davies T. Multivariate calibration

and classification. United Kingdom: NIR Publications; 2004.

20. Lestander TA, Multivariate Rhén C, IR N. Spectroscopy models

for moisture, ash and calorific content in biofuels using bi-

orthogonal partial least squares regression. Analyst. 2005;130:

1182–9.

21. De Maesschalck R, Jouan-Rimbaud D, Massart DL. The Maha-

lanobis distance. Chemom Intell Lab Syst. 2000;50:1–18.

22. Che Man YB, Setiowaty G. Application of Fourier transform

infrared spectroscopy to determine free fatty acid contents in

palm olein. Food Chem. 1999;66:109–14.

23. Pagani AP, Cabezon MA, Ibanez GA. Simultaneous kinetic-

spectrofluorometric determination of levodopa and carbidopa

using partial least-squares regression. Anal Sci. 2009;25:633–8.

Table 5 Determination of HHV of new petrodiesel samples by

ASTM D240 and MIR/PLS-1 method

Sample ASTM D240 MIR/PLS-1 F calculated t calculated

1 46.11 (0.62) 46.26 (0.81) 1.78 0.19

2 45.28 (0.57) 45.53 (0.71) 2.10 0.34

3 45.63 (0.44) 45.66 (0.79) 5.73 0.05

4 45.94 (0.29) 46.03 (0.56) 373 0.18

5 45.32 (0.60) 45.36 (0.69) 1.32 0.05

Time and cost of HHV determinationa

ASTM D240 MIR/PLS-1

Assay time 1.0 h 10–15 min

Total cost (in JD)b 40 5

Results are average of five determinations (±SD), t table (0.05,

8) = 2.31, F table (0.05, 4, 4) = 9.605
a The provided data were for one determination
b One JD (Jordanian dinar) is currently equivalent to 1.41 US dollar

Determination of higher heating value 861

123

http://www.eia.doe.gov/


24. Al-Degs YA, El-Sheikh AH, Al-Ghouti MA, Hemmateenejad B,

Walker GM. Solid phase extraction and simultaneous determi-

nation of trace amounts of sulphonated and azo sulphonated dyes

using microemulsion-modified-zeolite and multivariate calibra-

tion. Talanta. 2008;75:904–15.
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