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Petroleum fuels are generally non-polar. The presence of ethanol in the petrol-ethanol fuel blends
increases the polarity of the fuel blend. It was observed that absorption spectral shift of the Reichardt’s
E7(30) dye is sensitive to the petrol-ethanol blend polarity. It was also found that Ef{30) dye has a
characteristic Anhax Of absorption in petrol-ethanol blends irrespective of the petrol batch with which
blends were prepared. In the present work, a sensitive analytical method for the petrol batch
independent quantification of ethanol content in petrol-ethanol blends has been developed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, ethanol as a renewable fuel has emerged as a
potential alternative for hydrocarbon based fuels such as petrol
[1-6]. Although ethanol cannot be used as a standalone fuel with
the current internal combustion (IC) engine configurations [7,8],
ethanol blended petrol is becoming increasingly popular in many
countries [1-6]. Depending on the availability of ethanol and
other issues such as environmental, social, and technical, ethanol
content in blended fuel differs in different parts of the world
[9,10]. Ethanol blended petrol as a fuel has better anti-knock
properties and it also leads to reduction in the unburned hydro-
carbon and carbon monoxide emissions [1,6,10-12]. However,
presence of ethanol in petrol causes corrosion of the metallic
component of the engine, it also causes swelling and blockage of
fuel pipes, and low energy content of ethanol as compared to
petrol increases the fuel consumption [1,3,6,13]. Therefore, it is
important that ethanol concentration in the blended fuel should
not exceed the permissible limit.

Preferential electronic energy state lowering of either ground
or excited state of light absorbing molecules by a solvent leads to
the phenomena known as solvatochromism [14-22]. The extent
of this lowering varies with the polarity of the solvent. 2,6-
diphenyl-4-(2,4,6-triphenyl-1-pyridino) phenoxide also known
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as Reichardt’s E{30) dye is a solvatochromic or polarity probe
[15,16]. Ef{30) in its ground state exists as zwitterionic species
(shown in Fig. 1A) and upon light absorption it undergoes
intramolecular charge transfer (ICT) transition and exists as a
biradical species (shown in Fig. 1B) in the excited state
[15,21-25]. Consequently, E#{30) has larger dipole moment in
its ground state than in the excited state [15,21-25]. Polar solvent
stabilises the ground state of E{30) to greater extent than the
excited state, and therefore as the polarity of the solvents
increases it shows blue shift in the light absorption (shown in
Fig. 1C) [15,21-25]. EZ{30) is the most sensitive solvatochromic
probe which shows more than 350 nm shift while going from
nonpolar solvents such as diphenyl ether (810 nm) to water
(450 nm)[16]. Because of its high sensitivity, it has been used to
study the sol-gel interactions [26] and to measure the polarity of
different solvents [16,21,24,27] and solid surfaces [23,28,29].
It has also been used to study the systems such as micelles
[25,30-33], polymers [29,34], and dendrimers [35,36] etc.

Petrol is a complex mixture of hydrocarbons and depending on
the origin and refining process, the composition of hydrocarbons
in different batches of petrol differ [37-39]. Hence analytical
techniques developed so far, such as gas chromatography-mass
spectrometry (GC-MS) [40], Fourier transform infrared (FTIR)
[4,41], near infrared (NIR) [2], and fluorescence [1], have required
creating calibration plots specific to a particular batch of petrol. In
addition, analyses of FTIR, NIR, fluorescence data sets typically
require knowledge of sophisticated chemometric techniques
[1,3]. Thus it is important to develop a method which is fast,
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Fig. 1. (A) Ef(30) in ground state (GS), (B) E;(30) in excited state (ES) and
(C) variation in energy of transition with increase in polarity.

simple, cost-effective and accurate for the quantification of
ethanol in petrol-ethanol blends, irrespective of the batch of the
petrol with which blends are made.

Ethanol is more polar than the usual molecular species present
in petrol. Hence addition of ethanol would increase the polarity of
the fuel. A polarity probe such as Ef{30) having visible colour
change in the range of 450-900 nm should be capable of sensing
this change in polarity. Generally petrol is fairly transparent in the
visible range of electromagnetic spectrum (530-900 nm) irre-
spective of the compositional variation of the chromophores from
batch to batch. Such an analytical method using a polarity probe
would provide a convenient method for quantification of ethanol
in petrol, irrespective of the origin of petrol source.

2. Experimental
2.1. Chemicals and sample preparation

Reichardt’s E{{30) dye was purchased from the Sigma-Aldrich
and ethanol was purchased from the Merck. 10 petrol samples
were procured from different local vendors in Chennai and they
were labelled as P1, P2, P3, P4, P5, P6, P7, P8, P9 and P10.
13 different petrol-ethanol blends were prepared in the concen-
tration range of 0% to 30% by taking different volumes of ethanol
and petrol (P1). Amounts of ethanol and petrol in petrol (P1)-
ethanol blends are summarized in Table 1. Blends were labelled

Table 1
Amount of ethanol in petrol-ethanol blends.

415

Blend Petrol (mL) Ethanol (mL) Ethanol (v/v) %
Eo 5.00 0.00 0.00
E, 4.90 0.10 2.00
E4 4.80 0.20 4.00
Es 4.70 0.30 6.00
Eg 4.60 0.40 8.00
Eqo 4.50 0.50 10.00
Eiz 4.40 0.60 12.00
Eq4 4.30 0.70 14.00
Ei6 4.20 0.80 16.00
Eis 4.10 0.90 18.00
Ezo 4.00 1.00 20.00
Ezs 3.75 1.25 25.00
Eso 3.50 1.50 30.00
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Fig. 2. Absorption spectra of petrol samples.

as Eo, Ea, E4 Es, Es, Eio, Ei2, E14, E16, Eis, Ez0, Ezs, and Eso.
Numerical subscript indicates percentage of ethanol in petrol-
ethanol blend, for example E;o contains 10% ethanol in the
blended fuel. Similar blends were prepared by taking other petrol
samples. In total, 130 blends were prepared.

E7(30) is insoluble in petrol. Therefore, instead of adding E{30)
directly to the petrol and its blends, an aliquot of 2.8 x 1073 M
was made by dissolving 31 mg of Ef{30) in 20 ml of ethanol.
0.075 ml of the aliquot was added to 5 ml quantity of each of the
130 samples (petrol-ethanol blends).

2.2. Instrument and data acquisition

JASCO (V-650) instrument was used for the UV-visible
measurements. Absorption spectra were collected in the wavelength
range 450-900 nm with a step size of 1 nm using UV cuvette of
1 cm path length. Scan speed was adjusted to 400 nm/min. Before
collecting the absorption spectra of ET(30) in a given petrol-ethanol
blend, baseline correction was done using that particular petrol-
ethanol mixture.

3. Results and discussion

Fig. 2 shows the absorption spectra of P1-P10 petrol samples.
It can be seen that all the ten petrol samples are fairly transparent
in the wavelength range of 530-900 nm. Fig. 3 contains the
absorption spectra of E1{30) in all the 13 petrol-ethanol blends
made using petrol P1. A blue shift in the absorbance A,.x for
E1(30) is observed with increasing ethanol concentration in the
petrol-ethanol mixtures. As shown in Fig. 1C, blue shift arises
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Fig. 3. Normalized absorption spectra of E#(30) in various blends of P1 (petrol).

Table 2
Zmax (nm) of absorption of E;(30) in various blends of 10 different petrol samples.

Blend P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Eo 655 663 662 646 667 658 657 659 656 665
E> 631 634 635 634 636 638 638 637 637 638
E4 628 629 629 629 629 630 630 629 631 634
Ee 621 620 619 620 621 622 622 622 622 624
Eg 614 615 616 616 615 619 617 618 618 617

Eio 612 613 611 612 610 611 616 613 615 613
Ei2 606 607 609 608 608 609 607 608 607 613
Eis 604 605 606 605 604 605 605 607 604 606
Eis 600 601 601 601 601 602 601 602 603 601
Eig 596 597 598 598 599 600 599 600 601 600
Ezo 594 594 596 596 596 597 597 594 596 599
Exs 591 591 591 591 593 593 591 593 593 594
E3o 588 588 588 588 588 589 587 588 588 589

because of the increase in energy difference between the ground
state and excited state of E;{30) with the increase in polarity of
petrol-ethanol blends. Similar blue shift in the absorbance Aax
for Ef{30) with the ethanol concentration were observed in the
various blends prepared using P2-P10 petrol. Absorption spectra
of Ef{30) in these blends are given in Fig. SI1. Absorbance Ay,.x of
E7(30) in all the 130 samples are summarized in Table 2. From the
table it can be seen that E-{30) has a characteristic A,x in all the
blends irrespective of the petrol sample with which these blends
were made. The absorbance A,.x of Ef{30) in the unblended E,
samples show much lower energy transitions (~646-667 nm
range) as compared to even the 2% ethanol blend (~631-
638 nm range) (Table 2). The small variation of Eq from batch to
batch is probably due to the compositional variation of polar
molecules in different batches.

Absorbance /,ax of Ef{30) in various blends of petrol P1 were
converted into energy of transition (Er) in Kcal/mol units using
Eq. (1) [16].

Er— 28,591 1

)~max

Er values of E{{30) in various blends of petrol P1 were plotted
against the concentration of ethanol and are shown in Fig. 4. The
plot shows a fairly regular though nonlinear variation of the
transition energy (Er) with ethanol concentration. This non
linearity is known to be due to the preferential solvation of
E7(30) by more polar ethanol molecules [14,19,24,42,43]. Prefer-
ential solvation by ethanol molecules arises due to the presence
of negatively charged phenoxide moiety in E{30) which forms
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Fig. 4. Variation of Er of E(30) with ethanol concentration in petrol-ethanol
blends.

hydrogen bond with ethanol molecules [14,19,24,42,43]. Er values
for Ef{30) in all the blends of other petrol samples were also
calculated and are summarized in Table 3. Due to the variation in
the absorbance A, of Ef{30) in Ey samples of different batches,
Er value of Ef{30) in Eq sample of P1 was not included, and we
tried to make the calibration model for the quantification of
ethanol in the concentration range of 2% to 30%. Moreover, blends
which are commonly used are Es, Eig, Ei5, and E,q therefore
quantification of ethanol in the concentration range of less than
2% is not much of practical importance.

E7 values of EZ(30) in the blends of P1 were fitted against the
ethanol concentrations with the polynomials of various orders.
To find the order of the polynomial which gives the best fit,
statistical parameter R?> (square of the correlation coefficient)
[44] was plotted against the order of the fitted polynomials,
shown in Fig. 5. From the figure it can be seen that (i) polynomial
of first order fits the data with minimum R? (0.9230),
(ii) polynomial of second order fits the data with maximum R?
value of 0.9937, and (iii) after second order R? value decreases
with the increase in the order of the polynomials. Therefore,
second order polynomial given in Eq. (2) which provides max-
imum R?, was used to explain the variation of Er with ethanol
concentration (shown in Fig. 4),

Y = —0.003X%+0.244X +44.74 2)

where Y is the Er value and X is the ethanol concentration.

Using Eq. (2) and E7 values from Table 3, predicted ethanol
concentrations in all the 12 blends of petrol P1 were calculated. It
should be noted that second order polynomial (Eq. (2)) has two
roots (ethanol concentration) and one of the roots would be
unacceptable which can easily be discarded using the information
of absorbance /ax of Ef{30) in petrol-ethanol mixtures. Actual
and predicted (calculated) concentrations of ethanol were plotted
and are given in Fig. 6. Root mean square error of calibration
(RMSEC) [45], a measure of accuracy with which a calibration
model predicts the concentration of a component in calibration
set samples, was calculated using the Eq. (3).

n 2
Zi =1 (Xactual _Xpredicted)
n

RMSEC or RMSEP =

3

where n is the number of samples, in the present case n is 12,
Xactual and Xpredictea are the actual and predicted ethanol concen-
tration in the blends of P1. RMSEC value was found to be
0.79 which shows that calibration model predicted the ethanol
concentration of the calibration set samples accurately.
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Table 3
Transition energy (Kcal/mole) of E1(30) in various blends of 10 different petrol samples.
Blend P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
EO 43.65 43.12 43.19 44.26 42.87 43.45 43,52 4339 43,58 42.99
E» 45.31 45.10 45.03 45.10 44.95 44.81 44.81 44.88 44.88 44.81
E4 45.53 45.45 45.45 45.45 45.45 45.38 45.38 45.45 45.31 45.10
Es 46.04 46.11 46.19 46.11 46.04 45.97 45.97 45.97 45.97 45.82
Eg 46.57 46.49 46.41 46.41 46.49 46.19 46.34 46.26 46.26 46.34
E1o 46.72 46.64 46.79 46.72 46.87 46.79 46.41 46.64 46.49 46.64
E1s 47.18 47.10 46.95 47.02 47.02 46.95 47.10 47.02 47.10 46.64
Eiq 47.34 47.26 47.18 47.26 47.34 47.26 47.26 47.10 47.34 47.18
Eis 47.65 47.57 47.57 47.57 47.57 47.49 47.57 47.49 47.41 47.57
Eis 47.97 47.89 47.81 47.81 47.73 47.65 47.73 47.65 47.57 47.65
Ezo 48.13 48.13 47.97 47.97 47.97 47.89 47.89 48.13 47.97 47.73
Ezs 48.38 48.38 48.38 48.38 48.21 48.21 48.38 48.21 48.21 48.13
Eso 48.62 48.62 48.62 48.62 48.62 48.54 48.71 48.62 48.62 48.54
1.000 - Eq. 3. For P2-P10 petrol based blends RMSEP values were found
| n 1“;; to be 0.73, 0.80, 0.66, 1.14, 1.36, 1.11, 1.40, 1.50, and 2.02,
4 —— _ respectively. Overall RMSEP was found to be less than 2.0%. Small
0.9940 RMSEP values show that irrespective of the petrol with which
0.975 . blends were made, obtained calibration model is capable of
00033 estimating ethanol concentration in unknown petrol-ethanol
‘B': ] blends with small error in estimation.
il T In this work, petrol batch (source) independent quantifications
0.950 4 ® 09925 | of ethanol in blended petrol were achieved for the concentration
range of 2% to 30%. Typical blends which are used in vehicles Es,
] 0.9920 Eqo0, E15, and E;q therefore the obtained calibration model is well
capable of ensuring the fuel quality. Moreover, Table 2 which
0.925 - it x T T contains the Apax Of. E7(3.0) in various blends can be used even by
u Order of Polynomial a layman for the estimation of ethanol content in ethanol blended
. v ' —e———— v ' petrol. From the table it can be seen that Ef{30) has Amax in the
1 2 3 4 5 range of 586-643 nm for 2% to 30% ethanol blended petrol.

Order of Polynomial

Fig. 5. Variation of R?> with the order of the fitted polynomial.

35 : ; . . ‘ .
30/ R%=0.9937 ]
RMSEC = 0.79

25| ]
20 B o 1
15} ]

10+ ]

Predicted Ethanol Conc. (v/iv %)

0 L L L L L L
0 5 10 15 20 25 30 35

Actual Ethanol Conc. (viv %)

Fig. 6. Actual and predicted concentration of ethanol in petrol-ethanol blends.

In order to test the prediction ability of calibration model
based on P1 blends, 9 different validations set each consisting of
12 samples were used. Using Eq. 2 and Er values of the blends
from Table 3, concentration of ethanol in all the 108 samples
(12 blends of each of the 9 petrol samples) were calculated and
are reported in Table 4. The root mean square error of prediction
(RMSEP) value [45], a measure of the accuracy with which
calibration model predicts the concentration of the unknown
samples was calculated for each batch of the petrol by using

Absorbance Zmax of Ef{(30) appears above 650 nm in the petrol
blends which contains less than 2% of ethanol. E;{30) in 10% and
20% petrol-ethanol blends, show absorbance A;,.x around 612
and 596 nm, respectively. On the other hand, /,.x will appear
below 580 nm, if petrol is blended with more than 30% ethanol. It
is also important to mention that there may be some variation in
the Amax of absorption for Ef{30) in a particular petrol-ethanol
mixture if the concentration of E7{30) aliquot is changed. Thus, in
order to avoid any ambiguity it is necessary that 0.075 ml of
2.8 x 1073 M ethanolic E#{30) solution should be added to the
5 ml of petrol-ethanol mixture. However, a calibration model can
always be made with any other appropriate concentration of
E7(30) dye solution. It will also be interesting to see whether the
solvent polarity probes can be used for the diesel batch indepen-
dent ethanol quantification in diesel-ethanol blends where solu-
bilizers are added to overcome the solubility problem between
ethanol and diesel.

4. Conclusions

Petrol is a complex mixture of hydrocarbons and composition
of which changes from batch to batch; however, it was found that
Reichardt’s E;{30) dye has a characteristic Ay, of absorption in
each petrol-ethanol blend irrespective of the petrol sample used
to create that blend. With the increase in the ethanol concentra-
tion in petrol-ethanol blends E{30) shows a blue shift in the
absorbance Apnax. A calibration model was developed for the
petrol batch independent ethanol quantification in petrol-
ethanol blends by studying the variation of transition energy of
E#(30) dye as a function of ethanol concentration. Statistical
parameters such as R?, RMSEC, and RMSEP indicate that the
calibration model developed is fairly robust.
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Table 4
Actual and predicted ethanol concentration in 108 blends of validation set.

Predicted ethanolconc.(v/v%)

Blend Actual ethanol P2 P3 P4 P5 P6 P7 P8 P9 P10
conc. (V/v %)
E, 2.00 1.68 1.38 1.68 1.04 0.45 0.45 0.75 0.75 —-0.92
E4 4.00 3.24 3.24 3.24 3.24 2.92 2.92 3.24 2.61 2.92
Es 6.00 6.43 6.85 6.43 6.07 5.72 5.72 5.72 5.72 498
Eg 8.00 8.47 8.02 8.02 8.45 6.85 7.64 7.21 7.21 7.64
Eio 10.00 9.32 10.21 9.79 10.70 10.21 8.02 9.32 8.47 9.32
Ei 12.00 12.17 11.2 11.65 11.65 11.20 12.17 11.65 12.17 9.32
Eis 14.00 13.27 12.71 13.27 13.84 13.27 13.27 12.17 13.84 12.71
Eis 16.00 15.60 15.60 15.60 15.60 14.97 15.6 14.97 14.36 15.60
Eig 18.00 18.44 17.67 17.67 16.95 16.26 16.95 16.26 15.60 16.26
Ezo 20.00 21.05 19.25 19.25 19.25 18.44 18.44 21.05 19.24 16.95
Eas 25.00 24.74 24.74 24.74 22.07 22.07 24.74 22.07 22.07 21.04
Ezo 30.00 31.69 31.69 31.69 31.69 29.09 31.69 31.69 31.69 29.09
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