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Abstract

The element content of low and high sulfur containing diesel fuels was measured by different analytical methods: energy-dispersive X-ray
fluorescent (EDXRF) and inductively coupled plasma atomic emission (ICP-OES) spectroscopy methods. Then results were compared. High
sulfur containing diesel fuels were from heavy diesel engines and diesel fuel-like liquids obtained by thermal degradation of waste polymers. In
case of X-ray analysis also the effect of the used thin foils with different chemical compositions (polypropylene, polycarbonate, polyester) on the
accuracy was investigated. According to data considerable differences and deterioration of accuracy was observed in the respect of foils in case of
both low and high sulfur containing hydrocarbons. Results indicated appropriate correlation between experimental results measured by both two
methods, but differences could be observed in the correlation, which could be explained with different ratio of C/H of samples.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The concentration of sulfur and its proper determination play
an important role regarding fuels and products of petrochemi-
cal industry. The problem of appropriate determination of sulfur
is important both from environmental and analytical aspects,
because some specifications order to the compulsion decrease
of the concentration of sulfur (e.g. from 2005 their maximum
concentration is 50 mg/kg in fuels in the countries of European
Union) [1-3]. Furthermore the reduction of sulfur content gener-
ates further analytical problems. On one hand, the development
of hydrodesulfurazition processes was quicker than that of qual-
ification standardized methods and instruments. On the other
hand, at present there are great ambitions to create the harmony
between different methods [4,5].

It is not left out of consideration that there are some part of
industrial area, where diesel oils with high sulfur content are
allowed and used (e.g. heavy special diesel engines). It means
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that a suitable technique for the determination of sulfur content
in fuels has to possess measuring ability for the analyte in a wide
range of concentrations (from the unit of ppm to %). There are
numerous spectroscopic techniques to analyze the qualitative
and quantitative elemental composition of fuels and lubricants:
inductively coupled plasma atomic emission spectroscopy
(ICP-AES), inductively coupled plasma mass spectroscopy
(ICP-MS), flame or graphic furnace atomic absorption spec-
troscopy (AAS) or by X-ray fluorescent spectrometry (XRFS)
[5-14]. Each technique has advantageous properties in terms of
analytical figures of merit. The atomic absorption and emission
techniques are typically used for analysis of the products of
hydrocarbon industry. The ICP technique is a fast analyti-
cal method, but needs preliminary sample preparation (e.g.
digestion). Whereas the energy dispersive X-ray fluorescent
spectrometry is a non-destructive, furthermore cost-effective
method of elemental analysis of the samples. According to our
experience an ideal analytical technique has to posses quick and
easy sample preparation, sample homogeneity, simultaneous
multi-element detection capability and naturally appropriate
precision, repeatability and reproducibility. Application of
EDXREFS to determine the sulfur content of hydrocarbon mix-
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tures obtained by cracking of waste polymers is a new route of
analysis.

Nowadays both the consumption and the production of plas-
tics is increasing by 4-5% annually. According to data, the
amount of plastic waste was more than 30 Mt only in the Euro-
pean region. The increasing consumption of plastic materials
and their wastes could generate considerable environmental
problems, because their suitable handling is an also unsolved
problem. This is one reason of others that there are numer-
ous ambitions to stimulate the development of recycling and
reusing processes of waste polymers. Because of the high rate of
their application polyethylene, polypropylene and polystyrene
are mainly investigated. These polymers may be subjected to
cracking methods where the long carbon chain of polymer are
cracked into lighter hydrocarbons with shorter chains, giving
a mixture of hydrocarbon gases, liquids and heavier products
[15-21]. One possible way for the utilization of products issued
from polymer cracking is the application as fuels. The main
advantage of such fuel-like fractions is the low sulfur content.

In this work, we studied comparatively the results of differ-
ent analytical techniques (EDXRFS and ICP-OES) for the assay
of commercial high sulfur containing diesel fuels from heavy
engines and liquids obtained by thermal cracking of waste poly-
mers.

2. Experimental
2.1. Samples

Diesel fuels with high sulfur content of diesel current genera-
tor from Paks Nuclear Power Plant (Hungary) (from the mark of
DS-1to DS-13), and liquid fractions of batch cracking process of
waste polymers (polyethylene (CS-1) and mixture of polyethy-
lene and polystyrene (CS-2)) were used. The degradation of
plastic waste was carried out in a horizontal tube reactor, which
was described in our previous publication [22]. The cracking
equipment consisted of three main parts: an extruder, a reactor
and a separator. The preheated polymer was driven from the
extruder into the reactor, where the polymers were melted and
cracked into lighter fragments. These fractions were separated
by atmospheric and vacuum distillation to naphtha, diesel fuel,
light and heavy oils. The liquid products of the cracking reactions
were analyzed by a gas chromatograph and by infrared analy-
sis (SHIMADZU IR-470 Infrared Spectrophotometer). Table 1
shows the main properties of samples.

Table 1
The main properties of measured liquid fractions

Table 2

EDXREFS operating conditions

Target S Ka line

Detector Si-PIN

Foil Polycarbonate, polypropylene, polyester
Voltage 6kV

Current 300 A

Filter None

Medium Helium

Measure time 180s

According to data significant differences were observed
among commercial and experimental samples. Commercial
diesel fuels contained only paraffins, olefins and napthens,
whereas diesel fuel-like fraction obtained by the cracking of
high-density polyethylene and polystyrene contained also aro-
matics (CS-2).

2.2. Instruments and sample preparation

2.2.1. PHILIPS MiniPal PW 4025/02 energy dispersive
X-ray spectrometer

For measurements a non-polarized energy dispersive X-ray
fluorescent spectrometer (PHILIPS MiniPal PW 4025/02) was
used. The spectrometer powered by PW 4051 MiniPal/MiniMate
Software V 2.0A and the software also features an integrated
deconvolution function that separates closely spaced peaks in
the spectrum that the system would otherwise be unable to
resolve. The spectrometer was equipped with a 9W Rh-side
window tube anode and Si-PIN detector. The anode angle was
90° with respect to the central ray. The fluorescent X-rays
were detected with a Si-PIN detector with beryllium win-
dow, and the raw signal was counted with a counter fitted
with 2048 channel. The special de Kat sample holder and
thin films (polycarbonate, polypropylene and polyester) were
obtained from Philips Analytical B.V. The operating condi-
tions for this experiment are summarized in Table 2. Samples
did not need pre-treatment in this case. The part of sample
holder was put together and filled with sample then it was ana-
lyzed.

2.2.2. GBC Integra XM type ICP spectrometer

The sulphur determination was carried out with a GBC Inte-
gra XM type ICP-OES spectrometer (Australia) (Table 3). After
performing the background equivalent concentration experiment

Sample Density, g/cm3 M, g/mol Paraffin, % Olefin, % Naphten, % Aromatic, %
DS-1 0.829 224.8 46.1 21.0 32.8

DS-2 0.840 216.4 51.5 23.7 24.8

DS-3 0.839 225.9 49.6 24.8 25.6

DS-4 0.843 2194 51.5 25.8 22.7

DS-5 0.839 220.4 46.1 21.5 324

DS-6 0.839 227.7 51.5 24.8 23.7

CS-1 0.808 234.1 53.7 46.3 - -

CS-2 0.801 225.9 39.8 36.7 - 23.5
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Table 3

The properties of ICP-OES spectrometer

Type GBC Integra XM, sequential

Nebulizer Concentric, with a cyclonic spray chamber
RF-generator 40.68 MHz crystal-controlled

Power 1200 W

Reflected power 20W

Obsevation high 6 mm above the coil

Optical system Czerny-Turner vacuum-monochromator
Grating Holographic, 1800 groves/mm

Focal length 0.75m

Optical range 160-800 nm

Resolution Ist order: 0.018 nm

Detector Photomultiplier

Emission lines used
for the S analysis

A1 =180.731 nm
Ao =182.034 nm

to test the instrument sensitivity, the ICP operating conditions
applied are presented in Table 3.

2.2.3. High-pressure asher

The sample preparation for the ICP analysis was made by the
high-pressure asher (HPA, Austria) device. 0.2-0.4 g of sam-
ples were weighed into the vessels. After addition of concen-
trated nitric acid the decomposition temperature program was
run (77 =120°C,0 t; =60 min; 7, =220°C, t, =90 min). After
cooling down, the contents of the vessels were washed into volu-
metric flasks and the volume adjusted to the mark with deionised
water.

3. Results

It is necessary to select a suitable analytical line by the mea-
sure of elemental concentration of samples with X-ray method.
In case of this experiment, the K, line of sulfur was used. Series
of five sulfur-containing standard samples in diesel oil matrix
were used to establish a calibration graph in the concentra-
tion range of 0—1000ppm. In case of EDXRFS the concentra-
tion of samples was calculated from measured raw intensities
and the intensities of relevant analytical lines were corrected
for the background intensity employing the MiniPal/MiniMate
Software V 2.0A, which applied an a-correction method. The
linearity of calibration graphs was obtained with analysis of lin-
ear regression coefficients. According to results high regression
coefficient (>0.99) and no bias was observed in case of both
methods.

X-ray spectrometry is one of the typical analytical methods,
which needs a special sample holder. Generally, the applied
sample holders are made from high purity polymers and color-
less window (or foils) made from also plastics (polypropylene,
polyester and polycarbonate). In order to determine the effect
of the generally applied foils on the results, the concentration
of sulfur in different diesel fuels and diesel-like hydrocarbons
were determined. In case of the calibration process polypropy-
lene foils was used. The aim of our work was the investiga-
tion of the differences, caused by the origin of the used other
foils (polyester and polycarbonate). The sulfur content of lig-

Table 4

Concentration of sulfur in samples measured by EDXRFS using different foils
Foil EDXRFS ICP-OES

Polypropylene Polyester Polycarbonate

DS-1 874 + 2 984 £ 5 624 £ 3 843 + 11
DS-2 11275 £ 0.9 1497 + 4 874 £ 3 1220 £+ 14
DS-3 1139 £ 2 1544 £ 4 693 £ 3 1180 £ 13
DS-4 1022 £ 1 1241 £3 751 £ 3 1075 + 14
DS-5 2191.5 £ 0.9 2501 £3 1841 £ 3 2250 £ 11
DS-6 1524 £ 1 1862 £ 5 1094 £+ 3 1584 + 13
CS-1 23+2 298 + 8 —-5+£3 30+ 6

CS-2 21+ 1 305+ 6 —5+£3 17+ 4

uids measured with different analytical methods is shown in
Table 4.

Eight samples were measured by different methods. The
results were graphically analyzed. Fig. 1 shows the compari-
son between two analytical methods using different foils. As
shown, significant differences were found among the used foils
(<8% in case of high concentration of sulfur) and the lowest
difference between two techniques was observed in case of
polypropylene foil. According to data of Table 4 the correla-
tion was significantly worst in case of two other foils (polyester
and polycarbonate). This phenomenon might be attributed to
the elemental composition of foils. Polymers made from both
polyester and polycarbonate foils contain oxygen, because of
their chemical structure. The oxygen as individual element was
not detectable by the used EDXRFS apparatus, but it could likely
influence the analysis. The primary electron ray from the anode
tube excited the electrons also on the internal electron orbital
of oxygen atom. While began vacancy supplement with other
electrons from internal orbital generated X-ray photons. These
photons influenced mainly the background radiation and perhaps
affected slightly the characteristic radiation of sulfur.

According to data of Fig. 1 the difference between EDXRFS
(using polypropylene foils) and ICP-OES methods was in the
range 2.3—18.8% relating to the results of the EDXRFS method.
The deviations in case of ICP-OES were considerably higher
than for the EDXREFS technique. It is well known that samples
need to be digested in case of optical emission spectroscopy,
while X-ray technique is a non-destructive method. The diges-
tion is another possibility of errors.
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Fig. 1. Sulfur content of hydrocarbons measured by different methods.
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Fig. 2. Sulfur content of validated standards measured by different methods.

Not only the foils but also the chemical composition of sam-
ples affected the correlation between different methods. The
matrix effect may significantly affect the accuracy in case of
X-ray method. Bacaud et al. investigated the effect of C/H ratio
on the concentration of sulfur in case of diesel oil. It was found
that the ratio of C/H significantly affected the determination of
sulfur, because increasing C/H ratio the apparent sulfur concen-
tration is increased [15]. The matrix of the used standards in
this experiment was diesel oil, which contains mainly aliphatic
hydrocarbons. According to data of Table 1 CS-2 had 23.5%
aromatic and only 49.3% paraffin content. Both CS-1 and CS-2
contained nearly 50% of unsaturated compounds. The correla-
tion between the two above-mentioned methods was the best in
case of DS-5 and the worst that of CS-2 sample. This is attributed
to the greater ratio of C/H in case of CS-2.

Validated sulfur containing standards in diesel oil matrix
was also measured by both analytical techniques. A standard
(c=1.019 g/kg) was obtained from the Institute for Reference
Materials and Measurements, Belgium (EF 104 sample no.
0018). The standard also was diluted with sulfur free diesel
oil. The standard in its original concentration (1019.0 mg/kg)
and the two other diluted samples (509.0 and 248.9 mg/kg)
were measured by both EDXRFS and ICP-OES methods. Fig. 2
shows the results of measurements. According to results con-
siderable differences were observed regarding foils in case of
EDXRFS method measuring validated standards. The best cor-
relation between two methods was observed in the case of
polypropylene foil. The accuracy for analysis of sulfur was
much better for XRF (R.S.D. =0.25-2.24%) than for ICP-OES
(R.S.D.=3.16-13.65%).

The correlation between the two analytical methods was fol-
lowed by the #-test. The critical value of ¢ using three independent
measurements is 5.841 in case of 99% acceptance reliability
level. It was found that the correlation coefficient was 0.998 and
the value of r was 17.609, which is significantly higher, than
the critical value. It means that there was no significant differ-
ence between the two analytical methods in the determination
of sulfur content of hydrocarbons.

Theoretical and measured data were graphically analyzed
based on the plotting of their results on x—y plots (Fig. 3). The
theoretical and measured concentrations were in agreement in
case when the slope of linear regression was 1. Based on the
slope value, it was found that the result was the best in case

20007, 1op.0ES

* EDXRFS (Polypropylene foil)
a4 EDXRFS (Polyester foil)
15001 o EDXRFS (Polycarbonate foil)

10004

500+

Measured concentration, mg/kg

0 500 1000 1500
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Fig. 3. Relation between theoretical and measured concentrations.

of XRF technique using polypropylene foil. The cause of bet-
ter correlation in case of EDXRFS than ICP-OES probably was
the consequence of difference of sample preparations. EDXRFS
technique is a non-destructive analytical method requiring no
sample preparation, whereas samples had to be digested in case
of ICP-OES analysis.

4. Conclusion

The determination of the concentration of sulfur in the prod-
ucts of petroleum industry is in a focus nowadays, and there
are some standards to validate the results. Both of the different
X-ray techniques and optical emission spectroscopy are wide
spread methods for the determination of sulfur content. Two
analytical methods for the determination of sulfur concentra-
tion were compared: an EDXRFS and an ICP-OES method.
Moreover, the effect of the foils used in the sample holder in
case of EDXRFS and the ratio of C/H on the accuracy was
investigated. It was found that the foils of sample holders had a
significant effect on the correlation of results between the two
analytical methods. The highest differences were observed in
case of polycarbonate foil. The cause of this phenomenon was
attributed to the composition of foils. The sulfur content of frac-
tion obtained by thermal cracking of plastic wastes was easily
and reproducible measured by EDXRFS method. On the other
hand, the effect of the hydrocarbon matrix is not negligible in this
case.
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