
Several years ago, the presence of elemental sulfur in gasoline
became a significant issue for the automotive and fuel industries. In
several incidents, elemental sulfur at trace levels led to the
corrosion of silver alloy fuel sensing elements in automobile
gasoline tanks. This report describes a derivatization method that
allows the determination of trace levels of elemental sulfur using
flame ionization detection. The sample is derivatized with
triphenylphosphine to form triphenylphosphine sulfide. This
component is readily detected with a flame ionization detector. In
most analyses, on-column injection was employed to allow
detection of trace levels of elemental sulfur. However some
analyses with splitless injection were also performed. For some
gasolines, detection limits on the order of less than 1 µg/g
elemental sulfur were possible with this approach. However, the
detection limit can vary depending upon the concentration of trace
higher boiling components. The precision of the analysis, as
measured by the relative standard deviation of triplicate injections,
for gasolines containing 1 to 10 µg/g of elemental sulfur was in the
1 to 3% range. The recovery of a gasoline spiked with ~ 4 µg/g
elemental sulfur was 102%. The presence of ethanol did not appear
to affect results.

Introduction

Several years ago, the corrosion of silver alloy level-sensor ele-
ments in fuel tanks arising from the presence of elemental sulfur
in the gasoline emerged as a problem for the automotive and
motor fuel industries. Corrosion of the fuel level sensing element
can result in a fuel gauge providing false level readings. This
prompted the addition of a maximum silver corrosion level to
the ASTM gasoline specification, and the development of a cor-
rosion test based on the discoloration of a silver coupon after a

4-hour exposure to the fuel at 50°C (1). The corrosion problem is
thought to arise primarily from the presence of trace levels of
elemental sulfur in the fuel. Other sulfur species (hydrogen sul-
fide or mercaptans) may also play a role in silver corrosion.
Certain gasoline additive chemistries can help in reducing the
corrosion extent.

An analytical method to determine trace levels of elemental
sulfur is therefore desirable to confirm the presence of elemental
sulfur in cases where corrosion has occurred or to predict the
presence of silver corrosive species. The standard corrosion test
requires 4 h for completion followed by a visual and subjective
rating process. A rapid analytical technique to determine ele-
mental sulfur would therefore be of value. It appears that ele-
mental sulfur levels as low as 2–3 μg/g may be sufficient to
induce silver corrosion.

A number of analytical techniques have been applied to deter-
mine elemental sulfur in hydrocarbons. These include chemical
methods (2), polarography (3–6), liquid chromatography (7),
and gas chromatography (GC) (8–11). GC is particularly suited
for the determination of elemental sulfur and a number of vari-
ants using selective detection have been described. Elemental
sulfur may also be detected by GC or liquid chromatography
after derivatization with triphenylphosphine (12–14). This
results in the formation of the corresponding triphenylphos-
phine sulfide. This product has typically been determined by GC
with element selective detection (S or P selective).

In this work, we describe the determination of low levels of
elemental sulfur in gasoline with flame ionization detection
(FID). This is advantageous to refinery laboratories that do not
have access to GCs equipped with element selective detection.
One of the advantages of the derivatization scheme is an almost
9-fold increase in the mass concentration of the sulfur species
(i.e., one mole of sulfur produces 8 moles of TPS). This, coupled
with on-column injection, allows the detection of sub-μg/g
(ppm) levels of elemental sulfur in gasoline without the need for
element selective detection. On-column injection is well-suited
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for the trace level determination of high boiling components as
it avoids discrimination effects typically found in the analysis of
high boiling compounds with split or splitless injection,
although some analyses reported here employed splitless injec-
tion. In this work, both internal and external calibration
approaches were employed.

Experimental

Reagents
Triphenylphosphine (TPP), triphenylphosphine sulfide (TPS),

and phenyl tridecane, the internal standard (IS), were obtained
from Aldrich and used as received. Elemental sulfur was
obtained from Acros and was 99.999% pure. In initial experi-
ments, it was used as received; in some later experiments, it was
heated for 1 h at 100°C (2). Gasoline samples were prepared in
commercial fuels including both unleaded regular and premium
grades.

A calibration solution of IS and TPS was prepared in isooctane
at concentrations of ~ 750 μg/mL each. This was diluted 1:10
with toluene prior to analysis. An internal standard solution of
phenyl tridecane was prepared in isooctane. This contained ~
750 μg/mL of the IS. Calibration check solutions were prepared
by weighing 10 mL of unleaded regular grade gasoline into a vial
followed by addition of 1 mL of IS solution and 1 mL of a solu-
tion of TPS in isooctane containing an appropriate concentra-
tion of TPS. External standard solutions were prepared by serial
dilution of a 250 μg/mL solution of triphenylphosphine sulfide in
xylene or toluene and typically spanned the range of 5 to 150
μg/mL.

Procedure
A solution of the reagent (TPP) was prepared in toluene at

4 mg/mL. It was prepared fresh daily to minimize degradation
caused by exposure to air. Samples were prepared for analysis by
weighing out 10 mL of sample followed by addition of 1 mL of IS
solution and 2 mL of the TPP reagent solution. The reaction

appeared to be rapid, but it was not investigated in detail.
Borchardt and Easty (11) report that the reaction was instanta-
neous in toluene and that the solutions were stable for at least 24
h. In this work, samples were typically allowed to react for 15
min before being loaded into autosampler vials. All samples were
typically analyzed on the same day immediately after prepara-
tion, although some data presented later suggests that the solu-
tions are stable for several days. Typically, 6 to 8 samples were
analyzed at a time. In cases where the gasoline was spiked with
known amounts of sulfur, 1 mL of a solution of the appropriate
amount of elemental sulfur in toluene was added. These were
prepared by serially diluting a stock solution containing ~ 175
μg/mL elemental sulfur in toluene.

The response factor (RF) for TPS and the concentration of ele-
mental sulfur in samples by the internal standard method were
calculated as below.

RF = (wt. IS / wt. TPS) × (Area TPS / Area IS)

Elemental Sulfur µg/g = (1 / (9.2 × RF)) × (wt. IS / wt. Sample) ×
(Area TPS / Area IS)

The factor 9.2 converts the weight of TPS into the corre-
sponding value for elemental sulfur.

For external standardization, the area of the TPS peak was
converted to a concentration using the slope and intercept of the
calibration curve. This was multiplied by the total volume and
divided by the sample weight and the 9.2 factor to obtain the ele-
mental sulfur concentration (μg/g).

Instrumentation
Most analyses were preformed on a Hewlett Packard 5890 GC

equipped with an FID and an on-column injector. A Hewlett
Packard Model 7673 was used to inject samples. The analytical
column was a 30 m × 0.25 mm polydimethylsiloxane (DB-1, J&W
Scientific, Santa Clara, CA) with a film thickness of 0.25 μm. This
column was found to provide sufficient resolution for this anal-
ysis. The analytical column was preceded by a section of fused
silica 1 m × 0.53 mm to facilitate use of automated on-column

injection. A direct “press tight” connector was
employed to couple the columns. The column
oven was temperature programmed from 80°C to
325°C at 6°C /min after a 2 min initial hold. The
column head pressure was 20 psig, and helium
was employed as the carrier gas. Cool on-column
injection was employed with an injection volume
of 1 μL. The detector temperature was main-
tained at 350°C. Analyses with splitless injection
were performed on an Agilent 6890 GC equipped
with FID, split/splitless injector, and an autosam-
pler. Chromatographic conditions were identical
to those described.

GC–MS analyses were performed on a Hewlett
Packard Model 5970 coupled to a 5890 GC. The
column was a 30 m × 0.32 mm HP-1MS (Agilent)
with a 0.25 μm film thickness. The column was
temperature programmed from 80°C to 330°C at
8°C/min. The column head pressure was 4.5 psig,

Figure 1. Chromatogram of TPS calibration standard containing phenyl tridecane internal standard (IS)
Concentration of each component is approximately 75 μg/mL. See text for chromatographic conditions.



and helium was employed as the carrier gas. Cool on-column
injection was employed. The transfer line to the MS was held at
300°C. The injection volume was 1 μL.

Results and Discussion

Elemental sulfur appears to be present in gasoline primarily in
the form of S8 rings with smaller amounts of S6 and S7 (2). The
method described in this report is based on the rapid reaction of

TPP with elemental sulfur to form TPS (13) as shown:

8 (C6H5)3P + S8→ 8 (C6H5)3 P = S

Thus one mole of elemental sulfur is converted into 8 moles of
product. There are several interesting consequences arising
from this reaction. First, the elemental sulfur is converted into a
form suitable for detection with an FID. Second, as a result of
this reaction, a 9.2-fold increase in the mass of the sulfur-con-
taining molecule occurs. Thus a sample containing 1 μg/g of ele-
mental sulfur will contain 9 μg/g of the derivative. In addition, all
cyclic sulfur species (S6, S7, S8, etc.) react to form a single
product. The derivative has a high boiling point and elutes in a
region in the chromatogram where few major gasoline compo-
nents elute. As a result of these factors, it is possible to detect ele-
mental sulfur without the use of an element-selective detector.
On-column or splitless injection was employed to improve the
detection limit. On-column injection also minimizes injector
discrimination effects; however, in this case, similar results were
obtained with either injection approach.

This approach also incorporates phosphorous into the sulfur
containing species allowing use of phosphorous selective detec-
tors if desired. This approach may be particularly useful for the
determination of elemental sulfur in diesel fuel where it is not
possible to separate TPS from the diesel components or for gaso-
lines that contain high boiling components that interfere with
TPS.

Calibration
Where possible, an IS approach to calibration was adopted. In

cases where gasoline components interfered with the IS peak, an
external standardization method was employed. Figure 1 con-
tains a chromatogram of a calibration solution of triphenylphos-
phine sulfide and the IS (phenyl tridecane) prepared in isooctane
and diluted in toluene. The response factor for TPS was ~ 0.85.
The relative standard deviation of the response factor from trip-
licate runs of this solution was less than 1%. The triphenylphos-
phine sulfide (TPS) had a retention time of 30.5 min, while the

IS (phenyl tridecane) had a retention time of
22.5 min.

Figure 2 contains a typical calibration curve for
TPS that was obtained using the external standard
approach. The curve is linear through the range
and had a correlation coefficient exceeding 0.999.
The lowest point on this particular calibration
curve corresponds to 0.8 µg/mL of elemental
sulfur.

A series of solutions of TPS in unleaded regular
grade gasoline were prepared and analyzed via the
IS approach. These contained TPS at concentra-
tions ranging from 15 to 300 μg/g. These are
equivalent to 1.7 to 33 μg/g of elemental sulfur in
gasoline. Results of these experiments are pro-
vided in Table I. In all cases, we were able to deter-
mine the spiked TPS with good recovery even at
the lowest level. The average recovery was 99.6%
(recovery defined as the ratio of the found to pre-
pared values times 100%).
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Table I. Recovery of Spiked Triphenylphosphine Sulfide

TPS prepared TPS found Equivalent S Equivalent S Recovery
(μg/g) (μg/g) prepared (μg/g) found (μg/g) (%)

15.6 15.6 1.69 1.69 100
31.2 31.5 3.40 3.43 101
77.9 77.0 8.45 8.35 99

156 154 16.9 16.7 99
312 307 33.8 33.3 98

Figure 2. TPS Calibration curve.

Figure 3. Chromatogram of unleaded regular gasoline spiked with 31 μg/g TPS (equivalent to 3. 4 μg/g
elemental sulfur). See text for chromatographic conditions.



Figure 3 contains a chromatogram of one of these TPS in
gasoline standards. The TPS concentration is equivalent to 3.4
μg/g of elemental sulfur in an unleaded regular gasoline.
Elemental sulfur in gasoline at these concentrations appears suf-
ficient to cause silver corrosion (15).

Blank
A small peak was noted at the same retention time as TPS

(30.5 min) in solutions of triphenylphosphine diluted into

toluene or xylene at the same concentrations as in gasoline sam-
ples. Given the sample size of gasoline employed in this analysis
(7–8 g), the blank contribution from the reagent would be equiv-
alent to approximately 0.1 μg/g elemental sulfur in gasoline.

Analysis of spiked gasolines
Table II contains results from the triplicate analysis of

unleaded regular gasoline spiked with known amounts of ele-
mental sulfur after derivatization with TPP. Once again the IS
approach was employed in these analyses. Spiked levels ranged
from 0.8 to 10 μg/g elemental sulfur. Precision, as measured by
the relative standard deviation, of triplicate injections ranged
from 1% to 3%. Recovery of the lowest spike (0.8 μg/g) was
slightly high, but the absolute error in the determined value was
only 0.3 μg/g. Average recovery for the four spikes was 110%.
Excluding the lowest concentration solution, average recovery of
the spiked elemental sulfur was 103%. These were not corrected
for any blank effects.

Figure 4 contains a chromatogram of the 0.8 μg/g elemental
sulfur spike, while Figure 5 contains that of the 3.8 μg/g spike. In
this gasoline sample the elemental sulfur derivative is well

resolved from any gasoline components. The
peak immediately in front of TPS at 29 min in
these chromatograms is due to triphenylphos-
phine oxide (TPO) (Figure 5). The TPO forms
from reaction of elemental oxygen as well as
hydroperoxides with TPP (16). Some authors
(11,14) who have employed the triphenylphos-
phine reaction with elemental sulfur have taken
care to exclude oxygen to minimize this reaction.
This was typically necessary for cases where the
TPP to elemental sulfur ratio was small to mini-
mize other side reactions (11) or when the reac-
tion was carried out in solvents which limited
the reaction rate (non-hydrocarbon solvents). In
our case, a large excess of TPP was added and a
significant excess remained after the reaction
was complete (see TPP peak in Figure 5). This
coupled with the results in Table II indicate that
oxygen exclusion was not necessary for our
analyses.

Several additional samples of gasolines were
spiked with elemental sulfur and subjected to IS
analysis. These included additional analyses of
the same unleaded regular gasoline (Fuel A) as
before both with and without 10% ethanol, two
premium gasolines (Fuels B and C), and another
unleaded regular (Fuel D) both with and without
10% ethanol. These data are summarized in
Table III. Recovery values were similar to those
reported in Table II. The overall average recovery
was 105%. The analyses of Fuel D were per-
formed with splitless injection rather than on-
column. This did not appear to appreciably alter
results.

The presence of ethanol did not appear to have
any substantial impact on the results. Fuel C
contained high levels of impurity peaks, and
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Figure 5. Chromatogram of unleaded regular gasoline containing 3.8 μg/g elemental sulfur after deriva-
tization with TPP. TPO is triphenylphosphine oxide. See text for chromatographic conditions.

Figure 4. Chromatogram of unleaded regular gasoline containing 0.8 μg/g elemental sulfur after derivatization
with TPP. See text for chromatographic conditions.

Table II. Determination of Trace Elemental Sulfur in an
Unleaded Regular Gasoline via IS Method*

Spiked Conc. Average determined RSD Recovery
(μg/g) elemental S Conc. (μg/g) elemental S (%) (%)

0.8 1.1 2.7 130
2.1 2.3 1.3 110
3.8 3.9 1.3 102

10.4 10.1 1.1 97

*Results of triplicate analyses.
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there were peaks due to gasoline components in the vicinity of
the IS and TPS. It was necessary to careful integrate these peaks.
In such cases, the use of an element selective detector such as an
atomic emission detector, selective sulfur or phosphorus
detector, or ICP-MS could prove useful. However, despite this

fact, reasonable recovery of the spiked elemental sulfur was
achieved for Fuel C.

We also explored use of external calibration for this determi-
nation in order to address situations like that described earlier.
This approach eliminates the need for clean separation of the IS
from gasoline components. Fuels E through G, spiked with
known amounts of elemental sulfur, were employed in this study.
Figure 6 shows a chromatogram of Fuel E, a premium gasoline
spiked with 1.9 μg/g elemental sulfur. For this sample, note the
presence of interfering peaks in the time window where the IS
would normally elute (~ 22 min). Table IV contains data from the
external calibration analysis of Fuel E as well as that from the
analysis of two additional premium gasolines (both from dif-
ferent refiners) that were spiked with low levels of elemental
sulfur. Fuel F was also analyzed without the addition of ele-
mental sulfur. Recovery values were in line with those noted ear-
lier. The relative standard deviation for replicate analysis of Fuel
E was on the order of 10%, slightly higher than those noted in
Table II. The recovery for Fuel E containing ethanol was slightly
lower than that of the fuel without ethanol, but the variation was
not significant. The five replicate analyses of Fuel E, both with
and without ethanol, were performed over a 4-day period on the
same solutions. No differences were noted in the results over this
time, indicating the derivative was stable in these solutions. The
analysis of Fuel F without addition of elemental sulfur gave a
value of 0.2 μg/g, a value similar to that noted earlier for a
toluene blank.

GC–MS Confirmation of TPS as Reaction Product
To confirm that the peak formed from the reaction of TPP with

elemental sulfur was TPS, a sample of gasoline containing ~ 8
μg/g of elemental sulfur was derivatized and examined by
GC–MS. The spectrum shows a large molecular ion at 294 Da, as
well as large peaks at 183, 262, and 293 Da and the spectrum
closely matched that reported in the literature for triph-

enylphosphine sulfide (17). We also confirmed
the identity of the triphenylphosphine oxide
peak.

Summary

Derivatization with triphenylphosphine to
form triphenylphosphine sulfide is an effective
approach to determine trace levels of elemental
sulfur in gasolines with standard flame ioniza-
tion detection. The reaction is rapid and quanti-
tative.

On-column injection allows detection of low
levels of elemental sulfur although comparable
results were obtained with splitless injection. It
was possible to reproducibly determine ele-
mental sulfur at concentrations of less than 1
μg/g with this approach. The precision of the
analysis, as measured by the relative standard
deviation of triplicate injections, of a gasoline
containing 1 to 10 μg/g of elemental sulfur was

Table III. Results of Elemental Sulfur Spiking Experiments:
Regular and Premium Grades with and without Ethanol Added

Spiked Conc. Found Conc. Recovery
Matrix (μg/g) S (μg/g) S (%)

Fuel A 5.1 5.2 102
Fuel A* 5.0 4.6 92
Fuel A 5.1 5.3 104
Fuel B 5.3 4.8 90
Fuel C 5.5 6.0 110
Fuel D 5.1 5.7 111
Fuel D* 2.5 3.1 124
Fuel D* 5.1 5.5 108
Fuel D* 7.6 8.0 105

* With 10% ethanol.

Table IV. Premium Grade Gasolines Spiked with Known Amounts
of Elemental Sulfur and Analyzed by External Calibration

Spiked Conc. Average Conc. Recovery Std. Dev. No. of
Fuel (μg/g) S Found (μg/g) S (%) (μg/g) S Measurements

Fuel E 1.9 2.1 110 0.16 5
Fuel E* 2.0 1.8 90 0.23 5
Fuel F 2.6 2.7 104 2
Fuel F 0 0.2 1
Fuel G 2.6 2.7 104 1

* With 10% ethanol.

Figure 6. Chromatogram of premium gasoline E spiked with 1.9 μg/g elemental sulfur after derivati-
zation with TPP. No internal standard added. See text for chromatographic conditions.
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typically in the 1 to 3% range. Relative standard deviations for
gasolines containing higher levels of high boiling impurities
were on the order of 10%. The recovery of a gasoline spiked with
approximately 4 μg/g elemental sulfur was 102%. The presence
of ethanol does not appear to present problems. Gasoline sam-
ples with higher levels of higher boiling components may con-
tain interferences requiring use of selective detectors. Either
internal or external calibration were found to be suitable,
although most results reported in this report were based on
internal standardization.

References

1. American Society for Testing and Materials. ASTM D 4814. Annual
Book of ASTM Standards. West Conshohocken, PA.

2. The Analytical Chemistry of Sulfur and its Compounds. Part I.
J. H. Karchmer, Ed. Wiley–Interscience, New York, 1970, pp. 22–86.

3. J.C. Frohling, D. Heinrich, and F. Schurmann. Rediscovery of an old
method: polarographic determination of active sulfur in gasolines.
Erdoel Erdgas Kohle. 118: 130–132 (2002).

4. H.S. Katal, A. A. Miran Beigi, M. Farazmand, and S. A. Tash.
Determination of trace elemental sulfur and hydrogen sulfide in
petroleum and its distillates by preliminary extraction with volta-
metric detection. Analyst 125: 903–908 (2000).

5. J.L. Guinon, J. Monzo, J. Garcia-Anton, C. Urena, and J. Costa.
Determination of elemental sulfur, mercaptan and disulfide in
petroleum naphtha by differential-pulse polarography. Fresenius’
J. Anal. Chem. 337: 372–376 (1990).

6. B.R. Olofsson. Determination of elemental sulfur in jet fuel by dif-
ferential pulse polarography. Anal. Chim. Acta 177: 167–173
(1985).

7. P.D. Clark and K.L. Lesage. A new method for the analysis of ele-
mental sulphur in oils, soils and other materials. Alberta Sulfur Res.
Bull. 24: 1–12 (1987).

8. K.Y. Chen, M. Moussavi, and A. Sycip. Solvent extraction of sulfur
from marine sediment and its determination by gas chromatog-
raphy. Environ. Sci. Technol. 7: 948–951 (1973).

9. J.J. Richard, R.D. Vick and G.A. Junk. Determination of elemental
sulfur by gas chromatography. Environ. Sci. Technol. 11: 1084–1086
(1977).

10. D.L. Struble. Quantitative determination of elemental sulfur by GLC
with an electron capture or a flame photometric detector.
J. Chromatogr. Sci. 10: 57–59 (1972).

11. L.G. Borchardt and D.B. Easty. Gas chromatographic determination
of elemental and polysulfide sulfur in kraft pulping liquors.
J. Chromatogr. 299: 471–476 (1984).

12. P.D. Clark and K.L. Lesage. Quantitative determination of elemental
sulfur in hydrocarbons, soils and other materials. J. Chromatogr. Sci.
27: 259–261 (1989).

13. P.D. Bartlett and G. Meguerian. Reactions of elemental sulfur. I. The
uncatalyzed reaction of sulfur with triarylphosphines. J. Amer.
Chem. Soc. 78: 3710–3715 (1956).

14. B.F. Taylor, T.A. Hood and L.A. Pope. Assay of sulfur as triph-
enylphosphine sulfide by high performance liquid chromatography:
application of studies of sulfur bioproduction and sulfur in marine
sediments. J. Microbiological Methods 9: 221–231 (1989).

15. R.L. Gras, J.C. Luong, R.V. Mustacich and R.L. Shearer. DP-SCD and
LTMGC for determination of low sulfur levels in hydrocarbons.
Elemental Analysis of Fuels and Lubricants. R. A. Nadkarni, Ed.
ASTM International, West Conshohocken, PA, 2005, p. 165.

16. Z.J. West, S. Zabarnick and R.C. Striebich. Determination of
hydroperoxides in jet fuel via reaction with triphenylphosphine.
Ind. Eng. Chem. Res. 44: 3377–3383 (2005).

17. Eight Peak Index of Mass Spectra. The Mass Spectrometry Data
Centre, Royal Society of Chemistry, Nottingham, UK, 1986.

Manuscript received April 6, 2009
revision received June 2, 2009.


