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Determination of trace level elemental sulfur from crude oil samples is a tedious task. Recently, several gas chromatographic
methods were reported in which selective triphenylphosphine derivatization of sulfur was used to form triphenylphosphine sulfide.
Direct quantitation of elemental sulfur from crude oil requires an efficient sample preparation method. This paper describes
how simultaneous extraction derivatization of elemental sulfur was performed for the first time using porous hollow fiber
membrane. A thick (0.25 um pore size; 1550𝜇m wall thickness; and 5500 𝜇m inner diameter) hollow fiber membrane filled with
triphenylphosphine (dissolved N-methylpyrrolidone) is used as a solvent bar. The solvent bar is tumbled freely in the crude oil
sample; the elemental sulfur was extracted and derivatized. Finally, the derivatized sulfur was analyzed by gas chromatography/mass
spectrometry. Various experimental conditions of solvent barmicroextraction (SBME)were optimized to achieve higher extraction.
The linear range was established between 1 and 50 𝜇g/mL, while a squared regression coefficient was found to be 0.9959 𝜇g/mL.
Relative standard deviation (RSD) was below 10%. Relative recoveries were calculated for SBME in crude oil samples and were in
the range between 98.2% and 101.2%.

1. Introduction

Sulfur compounds are naturally present in crude oil, and
removal of sulfur compounds is necessary to improve the
performance of the distillates. A number of procedures are
reported for the elimination of sulfur compounds, which
includes hydrodesulphurization (HDS) [1], oxidative desulfu-
rization, absorption [2], and solvent assisted desulfurization
[3]. None of these methods are able to remove sulfur com-
pounds completely. Trace amounts of benzothiophenes (BTs),
dibenzothiophenes (DBTs), and elemental sulfur are often
detected as distillate fractions of crude oil [1, 3]. Interestingly,
elemental sulfur was produced during the HDS process of
gasoline, and once the elemental sulfur is formed in the
process, it is difficult to remove. Interestingly, depending on

the temperature, elemental sulfur changes its structure (from
S
2
, S
6
, and S

7
and then finally changes to S

8
) [4, 5].This creates

further challenges for the analyses of elemental sulfur, and
most of themethods are reporting total sulfur concentrations,
which includes organic and elemental sulfur from gasoline
samples. A number of the following studies were focused on
the determination of elemental sulfur.

One of the earliest methods developed to determine
elemental sulfur is based on calorimetry in this technique;
the extracted elemental sulfur is allowed to react with cyanide
ions (CN−) to form thiocyanate ions (SCN−) quantitatively.
The thiocyanate ions subsequently react with Fe3+ to form the
red [Fe(SCN)

4
]− complex, which is determined by calorime-

try [6, 7]. The instability of the complex leads to poor pre-
cision in analysis [8]. To overcome these difficulties during
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the 80s, the polarography method was introduced in which
[9, 10] elemental sulfur is converted to thiosulfate by the addi-
tion of an excess of sodium sulfite. To improve the sensitivity
in petrochemical applications, Serafim and Stradiotto (2008)
described a voltammetric technique with the use of mercury
film electrode. Unfortunately, most voltammetry methods
required mercury electrodes, but the toxicity of mercury
limits the usage of the mercury electrodes in the analyti-
cal practice and excludes them from the out-of-laboratory
applications [11]. In size exclusion chromatography (SEC), the
sulfur peak has served as the flow-rate marker; based on this
concept, Barman (1996) [12] first demonstrated the use of
SEC for quantitative measurement of sulfur from petroleum
applications.

Recent reports of chromatographic methods involve
derivatization with triphenylphosphine prior to gas chroma-
tography-mass spectrometry (GC-MS) [13], GC-electron
caption detector [14], and high performance liquid chro-
matography analyses [15]. To avoid derivatization, selective
detectors such as GC-pulsed flame photometric detector and
GC-sulfur chemiluminescence detector have been reported
[16, 17]. Compared with other methods, chromatographic
methods are quick, simple, and accurate for elemental sul-
fur analyses [18]. In most chromatography applications,
petroleum samples are diluted and directly analyzed in the
instruments, but the dilution method for complex crude oil
analyses builds up matrices in the injection port or on the
separation column, which leads to instrument failures and
errors in quantitation.

In this paper, a single step solvent bar microextraction
(SBME) is reported for simultaneous extraction, derivatiza-
tion, and preconcentrationmethod for elemental sulfur from
direct crude oil samples. The SBME is a fast, simple, and
inexpensive extraction procedure. To enhance the sample
cleanup, we used a thick porous polypropylene membrane.
The porous thick polypropylene membrane acts as a filter
and eliminates most of the interfering materials, producing a
clean extract suitable for the direct instrumental analyses. To
the best of our knowledge, for the first time, the thick porous
membrane and SBME were used for the determination of the
elemental sulfur in the complex matrices.

2. Experimental Section

2.1. Materials. High purity elemental sulfur, triphenylphos-
phine (TPP), and triphenylphosphine sulfide (TPS) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). HPLC-
grade organic solvents (acetone, furfural, furfuryl alcohol,
and N-methylpyrrolidone) were purchased from Sigma-
Aldrich to extract the sulfur compounds. A thin-walled poly-
propylene hollow fiber membrane, Q3/2 Accurel (600𝜇m
inner diameter [ID], 200𝜇m wall thickness, and 0.2 𝜇m
wall pore size), and thick-walled polypropylene hollow fiber
membrane, V8/2 HF (nominal pore size is 0.2 𝜇m; wall
thickness is 1550 𝜇m; and the ID is 5500𝜇m), were purchased
fromMembrana (Wuppertal, Germany). Diesel and Arabian
crude oils (light, medium, and heavy) were procured from
Saudi Aramco before desulfurization. Spiked standards of

elemental sulfur were prepared using an ultralow sulfur
diesel after being treated with hydrodesulfurization at Saudi
Aramco.

2.2. Sample Characterization. The API gravity and density
of the crude oil range from 27 to 33 and from 0.859 to
0.892 gmL−1, respectively. The sulfur and nitrogen of crude
oil range from 1.9 to 3.0 wt% and 810 to 1430 𝜇gmL−1,
respectively. Crude oil also has trace amounts of vanadium
from 14 to 50 𝜇gmL−1 and nickel >18 𝜇gmL−1. Initial studies
were conducted using ultralow sulfur diesel but no elemental
sulfur was detected and we utilized these samples for method
development.

2.3. SBME. The SBME experimental conditions were opti-
mized using ultralow sulfur diesel with spiked known con-
centrations of elemental sulfur. The extractions were per-
formed by the following procedure in room temperature:
a 20mL sample was transferred to the 50 mL vessel and
the stirring bar was placed in it. A 5 cm of hollow fiber
was cut; one end of it was heat sealed and then 200 𝜇L of
the suitable acceptor phase with triphenylphosphine (1 : 10
ratio) was placed inside. The open end was blocked with
rubber septum. Then, the solvent bar (solvent containing
hollow fiber membrane) was placed in the sample (donor
phase). Samples were stirred at 73 rad s−1 (700 rpm; 1 rpm =
0.1047 rad s−1) for 20 minutes. After the extraction and
simultaneous derivatization, the septum was removed and
the acceptor solution was withdrawn from the hollow fiber
membrane. The membrane was discarded. A 2 𝜇L of the
extract was injected into the GC/MS.

2.4. Instrumentation. An Agilent GC-MS 6890N system
equipped with an autosampler 7683B series and a 6890B
injector was used for the analyses of extracted samples. An
Agilent 19091Z-213 column of 30m × 320𝜇m dimensions,
having an HP-1 methyl siloxane stationary phase and film
thickness of 1 𝜇m, was used. High purity helium flowing
at a rate of 1.5mLmin−1 was employed as the carrier gas.
The column temperature program was initially set at 50∘C
and held for 5min and then ramped to 150∘C at a rate
of 5∘Cmin−1. This was followed immediately by another
ramping to 210∘C at 10∘Cmin−1 and held at this temperature
for 4min to achieve the total run time of 35min. Auxiliary
and ion source temperatures were both set at 280∘C and
230∘C, respectively. The injector was set in the splitless mode
with injection volume of 2 𝜇L. The total ion current in
SCAN mode for ions of masses between 50 and 550 was
used for peak identification. Selective ion monitoring (SIM)
mode was used for quantification of analytes. The 𝑚/𝑧 of
294, 283, 262, 215, and 207 was used for derivatized sulfur
(triphenylphosphine sulfide).

3. Results and Discussion

The extraction parameters influencing the SBME were opti-
mized (see Figure 1). The peak area was used to determine
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Figure 1: SBME experimental setup.

the extraction performance. Suitable immiscible solvents
were selected for the application of SBME. The immiscible
solvents stay a long time without leaking from the porous
polypropylene membrane and are suitable for the SBME.
The triphenylphosphine (10%wt/v) was dissolved in the same
solvent used as simultaneous extraction of elemental sulfur.

The main criteria for selecting the suitable solvents are
the solubility of elemental sulfur and triphenylphosphine
with low boiling point and the compatibility with the hollow
fiber membrane [19]. As a result, acetone, furfural, furfuryl
alcohol, and N-methylpyrrolidone were tested. Acetone is
slightly soluble in diesel; after a longer extraction time
(20min), the volume of acetone was lost due to evaporation.
The triphenylphosphine is highly soluble in furfural and
furfuryl alcohol, but the solubility of elemental sulfur in
these two solvents is lower than that of N-methylpyrrolidone.
During the SBME process, N-methylpyrrolidone is more
stable even after a 1 hr extraction without loss of solvent
volume. The performance of N-methylpyrrolidone shows a
relatively higher response than that of other selected solvents
(Figure 2).

Pauls (2010) investigated the suitable ratio between
elemental sulfur and triphenylphosphine and, based on
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Figure 2: Extraction efficiency of different polar organic solvents
used for the SBME-GC-MS analyses.

the following equation and experimental study, he demon-
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Table 1: Extraction recoveries of elemental sulfur after SBME-GC/MS.

Analyte
Concentration in

(𝜇g/mL)
Arabian medium

crude

Amount added
(𝜇g/mL)

Amount found
(𝜇g/mL)

%RSD %RR

Elemental sulfur
5 16.07 4 98.8

11.27 ± 0.43
5 16.64 6 101.2

5 16.47 7 98.2
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Figure 3: Influence of the SBME simultaneous extraction and
derivatization time.

that to derivatize 1 𝜇g/g of elemental sulfur requires 9𝜇g/g of
the derivative (triphenylphosphine) [13]. In this study, we use
the same ratio of 10% of triphenylphosphine with extraction
solvent.

Various extraction times were set up in extracting the
elemental sulfur from the diesel containing a known amount
at the stirring speed of 73 rad s−1. Figure 3 shows the profile of
extraction timewith a peak area after simultaneous extraction
and derivatization using SBME. The extraction times of 5 to
60 minutes were evaluated with the SBME. The extraction
performance increased with increasing time, but after 20min
no considerable increment was observed and there was no
slow uptake of extraction by the SBME.Therefore, 20minwas
selected as the optimum extraction time.

Quantitative performance of the SBME, such as linear-
ity range, reproducibility, limits of detection (LOD), and
percentage of relative recoveries were investigated at the
optimized conditions. The calibration plots were found to be
linear over the range of 1 to 50 𝜇g/mL with the coefficients of
determination (𝑅2) of 9959.The LOD of elemental sulfur was
determined by decreasing the concentrations of elemental
sulfur progressively until the signal was just detected at a
signal-to-noise ratio of 3 (𝑆/𝑁 = 3). The LOD was 0.0511
𝜇g/mL. The interday and intraday repeatability of GC peak
areas were investigated for three replicates for a diesel sample.

The percentage relative standard deviations (%RSDs) of
SBME were determined and found to be less than 10%.

4. Application of the SBME for
Diesel and Crude Oil

Optimum conditions of the SBMEwere applied to determine
the elemental sulfur in the Arabian crude oil samples.
Samples were used without dilution and elemental sulfur was
detected in all samples (Table 1). A standard additionmethod
was performed to quantitate the concentration of elemental
sulfur. After simultaneous extraction and derivatization, a
clean extracted chromatogram was obtained. The crude oil
samples are highly viscous and prone to interference from
sample matrices; the SBME matrix effect was compared with
a conventional membrane with the specification of Q3/2
Accurel polypropylene hollowfibermembranewith a 600𝜇m
ID, 200𝜇m wall thickness, and 0.2 𝜇m wall pore size (from
Membrana,Wuppertal, Germany) at the same concentration.
As presented in Table 1, the percentages of relative recovery
were observed to be between 75.8% and 81.3% for the SBME
for thin-walled membrane and between 98.2% and 101.2%
for thick-walled fiber. Figure 4 shows the comparison of the
chromatogram of the SBME with thick- and thinner-walled
hollow fiber membrane extraction for the Arabian medium
crude oil sample. Results from Table 1 and Figure 4 clearly
show that a thick wall membrane has no matrix interference
from complex samples when compared to thin-walled porous
membrane SBME-GC/MS applications.This could be related
to the higher stability of the solvent with more filtration
capability of thick-walled hollow fiber membrane.

5. Conclusions

For the first time, a solvent bar microextraction method by
simultaneous extraction and derivation of elemental sulfur
was developed for crude oil samples by using a polar
organic solvent. The proposed SBME-GC/MS yields a better
sensitivity for the elemental sulfur in the complex petroleum
matrices. The current practice (dilution approach) without
a clean sample has advantages for clean samples like diesel
but for crude oil samples more through cleanup and analyte
enrichment is required to avoid interference from sample
matrices. The proposed SBME is simple and suitable for



Journal of Chemistry 5
Re

la
tiv

e r
es

po
ns

e

(a)

(b)

Retention time (min)
0 35

(C6H5)3=S

Figure 4: SBME extracted chromatograms after (a) Arabian crude
oil by thick-walled hollow fibermembrane and (b) Arabian crude oil
by conventional hollow fiber membrane (thinner wall thickness).

the direct determination of elemental sulfur in the crude oil
without any pretreatment.
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