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Abstract In the paper, a modified method for elemental
sulfur (Sg) determining using gas chromatography
coupled with mass spectrometry (GC-MS) is proposed
with estimation of selected validation parameters. The
aim of this work was a review of problems associated
with the determination of Sg and selection of the most
optimal conditions for Sg analysis with GC-MS. The pre-
sented studies have shown that the temperature of the
injector and the chromatographic column during Sg deter-
mination should not exceed 180 °C. At temperatures over
180 °C, the sulfur Sg is decomposed to the other sulfur
species such as S, Sz, S4, S5, and Sg. During decreasing
injector and column temperature below 180 °C the chro-
matographic peak eluted as Sg is badly extended and
asymmetric. To minimize the problems of Sg decomposi-
tion to other sulfur species during chromatographic pro-
cess also other parameters of the GC-MS have been se-
lected. In order to apply the proposed method for real
sediments samples, determination of sulfur Sg in bottom
sediments, collected in the Gulf of Gdansk (southern
Baltic Sea), has been performed. The concentration of
Sg fell in the range from below the limit of detection to
0.1432 + 0.0095 mg/g d.w. The research has also shown
that addition of approx. 200 mg of activated copper is
effective for removing sulfur from bottom sediment
extracts.
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Introduction

Sulfur compounds are ubiquitous in the water environment;
they can be found in marine and ocean waters, as well as in
fresh, surface, and ground waters and in the sediments. The
sources of sulfur compounds in the environment are both nat-
ural (such as rock weathering, organic matter decay) and an-
thropogenic processes. The main anthropogenic sources of
sulfur compounds are burning of traditional fossil fuels such
as coal or oil, leakages from landfills for sulfur containing
industrial wastes or disposal of sewage with high sulfur
inputs.

In the sulfur cycle, sulfates are generally well accessible in
aquatic ecosystems, but they mainly occur near the upper
layers of water (Giordano et al. 2005). In water bodies, they
can undergo various types of transformation. The sulfates can
be used for amino acid synthesis by plankton, or they can be
dispersed in the atmosphere. The sulfates slowly diffuse to the
lower layers of water, where due to decreasing amount of
oxygen, they can be converted to the hydrogen sulfide and
other sulfides. In anaerobic zone, organic matter can undergo
decomposition with production of hydrogen sulfide. Under
reductive conditions, the sulfur can be precipitated as water
insoluble heavy metals sulfides and it can settle in the benthic
zone. Due to those processes, sulfur can be excluded from the
cycle and not transformed hydrogen can slowly diffuse into
the oxygen-rich layers. As a result of partial oxidation/
oxidation of sulfide, elemental sulfur (Sg) is formed (Van
Stempvoort and Kwong 2010). In addition, the presence of
Sg in sediments may be a product of bacterial reduction of
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sulfate in anaerobic respiration or a product of organic matter
mineralization carried out by some types of cyanobacteria
(e.g., Oscillatoria, Desulfurella) (Cetkauskaite et al. 2004;
Madigan et al. 1997). Due to its importance in geochemical
cycle and environmental studies, it is necessary to acquire
knowledge on the circulation of sulfur in nature.

Sulfur is one of the critical elements in living matter, as
it participates in several structural, metabolic and catalytic
activities, but it can also have negative impacts on terres-
trial and aquatic ecosystems (Jasinska et al. 2012; Norici
et al. 2005). Sulfur compounds are considered to elicit
toxic action. For instance such compounds sulfur dioxide
and hydrogen sulfide are highly toxic so they are well
examined regarding its toxicity. Elemental sulfur is highly
hydrophobic hence non-bioavailable and therefore it is
believed to be virtually non-toxic in the environment
and non-accumulative in the food chain (Kuklinska et al.
2013). The chemical properties of elemental sulfur cause
negligible toxicity to animals, insects, and plants.
(Svenson et al. 1998; Pardos et al. 1999). However, sev-
eral studies have shown that elemental sulfur was toxic to
the indicator organisms (Cetkauskaite et al. 2004;
Svenson et al. 1998; Ricking et al. 2004). This means that
the presence of Sg in the samples (or extracts) can affect
on the toxicity level and may complicate interpretation of
the ecotoxicological results.

The presence of sulfur in sediment samples also interferes
with the determination of certain compounds such as polycy-
clic aromatic hydrocarbons (PAHs) or polychlorinated biphe-
nyls (PCBs) due to similar retention parameters in chromato-
graphic system (under chromatographic conditions). The re-
sult may be impaired and it sometimes can preclude proper
interpretation of chromatograms. Consequently, it is necessary
to effectively control the method of sulfur removal from the
solvent extracts. Accordingly, there is a necessity for studies
of elemental sulfur concentration in the aqueous environment,
particularly in the sediments.

Studies on the determination of sulfur in the environment
have been conducted for many years. Elemental sulfur in sed-
iments has been determined using various techniques such as
high pressure liquid chromatography in reverse phase (RP-
HPLC), electrochemical methods (linear sweep voltammetry,
polarography), iodo-azidic methods, spectroscopy methods
(colorimetry, turbidimetry) (Welz et al. 2009; Ranzan et al.
2015), or ion chromatography (Kuklinska et al. 2013; Fabbri
et al. 2001). One of the most preferred technique of the final
determination of Sg in sediments is gas chromatography, due
to its unexcelled separation potential and simplicity of com-
pounds determination. Moreover, procedures based on gas
chromatography for Sg analysis are characterized by good
recovery and repeatability and have the advantage of relative
simplicity (Fabbri et al. 2001). To allow detection of trace
levels of analytes, often, a selective derivatization with
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triphenylphosphine to form triphenylphosphine sulfide has
been reported (Pauls 2010; Al-Zahrani et al. 2015). For the
determination of mentioned analytes with gas
chromatography-mass spectrometry, detectors are commonly
used and less frequently other specific detectors such as SCD
(sulfur chemiluminescence detector) (Hua et al. 2003), FPD
(flame photometric detector) (Yin et al. 2014), FID (flame
ionization detector), or AED (atomic emission detector)
(Wardencki 1998).

However, some problems related to the GC-MS determi-
nation of Sg appear and most frequently involved:
—  The sorption and loss of sulfur species in the chromato-

graphic system
— Problems with sensitive and selective Sg detection in
complex matrices (Wardencki 1998)

—  Problems with separation of Sg from other sulfur species

The literature review has revealed that in many cases Sg
analysis may lead to analytical errors, as the final applied
temperature of chromatographic analysis is set at as high as
310 °C (Pardos et al. 1999; Ricking et al. 2004; Chen et al.
1997). In our research, we noticed that at higher temperatures
of chromatographic process the elemental sulfur can undergo
decomposition. Therefore, in the paper, we have investigated
problems with elemental sulfur determination in sediments
using gas chromatography-mass spectrometry (GC-MS) and
necessity of its removal before PCBs and PAHs determination
in environmental samples The aim of this study was to (1)
optimize conditions for determining of Sg, (2) define the basic
parameters of validation, (3) Sg determine in the bottom sed-
iments samples, and (4) evaluate the effectiveness of elemen-
tal sulfur removal from bottom sediment samples using an
activated copper.

Materials and methods
Analysis of the Sg solution
Preparation of solutions

Stock solution used in the research model has been prepared
by dissolving 12.5 mg S (Sulfur Sigma-Aldrich, Germany) in
50 ml acetone (corresponding to 250 mg/l) (Acetone
Suprasolv, Merck, Germany) in ultrasonic bath (30 min,
InterSonic 1S-5.5, Poland). Standard solution has been pre-
pared with 40 pl of stock solution and 460 pl hexane (n-
Hexane SupraSolv, Merck, Germany. Injection volume for
the chromatography column was 2 pl of sulfur solution.

GC-MS conditions

Sulfur compounds have been analyzed by GC-MS (Shimadzu
QP2010 Ultra). The GC-MS has been equipped with a ZB-
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SMS capillary column and helium has been used as the carrier
gas. The determination of sulfur has been performed under
conditions of GC-MS listed in Table 1. The following mass
to ion ratios have been monitored (m/z): 64, 96, 128, 160, 192,
256,257,258, and 259, which correspond to S,, S3, S4, Ss, S,
and Sg respectively.

Quality control/quality assurance

Ensuring the quality of the measurement results was carried
out by:—  Calibration of the GC-MS system
Determination of the basic validation parameters based
on parameters obtained from calibration curves
The calibration step involves the preparation of calibration
curves. The relationship between the area of the chromato-
graphic peak for the analyte and its concentration in the sam-
ple of suitable reference solutions dosed into analytical system
(GC-MS) has been determined.

The stock solution used for calibration has been prepared
with 12.5 mg S and 50 ml of acetone as the diluting solvent. In
the next step, a series of calibration solutions in hexane have
been prepared by serial dilution method. The nine calibration
solutions with concentration in the range from 1 to 20 mg S/1
have been prepared. The injection volume for the chromatog-
raphy column was 2 pl of sulfur reference solutions. Table 2
gives information on the GC-MS operating conditions.

Analysis of the real sediment samples
Sample collection

Sediment samples have been taken at various locations in the
arca of Gulf of Gdansk (southern Baltic Sea). The Gulf of
Gdansk is particularly susceptible to human pressure due to
high level of urbanization and industrialization. In this study,
the following samples have been selected: at the mouth of the

Table 1 GC temperature programs

Vistula River (samples V1-V6), at the site of wreckage s/s
“Stuttgart” from World War II (samples C1-C6), from the
harbor basin (samples D1-D5), and at the area of treated
wastewater outlet from sewage treatment plants (STP)
“East” into the waters of the Gulf of Gdansk (samples W1-
WS5). Samples of surface sediments have been collected with
the van-Veen-gripper, next transported to the laboratory and
frozen (—18 °C).

Sample extraction and clean-up method

Sediment samples have been lyophilized and prepared accord-
ing to a modified procedure proposed by Pardos et al. 1999.
Approx. 2 g of dry sediments have been weighed. All samples
have been extracted with 40 ml of acetone to hexane (1:2, v/v)
(Acetone Suprasolv, n-hexane Suprasolv, Merck, Germany) in
ultrasonic bath (30 min, InterSonic IS-5.5, Poland). Next, they
have been centrifuged for 15 min at 1000g (Eppendorf
Cenrtifuge 5804, Germany) and the supernatants have been
collected. The residual solids have been re-extracted using the
same procedure. The final extracts have been combined and
evaporated by rotary evaporation to dryness (40 °C)
(Heidolph, Germany). The residues have been dissoluted in
10 ml of hexane.

Sulfur removal

For sulfur removal, approximately 200 mg of acid-activated
copper has been added to a 3-ml aliquot of the extract and
incubated at room temperature for 120 h. The copper powder
(Copper fine powder <63 um, Merck, Germany) has been
activated with the use of HCL to water solution (1:1, v/v)
(HCL 32 %, Merck, Germany), neutralization with
demineralized water and acetone dried.

The temperature programs ~ Name of the program

Temperature of GC-MS elements [°C]

Column temperature

Injection Ion source Interface

SI 280 220 290 40 °C—2 min, 50 °C/min till 200 °C,

200 °C—0 min, 6 °C/min till 240 °C

240 °C—0 min, 50 °C/min till 290 °C
NI 180 180 220 180 °C—20 min
SIII 180 190 220 180 °C—2 min, 10 °C/min,

190 °C—17 min

SIV 170 170 220 170 °C—21 min
SV 175 175 220 175 °C—21 min
SVI 185 190 220 180 °C—1 min 10 °C/min, 190 °C—19 min
SVII 185 190 220 185 °C—1 min 10 °C/min, 190 °C—19 min
SvII 190 190 220 190 °C—21 min
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Table 2 Operating conditions of the GC-MS system

Injector Split/splitless (in splitless mode)

Injector volume 2ul

Carrier gas Helium—385 kPa

Gas chromatography/ Shimadzu QP2010 Ultra with electron

detector ionization operating in SIM (selected

ion monitoring) mode

Column ZB-5MS (30 m x 0.25 mm, 0.25 pm,
temp. max. 325/350 °C)

Injection temperature 180 °C

Temperature program 180 °C—20 min

Interface temperature 220 °C

Ion source temperature 180 °C

GC-MS determination of elemental sulfur

Solvent extracts, obtained before and after sulfur removal,
have been analyzed using a GC-MS with split/splitless
injector. Conditions of the GC-MS system are presented
in Table 2. Identification of elemental sulfur in real sam-
ples has been carried out based on a comparison of reten-
tion times of characteristic fragment ions in real samples
and standard solutions.

Results and discussion

Chromatographic analysis of standard solutions has been per-
formed under different chromatographic conditions (see
Table 1) and then the optimal conditions for analysis have
been selected. Under the optimal chromatographic conditions,
calibration curves have been prepared and basic validation
parameters have been estimated. Subsequently, the real sam-
ple extracts have been analyzed before and after sulfur treat-
ment with activated copper.

Analysis of the Sg solution

The results of sulfur determination in standard solution under
different GC-MS condition are presented in the Fig. 1.
Chromatogram obtained from analysis carried out in
accordance to method SI indicates that the Sg disintegrates
in the injector heated to a temperature of 280 °C. The
result is generation of peaks corresponding to decomposi-
tion products Sg. The most intense peak in the chromato-
gram is derived from ion S, [m/z = 64]. For chromato-
grams SIV and SV, we have observed that the chromato-
graphic peaks are tailing and signal to noise ratio de-
creased. This is connected with too low temperature of
the sample injection (injector temperature and the process
chromatography was <180 °C). Furthermore, in the case
of the methods SVI and SVII, extending of analysis time
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and the deterioration of peaks symmetry has been

observed.

Obtained chromatograms indicate that for the Sg deter-
mination the GC oven and the injector temperature should
not exceed 180 °C. Above this temperature, Sg decom-
poses to other sulfur species: S,, S3, S4, Ss, and Sg, what
can be seen from the chromatograms SVI-SVIII and SI,
where appropriate ions mass ratios (m/z) have been mon-
itored. Verification of chromatograms SI-SVIII allowed
the indication of the optimal Sg separation methods, the
SII method, in which the most symmetric and thin peaks
generated from Sg have been observed and Sg decompo-
sition does not occur.

The structures and properties of elemental sulfur have been
well established (Meyer 1976). Sg occurs in the three allo-
tropes with the boiling temperature 444.7 °C. Above 150 °C
substantial ring scission can be observed (Meyer 1976). In our
experiment, the decomposition of sulfur occurs at 180 °C.
How this difference (30 °C) in the observed data can be
explained?

The several things can be identified as parameters which
can affect on it:

—  During injections, in injector and chromatographic column
higher than normal pressure can be observe and the tem-
perature increases at which the decomposition of Sg occurs.

—  The moment of the extract injecting is related to the rapid
evaporation of the solvent, what can cause decrease of the
temperature in the injecting area.

— A column separation process is a dynamic process with a
constantly occurring sorption process in stationary phase
and desorption process to mobile phase.

The above-described problem of elemental sulfur de-
composition in the case of very high temperatures during
the chromatographic process has been observed in previ-
ous studies presented by Pardos et al. 1999, Ricking et al.
2004, Chen et al. 1997 and Nair et al. 2014, despite the
fact that in the methodology proposed by the authors the
final temperature of chromatographic process ranged from
260 to 310 °C, and temperature of injection was between
250 and 300 °C.

Quality control/quality assurance

Analysis of standard solutions has been performed for
selecting a suitable temperature program (Table 1, SII).
Based on these results (each of which was the average of four
parallel determinations), calibration curves have been pre-
pared, and regression coefficients and basic parameters of val-
idation have been calculated (Table 3). High regression coef-
ficient (0.996) shows the linearity of the method in a concen-
tration range of elemental sulfur (1-20 mg/1).

Limit of determination has been calculated from the param-
eters of a calibration curve constructed on the basis of the three
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Table 3  Basic validation parameters of elemental sulfur determination

Calibration Range [mg/l] 1-20
Coefficients of calibration a 19,391
curve (y = ax + b) b —32,202
Linearity Regression coefficient » 0.996
Limit of detection LOD [mg/1] 0.40
Limit of quantification LOQ (3 x LOD) [mg/1] 1.2
Repeatability The coefficient of variation (CV) 1.0-6.6

for the calibration solution [%]

lowest concentrations of standard solutions. The limit of de-
termination has been calculated according to the formula:

33xs
a

LOD =

where:

a slope of the calibration curve
s the standard deviation

In the calculation, we have taken into account residual
standard deviation (syy) and standard deviation of the intercept
(s,). The calculated values are as follows:
LOD(syy) = 0.42 mg/l, LOD(s,) = 0.38 mg/l, and the mean
value LOD = 0.4 mg/l. The established detection limit of this
method is close to the detection limit obtained by Pardos et al.
1999 (0.1 mg/l).

Analysis of real samples

In view of the fact that Sg in sediments are not only of
natural origin but also may be a result of anthropogenic
processes, levels of concentrations can be varied. Close to
harbors and area of industrial activities, the concentrations
in sediments have been found to be higher, while lower
amounts have been measured in samples from the deep
sea bottom and in sediments with low organic contents
(Svenson et al. 1998). Amounts of Sg in sediments vary
widely depends upon the sampling place and its contam-
ination, but they can be range from about 0.016—
0.960 mg/g (Yiicel et al. 2010) to even 6.4-9.6 mg/g
(Burton et al. 2006a, b).

The analysis of real samples carried out according to
the proposed method showed that the sulfur occurs at
concentrations in the range of 0.0011 £+ 0.000075 up to
0.1432 £ 0.0095 mg/g d.w. (dry weight). The highest
concentration levels of sulfur have been found in samples
collected in the area of the wreck of the ship s/s
“Stuttgart” deposition. In most of the samples taken at
the mouth of the Vistula River, the mouth of the sewage

collector from STP “East” into the waters of the Gulf of
Gdansk, and the harbor basin, the sulfur concentration
was below the level of quantification (Table 4).

The source of high sulfur content in sediments samples
taken in the area of the wreck of s/s “Stuttgart” deposition
may be connected with fuel released from ship, which still
remain at sea bottom. There is no clear/confirmed information
on the type of fuel which contaminates this area. It is very
likely that the remaining fuel was not crude oil. Earlier studies
may indicate that fuel could be obtained in the processing of
coal (synthetic gasoline) (Rogowska et al. 2010; Kudtak et al.
2012). Sulfur compounds are both in the crude oil and coal.
The sulfur content in coals varies considerably, but is most
commonly within the range of 0.5 to 5 % of total sulfur
(Chou 2012), while, gasoline contains 0.001 to 0.010 mg/g
of elemental sulfur (Pauls 2010).

The next stage of the study was to evaluate the effec-
tiveness of the removal of elemental sulfur from solvent
extracts with activated copper from solvent extracts to
determine micropollutants. The presence of sulfur in the
solvent extracts may hinder the development of further
stages determinations and affect the interpretation of re-
sults. Removal of sulfur from the solvent extracts is re-
quired for chromatographic determinations of compounds
such as PCBs and PAHs (Rogowska et al. 2013). This is
due to the fact that the elemental sulfur Sg has a molecular

Table 4 Elemental sulfur concentrations in sediments

Place of sampling Sample Sg+ u [mg/g d.w.]

Area of s/s “Stuttgart” wreck deposition  Cl 0.0167 £0.0011
C2 0.0660 =+ 0.0044
C3 0.0857 £ 0.0057
C4 0.1432 +0.0095
Cs5 0.0509 + 0.0034
Co6 0.0460 + 0.0030

Vistula estuary Vi 0.0014 + 0.000094
V2 <LOQ
V3 <LOQ

V4 0.0011 + 0.000075
V5 0.01254 + 0.00083

A\ <LOQ
Sewage collector outlet from STP “East” W1 <LOQ
w2 <LOQ
W3 <LOQ
W4 0.0210 +0.0014
W5 <LOQ
Harbor basin D1 <LOQ
D2 0.00733 +0.00048
D3 <LOQ
D4 <LOQ
D5 <LOQ
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mass of 256 Da such as PCB 28 (2,4,4'-trichlorobiphenyl)
and a retention time similar to PAH and, as a result, im-
pairs and sometimes precludes proper interpretation of
chromatograms. Furthermore, during the determination
of PCB-group chemicals in sediment samples, sulfur
should be removed from the extracts in order to protect
the detector (Mechlinska et al. 2012).

Sg determination in purified solvent extracts showed that
the sulfur is present at very low levels, below limit of quanti-
fication. This means that the use of the approx. 200 mg of
activated copper is enough to remove elemental sulfur from
sediment samples. The applied method of purifying extracts is
effective and can be successfully used.

Conclusions

Despite the increasingly rapid development of a numerous
techniques and analytical methods for the determination of a
wide spectrum of compounds at ever lower levels, there are
still problems related to the marking of some compounds in
environmental matrices. One of such analyte is elemental sul-
fur. Other problems are related to the proper analytical design
chromatographic process, in order to avoid losses of analyte.
Both, the excessive temperature programs of GC and injection
temperature causes the elemental sulfur breaks down into oth-
er sulfur species.

Determination of elemental sulfur in environmental sam-
ples is essential due to the fact that it is interferent in the
analysis, e.g., compounds of the group PAHs and PCBs, and
may affect the operation and cleanliness of the detector.
Presence of sulfur in the extracts disrupts a proper analysis
and prevents obtaining reliable and accurate results.
Moreover, the presence of elemental sulfur in the sediments
may affect on their toxicity. Consequently, elemental sulfur
should be removed before chromatographic determination.
The application of proper procedure for determining the Sg
is important in two aspects:

—  The need for determination of the Sg in environmental
samples

—  To confirm the removal Sg from extracts, before PAHs
and PCBs determination

In such cases, the following conditions of GC-MS analysis
must be used: the injector temperature—180 °C, the column
temperature—180 °C, and the ion sources temperature—
180 °C.
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