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Abstract	
Total reduced sulfur compounds, as H2S, MeSH, DMS and DMDS appear in several industry 
sectors, for instance in the pulp and paper sector. These compounds have received attention 
due to their association to health problems, and diffuse emission of them is obliged to monitor 
and assess. In this project, a method was to be developed for quantification of total reduced 
sulfur compounds in liquid matrices, using gas chromatography, at concentrations ranging 
down to 0.1 mg/L. Since low concentrations were to be detected, a great deal of focus was 
placed on improvement of sensitivity. The method developed displayed reliable quantification 
of DMS and DMDS at concentration levels of ca 0.5 and 0.1 mg/L, respectively. Further 
method validation should be made in the future to conclude the robustness and accuracy. 
Moreover, further considerations of standard preparations for H2S and MeSH should be made 
in the future as well.  
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List	of	abbreviations	
	

Ca – Approximately  

DMDS – Dimethyl disulfide 

DMS – Dimethyl sulfide 

EMS – Ethyl methyl sulfide 

FID – Flame ionization detector 

FPD – Flame photometric detector  

GC – Gas chromatography/gas chromatograph (the technique / the instrument) 

H2S – Hydrogen sulfide 

HCl – Hydrochloric acid 

HPLC – High performance liquid chromatography 

Hz – Hertz 

IS – Internal standard 

LOD – Limit of detection 

LOQ – Limit of quantification 

MeSH – Methanethiol 

MeSNa – Sodium thiomethoxide 

MS – Mass spectrometer 

Na2S – Sodium sulfide 

S/N – Signal to noise ratio 

TRS – Total reduced sulfur 
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1.	Introduction	
MoRe Research is a research and development company, mostly focusing on processes and 
products in/from the forest industry (1). The Analysis Technology section at MoRe has 
customers from the pulp- and paper industry, chemical industry, and from the area of 
biorefinery (2). Customers contact MoRe for analysis, in order to make decisions in their own 
processes and work. It ranges all from the process to their products, and development projects 
as well. When a standardized method, for the analysis desired by the customer, does not exist, 
MoRe can develop a method that matches the requirements of the customer (3). For instance, 
a desire from customers has been to know the quantity of total reduced sulfur (TRS) 
compounds in liquid matrices, of concentrations ranging down to 0.1 mg/L. Since no robust 
method for quantification of these compounds in liquid matrices was present at MoRe, 
development of one method was required.  
 
The TRS compounds of interest are hydrogen sulfide (H2S), methanethiol (MeSH), dimethyl 
sulfide (DMS) and dimethyl disulfide (DMDS). Common properties of these compounds are 
their characteristic odors. The odor of H2S has been characterized as rotten eggs, MeSH and 
DMDS as general putrid and DMS as a stench (4). Furthermore, the presence of TRS 
compounds has received attention in their association to health problems (5).  
 
TRS compounds occur in different industry sectors, such as paper and pulp, food, and waste 
and sewage (5). For instance, the formation of the TRS compounds in pulp mills can be traced 
to the digestion of wood and the subsequent formation of pulp (6). The TRS are formed when 
so-called white liquor, an alkaline solution of sodium hydroxide and sodium sulfide, is 
applied for the wood digestion process.  
 
The European commission established in an implementing decision of the 26th September of 
2014, that monitoring and assessment of diffuse TRS emissions are required for pulp, paper 
and board industries, for the protective purposes of the environment (7). Even though the 
decision was concerning gaseous TRS in air, there is an interest of knowing the quantities of 
TRS in liquid matrices. Industrial liquid matrices from the pulp and paper industry that 
contain TRS are, for instance, condensates and methanol.  
 
The aim of this project is to develop a reliable method for quantification of the stated TRS 
compounds in different liquid matrices, at the concentration level of 0.1 mg/L, by the 
application of gas chromatography. In order to achieve this, the objectives of this project are 
to select suitable injection and detection techniques, to select column and temperature 
program for the separation process, to determine which calibration technique that will be 
applied, and ultimately to validate the developed method by examine parameters such as 
range, limit of detection and limit of quantification.  
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2.	Background	

2.1.	Total	reduced	sulfur	compounds	
TRS compounds are often separated from each other by gas chromatography (GC) and 
quantified using different detectors (8, 9, 10). Physical properties of the four TRS are 
presented in Table 1. H2S and MeSH are gases at room temperature and atmospheric pressure 
whereas both DMS and DMDS are liquids. However, all four compounds are volatile, which 
is displayed by observing their vapor pressures. They are soluble in water in different extents, 
and H2S and MeSH are deprotonated when pH is sufficiently high, and their pKa values are 
presented in Table 1 as well.  
 
Table 1. Physical properties of the four TRS compounds (11-14, 15 pp AP14, 16-19). 
Compound Boiling point 

(°C) 
Vapor 
pressure 
(kPa) 

Solubility in 
water at 
20°C (g/L) 

pKa (at 25°C) 

H2S -60  1783a 5  7.05d  
MeSH 6 172a 23 10.33 
DMS 37.3  53.2b  22c   
DMDS 110.0 3.8c  2.5  
In addition to the physical properties of the four compounds, pKa values are presented for H2S and MeSH. 
aTemperature not stated. bAt 20°C. cAt 25°C. dpKa1. 
 

2.2.	Chromatography	
The principle of chromatography (15 pp. 542-545) is the same as extraction, where analyte is 
partitioned between two phases. However, in chromatography, one phase is adhered on the 
inside of a column and is called the stationary phase, while the other phase travels inside of 
the column in a continuous flow and is called the mobile phase. If two different solutes, A and 
B, are injected into the column and travel along with the continuous flow of the mobile phase, 
the solutes will be retained in the column in different periods of time due to the difference in 
their interaction with the stationary phase. For instance, if the stationary phase is nonpolar, 
and A is nonpolar as well, whereas B is relatively polar, A will spend more time sorbed to the 
stationary phase than B, and be more retained. Since B is less retained, it will spend less time 
inside of the column and emerge out of it prior to A, which results in a separation of the 
solutes.  
 
In gas chromatography (15 pp. 565-590), the mobile phase is a gas, called carrier gas, and 
gaseous analyte travels along with it through the column. Suitable analytes are either gaseous 
or volatile ones that evaporate during injection into an injection port of high temperature. In 
the injection port, a liner is located, which is an exchangeable compartment where the injected 
analyte is vaporized (20). A schematic representation of a gas chromatograph is displayed in 
Figure 1.  
 
Another chromatographic technique, high performance liquid chromatography (HPLC) (15 
pp. 595-596), uses a liquid as mobile phase. HPLC is applied when non-volatile compounds 
are to be analyzed. This makes GC a good choice as separation technique for the four TRS 
compounds. 
 
To obtain separation of analytes, several parameters can be considered. There are a wide 
variety of different columns to choose, however most of the columns applied in GC are open 
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tubular ones (15 pp. 565-590). Different open tubular columns differ in length, diameter, 
thickness of stationary phase and the polarity of the stationary phase. In addition to the 
column, the separation process is often optimized by the application of temperature 
programming. The column is located in a compartment called oven. There, the initial 
temperature, a possible increase in temperature, and the final temperature at the end of the 
separation can all be chosen to achieve a desirable separation.  
 

 
Figure 1. Schematic representation of a gas chromatograph. Figure reproduced from (15 pp. 566, Figure 23-
1). 
 
In similar studies, different detectors were used, in order to detect and thereafter quantify the 
TRS compounds, after their elution from the column. For instance, in some studies, the GC 
was coupled to a mass spectrometer (MS) and in others to a flame photometric detector (FPD) 
(21). A FPD can selectively measure optical emission from sulfur (15 pp. 565-590), which is 
present in all TRS compounds, and therefore makes the detector more selective compared to 
other types. The flame in the FPD, which is rich in hydrogen, excites sulfur to S2* (22), and 
the following emission at 394 nm is detected by a photomultiplier tube (15 pp. 565-590). 
Selective detectors could be advantageous when working with complex matrices, where 
otherwise detection of hydrocarbons could interfere with simultaneous elution and detection 
of sulfur compounds (8). An example of a less selective detector is the flame ionization 
detector (FID), which detects almost all sorts of hydrocarbons (15 pp. 565-590).  
 
The GC can be connected to a computer to monitor the response of the detector. By recording 
the detector response as a function of time after injection, one obtains a so-called 
chromatogram (15 pp. 542-545). On the chromatogram, the compounds eluted appear as 
peaks, with certain retention times. The retention times can be used for qualitative analysis by 
comparing retention times obtained from standard solutions, and the area of the peaks are 
used for quantification of the amount of the compounds (15 pp. 565-590). 
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2.3.	Improving	sensitivity	
To achieve a reliable detection and quantification, the obtained peaks are required to be above 
the limit of detection (LOD) and limit of quantification (LOQ) respectively (23). LOD and 
LOQ can be expressed from the signal to noise ratio (S/N). The S/N can be calculated from 
Equation 1. Where H is the height of the peak and h the height of the random noise from the 
baseline of the chromatogram. LOD is often considered for a peak with a S/N of 3, whereas 
estimation of LOQ is used with a S/N of 10.  
 
1)     𝑆/𝑁 =  !∗!

!
  

 
To be able to detect and quantify concentrations as low as 0.1 mg/L reliably, a sufficiently 
high S/N is required. There are several applications and parameters that can be applied and 
adjusted that result in an increase of S/N. For instance, application of suitable injection 
techniques, and optimization of the detector applied.  
 

2.3.1.	Injection	technique	
Different injection techniques are available for introducing the sample into the GC (15 pp. 
565-590). In split injection and splitless injections, for instance, the sample injected is initially 
vaporized inside of the injection port that is set to sufficiently high temperature. In split 
injections, after the sample has been introduced into the injection port, one portion of the 
sample exits through the split vent, and one portion is introduced into the column. In splitless 
injection, the split vent is closed for a certain amount of time, resulting in almost the entire 
sample being introduced into the column. Subsequently, this results in more analyte being 
detected, leading to a larger peak area (24). To obtain narrower peaks from splitless 
injections, and consequently obtaining higher peaks, application of solvent trapping is 
required (15 pp. 565-590). Here, the oven temperature is set below the boiling point of the 
solvent, and the solvent consequently condenses, and a sharp band of the solvent together 
with analytes becomes located at the beginning of the column. Thereafter, the temperature of 
the oven is increased to vaporize the solvent and analyte. The initial formation of a sharp band 
results in narrower peaks for the analytes, which consequently gives higher peak heights and 
therefore higher S/N.  
 

2.3.2	Detector	optimization	
The sensitivity of the FPD can be increased by adjusting parameters such as the flow rates of 
the gases of the flame as well as the temperature of the detector (25).  
 

2.3.3.	Temperature	programming	
In addition, temperature programming is applied to obtain sharper and higher peaks (15 pp. 
565-590). An increase in temperature results in an increase of the vapor pressure of the 
analytes. This results in decrease of retention time and sharper peaks are obtained. However, 
the temperature program still has to be optimized to obtain sufficient separation of the 
compounds.   
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2.4.	Quantification	
In order to relate the area of the peaks to a certain concentration of analyte, a calibration is 
made (26). For establishing the calibration graphs, standard solutions with known 
concentrations of analytes, are analyzed on the GC, and the areas of the peaks are plotted 
against the corresponding concentrations. The obtained peak areas from the analysis of the 
sample of interest are then applied to the calibration curves, and the concentrations of the 
analytes in the sample are determined.    
 

2.4.1.	Internal	standard	method	
In quantitative analysis when using GC, the use of internal standard (IS) is very common (15 
pp. 565-590). An IS is a known quantity of a compound, added to the sample of interest, prior 
to analysis (15 pp. 109). The compound added is required to be different from the analytes 
present in the sample (and also from other compounds, which would give incorrect areas of 
the IS). The IS can be used to compensate for varying signal response from analyte (26) and 
for varying amount of sample injected (15 pp. 109). This is obtained by making ratios; area 
analyte / area of the IS and these ratios are plotted against concentration ratios of analyte / IS. 
Due to this, the relative standard deviation from repeated analysis on the GC is lowered.  
 

2.4.2	Calibration	methodologies,	matrix	effect	and	spiking	
There are several different calibrations methodologies; with external calibration being the 
most common one (26). External calibration is performed with standards of varying 
concentrations of analytes of interest that have been prepared and are analyzed separately 
from the samples. The internal standard method can be applied for the external calibration as 
well. After construction of a calibration curve is made, and the samples have been, as well, 
analyzed, the quantities of analytes in the samples can be determined. 
 
In order for application of external calibration, the samples analyzed are required to display 
no matrix effect (26). A matrix is considered to be everything in the sample, except the 
analytes of interest. The presence of other compounds and impurities in the samples could 
result in interference of the signal from the analyte. The matrix effect can be evaluated by so-
called spiking of samples (15 pp. 98), where a known amount of analytes is added to the 
sample. The spike recovery is the difference between the measured concentration of a sample, 
after and before spiking, divided by the concentration added in the spike. The recovery is 
reported in percent (%), and most optimally, is a spike recovery of 100 %, which indicates 
that there is no matrix effect. However, if there is a matrix effect that is considered to be too 
large, either matrix matched calibration or standard addition method are alternative calibration 
methodologies that can be applied instead (26). Matrix matched uses the same principle as in 
external calibration, however, the standards are prepared in a solution that mimics the matrix 
of the sample. By that, the standards and the samples will experience almost the same matrix 
effect, which could solve that problem. However, if there still is a presence of matrix effect, 
the application of standard addition method is required. This calibration technique uses 
additions of increasing amounts of standards into aliquots of the sample solution, and 
calibration curve is constructed by plotting the response against the added amount of standard. 
Since the analyte of the sample and the added amount from standard additions are present and 
analyzed in the same matrix, the problem with possible matrix effect is solved. The 
concentration of analyte can thereafter be obtained by extrapolation of the obtained 
calibration curve (see 26). Although the problem with matrix effect is solved, the standard 
addition method is more time-consuming and requires a new calibration for every sample, 
which is not required for external or matrix matched calibration.  
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2.5.	Method	validation			
Method validation is important to assure that the analysis and the obtained results are reliable 
(23). Several aspects for validation can be considered, where LOD and LOQ, specificity, 
precision, accuracy, robustness, and range (15 pp. 102), are examples.  
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3.	Methods	

3.1.	The	instrument	and	instrumental	parameters	
The gas chromatograph used was a TRACETM 1300 Gas Chromatograph from Thermo 
ScientificTM, which was supplied with AI/AS 1310 auto sampler. Injections of liquid samples 
with a syringe were therefore made automatic, with an injection volume of 1 µL. The injector 
temperature was 230 °C. Helium was used as carrier gas, with a flow rate of 1.5 ml/min, and 
the resulting inlet pressure was ca 100 kPa. The GC was supplied with both a FID and FPD. 
Two columns had previously displayed good separation of the TRS when gaseous samples 
had been analyzed. These two columns were: Agilent J&W DB-1, 30 m length, 0.32 mm 
diameter, 5.00 µm film thickness of stationary phase, and TraceTM TR-WaxMS GC Column 
30 m length, 0.25 mm diameter, 1.00 µm film thickness of stationary phase. The J&W DB-1 
column is non-polar (27), whereas the TR-WaxMS is more polar (28). A splitter was 
available, which could be connected to the end of the column, which splits the column and is 
further connected to both of the detectors, and analyte can be detected with the FID and FPD 
simultaneously.     
 

3.1.1.	Instrument	precision	
The instrument precision was examined by analyze 10 replicates from the same sample vial 
on the GC and the relative standard deviation was calculated. This was done by both examine 
the response of the FID and FPD. With the FID, ca 25 mg/L DMDS was used and for FPD, ca 
5 mg/L DMDS was used.  
 

3.2.	Choice	of	detector	
The response of the detectors was examined from chromatograms obtained from analysis with 
standard solution containing DMS and DMDS. Furthermore, literature studies were consulted 
(15 pp. 565-590) to examine which compounds that could be detected by the detectors.   		
	

3.3.	Temperature	program	and	column	
Temperature program and choice of column was determined to obtain a good the separation 
of the compounds and still having satisfying peak shapes. Several temperature programs were 
used during the development of the method. Ultimately, one final temperature program was 
chosen before the construction of calibration curves were done, which was optimized for high 
peaks and sufficient separation. The choice of column was made after standard solutions of 
the four TRS compounds had been qualitative assessed. 
  

3.4.	Preparation	of	standards	
Stock solutions for DMS and DMDS were prepared in methanol. Aliquots were than taken 
and were diluted in Milli-Q water to obtain standards with varying concentrations. Stock 
solution for H2S was prepared by dissolving sodium sulfide (Na2S) in Milli-Q water (at pH 7). 
Aliquots was diluted in Milli-Q water and thereafter placed in 1.5 mL-vials, and a sufficient 
amount of HCl was added through the septum of the vial via a syringe, to obtain a pH value 
ca 3, to protonate the HS- and S2- formed during solvation, at the same time as keeping the 
H2S from evaporate from the vial. The same procedure was used to prepare standards for 
MeSH, by using sodium thiomethoxide (MeSNa).  
 



	 13	

3.5.	Qualitative	assessment	
Standard solutions of the four TRS compounds were examined qualitative and the obtained 
peaks and retention times were assigned to each compound. Standards of H2S, MeSH and 
DMS and DMDS in water were analyzed separately on the GC and the retention times were 
noted. The qualitative examination of the standards were done with the TraceTM TR-WaxMS 
GC Column 30 m, 0.25 mm, 1.00 µm, except for MeSH, which was qualitative assessed only 
on the Agilent J&W DB-1, 30 m, 0.32 mm, 5.00 µm, column. Why this was done on two 
different columns will be explained in the result section.  
 

3.6.	Examination	of	the	possibility	of	using	sodium	sulfide	and	sodium	
thiomethoxide	for	preparation	of	H2S	and	MeSH	standards	
Examination of standards solutions of H2S and MeSH, prepared from respectively salts, was 
made after observation of the chromatograms from the qualitative assessment. The salt Na2S 
was dissolved in Milli-Q water and the sulfide content was measured with the method SCAN-
N 31:94. The Na2S salt was reported from the supplier to have a purity of ≥ 95 %. The 
amount of salt added was determined by weight, and the theoretical amount of sulfide in the 
solution was calculated from the weight of salt added, together with the assumption that 95 % 
of the salt contained pure Na2S. Moreover, examination of the stability of the salt in water 
was made by measuring the sulfide content with SCAN-N 31:94 for two standard solution of 
dissolved Na2S that were prepared at different time instances, 2 days and 14 days prior to the 
measurement with SCAN-N 31:94. The two standard solutions were also analyzed with ion 
chromatography to examine the content of oxidized form of sulfide. The oxidized forms of 
sulfide that was analyzed for was sulfite (SO3

2-), sulfate (SO4
2-) and thiosulfate (S2O3

2-). 
Furthermore, the stability of the sulfide was further examined by preparing two identical 
replicates of dissolved salt in Milli-Q water that had been purged with nitrogen for 10 min to 
reduce the oxygen content in the water, into measuring flask that had been flushed with 
nitrogen as well. One replicate was analyzed with SCAN-N 31:94 directly after preparation of 
the solution, whereas the other replicate was analyzed by the same method more than 16 
hours after it was prepared.  
 

3.7.	Improving	sensitivity	

3.7.1.	Injection	technique	
The choice of injection technique between split and splitless injections was made after 
consultation of literature studies (15 pp. 565-590, 24), and no direct comparison of the 
injection techniques was made on the GC.  
 
A splitless liner was installed in the GC and the heights of the peaks of the analyzed DMDS 
were examined with varying splitless times. This was examined to see which splitless time 
that gave the most sensitivity, but still not resulted in peak broadening and tailing. The 
standard used during this analysis contained DMS and EMS as well, and their peak shapes 
were assessed. The concentrations of the TRS in the standard used were ca 15 mg/L each.  
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3.7.2.	The	FPD	optimization	
Literature studies about FPD optimization were consulted (25). The flow rates of hydrogen 
and air to the flame of the detector were varied, as well as the temperature of the detector, and 
the resulted change in sensitivity was examined. Moreover, the data collection rate of the 
detector was changed from the default value of 10 Hz to the minimum value of 1 Hz, and the 
S/N from chromatograms of ca 0.5 mg/L DMDS in water, was examined to see if any change 
in sensitivity was obtained.  
 

3.8.	Calibration	and	quantification	
The response of the detector (FPD) was examined by analyzing varying concentrations of 
DMS and DMDS. The shape of the resulting curve was taking into account for the choice of 
calibration technique.   
 
External calibration was applied and standards of different concentrations of DMS and 
DMDS were prepared in water from a stock solution containing both DMS and DMDS in 
methanol. Internal standard method was used during the calibration. Ethyl methyl sulfide 
(EMS) was used as IS, due to its similarity in chemistry. EMS was diluted in methanol and a 
certain volume was added to each standard solution, with a final concentration of ca 10 mg/L. 
The series of standards used for the calibration and the concentrations of DMS and DMDS are 
displayed in Table 2. After analysis, the ratios of the area analyte/IS and the concentration 
ratios were plotted against each other. Three replicates were analyzed from each vial, and the 
average area analyte/IS for every concentration ratio was used for the final construction of the 
calibration curve for DMS and DMDS respectively.  
 
From the calibration run, the concentration range where the compounds could be reliably 
detected and quantified was examined. The peaks were qualitatively assessed to examine the 
top of the range. Peaks that do not display indication of to much analyte injected or detected 
are considered to be in the range. Too much analyte can result in column overloading (15 pp. 
557-558), which results in a fronting character of the shape of the peak. The bottom of the 
range was examined by calculating the S/N of the low concentration standards that displayed 
detectable peaks.  
 
Table 2. Standards solutions used for the calibration with varying concentrations of DMS and DMDS, and 
a constant concentration of the internal standard EMS. 
Standard # DMS (mg/L) DMDS (mg/L) EMS (mg/L) 
Standard 1  53.58 52.72 9.89 
Standard 2 42.87 42.17 9.89 
Standard 3  32.15 31.63 9.89 
Standard 4 21.43 21.08 9.89 
Standard 5 16.08 15.82 9.89 
Standard 6 10.72 10.54 9.89 
Standard 7 5.36 5.27 9.89 
Standard 8 1.07 1.05 9.89 
Standard 9 0.54 0.53 9.89 
Standard 10 0.11 0.11 9.89 
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3.9.	Analysis	of	the	TRS	compounds	in	condensate	and	methanol	samples	
In addition, a condensate and methanol sample containing the four TRS compounds was 
analyzed qualitatively to examine the response when analyzed by the developed method. The 
reported concentrations of the TRS compounds in the samples were in the concentration range 
of 50-1500 mg/L, and both samples were diluted 100x in Milli-Q water prior to analysis.  
 
	 	



	 16	

4.	Results	and	Discussion	

4.1.	Instrument	precision	
The instrument precision from the 10 replicates of injection of the same sample of DMDS 
with the concentration of ca 25 and 5 mg/L DMDS displayed a relative standard deviation of 
the areas of the peaks of 3.54 % and 2.43 % for FID and FPD, respectively. 
 

4.2.	Choice	of	detector	
The detector chosen was the FPD, which displayed a higher sensitivity against the sulfur 
compounds compared to the FID. The splitting of the column to both of the detectors resulted 
in less analyte to the FPD, which resulted in a loss of sensitivity, which were greater than 50 
%. This indicates that the response of the detector is not linear, since 50 % decrease in analyte 
detected should, if the response were linear, decrease in a peak height with 50 %. Due to the 
fact that the FID does not in fact detect H2S, and the observed loss of sensitivity when a 
splitter was used, the FPD was chosen to be the only detector applied, and the splitter was 
uninstalled, to achieve a higher sensitivity and have the ability to detect all of the four TRS 
compounds. 
 

4.3.	Qualitative	assessment		
As had been displayed in prior analysis, the retention order of the TRS compounds were H2S, 
MeSH, DMS and DMDS, when the columns Agilent J&W DB-1, 30 m, 0.32 mm, 5.00 µm 
and TraceTM TR-WaxMS 30 m, 0.25 mm, 1.00 µm, had been applied. Chromatograms of 
individual analysis of standards of DMS, EMS and DMDS with the TraceTM TR-WaxMS 
Column are displayed in Figure 2. Each standard was prepared from each chemical and the 
chromatograms obtained did not display any presence of additional peaks, which would 
indicate presence of other compounds than the sulfur compounds themselves. Though, a small 
additional peak was displayed in the chromatogram of EMS. However it was considered to 
not indicate a presence of any impurities since a peak with the same retention time and of 
equal magnitude was observed when a blank Milli-Q water sample was analysed. That peak 
had the same retention time as DMDS, and therefore, blank correction was made for DMDS 
when calibration was carried out.   
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A) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Chromatograms from individual analysis of DMS, EMS and DMDS standards. The 
chromatograms were obtained from individual analysis of standard solutions with the TraceTM TR-WaxMS 
column applied. (A) Chromatogram of individual analysis of a DMS standard. (B) Chromatogram of EMS, with 
a retention time of 4.17 min and a small peak at the retention time between 5.8-5.9 min. A peak at 5.8-5.9 min 
with equal magnitude was observed when a blank was analyzed (C) Chromatogram of individual analysis of a 
DMDS standard. 
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4.4.	Examination	of	the	possibility	of	using	sodium	sulfide	and	sodium	
thiomethoxide	for	preparation	of	H2S	and	MeSH	standards	
The chromatograms obtained for H2S and MeSH, using two different columns: TraceTM TR-
WaxMS and Agilent J&W DB-1, respectively, are displayed in Figure 3A and 3B.	
Interestingly, the standard solution of MeSH indicated an almost complete presence of 
DMDS, since the same retention time was observed when a standard of DMDS was analyzed 
with the same column. After this observation, literature was consulted and it was found that 
MeSH can be oxidized to DMDS (9). It was therefore tested to dissolve sodium 
thiomethoxide directly in 0.1M HCl, and thereafter analyze it on the GC (see Figure 3C). 
Now, a large peak, with the retention time 1.94 min was displayed. At that same retention 
time, a small peak was observed from the analysis where indication of oxidation of MeSH to 
DMDS was observed (see Figure 3B). This indicates that almost all MeSH was in fact 
oxidized to DMDS when the salt was dissolved in Milli-Q water followed by lowering of pH, 
whereas this oxidation was not observed when it was dissolved directly in 0.1M HCl. It can 
however not be concluded that the oxidation of MeSH was halted by the direct solvation into 
0.1M HCl. Factors such as time differences between solvation of the salt and analysis on the 
GC also matter. Moreover, a direct solvation of the salt into low pH without any control of 
loss of MeSH gas, and thereby loss of quantity of MeSH from the solution, is not to 
recommend when standards are to be prepared. A more appropriate technique would be to 
dissolve the salt in Milli-Q water that has been flushed with nitrogen gas, to remove as much 
oxygen as possible from the water, and by that hinder or retard the undesirable oxidation of 
MeSH.     
 
The chromatograms of H2S (Figure 3A) and MeSH (Figure 3C) displayed several peaks, 
which indicate presence of other compounds in addition to H2S and MeSH, in each standard 
solution.  
 
The results from SCAN-N 31:94 of the Na2S solution that was analyzed directly after 
preparation, showed a sulfur content that was 88.8 % of the weight of S2- that would in theory 
be in the solution from the amount of (95 % pure) Na2S that was dissolved. That is, the 
measured amount was more than 11.0 % lower than the expected. Further analysis with 
SCAN-N 31:94 of the two other Na2S solutions that had been prepared 2 and 14 days prior to 
measurement, displayed a sulfide content in the solutions that was 63.1 % and 50.5 % of the 
expected sulfide content, respectively. Further examination of those two solutions 2 and 14 
days after their preparation displayed, with IC analysis, presence of sulfite, sulfate and 
thiosulfate. From that, the total content of oxidized sulfide was calculated to be 17.0 % and 
42.5 % respectively, of the weighed in sulfide from the preparation of the solutions. This 
gives a total sulfide content of 80.1 %, of the theoretical amount of sulfide, for the solution 
prepared 2 days prior to measurement, and a total sulfide content of 93.0 % of the theoretical 
amount. 
  
The first replicate of the Na2S solution in Milli-Q water that had been purged with nitrogen to 
avoid oxidation displayed a sulfide content of 85.4 % of the expected amount sulfide, whereas 
the second replicate, after more than 16 hours, displayed a sulfide content of 77.7 % from the 
expected amount.  
 
All together, these results imply that oxidation of the sulfide takes place when it is dissolved 
in water, even though the water has been flushed with nitrogen to decrease oxygen content 
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and to, in theory, retard oxidation. Furthermore, that the sulfide concentration decreases by 
time, due to the oxidation of it. In addition, one can see that the total amount of sulfide 
(sulfide + oxidized form of sulfide) does not make up a content that is 100 % of the amount 
sulfide that was weighed in during the preparation of the solutions. This indicates that the 
purity of minimum 95 % is not correct. It is likely that the salt has absorbed water and/or 
become oxidized during the openings of its container and due to that obtained a lower degree 
of purity. By comparing the solutions that were prepared 2 and 14 days prior to analysis, the 
results indicate that the purity of Na2S salt was lowered by time. Since after 12 days, the total 
sulfide amount had decreased from being 93.0 % to 80.1 %, from the theoretical amount of 
sulfide.   
 
If the standards of H2S and MeSH would be quantified by SCAN-N 31:94 in prior to analysis 
on the GC, the quantities of H2S and MeSH could be determined and thereafter assigned to 
the correct peak in the chromatograms. This would eliminate the problem that several peaks 
are present since the actual amount of H2S and MeSH are known together with known 
retention times of them. However, it is not optimal to have additional peaks when calibration 
curves are to be constructed prior to quantification of TRS in samples, since additional peaks 
from impurities might overlap with peaks of the actual TRS compounds. This would yield 
areas of peaks that are not representative to the actual amount of the TRS in the standards and 
would give non-valid calibration curves. Due to this, another standard preparation technique 
of H2S and MeSH should be considered. An example of that could be to bubble the pure gases 
of H2S and MeSH into a solution of low pH, and by the added weight to the solution calculate 
the concentrations of the deprotonated forms of H2S and MeSH, respectively. Then, prior to 
analysis of the standards on the GC, the same pH adjustment used for the dissolved salt could 
be made, and hopefully, the chromatograms would display single peaks of the two standards 
respectively. However, even though the problem of possible impurities present in the salt is 
eliminated, oxidation of MeSH in the solution would still be a problem.    
 
Due to the fact that the standard preparation of H2S and MeSH from the salts did not display 
the desired results, moreover, due to the time scope of this project, it was determined to focus 
on the quantification of DMS and DMDS.         
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Figure 3. Chromatograms from analysis of standard solutions of H2S and MeSH. (A) Chromatogram of 
standard solution of H2S. (B) Chromatogram obtained from solvation of sodium thiomethoxide followed by 
lowering of pH. (C) A zoomed in chromatogram of the analysis of sodium thiomethoxide directly dissolved in 
0.1M HCl. 
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4.5.	Selecting	the	column	
Initially, the column Agilent J&W DB-1, 30 m, 0.32 mm, 5.00 µm, had been observed to give 
a desirable separation of the four TRS compounds. However, this separation was observed 
when the column was applied to a GC-MS with a gaseous sample containing the TRS 
compounds. Even though the FPD is sulfur specific, a solvent peak was observed. 
Furthermore, when a blank water was analyzed, multiple peaks were detected (see Figure 4). 
This indicates a mismatch of polarity between the polar water and the non-polar stationary 
phase (29). Moreover, since the samples that were to be analyzed are water-based, it was of 
necessity for having a column that could handle water as solvent. Therefore, the TraceTM TR-
WaxMS column 30 m, 0.25 mm, 1.00 µm was installed. This column has a more polar 
character, compared to the Agilent J&W DB-1 column. Blanks of water did not display any 
multiple peaks when using the TraceTM TR-WaxMS column, and therefore, that column was 
chosen. In addition, this column had displayed a desirable separation of the four TRS 
compounds when they had been previously analyzed. 
 

Figure 4. Chromatogram of a blank of water on the non-polar Agilent J&W DB-1 column. Multiple split 
peaks were observed. The chromatogram is zoomed in at the region of the chromatogram where the peaks 
appeared.  
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4.6.	Improving	sensitivity	

4.6.1.	Injection	technique	
Splitless injection was chosen as injection technique since the aim was to detect and quantify 
trace amounts of analyte. A splitless liner, from Thermo ScientificTM (catalog number 
453A1925), was installed. The tests with different splitless durations displayed an increase in 
peak heigth with increasing splitless duration, up to 1 min, for DMDS, where the peak heigths 
leveled out (see Figure 5). Though, formation of double-peaks were observed for DMS and 
EMS at splitless times 0.5 min and 0.66 min, respectively, and the same was observed with 
increasing splitlesstimes. Therefore, 0.33 min splitless time was tested. At 0.33 min splitless 
time, the height of the peaks decreased, however, no double-peaks were observed. Therefore, 
0.33 min splitless time was selected, even though shorter peak heights resulted.  
 

 
Figure 5. Splitless time optimization. The resulted peak heights of ca 15 mg/L DMDS from varying splitless 
time are displayed.  
 
The volume of the evaporated solvent was calculated to be ca 1.15 mL (see 20). Since the 
flow rate of the carrier gas is 1.5 mL/min, it would in theory take 0.93 min for the injected 
sample to be transferred to the column by the carrier gas. The obtained data in Figure 5 does 
not exclude the theoretical amount to be the optimum splitless time, since no higher peak 
heights are observed after 1 min splitless time.  
 
Though, the volume of the liner was stated by the manufacturer to be < 0.98 mL (20). This 
means that the liner is overloaded when the solvent is evaporated, and backflash is a result 
(30). Due to this, an increase in injection volume to obtain larger amount of analyte to the 
column and higher peaks detected, is not the most optimum approach. Rather, examination if 
a longer splitless time than 0.33 min could be applied and give good peak shapes, should be 
made in the future.   
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4.6.2.	FPD	optimization		
The combination of 85 mL/min H2 and 115 mL/min air flow displayed the highest sensitivity 
by observing the S/N (the noise was of the same extent each combinations, by eye, and the 
highest peak was evaluated and analyzed twice to assure that the results were not due to 
randomness). No clear difference in sensitivity was observed with different detector 
temperatures when a standard of 1.0 mg/L H2S was injected. Therefore, the different detector 
temperatures were tested with a standard of 25 mg/L H2S instead. The highest S/N was 
observed when the detector temperature was set to 225 °C. The combination of 85 mL/min H2 
and 115 mL/min air flow did not display higher sensitivity than the combination of 85 
mL/min H2 and 105 ml/min air, with the analysis of 25 mg/L H2S. However, since only a 
slight difference was observed, and the 85 mL/min H2 and 115 mL/min air combination 
displayed the highest sensitivity with lower concentration of H2S, the parameters of the 
detector were set to 85 mL/min H2 and 105 ml/min air flow, with a detector temperature of 
225 °C. 
 
A decrease of noise from the baseline was observed when the data collection rate of the 
detector was changed, from the default setting of 10 Hz, to 1 Hz (see Figure 6). The height of 
the peak decreased as a result, however, the S/N for the analyzed DMDS peak increased by a 
factor of 1.28.  
 

 
Figure 6. Visualization of the S/N with different data collection rates of the FPD. Chromatograms of low 
concentrations of DMS and DMDS are displayed. DMS had a retention time of 2-2.50 min and DMDS had a 
retention time of 4.25 min. The same sample vial was used during this examination. The blue lines indicate the 
extent of the random noise, which takes place vertically. The red lines indicate top and bottom of the DMDS 
peaks. (A) Chromatogram obtained with a data collection rate of 10 Hz. (B) Chromatogram obtained with a data 
collection rate of 1 Hz.   
 
 
	 	



	 24	

4.7.	Quantification	of	DMS	and	DMDS		

4.7.1.	The	response	of	the	FPD	
The response of the FPD displayed to be nonlinear to increasing concentrations of DMS and 
DMDS, with a response curve following a second-order polynomial function of y = x2 + bx + 
c, with x being concentration and y area of the peak.  
 

4.7.2.	Temperature	program	
The temperature program was optimized for the separation of DMS, EMS and DMDS. 
Ultimately, the temperature program chosen for the separation was 40 °C isothermal for 3.5 
min, ramp at 60 °C/min until 200 °C, then isothermal for 1.5 min. The retention times 
obtained were 3.13 min, 4.15 min and 5.82 min respectively for DMS, EMS and DMDS. This 
program gave sufficient separation of DMS, EMS and DMDS (see Figure 7). A low initial 
temperature was set to apply the concept of solvent trapping and to allow DMS and EMS to 
separate. A rather rapid increase in temperature after 3.5 min was set to achieve narrower 
peaks of EMS and DMDS. The narrower peaks resulted in higher peaks of EMS and DMDS, 
which offered the benefit of a higher S/N.  
 

 
 
Figure 7. Separation of DMS, EMS and DMDS. Separation of the three compounds were achieved with the 
temperature program: 40 °C isothermal for 3.5 min, 60 °C/min until 200 °C, followed by isothermal for 1.5 min. 
The retention times for the compounds were 3.13 min for DMS, 4.15 min for EMS and 5.82 min for DMDS.   
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4.7.3.	Calibration	and	method	validation	
During the calibration, for DMS, signs of overloading (fronting peak) were displayed at the 
concentration of 53.58 mg/L, and therefore it was considered to be the top limit of the 
concentration range. For DMDS, splitting of peak was observed for concentrations from 
21.08 mg/L and above. In previous analysis, no sign of too much analyte had been observed 
for DMDS at 21.08 mg/L. Therefore, the top limit of the concentration range is most likely 
around 20 mg/L DMDS. Due to this, 15.82 mg/L was the highest concentration used for 
construction of the calibration curve of DMDS.  
 
The lower concentration limit for DMS and DMDS was examined by assessment of the LOD 
and LOQ. DMS could be detected at the concentration of 0.54 mg/L, but only a small 
indication and no clear peak was observed at the concentration of 0.11 mg/L. For DMDS, 
clear peaks were observed all the way down to 0.11 mg/L. The S/N of the peak of DMS at 
0.54 mg/L was calculated with Equation 1, and was determined to be 25.3. This is a value that 
is higher than the LOD and LOQ, which makes the calibration point of 0.54 mg/L of DMS 
reliable to use in the calibration curve. For DMDS at 0.11 mg/L, the S/N was calculated to be 
37.5. This as well makes the calibration point of 0.11 mg/L DMDS reliable when constructing 
the calibration curve. In Figure 8, the S/N for DMS and DMDS are visualized.  
 
Due to the results, one can conclude the LOD and LOQ are located in the region between 
0.54-0.10 mg/L for DMS and in the region of 0.11-0.00 mg/L for DMDS. The exact LOD and 
LOQ were not determined. However, the results of the S/N displays that reliable calibration 
can be obtained from calibration points of 0.54 mg/L DMS and 0.11 mg/L DMDS. The exact 
LOD and LOQ could be determined in the future, in order to use calibration points with lower 
concentrations for DMS and DMDS respectively. For instance, if samples containing DMDS 
at a concentration of ca 0.1 mg/L is to be quantified, a calibration point below 0.1 mg/L is 
recommended, to assure that the measured sample has a concentration that is within the 
calibration curve to obtain a more reliable calibration and subsequent quantification (15 pp. 
87-89). However, in this project, it was prioritized to develop a method sufficiently sensitive 
to detect 0.1 mg/L concentrations, and therefore, examination of the S/N at that concentration 
was done instead.  
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	A)

 
 
 
B) 

 
Figure 8. Signal to noise ratios visualized for the lowest concentrations of DMS and DMDS that were 
detected from the calibration run. (A) Chromatogram obtained from one of the runs of 0.54 mg/L DMS. The 
calculated S/N was 25.3. (B) Chromatogram from one of the 0.11 mg/L runs of DMDS. An average of the noise 
height was calculated; thereafter the S/N was calculated to be 37.5.  
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The obtained calibration curves for DMS and DMDS from the external calibration with the 
use of the internal standard method are displayed in Figure 9. The average from the peak area 
ratio of area was calculated for each concentration ratio, and a second-degree polynomial of 
the averages followed the equations of	y = 1.4134x2 + 0,1583x – 0.0112 and y = 6.4445x2 + 
2.9286x - 0.1802, with the coefficient of determination of R² = 0,99994 and R² = 0.99932, for 
DMS and DMDS, respectively.  
 
A) 

 
B) 

Figure 9. Calibration curves for (A) DMS and (B) DMDS. The calibration curves were constructed by 
plotting ratios of the areas and concentrations against each other. Three replicates were made and an equal 
amount of area ratios were obtained for each concentration ratio. An average of the area ratio was calculated for 
each concentration ratio and a second order polynomial function displays the curvature of the calibration curve.     
 
External calibration with water as a solvent was chosen since the samples to be analyzed were 
water-based. Moreover, the use of the external calibration technique was preferred rather than 
the more time consuming standard addition technique. However, application of external 
calibration for quantification of analyte in samples requires that no matrix effect is present. 
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Due to this, before application of the external calibration, the matrix effect of the different 
sample matrices has to be examined. 
 

4.8.	Analysis	of	the	TRS	compounds	in	condensate	and	methanol	samples	
At the time of this project, no samples were available with concentrations of the TRS 
compounds that were in the range of the calibration curves constructed. Though, condensate 
and methanol samples containing TRS in the concentration range of 50-1500 mg/L of each, 
was available. Therefore, the condensate and methanol sample were diluted in Milli-Q water 
until the reported amounts of TRS would be within the concentration range that had been 
determined during the method validation for DMS and DMDS. The chromatograms from the 
analysis of the condensate and methanol samples are displayed in Figure 10. By comparing 
with the retention times from the standard solutions, which where were 3.13 min, 4.15 min 
and 5.82 min for DMS, EMS and DMDS respectively, with the retention times of the peaks 
from the samples, one can see that indication of presence of DMDS is observed in the 
condensate and both DMS and DMDS in the methanol sample. This was as expected due to 
the reported contents of the samples. Moreover, no indication of EMS was observed. This 
indicates that EMS is a valid choice of IS, since no presence of it in the samples is a 
requirement for a reliable and a straightforward use of it as an IS. In addition to the assigned 
peaks, several other peaks are present in the chromatograms. An old standard of H2S was run 
to examine if it had the same retention time as any of the peaks displayed from the samples. A 
small peak with the retention time 1.82 min was observed. By examining the chromatograms 
in Figure 10, the retention times of the first peak detected are 1.85 min in the condensate and 
1.82 min in the methanol sample. This indicates presence of H2S in the methanol and most 
likely in the condensate as well, even though the exact same retention time was not obtained. 
To assure the presence of a certain compound, the samples could have been spiked with an 
amount of that compound, followed by examination of the chromatograms before and after 
the spiking. If the peak is retained at the same extent between the analysis and the peak have 
increased in size (area and height), it can be concluded that the added spike is likely the same 
compound as the one in the sample.      
 
No standard solution of MeSH was available. Therefore, qualitative analysis with a standard, 
to obtain the retention time of MeSH with the chosen temperature program and column was 
not done. However, since the retention order of the TRS was known (H2S, MeSH, DMS and 
DMDS), in addition, that both the samples had been reported to contain MeSH, an assumption 
could be made that the peak with the retention time of 2.47 min corresponds to MeSH.  
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Figure 10. Chromatograms from analysis of diluted samples of (A) condensate and (B) methanol. The 
condensate sample contained H2S, MeSH and DMDS, which had the retention times of 1.85 min, 2.47 min and 
5.82 min, respectively. The methanol sample contained H2S, MeSH, DMS and DMDS, which had the retention 
times of 1.82 min, 2.47 min, 3.13 min and 5.83 min respectively.   
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Due to the fact that samples with the concentration of the TRS in the range of the calibration 
curves were not available, the matrix-effect was not examined. This, since the rather large 
dilution of the samples with Milli-Q water changed the matrix composition drastically of the 
samples analyzed. In addition, non-diluted samples with higher concentrations of the TRS 
than the calibration curve would give overloading. However, one could still have spiked the 
diluted samples and examine if any matrix effect were displayed for the diluted matrices, and 
from that conclude whether external calibration is applicable on the diluted samples. Though, 
due to the limited time of the project, this was not done. Before this method is used for 
quantification of TRS in the different matrices, one should examine the matrix effect for both 
diluted matrices and non-diluted matrices, to conclude if the external calibration technique 
can be applied for calibration and quantification of the TRS in the different matrices.   
 
In addition, if any matrix effects appear, possible sample preparations could be applied to 
avoid that effect. Otherwise, if the matrix effects are still present after sample preparations, 
considerations of application of the standard addition method should be made. However, the 
standard addition requires the calibration curve to be linear (15 pp. 106). Due to this, the 
square root of the resulting second-degree polynomial calibration curve can be applied, in 
order to obtain a linear calibration curve, followed by further data processing. 
 

5.	Conclusions	
In this project, a method was developed for quantification of DMS and DMDS, with reliable 
quantification at the level of 0.54 mg/L and 0.11 mg/L, respectively. However, further method 
validation should be made, in order to conclude the more exact LOD and LOQ, to examine 
the robustness of the method and its reliability when different liquid matrices samples are to 
be quantified. Furthermore, consideration of standard preparation for H2S and MeSH should 
be made in the future as well.  
 

6.	Societal	aspects	
Monitoring of diffuse emission of TRS is required for environmental reasons. The method 
developed could be used in the future to monitor liquid effluents to control the emission of 
TRS in the environment. Handling of TRS standards and samples should be made in well-
ventilated fume hoods, in consideration of working place environmental aspects.    
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