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Abstract: Sulfolane, a highly water-soluble industrial solvent, has raised environmental concerns due to its
persistence once released into the environment. To assess the extent of contamination effectively, reliable
analytical methods are essential. In this review, we delve into the published literature on sulfolane analytical
procedures. Existing guidelines for sampling from environmental matrices provide a solid foundation for
sulfolane analysis. Notably, there is little variation in the choice of determination method, with GC-MS or GC-
FID being favored across studies. However, substantial variability emerges in sample preparation methods.
Many procedures rely on large quantities of environmentally hazardous solvents, such as dichloromethane,
during extraction. Nevertheless, by incorporating extraction enhancement techniques proposed in various
studies, it is possible to develop more eco-friendly extraction processes. Overall, this field calls for further
research to devise efficient and environmentally sustainable analytical methods for sulfolane analysis. Through
this review, insights into the challenges at hand and potential solutions can be gained, offering a foundation
for the development of novel sulfolane analysis methods applicable to a range of environmental matrices.
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1. Introduction

Sulfolane, also referred to as tetramethylene sulfone and tetrahydrothiophene 1,1-dioxide, is a
highly versatile industrial solvent with the molecular formula CsHsSO: (Figure 1) [1]. Although first
mentioned in the literature in 1916, it was not until the 1960s that it became commercially available.
Since then, its usage has steadily increased, and it has found a wide range of applications in various
fields [1]. This rise in popularity can be attributed in part to its unique physical and chemical
properties (Table 1). These properties include high boiling point, thermal stability, as well as
miscibility with a wide range of liquids including water, toluene, acetone, alcohols and aromatic
solvents, while being immiscibile with alkanes [2].
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Figure 1. Structure of sulfolane.
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Table 1. Chemical and physical properties of sulfolane.

property Value Ref
Molecular formula CiHsSO: [1]
Molecular weight 120.17 g/mol [1]
Melting point 28.5 °C [1]
Boiling point 287.3 °C [1]
LogP -0.4 [3]
Solubility in water Miscible at 30 °C [4]
pKa 12.9* [5]

* Despite extensive research, there is only one reported pKa value for sulfolane. However, this value seems
questionable given that dimethylsulfoxide has a pKa value of 35.1, and shares structural similarities with
sulfolane [6].

Sulfolane has become a desirable solvent for many applications in different fields [1]. In the oil
industry, sulfolane is used as an extractive solvent for the separation of benzene, toluene and xylene
from aliphatic hydrocarbons, while in the gas treatment processes, it is effective in removing acidic
components such as hydrogen sulfide and carbon dioxide from sour natural gas, particularly in the
western parts of Canada due to high concentration of hydrogen sulfide in the gas resources [1,7].
Sulfolane is also utilized as a solvent for batteries, a plasticizer, and a solvent in the polymer industry,
with an estimated annual production of 18,000 to 36,000 tons, reflecting its variability of function in
different fields [1,8].

Despite efforts to recover and reuse sulfolane in industrial processes, a small portion of the
solvent is lost during each use cycle. For instance, the loss is estimated to be around 5 parts per million
(ppm) in the UOP Sulfolane™ commercial process for extracting aromatics from a mixture of
hydrocarbons [9]. This small fraction of sulfolane becomes significant when considering the large
amounts of the solvent used annually. In addition, sulfolane can be released into the environment
through direct spillage or improper waste management practices, and reports of such incidents are
available from different countries, including Canada and the US [8].

Due to its chemical stability, sulfolane persists in the environment for a long time when released,
and its high solubility in water can lead to contamination of groundwater resources. Furthermore,
sulfolane low adsorption on most soil types means that it can spread over large areas through
groundwater after being released into the environment [10]. For example, at a contaminated site in
Waterton, Canada, it is estimated that one square mile around the contamination source has been
impacted [11].

Numerous studies have indicated that sulfolane exhibits toxicity in rats and mice. However, it
is imperative to note that further research is necessary to substantiate these effects in the context of
human exposure [12]. The mobility and toxicity of sulfolane have raised concerns over its spread into
environmental media, and natural aerobic biodegradation is the major way for sulfolane to be
removed when released into the environment. However, the low oxygen levels in groundwater make
biodegradation a slow process [13].

To assess the extent and levels of contamination, a sensitive, robust, and accurate analytical
method is required. This method must also be versatile and applicable to different environmental
matrices, and if possible, should not negatively impact the environment. This review aims at
investigating published literature on sulfolane analytical methods and at critically assessing them.

To obtain the relevant literature on sulfolane analysis, the Web of Science database was utilized
with appropriate keywords. A total of 49 articles were selected, which provided methods for
analyzing sulfolane. Moreover, an exhaustive search for official methods and governmental
guidelines for sulfolane analysis was conducted, which yielded two official methods. The reported
parameters of the analytical methods were organized into different stages of the analytical process
and are summarized in the subsequent sections.
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2. Sampling of environmental matrices

Sampling in analytical chemistry is defined as the process of collecting a representative fraction
of a material, so that it can be analyzed to determine certain characteristics of the bulk of that material.
This step is crucially important in the analytical process because of its immense and immediate effect
on the validity of the results [14]. To achieve representativeness, different matrices require different
sampling techniques. There are well-established official sampling procedures for semi-volatile
compounds such as sulfolane in different matrices published by the US EPA which must be followed
to ensure minimizing the error introduced into the analysis by inappropriate sampling [15,16].

3. Sample preparation

Sample preparation is a critical step in sulfolane analysis, as it involves addressing the challenges
of low analyte concentrations, and potential co-contaminants that may be present in the sample.
Similar to other analytical procedures, sample preparation plays a pivotal role in ensuring accurate
and reliable results. The key parameters that vary among different sample preparation procedures
include the extraction method, inclusion of any concentration step, and the utilization of internal
standards for error correction. These parameters for the reviewed publications are summarized in
Table 2. In the subsequent sections, a selection of these papers is discussed which reveals useful
insights into different types of extraction, their challenges, and how to deal with them.
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Water LLE? DCM:# 1 1:10 No No NaCl (100%) No No Bti’) I;gggs No N/A  [53]

Water LLE? DCM:# 1 1:10 No No NaCl (100%) No No Bti’) I;gggs No N/A  [54]

Water LLE2? DCM* 1 5:2 No 0.45 um PTFE No No No No No N/A  [13]
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T Aqueous extract. 2 Liquid-liquid extraction. 3 Solid-liquid extraction. ¢ Dichloromethane.

5
i)
=3
2
0
s
s
=
T
=
(]
O
=
=
=3
w
o
=
S
<
o
—
)
m
m
0
)
m
=
m
=
m
O
)
(]
(7]
=3
1]
=
N
(=]
=
o
<
(1]
3
o
@
=
N
(=]
N
w

91d/t602°01-10P

IAG6L L ELEC0CSIul



https://doi.org/10.20944/preprints202311.1195.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 November 2023 doi:10.20944/preprints202311.1195.v1

3.1. Extraction

Extraction is a widely used process that takes advantage of the differences in chemical
distribution between two immiscible phases to separate the constituents of a sample. The main
objective of extraction is to partition the analytes of interest into one phase while keeping other
sample constituents in the other phase, resulting in a simplified sample composition and reduced
interference from other compounds. The extraction itself might lead to analyte concentration if the
volume of the extractant is lower than the sample volume and extraction is exhaustive i.e. most of the
analyte is removed from the sample into the extraction phase [14].

For sulfolane analysis, two common extraction techniques are liquid-liquid extraction (LLE) and
solid-liquid extraction (SLE). In both techniques, a solvent is added to the sample phase, and the
analyte partitions into the solvent, which is the extraction phase. The recovery of the extraction
process is defined as the fraction of the original analyte that is removed from the sample phase [14].
The goals of the extraction process are to isolate and concentrate the analyte, and to exchange the
sample matrix for one that is compatible with the analytical instrument.

There are several factors that can affect the recovery in sulfolane extraction, which will be
discussed in the following sections. Understanding these factors is crucial in optimizing the
extraction process for sulfolane analysis, ensuring accurate and reliable results.

3.1.1. Extraction solvent

The choice of extraction solvent plays a crucial role in the recovery and sensitivity of the analysis
in various ways. The partitioning of the analyte into the extraction phase is influenced by the
characteristics and volume of the extraction solvent, which in turn impacts the fraction of the analyte
that gets extracted. To increase the extraction efficiency, multiple aliquots of the solvent can be used
to extract the sample multiple times. This will result in higher recovery of the analyte and by
removing most of the analyte into the extraction phase, exhaustive extraction can be achieved.
Additionally, higher sensitivities can be achieved by increasing the amount of analyte extracted.

Blowing down the solvent is an effective way to increase the concentration of the analyte in the
extract and improve sensitivity, especially when combined with multiple aliquot extractions that
maximizes the amount of extracted analyte. However, this approach may not be practical with high
boiling point solvents such as water because of the long evaporation time and high energy
requirements. More importantly, when the boiling point of the solvent is high, there is a greater risk
of analyte loss due to evaporation, particularly if the boiling point of the analyte is lower than that of
the solvent. On the other hand, solvents with low boiling points can be easily evaporated to
concentrate the extract or dried to reconstitute the sample in another solvent, resulting in higher
concentration and improved sensitivity.

It is important to note that the choice of the extraction solvent also affects gas chromatography
(GC) analysis. Typically, the extraction solvent is the same as the final sample solvent. If high boiling
point solvents are used for the extraction, it can result in co-elutions with some sample components,
leading to the inability to detect early eluting analytes. This highlights the need to carefully consider
the boiling point and other characteristics of the extraction solvent in order to optimize the recovery
and sensitivity of the analysis. The specific solvents used for the extraction of sulfolane are discussed
in the following sections.

3.1.1.1. Dichloromethane

As summarized in Table 2, Dichloromethane (DCM) has been commonly used for the extraction
of sulfolane from solid and liquid samples in numerous studies. Despite extensive literature research,
no information on the solubility of sulfolane in DCM was found. Nevertheless, reported recovery
rates for sulfolane extraction using DCM ranged from 50% to 80%, which falls within the acceptable
range based on the only two available official methods for sulfolane determination in environmental
samples [45,46]. Despite the acceptable extraction performance demonstrated in various studies,
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DCM is widely recognized as one of the most harmful solvents to the environment [56]. One of the
reasons for this negative reputation is that DCM has been found to contribute to the delay in the
recovery of the ozone layer in the Earth's stratosphere [57].

For water samples, most studies utilized a single aliquot of DCM for extraction, with DCM-to-
sample ratios ranging from 1:20 [51] to 5:2 [13], with most being around 1:1. Notably, except for Kim
et al, 2000, none of the studies exploited the easy evaporation capability of DCM to further
concentrate the final samples [51]. The decision to exclude this step could be attributed to achieving
adequate sensitivity in their analyses. However, if a single-step extraction is intended, using a lower
ratio of extraction solvent to sample could result in a higher concentration of the extract. Despite
extracting a lower fraction of analytes, this approach can lead to higher sensitivity. Moreover, by
utilizing more efficient extraction procedures, similar sensitivities can be achieved using less solvent,
thereby reducing the negative environmental impact of the analysis.

On the other hand, in a study conducted by Doucette et al., 2005, water samples were extracted
with three aliquots of DCM at a DCM-to-sample ratio of 2:5, and the combined extract was reserved
for analysis [18]. The reported recovery ranged from 60% to 70%, which barely meets the acceptance
criteria set by the two official guidelines for water sample analysis of sulfolane [45,46]. The use of
three aliquots of solvent for extraction should result in higher extraction efficiency. However, when
the reported recovery by Doucette et al., 2005, is compared to similar studies conducted using single
aliquot extraction with lower cumulative solvent volumes, such as the studies by Izadifard et al.,
2017, and Khan et al., 2019, the achieved recovery is 10% to 20% lower [18,20,25]. This is unexpected,
as the absolute recovery should be directly proportional to the fraction of the analyte partitioned from
the sample into the extraction phase, and theoretically, more aliquots of extraction and higher
cumulative volumes should result in higher recoveries.

Since the samples used in the study by Doucette et al. were water samples that did not contain
particles for the sulfolane to adsorb onto, and the concentrations of sulfolane were not high enough
to saturate DCM and decrease sensitivity, one explanation for the lower recovery could be the
possible difference in extraction temperature, as can be inferred from the study by Li et al., 2022
[18,55]. In this study, they aimed to inspect the suitability of 1,2-dichloroethane for the extraction of
sulfolane from an aqueous phase, and they created a ternary system consisting of water, 1,2-
dichloroethane, and sulfolane in varying proportions. They measured the distribution of sulfolane
between the organic and aqueous phases and found that at low concentrations of sulfolane, sulfolane
tends to be enriched in the organic phase up to 120 times. Additionally, there is an inverse
relationship between sulfolane enrichment in the organic phase and temperature in the range of 15
°C to 35 °C. The effect is significant, as the enrichment decreased from 120:1 at 15 °C to 32:1 at 35 °C
[55]. Although there is no such study done for DCM extraction of sulfolane, it can be expected that
DCM and 1,2-dichloroethane behave similarly due to their similar structure. This relationship
between temperature and sulfolane distribution could be the reason for the significant difference in
recoveries observed when using seemingly similar extraction procedures. Furthermore, it would be
interesting to explore if and to what extent the distribution of sulfolane in other water-immiscible
solvents, such as toluene and ethyl acetate, is affected by temperature.

In another study conducted by Greene et al., 1998, DCM was used for soil sample extraction [7].
The extraction was carried out using a Soxhlet apparatus for 6 hours. Soxhlet extraction is an example
of a solid-liquid extraction technique where the analyte is continuously removed by the solvent at its
boiling point. This method allows higher recoveries compared to room temperature solid-liquid
extraction, especially for challenging samples, due to the higher temperature and circulation of
distilled solvent over the sample [58]. Following the extraction, the solvent was concentrated using a
rotary evaporator, as described by Greene et al., 1999 [49]. Notably, this extraction method is similar
to the official soil extraction method used by the government of Alaska, which will be discussed later
in this section.

DCM is also the solvent recommended by the only two official guidelines available for sulfolane
analysis. In the lab manual for sulfolane analysis by the government of British Columbia, a 100 mL
water sample is adjusted to a pH below 2 and then extracted with two aliquots of 100 mL of DCM.
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The extracted samples are then treated with sodium sulfate to remove water, followed by complete
evaporation of the solvent and reconstitution of the sample in 1 mL of isooctane [45]. Although this
procedure results in a concentration of sulfolane in the sample by around a factor of 200, the
environmental impact of using 200 mL of DCM for every sample is significant. Scaling down the
extraction procedure and reevaluating the need for such a high analyte concentration rate may be
strategies to reduce solvent usage, especially considering that reasonably low limits of detection have
been achieved with simpler and less environmentally hazardous procedures [39]. However, if these
methods are to be replaced, extensive validation procedures must be undertaken to ensure their
reliability. In contrast, the government of Alaska has not specified any particular method of extraction
for water samples, but has designated the required performance parameters for the extraction [46].

For soil samples, the extraction procedure described in the BC lab manual involves adding 1 mL
of water to 10 to 12 g of field-moist sample, followed by extraction with 10 mL of DCM. Sodium
sulfate and sodium chloride are added to remove water, and after centrifugation, 1 mL of the
extraction phase is reserved for analysis [45]. Although this method uses much less DCM compared
to the official water method, it does not include a concentration step. It may be possible to increase
sensitivity by taking a portion of the DCM extract and concentrating it through evaporation.

On the other hand, the government of Alaska suggests using EPA method 3550C or preferably
3540C for soil samples [46]. The EPA method 3550C involves mixing 40 g of soil sample with 60 g of
sodium sulfate to remove water, followed by three 100 mL aliquots of DCM extraction while being
sonicated for 3 minutes. The extracts are then filtered and centrifuged to remove any particles [59].
The EPA method 3540C for soil samples involves mixing 10 g of soil sample with sodium sulfate to
remove water, followed by Soxhlet extraction with 300 mL of DCM for 16 to 24 hours. The solvent is
then evaporated and reconstituted in 100 mL to 125 mL of DCM [60]. Both methods use large amounts
of solvents and achieve a subtle increase in the concentration of the analyte in the final extracts.
Furthermore, Soxhlet extraction is time-consuming and energy-intensive, and is prone to analyte loss
for volatile co-contaminants.

For plant tissues, the Alaskan government requires the sample to be ground, frozen using liquid
nitrogen, pulverized, and then extracted with water, followed by extraction with DCM [46]. This
method is based on the method by Headley et al., 2002, discussed later in Section 3.1.1.3, with the
difference being that toluene has been replaced by DCM as the extraction phase [39].

3.1.1.2. Water

In order to optimize water extraction conditions for soil samples, Brandao et al., 2019,
investigated the effects of extraction time, number of extraction steps, and soil-to-water ratio on
recovery [44]. They concluded that increasing the extraction time from 30 to 90 minutes did not
significantly affect the recovery. However, increasing the water-to-soil ratio from 1:1 to 3:1 resulted
in an increase in recovery from 82% to 93%. Additionally, three cycles of extraction with a water-to-
soil ratio of 2:1 resulted in increased recovery from 85.2% for the first cycle to 97.2% for the second
cycle, and 98.9% for the third cycle. To confirm the remaining sulfolane content in the soil after water
extraction, Soxhlet extraction with DCM was used [44]. Although using two or three aliquots of water
for the extraction resulted in better recoveries, it may negatively impact sensitivity due to the
impracticality of evaporating water and concentrating the final extract. In cases where higher
sensitivities are required, a single aliquot of water can be used. However, using only one aliquot of
water may result in incomplete extraction, as the recovery is dependent on the partitioning
equilibrium, which is influenced by the distribution constant [58]. The distribution constant can be
affected by various factors, such as temperature, the composition of the soil sample, the presence of
ionic species in the soil sample, and co-contaminants, all of which add uncontrollable parameters to
the analysis.

An alternative solution to address this issue is to use a water-immiscible solvent to extract
sulfolane from the aqueous extract, as demonstrated by Fedorak, 1996 [47]. While this approach may
be beneficial in certain scenarios, such as when there are numerous hydrophobic compounds that
require clean-up, the limitation of water as an extraction phase in terms of its inability to extract
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hydrophobic co-contaminants remains unresolved. Moreover, the addition of an additional
extraction step introduces another potential source of errors, which can adversely impact the
analytical reliability.

Water samples can be directly injected into analytical instruments for analysis without any
pretreatment if the analyte concentration is high enough for detection. This approach, known as
direct injection of aqueous samples, eliminates the sample extraction step, which minimizes errors
introduced during extraction. However, the samples must be clean and free from excessive
constituents, as this method is susceptible to contamination of the analytical instrument. Therefore,
this method may not be suitable for dirty samples such as wastewater. To extend the applicability of
this technique, centrifugation and sample filtration can be employed to separate the aqueous phase
for samples that may contain particles, such as soil slurries [7]. In cases where filtration is used, it is
important to confirm that the analyte does not adsorb onto the filter, as demonstrated by Yu et al,,
2016, in their study for nylon filters [33].

In an uncommon and novel extraction method, water was used in an ordinary espresso machine
to extract sulfolane from biochar. The authors concluded that ground biochar extraction with water
in an espresso machine is more efficient than ethyl acetate extraction with Soxhlet for six solvent
cycles or dispersion of biochar in ethyl acetate for 48 hours with initial ultrasonication for 45 minutes.
They also reported a loss of sulfolane when they tried to evaporate water at 60 °C or 104 °C in the
presence of biochar due to unknown reasons [36]. This method of extraction is a simple and
inexpensive setup for pressurized liquid extraction. Considering the 10 to 20 bars of pressure offered
by these machines, they can be considered low-pressure liquid extractors. However, since the
extraction is performed with water just below its boiling point, it cannot be used for the simultaneous
extraction of volatile co-contaminants. Additionally, although the authors achieved reproducible
recoveries based on their limited set of experiments, it is interesting to see how reproducibly this
machine performs over time, as most of these machines lose pressure as they age.

3.1.1.3. Toluene

Toluene has been utilized as a solvent for extracting sulfolane from water samples [39]. Notably,
it has been employed for the back-extraction of sulfolane from soil or plant tissue extracts. The
reported recoveries for direct water extraction and the extraction of water extract from soil samples
were remarkably high at 127% and 126%, respectively [39]. However, no explanation was provided
for these high recoveries, but it is possible that the non-symmetric solubility of the toluene-water
system formed during extraction [61] and the high extraction efficiency of toluene for sulfolane
contributed to these results. It should be noted that the high boiling point of toluene may hinder the
analysis of volatile co-contaminants by GC.

The high extraction efficiency of toluene for sulfolane has been effectively utilized in the
extraction of sulfolane from plant tissue samples by Headley et al., 2002 [39]. In their procedure, they
homogenized plant tissue in Mili-Q water to extract the sulfolane into the aqueous phase. In a slightly
different approach, they ground the plant tissue to a fine powder using liquid nitrogen and then
suspended it in Mili-Q water. In both cases, the tissue was left in water for 40 minutes with
intermittent swirling. Subsequently, they centrifuged and filtered the supernatant to remove any
particles. Next, they back-extracted the aqueous extract with three aliquots of toluene. The toluene
portions were combined, and the extract was concentrated 15 times using nitrogen blowdown before
being reserved for analysis by GC-MS. The average recovery achieved was 80.3% with an RSD of
11%. Remarkably, the method's performance was maintained over a period of 18 months, indicating
its ruggedness [39].

The decision to use water as an intermediate extraction solvent for plant tissue is reasonable due
to the hydrophilic nature of this tissue. By leaving it in an aqueous solution, water can penetrate and
swell the tissue, enhancing partitioning of the analytes into the bulk of water. Aprotic organic
solvents, on the other hand, do not swell the tissue and poorly penetrate it, resulting in poor
extraction efficiency. Moreover, plant tissue may contain hydrophobic compounds that can interfere
with the analysis, and using water as an intermediate step, with its low solubility for these
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compounds, is a preferable choice over other protic solvents such as methanol. Additionally, the use
of water as an intermediate solvent also serves as a clean-up step. However, the lower recovery rate
of 80% compared to soil and water samples in the study suggests possible sorption of sulfolane onto
the plant tissue, which needs to be monitored when developing a method for plant tissue analysis.

3.1.1.4. Ethyl acetate

Ethyl acetate has been successfully used for plasma sample extraction with good recoveries, as
demonstrated in a study by Versace et al., 2012 [40]. Considering that plasma is a complex aqueous
solution with many constituents, it is reasonable to explore the use of ethyl acetate for sulfolane
extraction from water samples, and potentially environmental samples. Moreover, ethyl acetate is
known to have minimal impact on the environment [56].

In the study by Versace et al., 2012, the extraction procedure involved adjusting the pH of 100
microliters of plasma by adding 50 microliters of 1 M sodium hydroxide, resulting in a highly basic
pH that caused aggregation of plasma proteins. Subsequently, the plasma was extracted with 500
microliters of ethyl acetate, followed by centrifugation to separate the organic phase. 50 microliters
of isopropanol were then added to the ethyl acetate extract, and the ethyl acetate was evaporated
using N2 gas to concentrate the extract approximately 5 times, while the remaining isopropanol
extract was reserved for analysis. Despite the complexity of the plasma sample and the abundance of
constituents in the matrix that could potentially sorb sulfolane, the study achieved a remarkable
recovery rate of 93% [40].

A notable feature of the described extraction procedure is the use of small volumes of samples
and solvents. Additionally, as mentioned earlier, the environmental impact of ethyl acetate is
comparatively low. When compared to the government of Alaska official method for sulfolane
extraction from soil samples, the solvent usage in the study by Versace et al., 2012, is three orders of
magnitude lower [40,46]. Furthermore, similar studies, such as a study by Silinski et al., 2019, support
the possibility of using ethyl acetate for sulfolane analysis [41]. In fact, Heydari et al., 2019, used ethyl
acetate for water sample extraction, although no information about the extraction performance was
provided in their publication [23]. However, it is worth noting that DCM has been used as a
replacement for ethyl acetate in their recent publications [28,62]. This may be due to the inadequate
extraction performance of ethyl acetate in their procedure, possibly resulting from the lack of addition
of a salt or ionic strength modifier (discussed in section 3.1.2) [23].

3.1.1.5. Other solvents

Acetonitrile has been utilized as an extraction solvent to extract residual sulfolane content from
ground polyphenyl sulfone polymers, as reported by Eckardt et al., 2018 [37]. In the same study,
chloroform was also used for extracting sulfolane from an ethanol-water (50:50) mixture to analyze
the sulfolane leaching extent from bottles using the ethanol-water mixture as a food simulant.
Although efficiency parameters were not reported, all three solvents - ethanol, acetonitrile, and
chloroform - have the potential to be used as extraction solvents for sulfolane [37]. It's worth noting
that while chloroform is as hazardous to the environment as DCM, acetonitrile is less hazardous, and
ethanol is considered one of the most environmentally friendly solvents [56].

On the other hand, 1,2-dichloroethane has been investigated as an extraction solvent for
sulfolane from water samples. However, it poses environmental hazards similar to DCM and has a
higher boiling point, resulting in longer blowout time, greater risk of analyte loss, and increased risk
of co-elution with volatile compounds in GC analysis.

3.1.2. Dissolved electrolyte effect

In two-phase solvent systems used for extraction, a fraction of the organic phase can dissolve in
the water phase. This fraction can be significant, reaching up to 8% for solvents like ethyl acetate [63],
while for highly non-polar solvents like toluene, it is typically below 1% [61]. This dissolved organic
phase can alter the distribution coefficient and reduce the partitioning of the solute from water into
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the organic phase. To mitigate this effect, an electrolyte can be added to the aqueous phase [63], which
limits the fraction of the organic phase that dissolves in water and can improve the extraction
efficiency. For instance, sodium chloride at 80% of its saturation concentration [19,47] or at its
saturation concentration [35,53,54] has been used to enhance the partitioning of sulfolane into DCM,
which serves as the organic phase. Similarly, in the study conducted by Versace et al., 2012, adjusting
the pH of water by adding sodium hydroxide increased the amount of electrolytes dissolved in the
water, which consequently improved the extraction efficiency of ethyl acetate [40].

3.1.3. pH adjustment

If a species dissociates at the pH of the extraction, the undissociated fraction of the analyte would
primarily take part in the partitioning equilibrium, while the ionized species resulting from
dissociation would mostly stay in the aqueous phase [14]. Hence it is crucial to adjust the pH in a
way that most of the analyte stays neutral for the extraction procedure. However, because of the high
pKa value (12.9), sulfolane does not dissociate significantly in the pH range typical of environmental
samples. Hence, pH adjustment might not be necessary for most samples. It should be pointed out
that it is required by the official method suggested by the government of BC official method for water
samples [45]. One of the possible reasons for using pH adjustment in sulfolane analysis might be to
limit the extraction of matrix co-contaminants. For instance, this principle has been exploited by
Versace et al.,, 2012, Shipkowski et al., 2021, and Silinski et al., 2019, in plasma samples to aggregate
and remove proteins present in the matrix [40—42].

4. Separation and analysis techniques

In contrast to the various extraction methods discussed in the literature, there has been limited
diversity in the separation and analytical techniques utilized for the determination of sulfolane.
Almost all researchers have employed GC to analyze sulfolane due to the low sensitivity of common
LC detectors for this compound. Sulfolane does not absorb UV light at wavelengths that can be
distinguished from the mobile phase, and thus cannot be detected by UV detectors. Furthermore, it
is not efficiently ionized by ESI, leading to inadequate sensitivity of LC-MS systems [38]. In contrast,
sulfolane is completely compatible with the two most widely used GC detectors, FID and MS. In the
following sections, the conditions and configurations reported for the GC analysis of sulfolane are
summarized.

4.1. GC inlet

All of the reviewed studies utilized the split/splitless type of inlet. In this inlet system, the
temperature must be high enough to causes all sample components to have non-insignificant vapor
pressure, so that they can be transferred effectively into the column. As shown in Table 3,
temperatures in the range of 165 °C to 300 °C were successfully employed for sulfolane analysis.
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With the split/splitless inlet system, different modes of injection can be used for introducing the
sample into the GC column. Several studies have utilized split mode injection, as shown in Table 3.
In this injection mode, the sample is vaporized, but most of the vapor exits the inlet, and only a small
fraction of the vapor is transferred into the capillary column. This injection mode is ideal for injecting
high-concentration samples, often eliminating the need for sample dilution. Additionally, thanks to
a narrow injection band, narrower peaks can be achieved in this mode [65]. However, since the
concentration of sulfolane is typically low in environmental samples, more concentration must
typically be performed in the sample preparation step to analyze the samples in this mode.

In most studies, the splitless mode of injection has been used, as indicated in Table 3. In this
mode, most of the sample vapor is carried by the carrier gas into the column. Since the transfer of the
vapor into the column could take several seconds to minutes depending on the carrier gas flow and
inlet volume, the initial temperature of the column oven must be lower than the boiling point of the
sample solvent to refocus the injection band on the column head through solvent effect and prevent
peak widening due to slow transfer of the vapors into the column [65]. This type of injection results
in higher sensitivity since more analyte is transferred into the instrument and is useful when the
analyte concentration is low in the sample.

In a study by Kasanke et al., 2017 [34], pulsed splitless mode of injection was utilized. In this
mode, the pressure, and consequently the carrier gas flow rate is raised temporarily during ijection.
The vaporized sample is transferred into the column faster and more effectively by the increased flow
rate, and the injection band is narrower. Additionally, since the pressure in the inlet is higher at the
time of injection, solvent expansion volume is lower, so higher volumes of sample can be injected.
Both the higher injection volume and narrower band have the potential to increase sensitivity [66].

4.2. GC column

In earlier publications, there are reports of using packed columns for GC analysis of sulfolane.
However, recent studies have exclusively employed capillary columns due to their higher separation
efficiency. In the following sections, the properties of these capillary columns are outlined. For
complete specifications of the columns used in each study refer to Table 3.

4.2.1. Stationary phase

The majority of studies on sulfolane have utilized non-polar columns coated with (5%-phenyl)-
methylpolysiloxane as the stationary phase. This type of stationary phase results in weak retention
of sulfolane, and consequently, the elution time is not long. However, if other polar compounds or
volatile non-polar compounds are present in the sample, they may co-elute with sulfolane. On the
other hand, several researchers employed columns with more polar stationary phases, specifically
polar polyethylene glycol [19,36], and mid-polar trifluoropropyl methyl polysiloxane [34].

Due to the high polarity of sulfolane, polyethylene glycol columns retain it strongly, and the
analysis time is typically longer due to the lower maximum temperature limit of these columns.
Therefore, the use of polyethylene glycol columns is only justified when there are polar components
in the sample that need to be separated from sulfolane for reliable analysis.

In the study by Kasanke et al., 2017 [34], mid-polar trifluoropropyl methyl polysiloxane columns
were used to exclude hydrocarbon co-contaminants that might have been present in the samples.

4.2.2. Column dimensions

The dimensions of the columns used for sulfolane analysis vary in length from 15 m to 30 m, in
inner diameter (ID) from 0.25 mm to 0.53 mm, and in film thickness from 0.25 um to 1 um (Table 3).
While longer columns may provide better separation, they result in longer analysis time, which can
lead to band broadening and reduced sensitivity. Therefore, it is recommended to choose the shortest
column that can separate the sample components [65].

Columns with narrower diameters and thinner films result in higher chromatographic
resolution, but have lower sample capacity. This is not a major issue for detection with MS, which is
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characterized by high sensitivity. In the case of FID detectors, thicker stationary phases may be
preferred to achieve higher sensitivity through the use of larger injection volumes [65].

4.3. GC detectors

As previously mentioned, both MS and flame ionization detectors are commonly used for
sulfolane analysis. However, MS provides superior sensitivity and selectivity compared to FID. In
fact, reported limits of detection (LODs) for MS range from 0.516 ug/L to 20 ug/L, while FID LODs
range from 500 pg/L to 6000 pg/L in aqueous samples. Additionally, MS allows the use of isotopically
labeled internal standards, which results in more reliable and reproducible results.

Electron impact ionization (EI) was the preferred mode for all mass spectrometric techniques.
The mass spectrum shown in Figure 2 indicates that the molecular ion for sulfolane appears at 120
m/z, with two abundant fragment ions at m/z 41 and 56, corresponding to the loss of SO.CHs and
SOz, respectively. Different publications have used either the ion at m/z 120 or 41 for quantification,
but Headley et al., 1999, reported 5 times higher sensitivity when using m/z 41 as the quantifier ion

[38].
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Figure 2. Mass spectrum of sulfolane from NIST website (Thiophene, Tetrahydro-, 1,1-Dioxide, 2014).
The most abundant fragment ions appear at m/z 41, 56, and 55, and the molecular ion appears at m/z
120 [67].

In the official method by the government of Alaska, the molecular ion of sulfolane which appears
at m/z 120 in the mass spectrum is required to be used as the quantifier ion for sulfolane detection.
Additionally, the ions at m/z 41, 55, and 56 are specified as qualifier ions, corresponding to the loss
of CH3502, C2HsS02, and C2Hs50: fragments, respectively [46]. On the other hand, the official method
by the government of BC does not specify any particular ion for the detection of sulfolane using MS
[45].

4.4. Internal standard

An internal standard is a compound added at a known level to samples, standards, and blanks
to correct for analysis errors. Two approaches are employed for adding internal standards. In the first
approach, internal standards are added before sample processing (surrogate standards). This method
allows the standards to correct for errors at all stages of the analysis, including sample preparation,
separation, and final determination. However, it is crucial to choose an internal standard that is not
present in the samples, and mimics the partitioning, injection, separation, and detector response
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profile of the original compound. This can be challenging when using a non-selective detector, such
as FID [14].

In contrast, when using mass spectrometry (MS), isotopically labeled compounds can serve as
internal standards. These compounds have the same structure as the analyte, but some of their atoms
have been replaced by their stable isotopes. This method provides a close match between the chemical
and physical properties of the internal standard and the original compound, but MS can separate its
signal from that of the analyte due to its different molecular weight [14]. A common isotopically
labeled internal standard for sulfolane analysis is sulfolane-d8, which has been employed in several
studies listed in Table 2, and is required by the official methods for sulfolane analysis [45,46].

The second approach involves adding the internal standard directly to the final sample before
injection and analysis. This type of internal standard addition is mostly used to correct errors
introduced by the analytical instrumentation, such as uncertainty in injection volume or differences
in analysis conditions at different times. In this case, any compound that would not be present in the
samples can serve as an internal standard. Naphtalene-d8 is required as this type of internal standard
in the Alaskan government's official method for sulfolane analysis [46].

5. Conclusions

The release of sulfolane into the environment and its subsequent spread through groundwater
contamination raise significant health and environmental concerns. To effectively mitigate these
risks, it is essential to evaluate the extent of contamination at different sites, which necessitates the
use of a reliable analytical method. By examining the existing literature on this subject, valuable
insights can be gained into the development of such methods and the challenges it may entail. In this
review, various analytical methods for the analysis of sulfolane were thoroughly examined,
summarized, and critically assessed.

One area where the analytical procedures for sulfolane analysis greatly differ is in the sample
preparation step. Not all procedures yielded sufficiently sensitive methods, and many of the
acceptable ones required large amounts of solvents, which can be hazardous to the environment.
However, it might be possible to modify or downscale these procedures to reduce the required
solvent volumes for extraction.

Moreover, one can exploit the physical and chemical properties of sulfolane to enhance the
efficiency of extraction. For example, the Alaskan government's official method utilizes Soxhlet
extraction and takes advantage of the thermal stability of sulfolane to improve extraction efficiency
from soils. However, as previously mentioned, this method demands a significant amount of solvent
and a long extraction time. While Soxhlet extraction cannot be easily downscaled, this thermal
stability can be leveraged by other high-temperature extraction techniques to enhance efficiency and
speed, potentially reducing solvent consumption. One such technique is microwave-assisted
extraction (MAE), which utilizes microwave radiation to rapidly heat the sample and extraction
solvent. Additionally, since the extraction is carried out at higher than atmospheric pressure, the
temperature can be increased above the atmospheric boiling point of the solvent, thereby shortening
the extraction time.

The capability of the extraction method to extract sulfolane co-contaminants is another
important and often overlooked aspect for evaluating the sample preparation method. Examining co-
contaminants alongside sulfolane may provide a better understanding of the origin and fate of the
contamination. For instance, due to the extensive usage of sulfolane in the petrochemical industry,
environmental samples might contain hydrocarbons as co-contaminants along with sulfolane. Thus,
it is crucial to evaluate the extraction method's capability to extract these compounds simultaneously.

When it comes to determining sulfolane, GC-MS and GC-FID are the exclusive techniques
employed for the separation and analysis in the analytical process. While GC-FID might not always
offer sufficient sensitivity for detecting the low concentrations of sulfolane found in environmental
samples, GC-MS has proven to be a highly sensitive and selective technique for quantifying sulfolane.
Nevertheless, other analytical techniques, such as LC-MS/MS with ionization modes other than ESI,
should be considered if co-contaminants are not suitable for GC analysis.
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In summary, based on the literature reviewed in this study, there is a clear need for a more
efficient and environmentally friendly sample preparation procedure for analyzing sulfolane in
environmental samples. This method should accommodate the specific requirements of different
environmental matrices, including soil or plant samples, and should be adaptable to different
analytical instruments. Furthermore, it should be optimized to simultaneously analyze potential co-
contaminants.
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