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Ubiquitous Production of Organosulfates During Treatment of
Organic Contaminants with Sulfate Radicals

Jean Van Buren®, Amy A. Cuthbertson¥, Daniel Ocasio*, David L. Sedlak™¥
T Department of Chemistry, University of California at Berkeley, Berkeley, CA 94720, USA

* Department of Civil and Environmental Engineering, University of California at Berkeley,
Berkeley, CA 94720, USA

Abstract

Oxidation of organic contaminants by sulfate radical (SO4"7) is becoming more popular for the
treatment of hazardous waste sites by /n situ chemical oxidation (ISCO) and industrial wastewater
by advanced oxidation processes (AOPs). It is well documented that SO, can produce similar
oxygen-containing transformation products as hydroxy| radical-based treatment processes, but
SO4°~ also has the potential to produce organosulfates by radical addition. Experiments conducted
with a suite of 23 aromatic and 5 aliphatic compounds, including several contaminants typically
detected at hazardous waste sites, demonstrated the formation of at least one stable sulfate-
containing product for 25 of the compounds. These compounds likely exhibit higher mobility in
the subsurface due to a lower affinity for surfaces (e.g., aquifer solids, activated carbon) than most
other transformation products. Although the health risks associated with organosulfates are still
uncertain, some aromatic organosulfates produced in this study (i.e. phenyl sulfate and p-cresyl
sulfate) are known to be harmful uremic toxins. Further study of organosulfate formation, fate, and
toxicity is needed before SO4"—based treatment processes are more widely employed.
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Introduction

Over the past decade, the use of SO, as an oxidant of organic contaminants has

received considerable attention. Specifically, injection of high concentrations of persulfate
salts followed by thermal or base activation has become an important tool for ISCO at

sites contaminated with petroleum hydrocarbons and recalcitrant organic contaminants.1—3
Activation of peroxymonosulfate or peroxydisulfate salts by heat or ultraviolet light also has
been proposed as an alternative to ozone or hydrogen peroxide—based advanced oxidation
processes for the treatment of hazardous waste and industrial wastewater.1:2:45> SO ,*~—based
treatment technologies are attractive because SO,4°~ is a strong, moderately selective oxidant
that can be produced easily from inexpensive reagents.

Most research on the mechanisms of SO4°~ reactions with organic compounds has focused
on electron transfer and hydrogen abstraction because they are usually the dominant
mechanisms through which SO,*~ reacts.”:8 Direct addition by SO, is known to occur, but
it is usually considered a minor pathway.’~11 Consistent with this view, researchers studying
the treatment of contaminants with SO4°*~ have rarely considered the formation of stable
organosulfate intermediates. As part of our recent effort to close the carbon mass balance
during treatment of benzene and alkylated aromatic compounds with SO4°~, we reported
yields of organosulfate products from the oxidation of toluene in air-saturated solutions
over 10%. Under anaerobic conditions, organosulfate yields increased by at least a factor of
three.12 Huang et al.13 found that aromatic organosulfates were produced through a radical
addition mechanism by the aqueous phase reactions of SO, with benzoic acid, phenol, and
salicylic acid.

Recent research on atmospheric aerosols also indicates the formation of organosulfates

in secondary organic aerosols.}41° Sulfate-containing organic compounds have been
detected during the oxidation of aromatic hydrocarbons and biogenic volatile organic
compounds.1316-21 Although Fe2* and Mn2* are believed to play a role in the process,
particularly on dust particles, the role of SO,4*~ is uncertain and a radical addition
mechanism has been recently proposed.13:18.19.22.23 Researchers studying secondary organic

Environ Sci Technol Lett. Author manuscript; available in PMC 2022 January 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Van Buren et al.

Page 3

aerosols have estimated that organosulfates account for 5-10% of the organic mass

in samples collected throughout the United States?4 and 7—16% in samples from the
Southeastern United States.2> Aromatic organosulfates in particular have been found in
aerosols collected throughout the world.20:26.27

The formation of organosulfates during ISCO or industrial wastewater treatment is a concern
for two reasons. First, addition of sulfate to an organic compound could increase its mobility
by decreasing its partitioning to surfaces (e.g., aquifer solids, activated carbon). Second,
some organosulfates also may be more toxic than their parent compounds due to some mode
of action other than baseline toxicity. For example, /in vivo metabolism of certain amino
acids produces organosulfates associated with renal stress.28:29 Metabolites such as p-cresyl
sulfate and indoxyl sulfate are considered uremic toxins but their contribution to kidney
disease was unclear3C until recent studies directly linked exposure to phenyl sulfate and
p-cresyl sulfate to kidney damage and renal cancer.31-33 The toxicity of organosulfates is
also a concern for inhalation of aerosol particles,3* especially if compounds like p-cresyl
sulfate and indoxy! sulfate are produced.

To extend our understanding of the formation of stable organosulfate products during
treatment of organic contaminants with SO4*~, we used LC-MS/MS fragmentation and
high-resolution mass spectrometry to detect the formation of organosulfates from a suite of
28 organic contaminants. By comparing peak areas with those observed for p-cresyl sulfate
—the only organosulfate compound for which an analytical standard was readily available—
we assessed the approximate yield of organosulfates during degradation of these compounds
in water treatment systems.

Materials and Methods

Organic reagents were used without further purification as detailed in the Supplementary
Information section (Table S1). Inorganic compounds were obtained from Sigma-Aldrich.
Solutions were prepared with 18.2 MQ Milli-Q water from a Millipore System.

Reaction Conditions

Experiments were conducted in 8-mL quartz test tubes containing 10 mM K,S,0g buffered
at pH 8 with a 50 mM borate buffer, prepared with boric acid and sodium borate. Liquid
organic compounds were added into the borate buffer with an automatic micropipette. For
compounds that were solids at room temperature, 10 to 20 mg of the pure material (i.e.,
enough to yield a final concentration of 1 mM) was added directly to the borate-buffered
persulfate solutions. The solutions were initially air-saturated and on the basis of our
previous research comparing air-saturated samples to deoxygenated samples,12 we presume
that O, was not depleted during the experiments. The quartz test tubes were thoroughly
shaken and vortexed prior to initiating the experiment. Most of the organic compounds had
solubilities above 1 mM and were assumed to reach equilibrium (Table S3). For several

of the more hydrophobic compounds, visual observation indicated incomplete dissolution.
Nonetheless, transformation products were still detected for these compounds.
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Persulfate was converted into SO,4*~ by exposure to UV light produced by a 450-W medium
pressure mercury lamp sleeved in a quartz immersion well (Ace Glass). Through the use

of a cooling jacket around the lamp, the temperature in the reactor was maintained at 27
°C. After 10 minutes of UV exposure, samples were placed in the dark and submerged in
an ice bath to slow further reactions. A control sample consisting of the borate-buffered
persulfate solution without any added organic compound was analyzed along with each

set of samples. In our previous study,12 controls conducted in borate-buffered solutions of
benzene, toluene, ethylbenzene, or xylene (BTEX) indicated losses due to direct photolysis
without organosulfate production. The presence of 10 MM Sy0g2™ (€254 ym ~ 200 M1
cm~1)35 at the start of the process and about 5 mM after 10 min of UV irradiation screened
most of the UV light, resulting in negligible loss through direct photolysis as discussed in
Van Buren et al.12 Solutions were stored at 4 °C until analysis, which occurred within 1-24
hours. Repeat analysis of samples indicated little loss of the organosulfates products after

1 to 3 months for storage at 4 °C. Each experiment was repeated on two or three separate
occasions, depending on the contaminant group, with replicates on different days yielding
similar results.

Product Analysis

Prior to conducting high-resolution mass spectrometry, 15 compounds were screened for
organosulfate products using an Agilent 1200 series HPLC system coupled to a 6460C triple
quadrupole mass spectrometer (LC-MS/MS) operating in negative mode with electrospray
ionization (ESI). Chromatographic separation was achieved on a Phenomenex Synergi
Hydro-RP column with a gradient program of 0.1% acetic acid in water and methanol at

a flow rate of 0.4 mL/min with 25 pL injection volumes. The percentage of methanol in
the gradient program was varied during the run; 0 min, 0%; 2 min, 0%; 11 min, 95%; 14
min, 95%; 14.1 min, 0%; 20 min, 0%. Full scans, precursor scans, and MS/MS spectra
were obtained with a fragmentor voltage of 80 V. Precursor ion scans targeted m/z (=)

80, 81 (SO3™", HSO3") and 96, 97 (SO4™~ HSO47), at a collision energy of 20%. MS/MS
fragmentation was conducted with collision energies of 20% and 40%.

A total of 25 samples were analyzed with a Thermo Scientific LTQ Orbitrap XL coupled to
an Agilent 1260 HPLC system to obtain accurate masses. The chromatographic method is
detailed above and the Orbitrap was operated in negative mode using ESI.

Results and Discussion

On the basis of previous experiments,12 conditions were chosen such that 50 to 75% of
the parent compound would be transformed by SO4°~, assuming that the reactivity of the
compounds with SO4*~ was similar to that of benzene (i.e., kKsoa.. ~ 3 x 109 M~1s71).7
The exception to this assumption was nitrobenzene (ksoa.. < 108 M~1 s71) 7 which still
yielded detectable levels of sulfate-containing products under these conditions despite its
lower reported rate constant.38 Other substituents are likely to have smaller effects on the
rate constants.”-37 For example, ksoa.. for benzene, phenol, and anisole ranged from 4.9
x 109 t0 6.2 x 109 M~1 5713839 Although these conditions assumed the highest possible
concentration of sulfate-containing transformation products, some products of a second
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attack by SO4™ were expected (i.e., the initial transformation products were approximately
as reactive with SO,4*~ as the parent compounds).

Sulfate-containing products were detected after SO,°~ treatment for 25 of the 28 organic
compounds studied (Table 1). The only compounds for which no organosulfates were
detected were benzenesulfonic acid and the two alkanes (i.e., heptane and iso-octane),
however, this may be due to the low solubilities of heptane and iso-octane (Table S3).
Negative mode ESI LC-MS full scans of these samples along with MS/MS fragmentation
spectra for products provided evidence for formation of organosulfates (Figure S1).
Fragmentation patterns were consistent with sulfate esters, which exhibit characteristic
losses of SO3™~ and/or HSO,~.4%41 Multiple isomers with different retention times and
identical fragmentation spectra were formed for over half of the detected organosulfates.

Organosulfate products were verified through exact masses obtained by Orbitrap high-
resolution MS (HR-MS). Errors between the measured mass and those expected for the
sulfate-containing product were less than 3 ppm, confirming the assigned formulas (Table
S2). Because analytical standards were not available, insight into the yields of organosulfates
can be compared with p-cresyl sulfate, a compound for which yields from toluene were
approximately 10%. Assuming that the response factors were equivalent to that of p-cresyl
sulfate for all sulfate esters, peak areas provide a qualitative understanding of the relative
yields of organosulfates. However, it is possible that some of the differences among
compounds were due to the incomplete dissolution of the parent compound or variability
in instrument response. Under these conditions, peak areas suggested yields ranging from
0.06% for pyridine to about 50% for 1-octanol. Although m-xylene and ethylbenzene
exhibited the lowest solubility (Table S3) out of the compounds for which organosulfate
products were detected, organosulfate peak areas fell in the middle of this range for m-
xylene and at the low end for ethylbenzene (Figure S3).

Chlorobenzene (Figure 1) serves as a representative example of the chromatograms and
spectra for compounds included in the Supplementary Information. In the HR-MS analysis,
two isomers with molecular ions of m/z 206.9522 were assigned the formula CgH404CIS.
For chlorobenzene, SO4™ is presumed to add onto the aromatic ring at both the ortho

and para positions to the electron-withdrawing —ClI group to form both 2-chlorophenyl
sulfate and 4-chlorophenyl sulfate. Peaks with this mass were detected at retention times of
10.2 and 11.2 minutes (Figure 1A, red chromatogram). Two additional sulfate-containing
masses (m/z 223 and m/z 189) were identified by the precursor scan (Figure S2) and
observed by HR-MS and MS/MS (Figure 1). Three peaks with a m/z of 222.9470 (Figure
1A, blue chromatogram) were assigned as CgH4O5CIS, (4-chloro-3-hydroxyphenyl sulfate,
2-chloro-5-hydroxyphenyl sulfate, and 5-chloro-2-hydroxyphenyl sulfate). The isomers
with m/z of 188.9861 (Figure 1A, green chromatogram), were assigned as CgHs05S,
2-hydroxyphenyl sulfate (pyrocatechol sulfate) and 4-hydroxyphenyl sulfate. MS? spectra
were identical among isomers with a major fragment for all organosulfate products
associated with the loss of sulfite ion radical (SO3"~, m/z 80) from the molecular ion,
consistent with the fragmentation pattern of organosulfates (Figure 1).4041 Fragmentation
patterns for the remaining compounds analyzed by MS/MS were observed for the 11
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aromatic compounds, while the three aliphatic compounds exhibited a fragment with a m/z
80 and/or 97 (HSO4"), presumably due to lack of additional ionizable groups (Figure S1).

A series of other hydroxysulfates (HO-R-0OSO3") were detected, usually with lower peak
areas than R—-OSO3™, for 21 of the 28 compounds (Table 1). One possible pathway for the
formation of these compounds involves the reaction of SO,*~ with a hydroxylated product
formed by the initial radical attack on the parent compound. This result is evident by
comparision of the sulfate products of o, m, and p-cresol with the hydroxysulfate products of
the reaction of toluene with SO4°*~ (Figure 2). For p-cresol, a total of three compounds with
sulfate groups were observed, likely corresponding to sulfate addition in the ortho and meta
positions as well as on the methyl group (Figure S1D). At least four out of a total of five
possible products were observed for o- and m-cresol while toluene exhibited at least six out
of thirteen possible products.

Products containing a sulfate and an additional hydroxyl group were not detected for
catechol, hydroquinone, 4-chlorophenol, and 4-nitrophenol. It is possible that catechol
hydroxysulfate could not be detected due to the effect of the substituents on its retention
time, as catechol sulfate eluted at 5.3 minutes and adding a hydroxyl group to phenol sulfate
reduced its HPLC retention time by 2.9 minutes (Figure S1). If catechol or hydroquinine
had undergone hydroxylation to form a trihydroxybenzene, it is possible that these products
would undergo subsequent ring cleavage or direct thermal reaction with the remaining
persulfate; our efforts to study the products of phenol oxidation by persulfate indicated that
persulfate reacts quickly with dehydroxylated aromatics, especially at elevated temperatures
(Sedlak et al. unpublished data).

No sulfate product was observed for oxidation of benzenesulfonic acid, and no products
containing two sulfate groups were observed for any compound. It is possible that such
compounds formed but eluted too early in the chromatography to be detected. A deactivating
sulfate group may decrease the reactivity of an aromatic compound with SO4"~ and inhibit
further reaction,”#2 however, phenyl sulfate and cresyl sulfate degraded after extended
exposure to SO4*.12

Environmental Implications

After their formation, organosulfates can undergo further transformation through different
mechanisms. Under ISCO conditions, organosulfates are stable with respect to hydrolysis,*2
and are probably less reactive with S,Og?~ than their parent compound, but continued
oxidation is possible through further reactions with SO4°~.12 Reaction with the HO*
produced during persulfate decomposition also may result in further transformation and
eventually mineralization.*3-45

Organosulfates could also undergo biotransformation. In addition to microbial attack on
other parts of the molecules,*®47 microbial sulfatase enzymes could cleave the sulfate
ester at the C—OS bond to liberate the parent compound, or at the CO-S bond to form

an alcohol.#849 The former reaction might make it seem as if an additional source of
the compound was present after ISCO. However, deconjugation is unlikely to be a major

Environ Sci Technol Lett. Author manuscript; available in PMC 2022 January 13.
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removal mechanism, because some sulfate-containing metabolites persist in the environment
despite the widespread presence of sulfatase enzymes.5051

Relative to the neutral aromatic or aliphatic parent compounds, hydroxylated products tend
to partition to a lesser degree into the organic fraction of soils and aquifer solids through
hydrophobic interactions. After they undergo sulfate addition, most of the compounds will
exhibit a negative charge due to the acidic nature of the sulfate group. These transformation
products exhibit an even lower affinity for soils or aquifer solids. Thus, partitioning

of organosulfates through hydrophobic interactions will be replaced by electrostatic
interactions (e.g., anion exchange, surface complexation). Although it is difficult to make
predictions about the effect of sulfate addition on the transport of contaminants under all
possible conditions, there is strong evidence that organosulfate compounds are more mobile
than neutral, moderately hydrophobic contaminants in groundwater.

Steroidal estrogen contaminants in groundwater offer an instructive example of the way in
which sulfate addition affects contaminant fate and transport.>2 During 7 vivo metabolism,
steroids often undergo sulfate addition prior to elimination. As a result, a significant fraction
of the steroidal estrogens occur in sewage as a mixture of estrogen sulfate conjugates (i.e.,
the parent estrogen with a sulfate group replacing the phenolic group) and in neutral forms
(i.e., their pK, values typically range from 10.3 to 10.8). The neutral steroids are moderately
hydrophobic (i.e., the logarithms of their octanol-water partition coefficients typically range
from 2.6 to 4.0).%3 Although research is limited, sorption of sulfate conjugates to soil
appears to be insignificant compared to free estrogens.>4-57 Upon release to the subsurface
(e.g., the discharge of septic tanks or during aquifer recharge) the mobility of the steroidal
estrogens is modest, with retardation factors ranging from 16 to 20 in shallow aquifers.58
Addition of a sulfate group yields a negatively charged conjugate that exhibits a much lower
affinity for aquifer solids®3 and is relatively resistant to deconjugation.>%:60 By analogy to
the aromatic and aliphatic compounds studied here, we expect that organosulfates like those
listed in Table 1 will exhibit significant mobility in the subsurface or in soils relative to their
uncharged precursors. Sulfate moieties also may be added to natural organic matter when
SO, is used for treatment, altering the structure of the polymer as well as its solubility and
charge.

To the best of our knowledge, toxicity data are only available for the benzene and
toluene sulfates, and recent findings have raised concerns about the toxicity of these
compounds,31-33

Hydroxyl radical-based treatment systems have been studied for several decades. Although
the ability of SO,4™ to oxidize organic compounds has been understood for almost as long,
additional efforts need to be made to understand the formation, fate, and health effects of
organosulfates produced in SO, —based water treatment processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Organosulfates produced by chlorobenzene and SO4*~. A) LC-MS total ion chromatogram
(TIC) and extracted ion chromatograms (EIC) of m/z 189, 207, and 223, compared to the

TIC of a control experiment performed in the absence of chlorobenzene. The MS? spectra
at the largest peak for b) m/z 189, ¢) m/z 207, and d) m/z 223 also depict the assigned
structures and a representative fragmentation.

Environ Sci Technol Lett. Author manuscript; available in PMC 2022 January 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Van Buren et al.

2.5%107
* Toluene

2.0x107

1.5%107

Intensity

1.0x107 -

5.0x106

0.0 —TT [\'\

HO

— 080y
=

Intensity

5

4x107
p-Cresol

3x107

2x107

Intensity

1x107 -

od— N A

/

— 0S80y

\

15

Intensity

Time (min)

Figure 2.

Page 13
6x107
m-Cresol
4x%107-
N
—0S05
=
2x107 o
0 ——
5 10 15
1x108-
o-Cresol
8x107-
6x107 o OH
— 080y
4x107- Z
2x107-
5 10 15
Time (min)

High resolution LC-MS EIC of m/z 203.0017 (C;H70s5S) for toluene and o-, m-, and

p-cresol.

Environ Sci Technol Lett. Author manuscript; available in PMC 2022 January 13.



1duosnuey Joyiny

1duosnuen Joyiny

Van Buren et al. Page 14

Table 1.

Orbitrap HR-MS—obtained organosulfate products of organic contaminants treated with UV/S,0g2".

Compounds R-0SO3™ | HO-R-0SO3~ Compounds R-0SO3” | HO-R-0SO3~
Alkylbenzenes Phenols and quinones
Benzene v v Phenol v v
Toluene v v o,m,p-Cresol v v
Ethylbenzene v v Benzoquinone v v
m-Xylene v v Hydroquinone v X
Catechol v X
Other substituents 4-Ethylphenol v v
Pyridine v v 2,3-Dimethylphenol v v
Benzaldehyde v v 4-Chlorophenol v X
Chlorobenzene v v 4-Nitrophenol v X
Benzoic acid v v 1-Naphthol v v
Nitrobenzene v v
4-Methylanisole v v Aliphatics
Benzenesulfonic acid X X Cyclohexane v v
Piperidine v v
Heptane X X
Iso-octane X X
1-Octanol v v

Sulfate esters are referred to as R-OSO3™ and hydroxysulfate esters are referred to as HO-R-0SO3~, with the R—group symbolizing the parent
contaminant.

Green checks indicate that the compound was detected.
Red symbols indicate that the compound was not observed.

Exact masses and mass errors are included in Table S2.
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