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ABSTRACT

Author: Modiri Gharehveran, Mahsa. PhD

Institution: Purdue University

Degree Received: August 2019

Title: Indirect Photochemical Formation of COS and CS: in Natural Waters: Kinetics and Reaction
Mechanisms

Committee Chair: Amisha Shah

COS and CSz are sulfur compounds that are formed in natural waters. These compounds are
also volatile, which leads them move into the atmosphere and serve as critical precursors to sulfate
aerosols. Sulfate aerosols are known to counteract global warming by reflecting solar radiation.
One major source of COS and CS2 stems from the ocean. While previous studies have linked COS
and CS2 formation in these waters to the indirect photolysis of organic sulfur compounds, much
of the chemistry behind how this occurs remains unclear. This study examined this chemistry by
evaluating how different organic sulfur precursors, water quality constituents, and temperature
affected COS and CS:z formation in natural waters.

In the first part of this thesis (chapters 2 and 3), nine natural waters ranging in salinity were
spiked with various organic sulfur precursors (e.g. cysteine, cystine, dimethylsulfide (DMS) and
methionine) exposed to simulated sunlight over varying exposures. Other water quality conditions
including the presence of Oz, CO and temperature were also varied. Results indicated that COS
and CSz formation increased up to 11x and 4x, respectively, after 12 h of sunlight while diurnal
cycling exhibited varied effects. COS and CS2 formation were also strongly affected by the DOC
concentration, organic sulfur precursor type, Oz concentration, and temperature while salinity
differences and CO addition did not play a significant role.

To then specifically evaluate the role of DOM in cleaner matrices, COS and CS: formation

was examined in synthetic waters (see chapters 4 and 5). In this case, synthetic waters were spiked
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with different types of DOM isolates ranging from freshwater to ocean water along with either
cysteine or DMS and exposed to simulated sunlight for up to 4 h. Surprisingly, CS2 was not formed
under any of the tested conditions, indicating that other water quality constituents, aside from
DOM, were responsible for its formation. However, COS formation was observed. Interestingly,
COS formation with cysteine was fairly similar for all DOM types, but increasing DOM
concentration actually decreased formation. This is likely due to the dual role of DOM on
simultaneously forming and quenching the reactive intermediates (RIs). Additional experiments
with quenching agents to RlIs (e.g. *SDOM* and *OH) further indicated that *OH was not involved
in COS formation with cysteine but 3DOM* was involved. This result differed with DMS in that
*OH and *DOM* were both found to be involved. In addition, treating DOM isolates with sodium
borohydride (NaBHa) to reduce ketone/aldehydes to their corresponding alcohols increased COS
formation, which implied that the RIs formed by these functional groups in DOM were not
involved. The alcohols formed by this process were not likely to act as quenching agents since
they have been shown to low in reactivity. Since ketones are known to form high-energy-triplet-
states of DOM while quinones are known to form low-energy-triplet-states of DOM, removing
ketones from the system further supported the role of low-energy-triplet-states on COS formation.
This was initially hypothesized by findings from the testes on DOM types. In the end there are
several major research contributions from this thesis. First, cysteine and DMS have different
mechanisms for forming COS. Second, adding O2 decreased COS formation, but it did not stop it
completely, which suggests that further research is required to evaluate the role of RI in the
presence of O2. Lastly, considering the low formation yields of COS and CSz formation from the

organic sulfur precursors tested in this study, it is believed that some other organic sulfur
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precursors are missing which are likely to generate these compounds to higher levels and this needs

to be investigated in future research.
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CHAPTER 1. INTRODUCTION

COS and CS: are important atmospheric gases because of their potential to form sulfate
aerosols in the stratosphere that are known to counteract global warming® and impact ozone
chemistry?. Sulfate aerosols can affect Earth’s radiation balance, directly through scattering
radiation or indirectly through participating in cloud condensation nuclei.® They can also influence
nitrogen oxides concentrations which can catalytically destroy ozone.® COS can reach the
stratosphere due to its > 1 year tropospheric lifetime!, where it is photo-oxidized by ultraviolet
light (100-300 nm). Additionally, CSz can also form COS in the stratosphere by reacting with
hydroxyl radicals.* Previously, it has been shown that COS is the principal source of sulfate
aerosols in the stratosphere.® The ocean is one major source of COS and CS, but previous models
have varied in accurately predicting their flux from the ocean. COS fluxes have varied from 39-
639 Gg as S/year,>® while CS: fluxes have varied from 0.09-0.7 TG CS2/year.”8 Recently,® a new
model was proposed by implementing more details of COS uptake by soils and leaves, which
improved the ability of model to predict the seasonal variations and vertical gradients of COS.
However, there were still differences between predicted concentrations and values collected from
the field, thus an additional photochemical source of 600 Gg as S/year was added in order to offset
the errors.® Consequently, such inconsistencies provide convincing evidence that a more
comprehensive understanding is still needed towards evaluating how COS and CS: are formed in
natural waters.

Therefore, the major focus of this thesis is aimed at exploring the chemistry of how COS and
CSzare formed in natural waters. COS and CS: are typically found at picomolar (pM) to nanomolar
(nM) concentrations in ocean waters where their formation has been found to enhance with

sunlight exposure **2 and decrease with increasing the ocean depth. For example, decreasing
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sunlight intensity and increasing ocean depth of 1 to 3 m and 0 to 10 m, has caused 50 and 20%
decrease in COS and CS: formation, respectively.'*'2 Additionally, COS formation has been found
to follow a diurnal cycle and its concentration was found to increase by 2x in early afternoon.
While these findings show the importance of sunlight in COS and CS2 formation, most of the
organic sulfur precursors typically present in natural waters (e.g. cysteine and DMS) do no absorb
sunlight. Therefore, COS and CS: formation should occur through indirect photolysis from
sunlight. Currently, the COS flux models use a two parameter modeling framework to assess COS
production, the ocean surface sunlight intensity and the seawater absorbance at 360 nm (UV3e0),
which serves as a surrogate for the chromophoric dissolved organic matter (CDOM) content.
This approach though underscores the fact that much remains unknown about the
photochemical processes that govern COS and CS: formation in such waters and what specific
precursors, reactive intermediates, and reaction mechanisms are involved. This is especially
evident given that nearshore waters exhibit up to 40x higher COS concentrations than open ocean
waters.®1%14 While this may be due to the higher CDOM concentrations found in the nearshore
waters,™® the influence of other factors remains unclear which will be investigated in this study.
There are some factors which could affect COS and CSz photochemical formation in natural waters.
One factor may be the organic sulfur content which has mostly been quantified for individual
compound (e.g. cysteine and dimethylsulfide (DMS)) concentrations, which range from pM to nM
for freshwater and seawater.1® Alternatively, total dissolved organic sulfur (DOS) content has
been challenging to measure due to analytical constraints, but one study indicated that it ranged in
the low (<0.4) umol-DOS/L in open ocean waters.t” Further variations in water quality
constituents include: (i) DOM concentration/type where seawaters contain 0.4-1 mg-C/L of more

aliphatic-type moieties!® whereas freshwaters contain 1-20 mg-C/L'® of more aromatic-type



18

moieties®® with photosensitive chromophores,® and (ii) halide concentrations where seawater
contains 1811x and 670x higher mean CI- and Br- concentrations than freshwater, respectively?!,

These water quality constituents are important since they can react with sunlight to produce a
broad range of reactive intermediates (RIs), including: (i) *DOM* which is an electronically
excited form of DOM. In this case, CDOM is excited by the absorption of a photon to form the
excited singlet state of CDOM, !CDOM* (eq. 1), which then converts to *CDOM* through
intersystem crossing (eq. 2). The lifetimes of 3CDOM* (i.e. triplets) have been estimated to be
around 20 and 2 ps, respectively, for Oz-independent and —dependent relaxation pathways,?%?3
which means that the O2-dependent quenching rate constant of *CDOM™* (Ko, [02]=2x10° s")* is
significantly higher than that of the O2-independent (Ka~2x104 s")?2, (ii) reactive oxygen species
(ROS; e.g. *OH (eq. 3) and 102 (eq. 4))**?, *OH is an important environmental oxidant with a short
lifetime of 5-10 ps®. While there is an incomplete understanding of the pathways through
formation of *OH, direct CDOM path to *OH has been reported to be dominant source (eg. 3).%
CDOM has been shown to photochemically form *OH through O2-dependent and -independent
mechanisms (eq. 3).%° It has been reported that the O2-dependent pathway only accounts for ~50%
of *OH production, while the mechanism for the O2-independent pathway remains unclear,?® (iii)
reactive halide species (RHS; e.g. Br* and CI%),*42728 which can form through the reaction of *OH
with halides (eg. 5 and 6),2° while CI' can also participate in reactions to form *OH (egs. 7-9) and
(iv) the carbonate radical (COs™),2* which is produced from the reaction of *OH with either

carbonate or bicarbonate ions (eq. 10).

CDOM + hv — ‘CDOM* (1)
ICDOM* — 3CDOM* (intersystem crossing) (2)
CDOM* — *OH (3)

3CDOM* + 02 — 102 4)
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*OH + Br — Br’ (5)
*‘OH +ClI' - CI (6)
CI'+Cl— CI~ (7
CI' + H2O — CIHO™ + H* (8)
CIHO™ — *OH + CI 9)
*OH + C0O3% / HCOs — CO3" (10)

Organic sulfur compounds like thiols (e.g., cysteine!*?"®) or thioethers (DMS and
methionine)?"-283%-33 can react with such RIs. However, the previous research has been inconsistent
in terms of COS and CS2 formation with these organic sulfur precursors. For example, COS and
CS:z formation for these reactions has been difficult to evaluate from prior research given the varied
experimental conditions (water type, sunlight dose, organic sulfur precursors type and dose) used.
Results varied such that COS either decreased by 0.6x or increased by 6-8x 143435 whereas CS:
increased by 15-25x123% Furthermore, the reaction mechanisms proposed to form COS or CS:
with RIs have been limited. Thiols have been proposed to react with RIs (e.g. *OH, COs™, Br’, and
*OOR) through hydrogen abstraction to first form a thiyl radical (R-S*)% (eq. 11) which can then
react with CO% (generated from DOM during sunlight photolysis®’*) (eq. 12) or react with R-

C*(0) (acyl radical)** (eq. 13) to form COS.

R-S + RI — R-S' (11)
R-S"+ CO — COS + R-H:.C" (12)
R-S"+ R-C*(0) — COS +R (13)

CSz is proposed to form from thiols by initially forming either a R-S’ or a carbon centered radical
(R-H2C*-SH) by hydrogen abstraction with *OH.% However, no known studies have proposed

mechanisms for other reduced organic sulfur compounds (e.g. thioethers).
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Overall, this information clearly demonstrates that considerable knowledge gaps still exist to
better understand the fundamental processes that govern COS and CS2 formation. This thesis was
aimed to close these gaps by providing a comprehensive experimental framework. In chapters 2
and 3, nine different natural waters ranging from freshwater to seawater were exposed to sunlight
photolysis. These waters were amended with various organic sulfur precursors (cysteine, DMS,
cystine and methionine), water quality constituents, and altered in temperature. From this work,
reaction mechanisms for each organic sulfur precursor were also proposed and was discussed in
chapter 3. This part of study has already been published in Environmental Science and
Technology.® In chapters 4 and 5, COS and CS: formation was explored in synthetic waters where
five different DOM isolates ranging from freshwater to seawater were assessed. Two different
types of organic sulfur precursors were evaluated including cysteine (chapter 4) and DMS (chapter
5). The effects of DOM type/concentration, the organic sulfur precursor concentration and pH
were also investigated. Additionally, in order to better elucidate the role of RlIs, different quenching
agents including isopropanol,?®4%-42 phenol,* trimethylphenol,*** sorbic acid*®*’ and 02%° were
tested. More specifically, the role of RIs formed by specific functional groups of DOM such as
ketones was also assessed. DOM isolates were treated with sodium borohydride (NaBHa4) which

is well-known to selectively reduce ketones/aldehydes to their corresponding alcohols.
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CHAPTER 2. INDIRECT PHOTOCHEMICAL FORMATION OF COS
AND CS; IN NATURAL WATERS

A version of this chapter has been previously published in Environmental Science and
Technology Journal.

Modiri Gharehveran, M.; Shah, A. D. Indirect Photochemical Formation of Carbonyl Sulfide and
Carbon Disulfide in Natural Waters: Role of Organic Sulfur Precursors, Water Quality
Constituents, and Temperature. Environ. Sci. Technol. 2018, 52 (16), 9108-9117.
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2.1 Abstract

This chapter evaluated how sunlight, simulated diurnal cycling and temperature affected COS
and CS2 formation. Three natural waters ranging in salinity were spiked with cysteine and
dimethylsulfide (DMS) and exposed to simulated sunlight over varying times and water quality
conditions. Results indicated that COS and CSz formation increased up to 11x and 4x with cysteine,
respectively, after 12 h of sunlight while diurnal cycling exhibited varied effects. DMS formed
COS and CS2 by 0.5x lower than cysteine. COS and CS2 formation were also strongly affected by

temperature where the effect was different for COS and CSa.

2.2 Introduction

Photochemical production of COS and CS: is an important source for these compounds in
natural surface waters,'* where COS formation also follows a diurnal cycle®. In addition, the
temperature of these waters can vary from a warm 30°C in the tropics to a very cold -2°C near the
poles.® This variation in temperature is expected to affect COS and CSz formation. Therefore, this
study evaluated the role of sunlight, diurnal cycling and temperature on COS and CS: formation

kinetics. Three natural waters ranging from freshwater to seawater were evaluated. Selected waters
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were spiked with 14 uM cysteine (thiol) and DMS (thioether) and then were exposed to sunlight
under simulated diurnal cycling. It should be noted that, the majority of these experiments were
also purged with N2 to remove dissolved Oz, which is known to quench RIs such as *DOM","®
carbon- centered radicals,® and alkyl radicals *° as well as sulfur-centered radicals®*. The fact that
O2was absent is notably different than the conditions encountered in the environment, but O2 was
removed in order to better elucidate the reaction mechanisms involved, which was a major focus
of this thesis. The effect of Oz was then later evaluated in chapter 3, where the dissolved oxygen
was not directly measured but it was expected to be [Oz]o = 8.9 mg/L at 20°C since these waters
were left in equilibrium with the atmosphere during storage. Overall, this study helped identify the
role of sunlight, diurnal cycling, two organic sulfur precursors (cysteine and DMS), and

temperature on forming COS and CSz in natural waters.

2.3 Material and Methods
2.3.1 Description of standards, reagents, and stock preparation

CSz, cysteine, dimethylsulfide (DMS), bromobimane or monobromobimane (mBbr), MES
sodium salt, methanesulfonic acid, sodium perchlorate, and 2-nitrobenzaldehyde (2-NBA) were
purchased at > 97% purity from Sigma Aldrich. Sodium chloride (NaCl) was purchased from
Acros Organics. Stock solutions for cysteine was prepared in N2-purged purified water in order to
prevent its ability to reaction with Oz over time. The stock solutions were prepared immediately
prior to use (< 30 min) and were stable over the time of storing (<30 min) under oxygen free
conditions. COS was purchased as calibration gas standards at 1 ppm (mol/mol), in N2 from Gasco.
Overall, these and other chemicals such as methanol (MeOH), acetonitrile (ACN), and NaOH were

purchased at reagent grade or higher. Purified water (>18.2 MQ cm) was obtained from a Nanopure
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(Thermo Scientific) water purification system. All glassware was acid washed to clean any trace

metal contamination which may catalyze organic sulfur compound oxidation??.

2.3.2 Natural water samples

Nine water samples were collected
off the coast of Florida (FL), Louisiana
(LA) and Maine (MA) (Fig. 2-1). These
waters were defined as freshwater (F),
brackish water (B), or seawater (S) based
on their salinity and labeled as: (i) FL-F,
(i) FL-B1, (iii) FL-B2, (iv) FL-B3, (V)
FL-S, (vi) LA-F, (vii) LA-B1, (viii) LA-
B2, and (ix) MA-S. The raw waters were
filtered (0.7 um glass-fiber filter) prior
to shipping and held at 4°C before use.
Notably, this 0.7 um filtration range
cannot remove bacteria, but additional
evidence indicated that it likely has a
negligible effect on COS and CS2
formation (see later discussions).
Moreover, the waters were stored for up
to 12 months but were confirmed to be
stable towards forming COS and CS: as

their concentrations from different aged
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Figure 2-1. Map locations of the nine natural waters
from (a) Florida, (b) Louisiana and (c) Maine.
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waters only differed by a standard deviation of 0.05 (< detection limit (DL) = 0.06 nM) and 0.02
nM (< DL = 0.1 nM), respectively, over this time. This was confirmed by routinely (3 weeks after
collection to up to 12 months) measuring COS and CS2 from dark no-spike and irradiated (4 h)
no-spike or cysteine-spiked waters. Various water quality parameters including [DOC], UV3so, pH,
[CI], carbonate ([HCO37 + [COs?]), and various metals were also measured.

Various water quality parameters in these waters were measured including the dissolved
organic carbon (DOC) concentration, absorbance at 360 nm (UVse0), pH, CI- concentration,
carbonate ([HCOs] + [COs?]) concentration, and

concentrations of various metals (Cu, Hg, and Pb). The

DOC concentrations for all of these waters were either g

measured based on the SERC SOP-007 method™® (FL g

waters), a previously described method (LA waters) 4, or <

by a TOC-V Shimadzu Total Organic Carbon Analyzer

(MA water). The UV absorbance of these waters were © 250 300 350 400

Wavelength (nm)

also measured from 200 to 400 nm prior to sunlight

Figure 2-2. The UV-VIS absorbance
exposure, including 360 nm, using a Shimadzu UV-VIS  of the nine natural waters between 200

to 400 nm prior to sunlight exposure.
spectrophotometer (Fig. 2-2). The high absorbance at low
wavelengths (<250nm) is mostly attributed the NOs™ content of these waters.

The UVseo values were then plotted versus the DOC values to determine whether or not they

are correlated with each other (Fig. 2-3). A fairly low linear correlation (R? = 0.776) was observed
between the DOC concentration and the UVseo value of these waters. Therefore, each parameter,

(DOC concentration or UV3seo values) was evaluated separately when relating it to COS and CS2

formation.
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Figure 2-3. Correlation of the waters’ UV3s0 and DOC
concentrations with each other.

The CI" concentration in these waters was measured using a 940 Metrohm IC with a
conductivity detector. The eluent contained 1.0 mM Na2COs and 4.0 mM NaHCOs with a flow
rate of 0.7 ml/min, and the samples were separated using an A Supp 5-100/4.0 column. The
carbonate concentration in these waters was measured by acidifying the waters, reducing the pH
to 2 — 4 with sulfuric acid and converting all the of the carbonate to CO2. The total CO:2
concentration after acidification was then measured by placing the water samples in 20 mL
headspace-free screw-top vials. A small volume (50 pL) of these acidified waters were transferred
to pre-N2-purged GC vials and injected onto a GC-FID for CO2 analysis. The details for the
analytical methods of GC-FID are described in later sections. The total CO2 concentration after
acidification (Ct) was then equivalent to the sum of CO2, HCO3™ and CO3* before acidification (eq.
4).

[CO2](after acid.) = Cr= [HCOS-] (before acid.) + [CO32-] (before acid.) + [COZ](before acid.) (4)
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in which [COz]efore acid.) = 14.4 UM (CO2 concentration prior to acidification in equilibrium with
atmospheric COz). Metal concentrations (Pb, Cu, and Hg) were analyzed using an inductively
coupled plasma emission spectrometer (ICPE-9820). The method detection limits (MDL) for each
of these metals varied with water type since the presence of other salts created a matrix effect
where it was necessary that the waters be diluted to reach a salinity of 5 ppt before analysis. All
of these values are reported in Table 2-1.

The storage of natural waters and microbial effect

The raw waters were filtered (0.7 um glass-fiber filter) prior to shipping and held at 4°C before
use. Notably, this 0.7 um filtration range cannot remove bacteria, but additional evidence indicated
that it likely has a negligible effect on COS and CS: formation. First, the decrease in COS in the
phase Il data fit well to the hydrolysis models (details in later discussions), indicating that
microbial effects were not involved. Alternatively, CSz did form in the dark but only for cysteine-
spiked samples (details in later discussions). However, a previous study indicated that the cysteine
biotic removal rate was very slow when compared to its abiotic photochemical and
nonphotochemical rates.*? Additional studies similarly reported that COS and CS. formation were

likely not linked to microbial activity.>*®



Table 2-1. Sample location and water quality characteristics of the nine tested natural waters.

Water GRS DOC _ Carbonate Cu Hg Pb

Type Coordinates | pH (mg- UV360 Chloride (M) (uM/kg (ppb) (ppb) (ppb)
(Lat, Long) C/L) seawater)

FL-F 226‘_‘91;;3' 78| 149 0.119 0.09 2160 <20 <20 <20
FL-B1 22'1‘_%8’7' 80| 161 0.118 0.12 1954 72 <26 <26
FL-B2 22'13_536' 80| 123 0.113 0.27 2159 <60 <60 <60
FL-B3 23'13.;52;1' 79| 103 | 0078 0.28 2122 <60 <60 <60

FL-S 23'13.83’2' 80| 89 0.074 0.42 2548 <100 <100 <100
LA-F 2362.825%- 80| 65 0.047 0.12 1282 <26 <26 <26
LA-B1 2362.8%- 81| 5.1 0.061 0.25 1256 <60 <60 <60
LA-B2 2393_35’5' 81| 29 0.046 0.27 1625 <60 <60 <60
MA-S BT 18] 165 0.09 0.18 1630 <40 <40 <40

1€
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2.3.3 Experimental procedure

Photochemical reactor setup

A solar simulator (OAI Tri-Sol; AM 1.5G filter) was used to simulate collimated sunlight (Fig.
2-4). Small custom-designed reactors (~ 11 mL) containing selected waters with no headspace
were placed below the sunlight beam under constant mixing and temperature conditions (5 to 30°C)
using a water bath (Fig. 2-4). The reactors were made of quartz glass since it has better ultraviolet
light transmission than most other glasses. These reactors were made with a flat top (surface area
of 2 cm?) while the bottom contained a threaded opening with a septum-capped screw top for gas-
tight sampling (Fig. 2-5). This geometry was not chosen, but the quartz on top of the reactors were
preferred. Also, the vials attached to the quartz were purchased commercially and were only

available at the sizes smaller than the quartz.

. Shutter
tical Integrator -
Opti gra . Assay Filter Mesh
36% T S-Sim

Mirror < . Filter

- Mirror

Lamp L/S 1KW Xenon )

ARC Short Osram
* Collimated Light Beam
- O ——— ] Head Space Free
: @ ‘l " Quartz top Vials
Ellipsoidal Reflector B 5 ,.;;;9"""'( : © Stirring Surface Plate
~Water Bath

Temp:22+1°C

Figure 2-4. Schematic of the photochemical reactor used in this study. The schematic of the solar
simulator was similar to that used by NASA and thus adopted from a picture they provided online*®.
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Figure 2-5. The photochemical reactor geometry (all
dimensions are in cm).

The sunlight intensity measurement and pathlength determination

The sunlight intensity from the solar simulator (OAI Tri-Sol) was measured from 300 to 400
nm. This range was selected since many compounds (e.g., DOM)* in natural waters absorb light
over this wavelength range, and COS and CSz are known to increase in formation with decreasing
wavelength from 400 to 300 nm.>*8 The light intensity was measured in units of mJ/ cm?/s by
coupling the solar spectrum obtained from an Optics 2000+ spectrophotometer (Fig. 2-6) with the

photon flux (moles of photons /cm?/s) measured using 2-NBA as a chemical actinometer.*®
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Figure 2-6. Relative light spectrum emitted from the OAI TRI-SOL solar simulator which has
been compared to the ASTM G173-03 reference spectrum? and the sun spectrum captured on
August 17, 2015 in West Lafayette, IN, USA (Latitude: 40.430098, Longitude: -86.914392).

2-NBA was exposed to sunlight following a procedure modified from previous literature®2!
where 2 mM 2-NBA solutions (20/80 % ACN/water) were exposed to sunlight over 30 min.
Samples were periodically collected and analyzed by HPLC. Values were then plotted according
to zero- order photodecay where the slope of the line was equivalent to the photodecay rate (k)
which ranged from 1.0-1.4x10° Ms™ (R? = 0.99) (Fig. 2-7). It should also be noted that the whole
fraction of light was absorbed by 2-NBA which was added at high concnetrations to make the

solution opaue at the relevant wavlengths.
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Figure 2-7. Degradation of 2-NBA following sunlight exposure over time plotted as a zero-order

loss ([2-NBA]; y-axis) with time (x-axis)). The three curves reflect values from experiments
conducted on different days.

This k value was then used to calculate the light intensity (I,) (mJ/cm?/s) in eq. 5:%°

-k 2.1 .V

where @, (quantum yield) = 0.4 (moles of 2-NBA/moles of photons) from 300 to 400 nm for
solutions containing mixtures of water and organic solvents,? £, = molar absorptivity (M*cm?),

| = path length (cm), C = initial 2-NBA concentration

-1

of 2.0x10% M which was considered constant given 5 2000

1

o . §1500-
its high concentration (M), V = sample volume

—
o
o
o

(cm3), S = surface area of reactor (cm?), and E; =

500+
energy of photons (mJ/moles of photons). The ¢,

0

Molar Absorptivity

values were found to range from 1590+19 M-~cm™ to

300 320 340 360 380 400
224+12 Mcm™ from 300 to 400 nm, respectively, Wavelength (nm)

by measuring its absorbance using various standards Figure 2-8. 2- Nitrobenzaldehyde molar

(50-200 M in 20/80 % ACN/water) (Fig. 2-8). absorptivity (g, ) values from 300 to 400 nm.
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In addition, the average path length () was determined based on a previously described
method.?? Briefly, the initial degradation of 2-NBA was assessed over a short time period (5 min)
at varying initial concentrations (10 uM to 1 mM). The slopes of these lines represented the change

in concentration over time (i.e. dC/dt). The maximum dC/dt values were found to occur at the

0.8
higher initial 2-NBA concentrations and were 1
0.61
subsequently defined as (dC/dt)max. X then was defined < i
. 04 o
based on eq. 6: D e
_db/dt v 1.10°,cC! 0.2- :
/1O o 10T ©) K
[
(1

where X is the ratio of 2-NBA degradation at 0-8_00 005 0410 0415 020
concentration C to that at a concentration in which all the [2 NBAJ*a (cm™)

light was absorbed. Each of these values were then used ~ Figure 2-9. Experimental data used
to measure the reactor pathlength.

ineq. 7: '7I'he data were fitted according to eq.
dc/dt

~log (- e domas

)=a-1-[2-NBAJ; (7

where [2-NBAJi = the initial 2-NBA concentration (M) and a = the weighted average of the ¢,
values from 300 to 400 nm which were calculated based on the relative solar spectrum values (M-
Iem™). These data were then plotted according to eq. 7 which is a linearized function where the
path length (I) equaled the slope of the line (Fig. 2-9). The path length (I) was found to be 3.97 cm.
This value matched the average path length of the reactor when calculating the value from eq. 8
using the dimensions provided from Fig. 2-5.

7xmx 0552 +25xn x(12-0.552)

average path length () = osTin 05T 3.86cm  (8)

In this case, the average path length equaled 3.86 cm which was close to the 3.97 cm value

measured experimentally.
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Kinetic Experiments

Kinetic experiments were performed with the LA-F, LA-B1, and LA-B2 waters which were
initially purged with N2 for 10 min to remove dissolved Oz and either used as is or spiked with 14
MM cysteine or DMS. The concentrations of UM were chosen in order to: (i) see the effect on COS
and CSz formation and (ii) monitor the degradation of organic S precursors. The waters were then
(i) left in the dark over 12 h, (ii) exposed to sunlight over 12 h or (iii) exposed to diurnal cycling
which included 4 h of sunlight (phase 1), 4 h of dark (phase Il), ad 4 h of sunlight (phase II1). This
4 h cycling period was shorted from the natural diurnal cycling period (~ 9-14 h) in order to make
the sampling time frame more reasonable for the experimentalist. Additional kinetic experiments

with the LA-B2 water assessed the effect of temperature (5 to 30°C).

2.3.4 Analytical methods

Cos, CS:, and DMS

A method to measure COS, CSzand DMS in the gas phase was developed using headspace
GC-MS (Agilent 6420) and was then used to measure their aqueouse phase concentrations from
samples taken from the photochemical experiments. This procedure included transferring 5 mL of
sample liquid to sealed gastight vials that were exposed to N2 gas. The gas phase in these samples
were measured by first placing them in an agitator for 5 min at 35°C to reach equilibrium
conditions. A syringe was used to colllect 1 mL of this headspace which was immediately injected
into the GC-MS. The value obtained from this analysis was then cross-compared against standards
to obtain the gas phase concentration after equilibrium in these two phase samples. Standards were
prepared under N2 within a glove box from neat solutions provided commercially in both the gas
(COS) and liquid (CS2 and DMS) phases. Gas phase standards were then diluted directly into

septum-capped vials. For the liquid phase standards, 2.5-5 pL of the neat solution was placed in
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septum-capped vials and stored in the oven at 120°C to convert the liquid to the gas phase (boiling
points for CS2 and DMS are 46.3 and 37°C, respectively), following a similar procedure done
previously.?® Additional dilutions were prepared in the gas phase in septum-capped vials. The
standards were used to create a calibration curve for COS, CSz, and DMS as a function of partial
pressure which was determined after the GC/MS headspace syringe was injected and raised up to

1 mL since the new equilibrium was established at this point.

The aqueous phase concentrations in the samples were then determined in two steps from the
gas phase concentration. First, the aqueous phase concentration from the gas phase concentration
was determined using Henry’s Law (eq. 9)). It should be noted that an equilibrium was stablished
by incubating the samples for 10 min in the incubator of the auto-sampler in GC system. To then
ensure the equilibrium condition, a set of experiments were conducted, where the Henry’s Law
constant of COS was calculated which was found to match the n=n,+n,
previously reported values. The aqueous phase concentrations were < -

n
After 1
then used to calculate the total number of moles in the system, Equilibrium | p,

— __J

according to the mass balance shown in the eq. 10 (Fig. 2-10):

Cuw-aftereq. = H X Pafter eq. (9) Figure 2_-10. The_ mass
balance involved in the

Pafier eq. X V] i
NT-after eq. = NT-before eq. = = 4 Cw-after eq. X Vw (10) Sample preparatlon procedure

RXT

in which Cw-after eq. = liquid phase concentration after equilibrium (M), H = Henry’s law constant
(Hcos = 0.022, Hes2 = 0.055, Homs = 0.35 M kg tbar?, temperature = 308.15 °K),?* Pafier cq. = the
partial pressure after equilibrium (bar), Notar-atter eq. = the total number of moles in the system
(moles), Vup = volume of head space including syringe volume (6+1 mL), R = ideal gas law

constant (m® bar K’ M), T = temperature (K), and Vw = volume of liquid phase (5 mL). These
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total number of moles were then used in the second step to obtain the liquid concentrations prior
to equilibrium (i.e., the concentrations in the photochemical reactors = Cw-before eq.) DY USINg €q. 11:

Cuw-before eq. — nwz,ﬂ (11)

Following injection, samples were split with a ratio of 1:10 at an injection port temperature of
250°C and separated using a GC GS-GasPro (30 m x 320 pum x 0 um) column. The oven program
started at 60°C for 2 min, was increased up to 160°C at a rate of 20°C /min, was held at this
temperature for 4 min, and was followed by a 2 min post-run. The carrier gas (He) velocity was
maintained at 24 cm/s. The transfer line and MS source temperatures were held at 250 and 320°C,
respectively. The mass spectrometer was operated in EI mode (70 eV). The compounds were
measured in SIM mode at m/z values of 60, 76, and 62 for COS, CSz, and DMS, respectively. The
method detection limits (DL) were 0.060 and 0.10 nM for COS and CSg, respectively. The DL
values were measured according to the method described by the Environmental Protection Agency
(EPA) and defined as the minimum concentration that could be measured with 99% confidence to
be greater than zero.?

Cysteine and methionine

The analytical method for cysteine was developed using pre-column derivitization with high-
performance liquid chromatography (HPLC; Shimadzu) equipped with a fluorescence detector
(RF-10AXL). Cysteine was derivatized following a modified method described previously?® using
the fluorescence probe, mBbr. All experimental conditions matched the previous method except
that HEPPS buffer was replaced by 1.0 mM methanesulfonic acid sodium salt (MES) to achieve a
pH of 8.1. Briefly, samples were diluted by 1.5 ml of MES buffer to reach a final concentration of
30-300 nM cysteine. To this mixture, 10 pl of 30 mM mBbr was added, and the solution was

incubated at 40 °C for 30 min to derivatize the samples. After this, the reaction was quenched by
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dropping the pH to 2 with excess methanesulfonic acid (CH40O3S) and stored at -20 °C for up to 5

days before HPLC analysis.

Standards were derivatized directly in deionized water, but when they were derived from the
cysteine-spiked various natural waters including both freshwater and seawater, a large response
was lost, indicating that there was a matrix effect from these waters. To further assess this problem,
three selected natural waters (MA-S, LA-F, and LA-B2) were diluted by deionized water at various
ratios of 1:1.5 (natural water: deionized water), 1:10, and 1:100 (Fig. 2-11). They were then
derivatized under buffered conditions, similar to that of the original procedure. The results from
these dilutions indicated that the responses for the 1:1.5 and 1:10 dilutions were 130x and 20x
lower than the deionized water response, indicating that the matrix effect still remained. However,
the 1:100 dilution results led to the same response as the deionized water sample (Fig. 2-11), and
thus this dilution ratio was used when derivatizing all of the natural waters tested when measuring

residual cysteine.

2.0x107 — 1.2x108
1:1.5 Dilution a 1:100 Dilution b
1.6x107{__DI
5]
8 1.2x107 g 8.0x10 MA-S
< < DI LA-B2 LA-F
® 6 ®
® 8.0x10°4 @
o O 4.0x10%
4.0x108
00 r MﬁI\-S LAI-BZ LI}-F 00 r I ! |
' DI MA-S LA-B2 LA-F ' DI  MA-S LA-B2 LA-F
Water Type Water Type

Figure 2-11. The effect of a (a) 1:1.5 dilution factor, and a (b) 1:100 dilution factor on the response
lost for cysteine caused by the matrix effect in the MA-S, LA-B2, and LA-F waters. DI = deionized
water.
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After derivatization, samples were separated using an Agilent C18 Eclipse Plus reverse phase
column (150 mm x 2.1 mm x 3.5 um). The eluents were run at 0.4 ml/min in gradient mode. The
two eluents included of 0.1 % trifluoroacetic acid (TFA) in water (solution A) and 0.1 % TFA in
ACN (solution B). The gradient program was set at 95/5% A/B for 10 min., switched to 73/27%
A/B at 17 min., switched to 0/100% A/B at 23 min., and finally switched to 95/5% A/B at 38 min.
where it was left at this ratio for 7 min. The excitation and emission wavelengths for florescence
detection were fixed at 380 and 470 nm, respectively. Overall, the method detection limit when
using the 1:100 dilution procedure was 7.3 puM.

Methionine was measured via LC-MS (Agilent 1200 Infinity-6420 MS) with electrospray
ionization (ESI). Samples were separated using an Agilent C18 Eclipse Plus reverse phase column
(150 mm x 2.1 mm x 3.5 pm). The eluents including water (solution A) and ACN (solution B)
were run at 0.4 ml/min in gradient mode. The gradient program switched from 90/10% A/B to
70/30% A/B at 1 min., 30/70% A/B at 3 min., 5/95% A/B at 4 min., left at this ratio for 6 min.,
and was followed by a 5 min post-run. The MS was run with ESI using a source temperature of
300 °C. The MS was operated in positive ion multiple reaction monitoring (MRM) mode. The
precursor ion was m/z 150, and the product ions (m/z) were 132.8, 103.8, 101.8, and 55.9.

CO and CO:

CO was measured by headspace GC-FID (3800 Varian GC). Samples were separated using a
Molesieve 5A (80/100 MESH, 6°, 1/8 ”SS) column. The oven program was run in isocratic mode
at 50°C for 15 min. The carrier gas (He) flow rate was 5 ml/min. The CO concentration in the
samples were calculated in two steps from the gas phase concentration using egs. 5-7 but using a
different Henry’s Law constant (Hco = 0.00099 M kgbar?) different gas/liquid volumes for the

headspace vials (Vup = 16+1 = 17 mL, Vw = 5 mL). CO2 was measured by GC-FID which was



42

separated by a HayeSep N micro-packed column (4’ x 1/16”) with a carrier gas (He) flow rate of

5 ml/min.

2-NBA

2-NBA was measured using an HPLC (Agilent 1200 Infinity) with diode array detection
(DAD). Samples were separated using an Agilent C18 Eclipse Plus reverse phase column (150
mm x 2.1 mm x 3.5 um). The eluents included water (solution A) and methanol (solution B) and
were run at 0.12 ml/min in gradient mode. The gradient program started at 90/10% A/B, switched
to 60/40% A/B at 2 min, 20/80% A/B at 4 min, 100/0% A/B at 7 min, 90/10% A/B at 10.1 min.,

and left at this ratio for up to 14 min. The UV wavelength was fixed at 210 nm.

2.3.5 Detailed description of the kintecus modelling data methods

Kintecus software was used to model the chemical kinetics of COS and CS2 hydrolysis. The
software was downloaded from the website, www.kintecus.com.? This software is based on a
Microsoft Excel platform in which a VBA macros has been embedded so that a system of reactions
to be modeled simultaneously over time. The details and reaction rates used in the model are

described in the table below:
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Table 2-2. A description of the reactions and conditions used to model the kinetics of the COS
and CS: hydrolysis at 20°C (the temperature at which most of the experiments were conducted)
and pH=8.1. A similar method was used to assess the model kinetics for other temperature (i.e., 5
and 30°C) and pH values.

ki Reaction Comments
6.90E-04 (s H,O ==>H+ + OH" Acid dissociation reactions for water
1.00E+11 (M!s") | H'+ OH" ==> H,0 Acid dissociation reactions for water
223E-05 (s1)* | OCS =—> HaS + CO2 COS hydrolysis
1.29E+01 M 'sh)? | OCS + OH" ==> HS+CO, | COS hydrolysis
<<1.00E-05 (s')* | CS2 ==> Products CS: hydrolysis
1E-03 M'sh)? | CS; + OH- ==> Products CS: hydrolysis

2 These reaction rates were estimated by combining the Arrhenius expressions at two temperatures
(i.e., 5and 30°C) (equation equals In( %) = ‘E?a (% — %) ). The Eavalues included: 20-23 kcal

for the COS reaction with H20,28 12-14 kcal for the COS reaction with OH",2 and 20-23 kcal for
the CS: reaction with H20.%°

The CS:2 hydrolysis was further investigated by 10 ===
using Kintecus, where COS and CS2 hydrolysis was = 0.81 T
modeled under similar conditions at 20°C. Both COS g 0.6
and CS2 hydrolysis rates were compared to each other E 0.41
when first considering an initial COS and CS2 8 0'2'_ -
concentrations of 1.0 nM (a mid-range experimental O'OO_COS 1 2 3 4

value) at 20°C and pH 8.1 over a reaction time of 4 h Figure 2-12. Comparison of COS

and CS2 hydrolysis rates using the

(see Fig. 2-12). In this case though, the upper limitvalue  intacus modeling software.

for the CS2 hydrolysis rate (= 1x107° value in Table 2-2) was used. Thus, while the model curve
seems to suggest that approximately 13% of CS2 is lost over 4 h, this loss is likely considerably
lower than this since the rate constant is in fact << 1x107° (Table 2-2). Additional modeling efforts
further indicated the CS2 hydrolysis with H20 rather than with OH" was the only reaction that
controlled the overall hydrolysis at the relevant pH conditions. Given this information, the effect

of temperature on CS2 hydrolysis was evaluated by only focusing the CS2 reaction with H20 in
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which different rate constants were estimated using the activation energies provided in Table 2-2.
The role of temperature was found to have a negligible effect on altering the loss of CS2 by
hydrolysis. Thus, in the end, CS2 hydrolysis was considered to have a negligible effect for the
experimental conditions used in this study. This effect was further confirmed by a previous study
which found that CS2 hydrolysis in the sea does not occur rapidly enough to be considered as a

sink.2®

2.4 Results and Discussion
2.4.1 Effect of sunlight exposure on COS and CS; formation Kinetics.

Cysteine-spiked waters

With the LA-F, LA-B1, and LA-B2 waters, COS and CSz increased in formation in the
presence of sunlight to up to low (< 11) nM concentrations, a range consistent with previous
studies.’>830 |t is worth mentioning though, that these COS and CS: concentrations were
generated without O2 present and therefore were at higher levels than would be formed in natural
waters at typical Oz levels (see later discussions for the role of O2). However, the absence of O2
aided in better elucidating the mechanisms involved in forming these compounds which are
hypothesized to similarly occur within natural waters containing O2. Given this, COS and CS: data
were presented separately within Fig. 2-13 (LA-B1) and Fig. 2-14 (LA-F and LA-B2). For the LA-
B1 water, COS did not form above the detection limit (DL) in the dark with no cysteine, but
increased up to 0.89 nM with cysteine after 12 h (Fig. 2-13a). The ability for cysteine to form COS
in the dark has been observed previously® and several reaction mechanisms have been proposed
(see mechanistic section for further details and other later discussed reactions). COS formation

then increased with light to a greater degree over 12 h with no cysteine while increasing even
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further with cysteine (Fig. 2-13a). These results suggested that the inherent organic or inorganic
sulfur precursors present were able to form some degree of COS, but COS increased further once
cysteine was added. In addition, a considerable portion of cysteine (~ 50% within 4 h (Fig. 2-13a)),
when added, was lost over time. This loss was not attributed to COS formation (<0.015 % vyield),
but rather to forming other known by-products (e.g. RSSR, RSOH, RSO2H, and RSOzH)).*? These
increased COS levels also matched prior results where COS increased by 1.8-7x,31831 with
sunlight (here and in the remainder of the section, 1x corresponds to equality while >1x and <1x
correspond for an increase and decrease, respectively). Similarly, CSz did not form above the DL
with no cysteine after 12 h in the dark , as observed previously?, but increased to a greater degree
with cysteine (Fig. 2-13b). While cysteine did not form CS2 previously in the dark?, this result is
not surprising since it is unstable in the dark®, which may induce CSz-generating pathways. With
light, CS2 did not form above the DL after 4 h but increased again after 12 h with no cysteine,
again due to the inherent sulfur precursors present, but increased even further with cysteine (Fig.

2-13b).

During diurnal cycling, COS formation followed a different trend where its concentration
increased, decreased, and then increased during phase | (light), Il (dark), and 1 (light),
respectively (Fig. 2-13b). These trends were similar for both the no spike and cysteine-spiked LA-
B1 waters, although as expected, the cysteine-spiked water formed ~ 4.6-5.2x higher COS
concentrations than the non-spiked water for all three phases (Fig. 2-13a). These similar trends
further suggested that the different organic sulfur precursors involved (inherent DOS vs. cysteine)
induced similar photochemical pathways. A similar comparison with CS2 could not be made since
it did not form above the DL for the no spike water (Fig. 2-13b). However, differences due to

diurnal cycling between COS and CS: formation trends were especially noticeable within phase 11
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and the end of phase Il (Fig. 2-13 and Fig. 2-14). Within phase I, their kinetics differed since
COS decreased in concentration due to significant COS hydrolysis while CSz increased fairly
linearly (Fig. 2-13), due to negligible CS2 hydrolysis. The role of COS and CS:z hydrolysis was
modeled using Kintecus (see lines in Fig. 2-13 for COS hydrolysis; model details for both COS
and CS2 hydrolysis in Section 2.3.5). For COS, the experimental data validated the modeling
results well for both the no spike and cysteine-spiked experimental results (Fig. 2-13a). Similar
effects of COS hydrolysis were observed in the open ocean during diurnal cycling events.53233
This pattern differed for CSz that interestingly increased over this dark period, suggesting that light
was not required to continue forming CS2 (Fig. 2-13b). Instead, an initial period of light within
phase | was necessary to reach these phase Il concentrations since similar levels were not reached
for the dark controls (Fig. 2-13b). These data suggested that a long-lived intermediate was likely
involved that still remained during the dark phase. This long-lived intermediate also led CS: after
phase 111 to only differ from the 12 h irradiated sample by 0.87x with cysteine (Fig. 2-13b).
Similar results were observed for the LA-F and LA-B2 waters (Fig. 2-14). These waters did
result in different endpoint COS and CS: concentrations for the same condition tested, which is

attributed to the varied quality parameters of these waters (more details in later discussions).
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Figure 2-13. The effect of sunlight exposure on COS and CS2 formation for the LA-B1 water
when (a,b) spiked or not spiked with cysteine (20+£1°C), (c,d) spiked or not spiked with cysteine
or DMS (20+1°C), and (e,f) varied in temperature (5, 20 and 30°C) and spiked with cysteine.
Cysteine and DMS were measured during diurnal cycling where the DL for cysteine is represented
by a horizontal line. Error bars represent the standard error for three replicates. ([cysteine or DMS]o
=14 uM, pH 8.1)
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Figure 2-14. The effect of sunlight exposure on COS and CS2 photoproduction for (a,b) the LA-
F and (c,d) the LA-B2 water, spiked or not spiked with cysteine or DMS. Cysteine and DMS were
measured during diurnal cycling where the DL for cysteine is represented by a horizontal line.
([cysteine or DMS]o = 14 uM, pH: LA-F: 8.0, LA-B2: 8.17).

DMS-spiked waters

To further evaluate the role of diurnal cycling, additional experiments of this type were
conducted with DMS-spiked waters which were found to be similar to the cysteine-spiked results.
For all three waters, COS did not form at concentrations above the DL in the dark. The formation
increased up to 0.56-1.6 nM after all three phases occurred within the diurnal cycle. The trends in
each phase were similar for all three waters (LA-B1 in Fig. 2-13c, LA-F in Fig. 2-14a and LA-B2

in Fig. 2-14c). By comparison, the COS formed for all three DMS-spiked waters was 2x higher
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than with no DMS but was < 0.5x lower than with cysteine when averaging over the entire diurnal
cycle (LA-B1in Fig. 2-13c, LA-F in Fig. 2-14a and LA-B2 in Fig. 2-14c). Therefore, DMS was a
precursor for COS but at a lower extent than cysteine, indicating that thioethers form less COS and
CSzthan thiols. Previously, COS formation was also lower by 0.3x with DMS than cysteine in two
different natural waters ([cysteine or DMS]o = 10 pM).*® CS> was also lower with DMS for all
three waters in the dark as well as during diurnal cycling since it did not form above the DL.
Similar to cysteine, DMS also degraded rapidly by ~ 50% within 4 h (Fig. 2-13), which indicated
that other dominant pathways (e.g. DMSO formation)®***® controlled its loss rather than those

associated with COS and CS..

2.4.2 Effect of temperature

Temperature was also varied from 5 and 30 °C following §QOJ! —
=10t o ]
diurnal cycling (cysteine- (Fig. 2-13) and DMS- spiked (Fig. 2 0 kS i
= . . ,
4 5°C ---- Model 5°C
2-15) LA-B1 water) where different trends between COS and 25318 - Modai2C
3t
CS2 formation were observed. For example, COS %
@ 2
concentrations were greatest at 20°C  whereas CS2 3 < J.
1 R A@,’\il-] ,_nuut
concentrations were greatest at 30°C. This temperature effect . M- B . Ei adb b4
O L L 1
. . . : 0 2 4 6 8 10 12
was true for both dark and diurnal cycling conditions with
Time(hr)

cysteine (Fig. 2-13) and DMS (Fig. 2-15) (exceptions
Figure 2-15. The effect of
included cases where there was no formation above the temperature on COS and CS2
photoproduction for the LA-Bl
DL). More specifically, COS formation with cysteine  water spiked with DMS ([DMS]o =
14 uM, pH: LA-B1: 8.1).
following diurnal cycling was greater at 20°C than 5 and

30°C by 1.4-1.9x within all three phases (Fig. 2-13e). Within phases | and I11, it is possible that

the temperature incurred this pattern due to its dual effect on increasing COS formation with higher



50

temperatures (in parallel, cysteine also decreased faster with greater temperature (Fig. 2-13e)), but
also increasing COS hydrolysis with higher temperatures?®36-38_ In fact, both the hydrolysis and
base-catalyzed hydrolysis rate constants for COS?3:36:38 and CS>?° are well established in literature.
Thus for COS, the hydrolysis and base-catalyzed hydrolysis rate constants over this temperature
range were assessed based on the reaction rate constants and activation energies provided in
Section 2.3.5. The hydrolysis rate constants with H20 increased from 1.48x10%, 2.23x107, and
4.75x10° (s1), and the pseudo first-order hydrolysis rate constants with OH" at pH 8.1 (pH of most
natural waters) increased from 4.26x10°, 1.66x10°, and 3.4x10° (s) when temperatures
increased from 5, 20, and 30 °C, respectively. So, the highest COS levels formed at 20°C
potentially because these two effects were balanced. Alternatively, at 5°C, the lowered COS
formation rate appeared to outcompete the lowered hydrolysis rate while at 30°C an elevated
hydrolysis rate appeared to outcompete the formation rate (Fig. 2-13e). The situation differed in
phase Il because hydrolysis only played a role, where modeling results matched the experimental
data for all three temperatures (Fig. 2-13e). Varying temperatures incurred similar effects with
DMS (Fig. 2-15).

Interestingly, temperature exhibited different results with CS2 where its formation with
cysteine increased with increasing temperature (maximum observed at 30°C), under both dark and
diurnal cycling conditions, since hydrolysis was not a factor (Fig. 2-13f). This was further
confirmed by modeling CS2 hydrolysis at 5, 20, and 30°C (see Section. 2.3.5. for modeling details)
which did not affect CSz loss. However, the extent of CS2 formation varied after each diurnal
cycling phase and is hypothesized to lead to two important points. First, the data between 30 and
20°C began to converge in phase Il (Fig. 2-13f). This trend seemed to indicate that at 30°C, CS2

formation began to reach a maximum level where all available precursors were consumed due to
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high formation rates. Within phase Il, the CSz concentrations at 5 and especially 30°C also
increased (Fig. 2-13f), again seeming to indicate that light was only needed in phase | to trigger

CS; formation.

2.5 Conclusions

The aim of this study was to investigate how the presence of sunlight, simulated diurnal cycling
(light-dark-light) and temperature affected the formation of COS and CS:z in natural waters. These
effects were assessed with three different natural waters ranging from freshwater to seawater. The
results indicated that COS and CS: formation increased up to 11x and 4x with cysteine,
respectively, after 12 h of sunlight while diurnal cycling exhibited varied effects. Also, COS and
CS2 formed at lower degree with DMS than cysteine. During diurnal cycling, COS formation
followed an interesting trend where its concentration increased, decreased, and then increased
during phase I (light), 11 (dark), and 111 (light), respectively. The kinetics of COS and CS: formation
were found to be substantially different during phase 11 (dark), where COS formation dramatically
decreased while CSz formation kept increasing. This difference was attributed to the strong effect
of hydrolysis on COS loss in the dark which outcompeted its dark formation. However, the effect
of hydrolysis on the loss of CS: in the dark was negligible.

Additionally, COS and CSz formation were highly influenced by temperature. Specifically, the
COS formation with cysteine following diurnal cycling was greater at 20°C than 5 and 30°C by
1.4-1.9x within all three phases. Interestingly, temperature exhibited different results with CS2
where its formation with cysteine increased with increasing temperature. This difference can be
attributed to the dual role of temperature which simultaneously affected the rates of COS formation

and hydrolysis. It is noteworthy that the CS2 hydrolysis was not affected by temperature.
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CHAPTER 3. ROLE OF ORGANIC SULFUR PRECURSORS AND
WATER QUALITY CONSTITUENTS ON PHOTOCHEMICAL
FORMATION OF COS AND CS2

A version of this chapter has been previously published in Environmental Science and
Technology Journal.

Modiri Gharehveran, M.; Shah, A. D. Indirect Photochemical Formation of Carbonyl Sulfide and
Carbon Disulfide in Natural Waters: Role of Organic Sulfur Precursors, Water Quality
Constituents, and Temperature. Environ. Sci. Technol. 2018, 52 (16), 9108-9117.

DOI: 10.1021/acs.est.8b01618

3.1 Abstract

This chapter evaluated how different organic sulfur precursors and water quality constituents,
which can form important reactive intermediates (RIs) affected COS and CS2 formation. Nine
natural waters ranging in salinity were spiked with cysteine, cystine, dimethylsulfide (DMS) or
methionine and exposed to simulated sunlight over 4 h under varied water quality conditions. COS
and CSz formation were strongly affected by the DOC concentration, organic sulfur precursor type,

and Oz concentration while salinity differences and CO addition did not play a significant role.

3.2 Introduction

This chapter evaluated the role of different organic sulfur precursors and water quality
constituents on forming COS and CSz in the presence of sunlight. Nine natural waters ranging
from freshwater to seawater were evaluated. Selected waters were spiked with 14uM cysteine
(thiol), cystine ( a disulfide formed via thiol oxidation by 02,0z, *OH?), DMS (thioether), or
methionine (thioether) and were also varied in dissolved Oz, ClI-, and CO concentrations at a fixed

sunlight exposure dose. Overall, this study helped identify the key factors and reaction mechanisms



57

involved in generating COS and CS:2 in natural waters with sunlight, which may ultimately control

the concentrations emitted into the atmosphere.

3.3 Material and Methods
3.3.1 Description of standards, reagents, and stock preparation

The standards, reagents and stocks used were identical to those in chapter 2. In addition, cystine
and methionine were purchased at > 97% purity from Sigma Aldrich. Suwannee River Fulvic Acid
(SRFA) was purchased from the International Humic Substances Society (IHSS). The SRFA stock
solution was prepared by adding 4.5 mg SRFA to 10 ml of purified water. The final stock
concentration was 237 mg-C/L based on the elemental percentage of C reported by IHSS. CO was
purchased as calibration gas standards at 10 ppm (mol/mol) in N2 from Gasco. CO stock solutions
were prepared by first creating a CO stock in the gas phase (8%voi CO). Synthetic water (2 mL)

was then injected into this gas phase, which was left overnight at 4°C to create a liquid stock.

3.3.2 Natural water samples

The natural waters used for this study were identical to those in chapter 2.

3.3.3 Experimental procedure

Characterization of photochemical reactors, the sunlight intensity measurement and pathlength
determination

A solar simulator (OAI Tri-Sol; AM 1.5G filter), identical to the one used in chapter 2, was
used to simulate collimated sunlight. The reactors contained various types of synthetic solutions
with no headspace and were placed below the sunlight beam under constant mixing and
temperature conditions (20+1°C). The reactors used in these experiments was identical to those
described in chapter 2. The sunlight intensity from the solar simulator (OAI Tri-Sol) and the

average path length were measured similar to the conditions described in chapter 2.
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Single exposure dose experiments

Experiments were performed at one exposure dose of 4 h at 20°C following a procedure similar
to the kinetic experiments in chapter 2, except for the following changes which evaluated the effect
of: (i) organic sulfur precursor type where cysteine, cystine, DMS, or methionine (all at 14 puM)
were spiked into the LA-B1 water, (ii) water type where all nine waters were spiked with cysteine
or DMS, (iii) dissolved O2, by irradiating a LA-B1 water that was either purged with N2 for 10
min or left as is where the [O2]o = 8.9 mg/L at 20°C since these waters were left in equilibrium
with the atmosphere during storage, and (iv) CI°, by varying its concentration for two cysteine-
spiked waters (FL-F and LA-F) from 5- 35 ppt (g/L) (FL-F) and 8-35 ppt (LA-F), where NaClO4
was used as an ionic strength (1S) control, and (v) CO, which was varied from 6.9-20.9 uM in
cysteine-spiked LA-B1 water or synthetic water ([DOCJo = 2.9 mg/L-C SRFA ((equaling the

[DOC]o of the LA-B1 water (Table 2-1)) and pH 8 (phosphate buffer)).

3.3.4 Analytical methods

COS, CSz, DMS, cysteine, methionine, and CO were analyzed as described in Chapter 2.

3.4 Results and Discussion
3.4.1 Comparison between water types

COS and CSz formation from the nine waters tested varied slightly in the dark but varied more
widely in the presence of light, especially when cysteine and DMS were added (Fig. 3-1). For
example, in the dark, all of the waters did not form COS above the DL when not spiked or spiked
with DMS (Fig. 3-1c), while the waters spiked with cysteine formed between 0.3 to 1 nM (0.7 nM
differential) (Fig. 3-1a). Upon irradiation, COS formation widened further between 0.2 to 3.4 nM

(3.2 nM differential) when not spiked while generating 2.5 to 8.5 nM (6.0 nM differential) with
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cysteine (Fig. 3-1a) and 1.5 to 5.2 nM (3.7 nM differential) with DMS (Fig. 3-1c). This general
pattern was similarly repeated for CSz (Fig. 3-1). Overall, these findings indicated that the wider
range of COS and CS2 formed with light were due to the varied photosensitizers present in these
different waters, which were driven by photochemical processes rather than dark ones. This
conclusion was made by assuming that the COS and CS: levels formed from the dark-based
reactions occurred to the same degree during irradiation. This assumption seems especially valid
when cysteine and DMS were present, since the system was not limited by organic sulfur precursor
content.

To then better evaluate the identity of these reactants, COS and CS2 formation were plotted
against different water quality parameters to investigate how they correlated with each other. The
water quality parameters included the initial DOC concentration (Fig. 3-1), UV3eo (Fig. 3-2 and 3-
3), salinity (measured as CI") (Fig. 3-1) and the total carbonate concentration (Fig. 3-2 and 3-3). In
the end, the DOC concentration and UV3seo (the UV3go value serves as a surrogate for the CDOM
content while UV2s4 can estimate the degree of aromaticity in CDOM?) were the only water quality
parameters that correlated with COS and CSa. These effects were especially striking for COS
formation with cysteine and DMS and CS: formation with DMS which increased fairly
consistently with increasing DOC (Fig. 3-1). COS formation also incurred similar trends with
increasing UVseo, although the MA-S water was as an outlier (Fig. 3-2 and 3-3). These findings
suggested that COS, and to a lesser extent CSg, increased in formation due to the: (i) inherent DOS
concentration (factor 1), (i) CDOM-based moieties that are responsible for forming key RIs (e.g.
3DOM*2 and *OH*®) (factor 2), as suggested previously for forming COS and CS»,® and/or (iii)
for COS, functional groups (e.g. carbonyl (-C=0)) that may react with the reduced sulfur

compounds to form COS (factor 3), as suggested previously,®2 since Oz is not likely involved (see



60

later results). The importance and weight of each of these factors remains unknown. However,
factors 2 and/or 3 (for COS only) do appear to play a significant role given that the gap in COS
and CS2 formation between these waters increased when moving from the irradiated non-spiked
waters to the cysteine- and DMS-spiked waters (Fig. 3-1). Thus, by adding cysteine and DMS, the
role of organic sulfur precursors became less limiting, suggesting that the presence of other
reactants, e.g. formed through factors 2 or 3, controlled formation instead.

Moreover, no correlations were observed against salinity (as observed previously for COS®)
(Fig. 3-4) and the carbonate concentration (Fig. 3-2 and 3-3). The results of these correlations do
not necessarily mean that the halide or carbonate species did not affect COS or CS2 by either
quenching key RlIs (e.g. *OH),11%1! forming RIs (e.g. RHS species or COz *),*! or incurring other
effects (e.g. ionic strength!? or heavy atom effects'®). Rather, it indicated that these variables did

not appear to outcompete other factors and control formation.
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Figure 3-1. The effect of different water types on COS and CS: photoproduction for (a,c,e,g) based
on DOC values and (b,d,f,h) based on [CI] values when waters spiked or not spiked with cysteine
or DMS ([cysteine or DMS]o = 14 uM, temperature: 20+1°C, pH: FL-F: 7.8, FL-B1: 8.0, FL-B2:
8.0, FL-B3: 7.9, FL-S: 8.0, LA-F: 8.0, LA-B1: 8.1, LA-B2: 8.17, MA-S: 7.8).
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Figure 3-2.The effect of different water types on COS and CS: photoproduction for (a,b) based
on carbonate values and (c,d) based on absorbance at 360 nm values when waters spiked or not
spiked with cysteine ([cysteine]o = 14 uM, temperature: 20+1 °C, pH: FL-F: 7.8, FL-B1: 8.0, FL-
B2: 8.0, FL-B3: 7.9, FL-S: 8.0, LA-F: 8.0, LA-B1: 8.1, LA-B2: 8.17, MA-S: 7.8).
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Figure 3-3. The effect of different water types on COS and CS: photoproduction for (a,b) based
on carbonate values and (c,d) based on absorbance at 360 nm values when waters spiked or not
spiked with DMS ([DMS], = 14 uM, temperature: 20+1°C, pH: FL-F: 7.8, FL-B1: 8.0, FL-B2: 8.0,
FL-B3: 7.9, FL-S: 8.0, LA-F: 8.0, LA-B1: 8.1, La-B2: 8.17, MA-S: 7.8).

3.4.2 Effect of salinity

Further attempts to elucidate the role of salinity were carried out under a more controlled water
matrix regime where cysteine-spiked low salinity LA-F and FL-F waters were amended with NaCl
or NaClOs (Fig. 3-4). In general, an increase in either NaCl or NaClOx4 led to either no change or
no consistent change in COS and CS: formation trends in these waters (Fig. 3-4), suggesting again
that NaCl does not control COS and CS; formation. It should also be noted that testing the effect

of bromide, which could also produce RHS species (e.g. Br* and Brz™),11%! was not possible due
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to analytical limitations, since bromide cannot be accurately measured by the IC in high chloride-

containing natural waters.'*

10

Figure 3-4. The effect of chloride on COS and CS: photoproduction for (a,b) the FL-F water and
(c,d) the LA-F water spiked with cysteine ([cysteine]o = 14 uM, temperature: 20+1°C, pH: LA-B1:
8.1, FL-F: 7.8). The error bars represent the standard errors for three replicates.
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Along with cysteine and DMS, methionine and cystine were spiked into the LA-B1 water (Fig.

3-5). For COS, the results indicated that the type of precursor added affected formation under both

dark and light conditions. In the dark, only cysteine and cystine formed COS at > DL

concentrations (Fig. 3-5a) (a previous study also observed no COS formation with methionine’).
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With light, COS decreased in formation according the following order where cysteine (3.9 nM) >
cystine (1.8 nM) > DMS (1.5 nM) > methionine (0.92 nM) (Fig. 3-5a). This trend was not solely
due to the dark controls since the dark values were then subtracted from the light-generated COS,
where the net formation again following the order of where cysteine (2.4 nM) > cystine (1.6 nM)
> DMS (1.5 nM) > methionine (0.92 nM) (Fig. 3-5a). Two studies also found that cysteine >
methionine by 2.8-3:1 (cysteine: methionine) when forming COS®!!. Alternatively, CS2 formation,
while similarly matching COS in terms of its dark formation (only cysteine led to > DL
concentrations (Fig. 3-5b)), behaved differently with different precursors with light (Fig. 3-5b). In
this case, CS2 decreased in formation where cysteine (0.62 nM) > cystine (0.4 nM) > methionine
(0.23 nM) > DMS (< DL) (Fig. 3-5b) but this order slightly changed for net formation where
cystine (0.38 nM) > cysteine (0.32 nM) > DMS (0.17 nM) > methionine (< DL) (Fig. 3-5b). Other
studies observed that CS2: (i) qualitatively formed from cystine®®, (ii) did not form ° or formed at
1-4 nM with methionine ©, or (iii) decreased according to cysteine > methionine 8. In parallel, no
methionine decay was observed over time, unlike cysteine and DMS (Fig. 3-5).

Overall, these trends indicated that organic sulfur precursor type impacted COS and CS2
formation, but their sequences for net formation were not identical (thiols > disulfides > thioethers
for COS and disulfides > thiols > thioethers for CS2). In both cases, the thiol (cysteine) consistently
generated greater levels of COS and CS: than the thioethers (DMS and methionine), but the
disulfide (cystine) formed higher levels of CS2 than the other precursors. Different functional
groups adjacent to the sulfur atom thus appear to alter COS and CS: formation. These functional
groups are not directly linked to S oxidation number since the sulfur oxidation states for COS and

CSz are -2 which is the same for cysteine, methionine, and DMS and in fact lower than cystine
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(sulfur oxidation state of -1).2° Instead, these patterns are controlled by a more complex set of

reaction mechanisms (see later sections).
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Figure 3-5. COS and CS:2 formation when exposed to (a,b) different organic sulfur precursors
(([cysteine]o = [cystine]o = [DMS]o = [methionine]o = 14 uM) with the LA-B1 water, (c,d) when
amended with Oz for the LA-B1 water, and (e,f) when amended with CO for the LA-B1 and
synthetic water (temperature: 20+1 °C, pH of LA-B1= 8.1, pH of synthetic water = 8.15), [CO]o=
6.9 uM, [COJo= 11.3 uM, [COJo= 20.9 uM. The error bars represent the standard errors for three
replicates.
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3.4.4 Role of O

The presence of Oz ([Oz2]o = 8.9 mg/L at 20°C) inhibited COS and CSz formation under both
dark and light conditions in the no spike and cysteine-, DMS-, methionine-, and cystine- spiked
LA-B1 water (Fig. 3-5). This effect was especially dramatic with light where the presence of O2
decreased COS by 0.2x with no precursor added but decreased by 0.3, 0.6, 0.6, and 0.9% with
cysteine, cystine, DMS, or methionine, respectively (Fig. 3-5c). For methionine, the decrease
observed with Oz was considerably lower than that observed without the precursor (Fig. 3-5c).
This result indicated that O2 quenched methionine or the intermediates generated from it to some
extent, although this likely occurred to a small degree since no observable % methionine loss
occurred with Oz (Fig. 3-5¢). Previously, studies found that O either decreased®! or increased
COS formation,® but they used a 254 nm light source®®. O2 also decreased CS: levels to < DL, <
DL, and by 0.25x for cysteine, cystine, or methionine, respectively (Fig. 3-5d), as observed
previously (CS2 decreased by 0.13x with Oz in a no-spike natural water)®. Overall, O2 is believed
to deter COS and CS: formation by directly reacting with the organic sulfur precursor to form
various oxidized by-products instead® and by potentially quenching potential key RIs such as
3DOM",® and carbon-centered radicals*’ as well as sulfur-centered radicals®. This former effect
also matched the organic sulfur precursor loss where cysteine and DMS decayed to a greater extent
by > 60% and 80%, respectively, with Oz (Fig. 3-5c) than without O2. Thus, Oz does not appear to
be directly involved in forming the COS and CSz, but more likely appears to be indirectly involved
by quenching the various reactants involved in their formation. For COS, this is opposite to a
previously proposed mechanism, although no direct experimental evidence was provided in this

case to support it.5
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3.45 Roleof CO

COS and CS2 concentrations remained relatively unchanged and exhibited no trend when
amending CO to the cysteine-spiked LA-B1 or cysteine-spiked synthetic water (Fig. 3-5). These
results were expected for CS:z since no oxygen is needed but less expected for COS, which was
proposed to form when thiols react with CO.8 Interestingly, a former study did find that the CO
concentration simultaneously decreased with increasing COS formation in a cysteine-spiked
natural water’. However, this study further proposed that this correlation was not due to having
CO serve as a reactant for COS, but instead having it serve as a competing product from a common
precursor’. One precursor tested was acetylacetonate which reacted with bisulfide to form both

CO and COS.” Our results further support the claim that CO is not involved in COS formation.

3.4.6 Proposed mechanisms

Based on these results, several photochemical and dark pathways for COS and CSz formation
have been proposed that depend on the structure of the organic sulfur precursor (Scheme 3-1). The
photochemical reactions are: (i) not expected to involve Oz or CO, (ii) likely involve DOM-based
moieties, which are predicted to form key RlIs (e.g. SDOM™)) and for COS, contribute oxygen, and
(iii) less likely involve halides or carbonate species.

Cysteine: Cysteine is hypothesized to form considerable levels COS and CSz, as compared to
the other precursors, through several steps which involve either the thiol (-SH) or thiolate (R-S°)
moieties, given that its pKa of 8.4 falls within the pH range of the waters tested (Table 2-1). In
fact, the thiolate moiety is expected to be more reactive than the thiol since R-S is a better
nucleophile than SH.'® Both the thiol and thiolate are then expected to undergo one electron
transfer with RIs potentially including 3DOM*, *OH, or ROQ*, as observed previously in

biological matrices,'8 to form R-S* (Scheme 3-1). Notably, the thiol may also undergo hydrogen
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abstraction by the RI, as observed previously with 3DOM* and *OH (Scheme 3-1), 8 and
especially in low Oz environments® (Scheme 3-1). Hydrogen abstraction has been shown to either
form R-S* or a carbon centered radical (-*C* ) by attacking the S-H or °C-H moiety,
respectively-.1®2122 «C* js predicted to form more readily than R-S" since the C-H bond exhibits a
lower bond dissociation energy than the S-H bond.'° Although, they can convert back and forth by
rearranging via hydrogen transfer (Scheme 3-1).2 After these radicals are formed, COS is
proposed to form through some sequence of: (i) hydrogen abstraction, (ii) disproportionation,
which is known to occur in peptides containing cysteine,?* and/or (iii) p-cleavage? (Scheme 3-1).
Within this sequence, oxygen also becomes bonded to carbon through some unknown steps but
which likely include attack by various DOM-derived oxygen based radicals (e.g. *OH, RO®, ROQO¢,
and R-C*(0)") (Scheme 3-1).

CSzisalso likely generated from the -*C" or R-S" radicals but where different steps are required
to form a S-C-S linkage and then generate CSz. One possibility is that the -*C" and/or R-S" radicals
undergo some sequence of reactions involving: (i) reaction with each other to form a S-C bond, as
previously proposed,® (ii) hydrogen abstraction, (iii) disproportionation and/or (iv) p-cleavage
(Scheme 3-1). A second possibility is that the thioaldehyde (-C(S)HR1) moiety, generated via the
COS pathway, undergoes nucleophilic attack by another cysteine thiolate moiety (R-S°), as also
observed in multiple cysteine-containing peptide chains?*, to form the S-C-S bond. Following this,
it becomes less evident how the S-C-S linkage then forms CSz. Clearly, several bonds need to be
cleaved, but this is not hypothesized to occur by radical pathways induced by RIs since this is not
supported by the CS2 diurnal cycling results. Instead, some long-lasting intermediate is involved
(e.g., (R-S)) (Scheme 3-1), but further research is required to confirm its identity. In addition, it

should be noted that CS2 has been observed to react with *OH in the aqueous phase to form COS.?°
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However, the linear formation of CS2 during diurnal cycling and the fact that CS2 formation after
12 h light exposure and 12 h of diurnal cycling closely matched each other (Fig. 2-14b) indicated
that this was not likely the dominate route for forming COS.

Moreover, in the dark, cysteine is hypothesized to form COS and CS2 via two possible routes
where: (i) R-S" is generated through metal-catalyzed auto-oxidation.?® Trace concentrations of
metals are expected in these waters, even though < DL concentrations of Cu, Pb, Hg were
measured (Table 2-1) or (ii) through other pathways, since cysteine can react with DOM in the
dark.2™2°

Cystine: Cystine is believed to form COS and CS: through two major proposed pathways.
The first pathway suggests that its C-S bond can undergo homolytic bond cleavage when reacting
with various sensitizers (e.g. n, n* and m, n* type- DOM* sensitizers) to form the RSS'
intermediate, as similarly observed for other disulfides®. In the second pathway, cystine could
react with 3DOM* through a one electron transfer to form the disulfide radical anion, RSSR™,
which is known to readily dissociate and form R-S-, and R-S".18223! Once R-S” and R-S" are formed,
pathways similar to cysteine would be adopted. Both proposed pathways support the fact that
cystine formed greater levels of CSz than other precursors, since the two reactive S moieties formed
from one cystine molecule would be in close proximity to each other.

DMS and Methionine: The mechanisms driving DMS and methionine to form COS and CSz
are less clear, although their attached methyl groups and the absence of R-S™ implies that forming
R-S" is more difficult. This is especially true if R-S" is formed through homolytic bond cleavage,
where DMS and methionine would generate less stable radicals as compared to cystine®.
Alternatively, hydrogen abstraction could occur at the C-H bond adjacent to the sulfur group,?

leading to a carbon centered radical. In addition, methionine has previously been reported to react
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with 3DOM* to form a sulfur centered radical cation, R-S™*.%* More detailed investigations are

needed to assess how the carbon centered radical and/or R-S™* would then form COS or CS..



Scheme 3-1. Proposed mechanisms for COS and CS2 formation during indirect photolysis of cysteine, cystine, methionine, and DMS.
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3.5 Conclusions

Since COS and CS2 formation were found to be enhanced in the presence of sunlight, the aim
of this study was to evaluate how different water quality parameters, type of organic sulfur
precursors and O affected their indirect photochemical formation with natural waters in the
presence of light. These effects were assessed with nine different natural waters ranging from
freshwater to seawater. The results indicated the type of natural waters affected COS and CS2
formation slightly in the dark while this effect was stronger in the presence of light specially when
cysteine and DMS were added to solutions. However, among all water quality constituents, the
DOC concentration and UVsso were the only water quality parameters that correlated with COS
and CSa. In a further attempt, the effect of salinity was also tested by spiking some of the natural
waters with NaCl, where the results indicated that the formation of COS and CS2 were not
influenced by salinity. Alternatively, their formation was highly dependent on the type of organic
sulfur precursors. Specifically, the net COS formation followed the order of cysteine (2.4 nM) >
cystine (1.6 nM) > DMS (1.5 nM) > methionine (0.92 nM), and the net formation of CS: followed
the order of cystine (0.38 nM) > cysteine (0.32 nM) > DMS (0.17 nM) > methionine (< DL). This
implied that, while the type of organic sulfur precursor impacted COS and CS: formation, their
sequences for net formation were not identical (thiols > disulfides > thioethers for COS and
disulfides > thiols > thioethers for CSz). Additionally, the COS and CSz formation were both
hampered with Oz under both dark and light conditions with all organic sulfur precursors tested.
For example, the COS formation decreased by 0.3, 0.6, 0.6, and 0.9x with cysteine, cystine, DMS,
or methionine, respectively. Oz also decreased CS: levels to < DL, < DL, and by 0.25x% for cysteine,
cystine, or methionine, respectively. Furthermore, COS and CS: formation did not change upon
addition of CO to the system, which implied that CO is not involved in COS formation pathways.

Lastly, given these results, several photochemical and dark pathways for COS and CS2 formation
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were also proposed for each organic sulfur precursors. These proposed pathways appeared to

depend on the structure of the organic sulfur precursors and did not include CO, Oz, halides or

carbonate radicals.
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CHAPTER 4. INFLUENCE OF DOM ON COS AND CS; FORMATION
FROM CYSTEINE DURING SUNLIGHT PHOTOLYSIS

4.1 Abstract

The role of DOM type and concentration on COS and CS:2 formation with cysteine was
assessed. Cysteine (14 uM) and one type of DOM isolate (5 mg-C/L) were spiked into buffered
synthetic water at pH 8.3. Five different types of DOM isolates were chosen ranging from
freshwater to ocean water. These isolates included two freshwater isolates, Suwanee River fulvic
acid (SRFA) and Aldrich humic acid, a river DOM isolate (Altamaha River, GA), and two ocean
water isolates (Gulf Stream in the Atlantic Ocean). These solutions were exposed to simulated
sunlight for up to 4 h. Surprisingly, CS2 was not formed under any conditions with any type of
DOM which was ascribed to the complexity of natural waters which formed a host of RIs when
compared to the synthetic solutions with DOM isolates. However, the presence of DOM enhanced
COS formation while increasing DOM concentration had a reverse effect on COS formation. The
role of Reactive Intermediates (RIs) such as 3DOM* and *OH was also investigated by adding
selective quenching agents. Results indicated that, with isopropanol, an efficient *OH scavenger,
COS formation was not affected. Whereas, with 3DOM* quenching agents, COS formation
decreased but this was highly dependent on the type of quenching agent added. For example,
adding phenol did not influence COS formation, the presence of trimethylphenol, sorbic acid and
Oz dramatically decreased its concentration during 4 h irradiation. Treating DOM isolates with
sodium borohydride to reduce ketone/aldehydes to corresponding alcohols, increased COS

formation.
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4.2 Introduction

DOM is an important substrate to explore in detail since it generates a host of Rls (e.g., triplet
states of dissolved organic matter ((DOM*) and hydroxyl radicals (*OH)) when exposed to
sunlight in natural waters.! However, the formation of such RIs is highly dependent on the type of
DOM involved and its chemical composition. Notably, the differences in chemical composition
result in various optical properties (i.e., absorbance and fluorescence) of DOM, which can be
measured by different analytical tools.>* Thus, these optical measurements can be directly
correlated to the formation of different RIs. For example, autochthonous DOM, which originates
through microbial activity, has been found to have lower absorbance at the longer wavelength
which may lead to greater values of E2/Es (the ratio of the absorbance values at 250 nm and 365
nm) compared to allochthonous DOM which is derived from terrestrial sources.® In other words,
the absorbance at longer wavelength is associated with charge transfer interaction between singlet
electronic ground state phenolic electron donors and excited triplet state aromatic ketone/quinone
acceptors.® The lower absorbance at the longer wavelength or higher E2/Es value implies the lower
fractional content of phenols in comparison to aromatic ketone sensitizers which may lead to lower
extent of charge transfer interactions, thus higher RIs formation.”~° It has been shown that charge
transfer interactions hamper the formation of RIs (e.g., *DOM*) by de-activating :DOM* and
reducing its chance to form 3DOM™* through intersystem crossing.>'! While aromatic
ketone/quinone groups have been reported to be involved in the photochemical production of
Rls,*® phenolic moieties are most likely quenching the RIs'2*3, In a previous study,* it was found
that the formation of the Rls (e.g., SDOM*) were directly correlated to E2/Es values while the
quenching rates of Rls (e.g., 3DOM*) were inversely correlated with E2/Es values.'® This implies
that while allochthonous DOM likely has more quenching capacity than autochthonous DOM, the

latter one has more RIs forming capacity.
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The indirect photochemical formation of COS and CS2 has been observed in different natural
waters, 21520 [ikely containing different DOM types and concentrations, with different organic
sulfur precursors such as cysteine.?*?2 For example, in our previous study,® COS and CS:
formation were evaluated in nine different natural waters which ranged in DOM concentration
from 2.9-16.5 mg-C/L. While it was found that COS and CS2 formation was correlated to DOC
concentration, it was hard to investigate how DOM type/concentration specifically matters since
natural waters are more complex mixtures. Overall, the presence of DOM is expected to enhance
the COS and CS: formation by forming different RIs which can react with organic sulfur
precursors1-2°, However, no known studies have tried to investigate the effect of DOM
type/concentration or specifically the role of RIs on COS and CS: formation.

In order to further elucidate the RIs involved, studies have also used probe compounds and
quenching agents.>!316.2324 The quenching agents can selectively react with target Rls to remove
them from the system which helps to assess the importance of missing RIs. Therefore, different
quenching agents are used in this study in order to evaluate the importance of selective Rls in COS
and CS; formation. For example, isopropanol is used to primarily quench *OH?*2” while phenol,
trimethylphenol, sorbic acid, and O2 are used to primarily quench 3DOM™ 11628 These compounds
can quench 3DOM* with different reaction rates and through different mechanisms, including
energy transfer (e.g. with sorbic acid and O2) or oxidation (e.g. with phenol and trimethylphenol).
The reaction rates of these quenching agents with reactive intermediates such as *OH and *DOM”

are listed in Table 4-1.
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Table 4-1. The scavenging reaction rates of quenching agents with «OH and *DOM”

Quenching agent «OH SDOM™ (M 1sh
Isopropanol 43+13x100M1sh? -
Phenol (0.841 +0.042 x10710 M1 g1y 30 4x10% (pH 8) %
(9.75 £ 0.98 x10°® L molecule™! s7!) 3!
Trimethylphenol or 43 x10® (pH 10) '°
(1.61 £0.16 x103! M1 s1) 3!
Sorbic acid - (4.4+4.29 x10%) !
02 - (2 x10°) !

Given this information, there is a lack of clarity related to how DOM and its resulting RIs
affect COS and CSz formation. This study was intended to address this scientific gap by answering
three major questions: (i) how do different types and concentrations of DOM affect COS and CS:
formation, (ii) if DOM does play an important role, what are the contributions of different RIs in
forming COS and CSz, and (iii) how does the role of DOM compare to the role of the organic
sulfur compound precursor, such as cysteine, in forming COS and CS2, when assessed as a function
of concentration or speciation? To address these questions, five different DOM isolates ranging
from freshwater to seawater were evaluated. Synthetic solutions containing cysteine and one DOM
isolate over varied concentrations were exposed to simulated sunlight for 4 h. Certain solutions
were amended with isopropanol, phenol, trimethylphenol, sorbic acid, or Oz to selectively quench
3DOM™* or *OH. In addition, NaBH4 was used to selectively reduce ketones to their corresponding
alcohols to assess if the Rls derived from ketones were involved in COS and CS: formation. The
results indicated that CSz did not form above the DL under any condition with any type of the
DOM isolate tested. However, the presence of DOM at any concentrations enhanced COS
formation with cysteine under sunlight, where DOM was found to be the limiting reactant rather
than cysteine. However, higher concentrations of DOM inhibited COS formation. While *OH was

not suggested to be involved in COS formation, *DOM* seemed to be the major contributing RI.
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Finally, this study suggested that DOM can enhance COS formation in the presence of cysteine by
forming RIs, especially 3DOM*; however, for the formation of CSz, the presence of other water

quality constituents seemed necessary, as happened in natural waters.

4.3 Materials and Methods
4.3.1 Description of standards, reagents, and stock preparation

In addition to the standards and reagents used in Chapter 2 and 3, other reagents used in these
experiments included: sodium borohydride (NaBHa), sephadex G-10, phenol, trimethylphenol and
sorbic acid (HDA), which were purchased at > 97% purity from Sigma Aldrich. NaBHa was stored
under inert gas (N2) condition immediately after it was purchased. Isopropanol was purchased from
Alfa Aesar. Tris buffer was purchased from Roche Diagnostics. Humic acid was purchased from
Aldrich. Overall, these and other chemicals were purchased at reagent grade or higher.

The stock solutions of cysteine and Suwanee River fulvic acid (SRFA) were prepared in the
same way as described in Chapter 2 and 3, respectively. In addition, the humic acid stock solution
was prepared by adding 10 mg of humic acid to 100 ml of purified water. The final humic acid
stock solution concentration of 42.3 mg-C/L was measured by a TOC-V Shimadzu Total Organic
Carbon Analyzer. The phenol and trimethylphenol stock solutions were prepared by adding known
amounts of phenol and trimethylphenol to 20% ACN/80% water, respectively. The sorbic acid

stock solution was prepared by adding known amount of sorbic acid to ACN.

4.3.2 Collection, characterization and modification of different DOM isolates

Five different DOM isolates were assessed from sources ranging from freshwater to ocean
water. Two of these isolates, humic acid and SRFA, were purchased commercially (as noted

above). The three remaining isolates were collected in 2013 by Dr. Perdue (Ball State University,
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Indiana) either from the Altamaha River or the Gulf Stream within and off the eastern coast of the
US, respectively. The specific sampling sites of these waters are shown in Fig. 4-1. These isolates
were chosen to test because they were already collected and were available. So, there was no

rationale for selection of the sampling sites.
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Figure 4-1. The location of sampling sites for: (a) Altamaha and (b) gulf stream isolates (ocean
DOM-I and ocean DOM-I1)3L. The right map is similar to the one used by a previous study and
thus adopted from a picture provided in it.3

Once collected, these sampled waters were treated by reverse osmosis—electrodialysis to remove
salts and also to reduce the water volume.3? These samples were then stored at -20°C until they
were transported to Purdue in one day, where they were again stored in the dark at -20°C before
use. The total organic carbon content of these isolates was measured using a TOC-V Shimadzu
Total Organic Carbon Analyzer.

In general, these isolates represented freshwater to open ocean DOM types, where: (i) SRFA
and humid acid, the latter of which is typically derived from vegetable soil, peat, and/or soft coal,
represented freshwater DOM, (ii) the sample from the Altamaha river represented freshwater to
brackish water DOM (henceforth labeled as “Altamaha DOM?”), and (iii) samples from the Gulf
Stream represented open ocean DOM (henceforth labeled as “Ocean DOM-I” and “Ocean DOM-

IT). Several optical characteristics of these isolates were also measured including: (i) absorbance
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spectra from 200-800 nm (Shimadzu UV-VIS spectrophotometer) and (ii) fluorescence spectra at
an excitation wavelength range of 229-700 nm (Aexcitation) and an emission wavelength range of
242-824 nm (Aemission) (Measured using an Aqualog fluorometer (Horiba Scientific) by Ethan Hain
and Lee Blaney at the University of Maryland, Baltimore County (UMBC)).

In addition, these DOM isolates were further modified using sodium borohydride (NaBHa4),
which was used to reduce ketone and aldehyde functional groups to their corresponding alcohols.
This procedure was undertaken in order to investigate if ketone- and aldehyde containing
sensitizers were important precursors in forming COS and CSz. This reduction was performed by
following a modified procedure provided in previously reported methods.®3*3* Briefly, known
concentrations of different DOM isolates were transferred to 20 ml vials and were purged with N2
for 30 min. The vials were immediately capped after purging and transferred into the glove box
where NaBH4 was added to the DOM-containing solutions at a 30:1 NaBH4:DOC mass ratio. The
vials were then capped and allowed to react in the dark for up to 24 h. The pH values of the samples
were also measured prior to and following the 24 h reduction where the pH increased from 6.7-8.7
to ~ 10, respectively. To readjust the pH back to the stocks’ original pH values (6.7-8.7) and ensure
complete removal of excess NaBHa, the samples were then passed through a small G-10 packed
size-exclusion column (1 x 10 cm, equilibrated with Milli-Q water). In some cases, a small amount
of phosphoric acid was used to further adjust the pH after samples went through the column. At
different reaction times (2,4, and 24 h) of NaBH4 treatment, the UV absorbance (200-800 nm) of
these solutions was also measured and was compared to its original pre-treatment value. The UV
absorbance was used to validate if the ketone and aldehyde moieties of these DOM isolates were
reduced since previous literature has shown that NaBH4 reduction of DOM creates a preferential

loss of visible absorption and enhanced, blue-shifted fluorescence emission.>® When the UV
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absorbance was assessed after 2, 4, and 24 h, a decrease in absorbance was observed at 2 h and it
stayed at same levels for 24 h, where it was assumed that the reaction was complete. The final UV
absorbance values of treated DOM isolates (24 h) were then compared to original absorbance
values before treating the DOM isolates (Fig. 4-2). While this loss was more significant in certain
cases like humic acid and SRFA (Fig. 4-2a and b), with other DOM isolates, the effect was minor
(Fig. 4-2c, d and e). A similar effect was seen by previous literature when treating humic acid with

NaBH4.2? These modified DOM stock solutions were then immediately used for the irradiation.
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Figure 4-2. Effect of sodium borohydride treatment on DOM absorbance spectra

4.3.3 Photochemical reactor setup

The solar simulator (OAIl Tri-Sol; AM 1.5G filter), photochemical reactors and the

experimental conditions were identical to those described in previous chapters.

4.3.4 Experimental procedure

Kinetic experiments were performed using synthetic solutions that contained 14 uM cysteine,
and one DOM isolate (humic acid, SRFA, Altamaha DOM, ocean DOM-I, or ocean DOM-II).
These synthetic solutions were also buffered at pH 8.3 (a relevant pH at natural waters) with 10
mM tris buffer and were initially purged with N2 for 30 min to remove dissolved O2. These
solutions (11 mL) were then placed into the reactors and either left in the dark or exposed to

simulated sunlight over 4 h. These experiments were then repeated, where each DOM isolate was
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instead pre-treated with NaBH4.  Additional experiments were also performed in which solutions
varied in: (i) DOM concentration (0.5-20 mg-C/L), (ii) cysteine concentration (1- 100 uM), and
(iii) pH ( pH 7 to 10 using tris buffer). Certain solutions were also: (i) amended with isopropanol
(10 mM), (ii) phenol (1 mM), (iii) trimethylphenol (0.125 mM), (iv) sorbic acid (0.5 mM), or (v)
Oz2 (in this case, the waters were not purged with N2 but were left as is where the [Oz2]o = 8.9 mg/L
at 20°C since the DOM isolates were left in equilibrium with the atmosphere during storage).
Isopropanol was used to primarily scavenge *OH whereas phenol, trimethylphenol, sorbic acid,

and O2 were used to primarily scavenge *DOM” (Table 4-1).

4.3.5 Analytical methods

COS and CS2 were analyzed by headspace GC-MS (Agilent 6420), as described in Chapter 2.

4.4 Results and Discussion
441 Characterization of DOM

Two important optical properties of the DOM isolates were measured including the absorbance
(Fig. Al in Appendix) and Fluorescence Emission Excitation Matrices (EEMSs) spectra (Fig. A2
in Appendix). From these figures, various spectral metrics were extracted. Several of these
parameters were not important in COS and CS: formation and thus are included in text Al in
appendix. These parameters included the absolute absorbance or fluorescence intensity at a
specific wavelength, ratios of different wavelengths, carbon-normalization of optical properties,
and the slopes across specific regions of the optical spectrum were also calculated based on
previously described methods®®?” and are summarized in text Al. However, among these
parameters, the fluorescence index (FI) and the ratio of the absorbance values at 250 nm (E2) and

365 nm (Es) (=E2/Es) (table 4-2) were found to be most relevant for understanding the
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photochemical processes behind COS and CS2 formation. The fluorescence index (FI) is defined
as the ratio of the fluorescence intensity at 450 nm to that at 500 nm when excited at 370 nm.3"%
Fluorescence index represents the level of the aromaticity of the source of the organic material,
which is defined as the % of sp>-hybridized carbon atom which can be determined by 13C-NMR
[nuclear magnetic resonance].®” This suggests that FI can serve as a surrogate for the general
structural features of the carbon skeleton which have been found to be related to the organic
materials of different sources. Given this, FI is typically used to distinguish the source of DOM,
with lower values suggesting terrestrial sources and higher values suggesting microbial
sources.”*® For the DOM isolates evaluated in this study, humic acid had the lowest FI value,
indicating that it was the most terrestrial DOM while Ocean DOM-I had the highest FI value,
indicating that it was the least terrestrial and most microbial-based DOM (Table 4-2). Overall, the
FI values decreased for the DOM isolates such that ocean DOM-I > ocean DOM-II > Altamaha
DOM > SRFA > humic acid (Table 4-2). The other index, E2/Es, has often been used as an indicator
for the average molecular size of DOM, whose value is inversely proportional to size.* The
molecular weight dependence of this index is believed to stem from an increase in probability of
electronic interactions between different chromophores in larger DOM molecules. Humic acid
exhibited the lowest E2/Es value, indicating that it may have the highest average molecular weight
whereas ocean DOM-I1I had the lowest average molecular weight. Overall, the average molecular
weight decreased for the DOM isolates such that humic acid > Altamaha DOM> SRFA> ocean

DOM-I> ocean DOM-II (Table 4-2).
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Table 4-2. The fluorescence index (FI) and E2/Es values for DOM
isolates, calculated based on previously described methods. 3¢

Sample ::nlg:;escence E2:Es
Humic acid 1.00 2.62
SRFA 1.38 5.24
Altamaha DOM | 1.48 5.12
Ocean DOM-1 | 1.80 541
Ocean DOM-II | 1.65 9.80

4.4.2 COS and CS, formation from different DOM isolates

When cysteine and each type of DOM isolate were added to the reaction solutions, CS2 was
surprisingly not formed under any tested conditions. This result contradicted our previous findings
in chapters 2 and 3, where CS2 was photochemically generated to up to 1.5 nM when nine
different natural waters spiked with cysteine were exposed to simulated sunlight over 4 h.'® This
difference is likely attributed to the fact that the natural waters tested in this previous case were
directly collected from the field with no considerable pre-treatment (waters were only filtered
through a 0.7 um filter). Thus, these waters contained a more complicated matrix of reactive water
constituents (e.g., halides, carbonates, and possibly others). These water constituents can generate
RIs (see egs. 1- 7 in chapter 1), that potentially affected CS2 formation. Also, RIs formed by DOM
were consumed in the pathways forming COS. In this current experimental regime where DOM
isolates were used instead, such additional RIs were not present. Such results indicated that any
RIs generated from DOM did not lead to CS2 formation, which was not the case for COS, as

discussed in the following sections.
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Unlike CSz, COS formation increased when DOM was present. With all five DOM isolates,
COS did not form above the DL in the dark with no cysteine but increased to similar low

concentrations for all DOM isolates with cysteine, ranging between 0.25-0.3 nM after 4 h (Fig. 4-
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Figure 4-3. Effect of DOM type on COS formation ([CYS]= 14 uM, [DOM]=5 mg-C/L, pH=8.3,
temperature= 21£1 °C).

The ability for cysteine to form COS in the dark has been observed in previous studies.}*?® COS
formation then increased with sunlight to a slightly higher level over 4 h with no cysteine while
increasing even further with cysteine to up to 18x higher concentrations (1.2 to 2.4 nM) compared
to dark (Fig. 4-3). Initially, these results suggested that the precursors derived from the inherent
dissolved organic sulfur (DOS) present in these DOM isolates were able to form some degree of
COS. However, COS increased further once cysteine was added. These increased COS levels with
sunlight also matched prior results where COS increased by 1.8-7x,1%182122 in the presence of
sunlight compared to dark. Surprisingly though, these different DOM isolates formed similar
amount of COS (1.2-2.4 nM) which suggested that the RI involved in COS formation possibly
formed at similar quantum yields (®) from these DOM isolates. The RIs that are likely involved
include low-energy triplet states (ET < 250 kJ mol™?) of chromophoric dissolved organic matter
(CDOM), which appear to form at similar quantum yields for a wide range of DOM types®®.

Further support of these RIs serving as the primary candidates for COS formation will also be
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provided by results discussed in later sections. Also, it should be noted that COS formed at very
low yields (<0.01%) from cysteine which implies that there are some other non-COS major
products formed from cysteine as discussed in chapter 2.

Unlike COS formation levels, the kinetics of COS formation were slightly different for
different DOM isolates (Fig. 4-3). Specifically, COS formation from humic acid and Altamaha
DOM followed the same trend, where the COS concentration continuously increased over the 4 h
irradiation time (Fig. 4-3a and c). However, COS formation with SRFA and the ocean DOM
isolates (ocean DOM 1 and Il) decreased after specific time points (Fig. 4-3b, d and €). COS
formation decreased after one hour for SRFA and Ocean DOM-II and after 15 min for ocean DOM-
I (Fig. 4-3b, d and e). These results implied that the formation of COS was limited by the
concentration of RIs which were possibly further consumed by cysteine intermediates or other
DOM-dependent reaction intermediates that formed other major products rather than COS (scheme
4-1, path (I1)).

Scheme 4-1. Proposed mechanisms for consumption of contributing RlIs in COS formation by
other intermediates through non-COS forming pathways

cysteine  + contributing RIs —— COS
& cysteine
intermediates (D) major products

—_—T g
or rather than COS
DOM-dependent
reaction intermediates
Once the RIs were consumed, COS hydrolysis then appeared to outcompete COS formation at
various time points, which resulted in a decrease in its formation. This counter effect seemed more

dominant for SRFA and the ocean DOM isolates (ocean DOM | and 1) than for the other isolates

(Fig. 4-3b, d and e), although it is currently unclear why this is the case.



92

Moreover, it should be noted that kinetics for all of the isolates were considerably different
from those observed with natural waters, where COS formation continuously kept increasing
during irradiation.*>21:2240 For example, in one of these studies, they tested a synthetic seawater
(NE Atlantic seawater) which was firstly spiked with 4.4 uM of cysteine and then 0.5 mg-C/L of
humic acid, and the COS formation increased by 4x in presence of humic acid while following an
increasing trend for the whole irradiation period.? In the same study, COS formation was also
tested with other organic sulfur precursors in the presence of Aldrich humic acid and SRFA, where
COS formation continuously increased over irradiation time but to different degrees. However, it
should be noted that they compared COS formation while using different precursors and natural
water types, NE Atlantic seawater was assessed with sodium glutathione (4.4 uM) and SRFA (0.25
mg-C/L) while North Sea seawater was tested with 3-mercaptopropionic acid (4.4 uM) and humic
acid (0.25 mg-C/L).? In other studies, adding 2.85 and 3.5 mg-C/L SRFA with 10 uM cysteine to
natural waters increased COS formation, following an similar increasing trend, by 7 and 10x,
respectively, compared to no SRFA (pH 8).22 Overall, most of these studies observed a similar
increase in COS formation upon addition of DOM, although they tested natural waters, but the
COS formation kinetics were different than those observed here. This difference in kinetics can be
attributed to the concomitant presence of other RIs in natural waters, which possibly were
quenching the reaction intermediates (e.g., cysteine intermediates) that were consuming the
contributing RIs of COS formation (scheme 4-2, path (111)).

Scheme 4-2. Proposed mechanisms for scavenging of cysteine intermediates by non-contributing
Rls of COS formation in natural waters

cysteine  + _contributing Rls_(_l)> COS

(1)
(II1)

+ cysteine " 3 products
in natural waters intermediates

non-contributing Rls
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These additional RIs were not present in synthetics solutions with DOM isolates. Consequently,
COS formation in DOM isolates were limited by RIs while in natural waters it followed an
increasing trend and the reaction was not likely limited by contributing RIs.

Interestingly, these results, which did not have a strong dependence on DOM type, also differed
from other studies that evaluated organic precursor degradation where DOM type had a strong
effect.>2526 However, these previous studies investigated the organic precursors and not the
products specially the minor products like COS. For example, Sulfadimethoxine was found to
undergo higher photodegradation rates with Pony Lake Fulvic Acid (PLFA) than SRFA.>% This
can be explained through different optical properties of these DOM isolates which lead to different
capacities in forming and quenching RIs (see next section for more details). Similar results were
obtained with sulfadiazine, as its photo-transformation trends for PLFA were found to be
thoroughly different than SRFA, and the rate constants of PLFA were higher than those of SRFA.%
It is possible that similar effects happened with cysteine although it was not possible to observe it
since cysteine was not measured. This was not seen through COS formation since it was a minor
path. This effect was seen with COS formation but only when the effect of DOM concentration

was tested (see later discussions).

4.4.3 Effect of DOM concentration

The results with varying DOC concentration from 0.5 to 20 mg-C/L indicated that increasing
DOM concentration decreased COS formation for most of tested DOM isolates (Fig. 4-4). The
strongest effect was observed for the humic acid and Altamaha DOM isolates whereas the Ocean

DOM-1 also exhibited the same effect but to a slightly lower degree (Fig. 4-4a, ¢ and d).
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Figure 4-4. Effect of DOM concentration on COS formation ([CYS]= 14 uM, pH= 8.3,
temperature=21+1 °C). The grey box shows the general level of dark formation, which was similar
for all scenarios. The stock concentration of ocean DOM-1 was 12.7 mg-C/L and it was not possible
to test 20 mg-C/L.

Overall, this effect is likely attributed to the dual role that DOM has on simultaneously producing
and scavenging RIs.*'21341 In general, DOM can inhibit the degradation process of organic
compounds through three main mechanisms. The first mechanism includes light screening, which
is not of concern in COS formation since the precursor, cysteine, does not absorb sunlight,® and
thus does not compete with DOM in receiving photons. The second mechanism includes

scavenging RIs (egs. 1- 3), as found previously where DOM acted as a scavenger of reactive

species*?** such as *DOM**12, *OH and CO3™*>4¢,

DOM +3DOM* — Products (1)
DOM+ *OH — Products (2)
DOM+ COs™™ — Products (3)

Therefore, higher DOM concentration can inhibit the photoproduction of COS by scavenging the
Rls involved in COS formation, and possibly decreasing cysteine degradation, similar to how it
inhibits the degradation of probe compounds (e.g., trimethylphenol) and organic contaminants.*4?
For example, trimethylphenol oxidation was inhibited by 50-60% when the concentration of
effluent organic matter (EfOM) isolates in the solution increased from 3 to 25 mg-C/L.° This

finding can be applied to the formation of COS from cysteine degradation since both
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trimethylphenol and cysteine can react with 3SDOM*116, Lastly, the third mechanism is related to
the potential for DOM to reduce organic compound reaction intermediates. In this case, the organic
compound can react with an oxidizing radical or/and excited triplet state to form a radical cation
which can be later reduced by DOM to reform the parent compound while generating an oxidized
DOM radical, DOM™ (egs. 4- 5).

P +*DOM* — P™* (4)

P* + DOM — P + DOM™ (5)

It is speculated that such a reversal may similarly happen with the thiolate (R-S°) moiety, which is
the deprotonated form of cysteine. For this proposed reaction, the thiolate (R-S) moiety would
initially react with 3DOM* to form the thiyl radical through electron transfer, which is known to
occur from previous literature®®. The thiyl radical could then accept an electron from another DOM
moiety to reform the thiolate (R-S°) moiety. However, further experiments need to be conducted
to confirm that this reaction sequence occurs. In the end though, both the second and third
mechanisms could possibly hamper cysteine degradation towards forming COS.

It also should be noted that other DOM isolates either exhibited no effect of DOM
concentration (e.g. for Ocean DOM-I) or a fluctuating effect of DOM concentration (e.g. for SRFA)
on COS formation (Fig. 4-4 b and d). Thus, these overall differences observed between the five
isolates can likely be attributed to the RI quenching capacity of each particular organic matter.
This quenching capacity is linked to the source of the DOM resulting from its chemical
composition.* For example, humic acid and Altamaha DOM were found to have more terrestrial
origin (lower FI values, see table 4-2) and more phenolic content than other DOM isolates,

specifically ocean DOM-I, which has been shown to lead to greater Rl quenching capacity.'®* On
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the other hand, Ocean DOM-I had the most microbial content (higher Bl value) which implied a
lower RI quenching capacity.!® In addition, terrestrial DOMs have higher molecular weights
(lower E2:Es values) which are found to have a greater RI quenching capacity.!* Furthermore,
terrestrial DOMs have also more phenolic content than microbial-based DOMs'®, and such
phenolic moieties are also well known to quench RIs such as 3CDOM*11213, One interesting
outlier for all of these results included SRFA, which is considered as a terrestrial-based DOM
isolate. In this case, by increasing the concentration of SRFA from 0.5 to 5 mg-C/L, COS formation
decreased, which implied that a greater percentage of contributing RIs were quenched than were
formed when increasing the DOM concentration (Fig. 4.4b). However, when the DOM
concentration increased from 5 to 20 mg-C/L, COS formation subsequently increased, which
implied that this balance shifted such that a greater level of RIs were generated to form COS rather
than being quenched (Fig. 4.4b). A similar effect has been also observed in a previous study,*
where increasing the concentration of SRFA from 0 to ~5 mg-C/L decreased the steady state
concentration of *SDOM™* while increasing the concentration further up to 40 mg-C/L increased the
steady state concentration of SDOM*.# Currently, it is unclear why SRFA exhibited this switch in
forming and quenching RIs, while other DOM isolates did not exhibit a similar effect. A more
complex set of chemical reactions seems to be taking place with SRFA, and future experiments
are needed to determine why this is the case.

Moreover, this effect of DOM concentration falls in direct contrast to the results observed in
chapters 2 and 3, which have been reported in a previous paper.’® In these chapters, results for nine
different natural waters indicated that COS formation was positively correlated to the waters’
DOM concentrations.'® This difference can be attributed to the fact that two different types of

water matrices were assessed. This study assessed DOM isolates in clean water matrices while the
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former work involved natural waters®®. This difference especially impacted the kinetics of COS
formation for both scenarios, such that with natural waters, the additional RIs involved, as
discussed previously, led to a constant formation of COS over time.™ It is likely that the
concentrations of these additional RIs increased with increasing DOM concentrations, and these

RIs were not present in synthetic solutions with DOM isolates.

4.4.4 Effect of cysteine concentration

Given that the RI concentration is likely the key factor in controlling COS formation, additional
experiments were conducted to confirm that, alternatively, the cysteine concentration was not a
limiting reagent in forming COS under these experimental conditions. It was expected that cysteine
would not limit the reaction, especially since it was added at M concentrations, but to further
prove this, solutions were varied in their initial cysteine concentration (1-100 uM) when one type
of DOM isolate, ocean DOM-II, was added. Results indicated that increasing the concentration of
cysteine slightly increased COS formation in the dark while a greater increase occurred in the
presence of light (Fig. 4-5). Also, the kinetics were slightly affected by increasing the cysteine
concentration. This effect was especially true with 100 uM cysteine where COS formation
continued to increase for 80 min and then subsequently decrease due to COS hydrolysis (Fig. 4-
5). Therefore, the results further supported the fact that COS formation was limited by RIs and not
cysteine since increasing cysteine’s concentration by 100x only increased COS formation by 3x
(Fig. 4-5). In addition, these results also matched results from previous literature*® where the COS
formation increased by 2.5x when cysteine concentration increased from 0 to 2.5 uM.*° However,
the effect of cysteine concentration was investigated only through single dose experiments, and
thus it was not possible to compare the formation kinetics.* Overall, it should be noted that the

presence of cysteine enhanced COS formation even at low formation yields.
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Figure 4-5. Effect of CYS concentration on COS
formation during the sunlight photolysis with ocean
DOM-II ([ocean DOM-II]= 5 mg-C/L, pH= 8.3,
temperature= 21£1 °C)

445 Effect of pH

In addition to the cysteine concentration, the effect of cysteine speciation (pKa = 8.4),%® was
also investigated by adjusting the pH of the reaction solutions between pH 7 to 10. Results
indicated that COS formation was strongly influenced by pH where the highest COS formation
occurred at the lowest pH of 7.0 (Fig. 4-6). However, it was not possible to experimentally assess

whether either cysteine species, the thiol (-SH) or its dissociated form, the thiolate (-S™), led to

greater reactivity, since COS can also undergo base-catalyzed hydrolysis, which is a pH-dependent
process. Here, base-catalyzed hydrolysis can increase with increasing pH, as estimated through its
pseudo-order rate constants of COS with OH™ (kor (M*s™t)x [OH] (M )). As shown in chapter 2,
these rate constants increased from 12.9 x 107, 25.8 x 105, and 12.9 x 10 (s!) when pH increased
from 7, 8.3, and 10, respectively. While the previous literature has found that the thiolate moiety
possibly will be more reactive than the thiol since R-S is a better nucleophile than SH,* it was

difficult to ascertain this effect in COS formation due to the hydrolysis effect.
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Figure 4-6. Effect of pH on COS formation during
the sunlight photolysis of cysteine with ocean DOM-
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temperature= 21£1 °C).

4.4.6 Role of quenching agents
Influence of “OH

Given the important role that the Rls generated from DOM have on forming COS, additional
experiments were conducted to isolate which specific RIs were involved in the reaction pathway.
First, the influence of *OH was evaluated by spiking solutions containing each DOM isolate with
10 mM isopropanol to immediately quench *OH once it was formed in solution (Table 4-1). As
expected, isopropanol addition did not affect COS dark formation. Interestingly, isopropanol
addition also did not affect COS formation with light for most of the DOM isolates (excluding the

Altamaha DOM) (Fig. 4-7), which implied that *OH was not involved in forming COS.
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Figure 4-7. Influence of isopropanol on COS formation ([CYS]= 14 uM, [DOM]=5 mg-C/L, pH=
8.3, temperature= 21+1 °C). The grey box shows the general level of dark formation, which was
similar for all scenarios.

The influence of isopropanol was however different with Altamaha DOM, where adding
isopropanol dramatically increased COS formation (Fig. 4-7c¢). One possibility driving this effect
could be attributed to the presence of other RIs, specifically generated by the Altamaha DOM (eq.
6), which react with cysteine or more likely the cysteine-based intermediates to initiate other non-
COS forming pathways (eq. 7) but that are quenched by isopropanol (eg. 8). This quenching would
then leave cysteine or its intermediates to instead form COS (eq. 9). The ability for isopropanol to
guench other unknown long-lived RIs generated by DOM, aside from *OH, has been previously
suggested when photolyzing SRFA.*° Further research is needed to ascertain what RIs these might

be, that seem specific to Altamaha DOM.

Altamaha CDOM + hv — Rlsspecific to Altamaha (6)
RISspecific to Altamaha + CySteine/cysteine-based intermediates — non-COS products (7)
RISspecific to Altamaha + iSOpropanol — products (8)
cysteine/cysteine-based intermediates + contributing RIs — COS 9)

Influence of 3DOM*
Since *OH was not found to be a key RI involved in forming COS, the influence of SDOM*

was evaluated next by adding various quenching agents that quenched 3DOM* to varying degrees
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and rates (Table 4-1). These quenching agents included phenol?, trimethylphenol?, sorbic acid*
and O2. Initially, each of these quenching agents was added to solutions containing humic acid
(Fig. 4-8a). As expected, these quenching agents did not affect COS formation in the dark (Fig. 4-
8a). However, with light, COS concentrations decreased but did so to varying degrees depending
on the type of quenching agent added (Fig. 4-8a). Phenol then did not have any influence on COS
formation whereas trimethylphenol, sorbic acid and Oz dramatically decreased COS formation by
~60, 60 and 80%, respectively, after 4 h irradiation (Fig. 4-8a). Thus, COS formation decreased in
these solutions according to the following pattern of quenching agents where no quenching agent

~ phenol > sorbic acid =~ trimethylphenol > O2 (Fig. 4-8a).

Humic Acid 4 SRFA 4 Altamaha DOM 4 QOcean DOM-I 4 Ocean DOM-II

No guenching agent

With 1 mM phenol a b c d e
v o e ack 3 3 34 3
@ With O, é Ji7 5 / \ |
Tttt N
Aq-b ~A-A 2{ A R-% 2| AL PR 2 7%%
A% $ $ 45?0 g ‘l o | & é R @/@7@:@:@’$‘$—é | :-@\ N a% :@-tg#iagﬁif’
o / s O N
0220 O.on1 < Ooooolﬁooovéoo 100§\$‘i‘§j§‘f}1f> 00000
o o A R

O B 2 Oy
60 120 180 240 O 60 120 180 240 O 60 120 180 240 O 60 120 180 240 0 60 120 180 240
Time (min) Time (min) Time (min) Time (min) Time (min)

Figure 4-8. Influence of phenol, trimethylphenol (TMP), sorbic acid, and dissolved oxygen on
COS formation ([CYS]= 14 uM, [DOM]= 5 mg-C/L, pH= 8.3, temperature= 21£1 °C). The grey
box shows the general level of dark formation, which was similar for both quenched and non-
quenched samples.

Interestingly, these results suggested that 3DOM* is an important group of Rls involved in
forming COS. The RIs that are likely involved include low-energy triplet states ((DOM*Low-energy,
ET < 250 kJ molt) of CDOM rather than the high-energy triplet states ((DOM*High-energy, ET > 250
kJ molt) of CDOM. This statement is supported by several pieces of evidence, including the fact
that, as noted in section 4.4.2, COS formation was found to be independent of DOM type. This

independent behavior suggests that the responsible R1s form at similar quantum yields for different

DOM isolates. One group of RIs that have shown such behavior include low-energy triplet states
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(Diow-ripler), Where similar quantum yields were found for a wide range of different DOM isolates.*®
These isolates included four terrestrial isolates (e.g., SRFA), one autochthonous (e.g., Pony Lake
fulvic acid (PLFA)) and eleven effluent DOMs from 2 municipal sewage plants and wastewater-
contaminated rivers and lakes located in Shanghai.'® Thus, these RIs seem to be the most likely
candidates for forming COS.*® Alternatively, the quantum yields (®high-riptet) Of high-energy triplet
states of CDOM vary significantly for different DOM isolates.™® In addition, the low-energy triplet
states have been also found to have similar electron transfer capacities for different DOM isolates
which implies that these triplet states possibly show similar reactivities toward different organic
compounds.® It is also critical to know that low-energy triplet states have been shown to be formed
from quinone moieties of DOM, which subsequently serve as the source for the low-energy triplet
pool of CDOM. This differs for the high-energy triplet states, which have been shown to be
derived from ketone moieties of DOM and as a result, serve as the source for the high-energy
triplet pool of CDOM.® The fact that triplet states with different energies form from different
DOM functional groups will also be relevant in later discussions (see section 4.4.7).

Moreover, the differences observed between quenching agents also seem to be well correlated
to the ability for each quenching agent to compete with cysteine in reacting with 3DOM*. However,
no known studies have tried to investigate the reactions of these quenching agents specifically with
low-energy triplet states of CDOM. Instead, these studies have evaluated the reaction rates with
the high-energy triplet states or simply natural DOM isolates without distinguishing between high-
and the low-energy triplet states.>16:283450 Nevertheless, it is hypothesized that the general pattern
of high-energy triplet state reactivity with organic compounds and especially quenching agents
can also be applied to those of the low-energy triplet states, even if high-energy triplet states are

in general more reactive.'**° However, there are controversial findings regarding the reaction of
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phenolic compounds with the low-energy triplet states. For example, in one study, ** it was found
that phenolic compounds like trimethylphenol can react with the low-energy triplet states although
they were more reactive toward high-energy triplet states.’® In another study, though it was
suggested that trimethylphenol can react with the vast majority of triplets excited states produced

in EfOM, but the lower energy triplets may not be capable of oxidizing trimethylphenol.” Overall,

3Sen*

for high-energy-triplet-states, the pattern indicates that the kg ,eucning agens * [quenching agent]
values of these quenching agents toward 3DOM* follows the pattern of sorbic acid= 2.2x10° (s')?

> 02= 5.6 x10° (s1)* > trimethylphenol= 5.4 x10° (s)!* > phenol= 4 x10° (s')?" > kiii?;ne X
[cysteine]= 0.56-1.54 x10* (s')!°. Given these, all of the quenching agents are expected to react
with *DOM™* at higher rates than cysteine. Thus, the hypothesis seemed relevant in this system as
adding most of these quenching agents (excluding phenol) to DOM solutions decreased COS
formation which supports the reaction of quenching agents with the low-energy triplet states at a
similar pattern. Therefore, the reaction rates of quenching agents and cysteine with high-energy
triplet states suggested that they can be used as proxy for the reaction of these compounds with the
low-energy triplet states. In general, the decrease in COS formation followed the reactivity pattern
although there were two outliers (see next paragraphs).

The COS formation was deterred by O2 at higher degree (Fig. 4-8a) compared to other
quenching methods (e.g., trimethylphenol and sorbic acid) falling out of the reactivity pattern. This
can be explained through two main reasons. First, Oz can quench more *DOM™* due to its lower
singlet energy value (Es = 94 kJ Mol™1)>*, Second, Oz can increase cysteine degradation rate by

forming 02 through reaction with SDOM** (see eqgs. 1-4 in chapter 1), thus decreasing the chance

of cysteine or most likely cysteine-based intermediates to form COS in the system (scheme 4-3).
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102 has been shown to react with cysteine (pH 7.9) at a rate of 2 + 0.1 x10° (s%) with [*O2]ss = 3.8
X104 (M) 16

Scheme 4-3. Proposed mechanisms for hampering the COS formation by O2

quenched by O,
cysteine T @
or + DEM* ——» COS

cysteine-intermediates
Uy

y
+ 10, — > 1non-COS products

However, the phenol was also an outlier that its presence did not decrease COS formation (Fig.
4.8a), which can be attributed to the capability of 3SDOM* in oxidizing different phenols, which
are shown to be highly modulated by phenol electron-richness.! Therefore, the results were
different with trimethylphenol as an alkyl-substituted phenol which can be more readily oxidized
by 3DOM* than phenol. More specifically, the reaction rate of trimethylphenol by SRFA has been
reported to be 20x higher than that for phenol.?® Overall, it is possible that phenol did not compete
with cysteine to react with 3DOM*, thus adding phenol did not influence COS formation.

Similar results were achieved with other DOM isolates when adding the same set of quenching
agents, although the role of O2 was not tested (Fig. 4-8). For this data, phenol did not influence
COS formation. However, trimethylphenol decreased it by 60, 70, 40, and 20%, and sorbic acid
by 50, 50, 40, and 25% with SRFA, Altamaha DOM, ocean DOM-I and DOM-II isolates,
respectively (Fig. 4-8b, ¢, d and e). This again seems to imply that the types of SDOM* species
generating COS for all of these water types seem to be quite similar, which further supports the
role of low-energy-triplet-states in these systems.

Lastly, it should be noted that CS. formation was actually observed when the Altamaha DOM

was treated with trimethylphenol or sorbic acid under both dark and light conditions (Fig. 4-9).
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Figure 4-9. CSz formation upon the addition of

trimethylphenol (TMP) or sorbic acid to solutions with

Altamaha DOM ([CYS]= 14 uM, [DOM]=5 mg-C/L, pH=8.3,

temperature= 21+1 °C). The DL for CSz is represented by a

horizontal line.
In the dark, its concentration increased with trimethylphenol and sorbic acid, respectively, to 0.28
and 0.15 nM while in the presence of light, it further increased up to 2x, ranging between 0.4-0.55
and 0.2-0.3 nM (Fig. 4-9). Interestingly, these results suggested that *DOM™* is not involved in
forming CSz. It is likely that there are some specific Rls in this DOM isolate that can react with

cysteine to form CSz, as proposed in scheme 4-4, and their formation was increased in the presence

of trimethylphenol or sorbic acid .
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Scheme 4-4. Proposed mechanisms for CS: formation upon scavenging the *DOM* by
trimethylphenol or sorbic acid with Altamaha DOM
quenched by trimethylphenol or sorbic acid

cysteine T O
or + contributime(‘?DOM*) —— > COS
cysteine-intermediates

)
)

+ RIs specific to Altamaha DOM ~—» (S,

These RIs possibly are not quenched by these quenching agents. Interestingly, given the results
with Altamaha DOM, where unlike to other DOM isolates, adding isopropanol increased COS
formation (see section 4.4.6, Influence of “OH) or adding trimethylphenol or sorbic acid resulted
in CSz formation, this DOM isolate possibly has some capacities in generating specific RIs which
is not the case for other DOM isolates. However, further research is required to explore these
specific RlIs and the pathways which formed both COS and CS:2 under aforementioned

experimental conditions.

4.4.7 Role of sodium borohydride treatment

Additional experiments were conducted with NaBHa-treated DOM isolates. NaBH4 was used
to reduce the carbonyl functional groups (-C=0) in ketones to their corresponding alcohols. This
reduction was conducted to remove ketones which were initially expected to be relevant precursors
of 3SDOM™* to form COS in the system. However, the results indicated removing ketones from the
solutions did not decrease COS formation suggesting that the 3DOM* derived from ketones were
not involved in COS formation. These results further supported our previous data which suggested
that high-energy-triplet-states, mainly derived from ketones, possibly are not involved in COS
formation. For all DOM isolates, treating the DOM isolates with NaBH4 increased COS formation

by a factor of 1.1 to 2x (Fig. 4-10).
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Figure 4-10. Role of sodium borohydride treatment on COS formation ([CYS]= 14 uM, [DOM]=
5 mg-C/L, pH= 8.3, temperature= 21£1 °C). The grey box shows the general level of dark
formation, which was similar for all scenarios.

The resulting increase can be explained though by two possible reasons. First, since the carbonyl
functional groups in ketones were removed from the system, their corresponding non-COS
formation pathways (scheme 4-5, path (1)) were likely stopped as well, thus a more COS formation
capacity was achieved in the system (scheme 4-5, path (11)).

Scheme 4-5. Proposed mechanisms for COS formation upon scavenging the *DOM™* derived from

ketones by NaBH4 treatment

removed by NaBH, treatment

cysteine T ()
or ek high—cncrgy-t%ﬂﬂcs of CDOM —>—> non-COS products
cysteine-intermediates derived byNketones
n '
. . )
+ low-energy-triplet-states of CDOM —— s COS

derived by quinones

Second, although the carbonyls were removed from the system, quinones were still present which
are expected to form the low-energy-triplet-states of CDOM that have been already suggested as
contributing RIs in COS formation (scheme 4-5, path (I1)). Additionally, the inverse effect of
carbonyls on COS formation has been also proposed by a previous study.*° It was found that the
COS formation dramatically decreased upon addition of different amounts of formaldehyde (the

simplest carbonyl group) ranging from 0.1 to 6 mM to Aahai lake water (an artificial lake, Beijing
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city).*® Overall, these results further supported the findings of the effect of DOM type on COS
formation (section 4.4.2) where the contribution of low-energy-triplet-states derived from
quinones was suggested. However, further research is recommended to better investigate the
contribution of quinones in COS formation by using other reduction treatments such as using

dithionite to selectively reduced quinones to hydroquinones?.

4,5 Conclusions

The aim of this study was to evaluate how different types/concentrations of DOM and the RIs
formed by DOM (e.g., 3DOM* and *OH) affected the photochemical formation of COS and CS:
with organic sulfur compounds such as cysteine. This effect was evaluated with five different
natural DOM isolates ranging from freshwater to seawater. The results indicated CS2 did not form
above the DL with any of the DOM isolates under any condition. Whereas, COS formation
increased with DOM and cysteine under both dark and light conditions while the effect was more
strong in the light. This increase was similar for all of the DOM isolates where COS formation
increased with light over 4 h with cysteine to up to 1.2 to 2.4 nM. Unlike to similar formation
levers, the kinetics of COS formation was slightly different with different DOM isolates, but the
general trend implied that the formation was limited by RIs. This was further supported when the
effect of the concentration or speciation of cysteine was tested where the formation kinetics were
still the same but shifted at some time points. In addition, increasing DOM concentration decreased
COS formation which implied the dual role of DOM on concomitantly forming and quenching the
RIs. It was also found that when isopropanol, the quenching agent of *OH, was added to solutions,
the COS formation was not affected which suggested that «OH was not involved in the formation
pathways. However, when phenol, trimethylphenol, sorbic acid or Oz, the 3DOM* quenching

agents, were added to the solutions, the COS formation was affected but depending on the type of
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the quenching agent. With phenol, COS formation was not affected while with trimethylphenol,

sorbic acid or Oz the formation was dramatically decreased up to 80% with O2. This result

suggested that *DOM* could be a major contributing RI in forming COS with cysteine.

Furthermore, treating the DOM isolates with NaBH4 to reduce the ketones/aldehydes to their

corresponding alcohols, increased COS formation which implied that the RIs derived from ketones

were not involved in COS formation pathways. Overall, these findings indicate that COS formation

can be dramatically enhanced with DOM since the RIs formed by DOM in the sunlight, specially

the 3DOM*, can react with cysteine to form COS.
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CHAPTER 5. INFLUENCE OF DOM ON COS AND CS; FORMATION
FROM DIMETHYL SULFIDE (DMS) DURING SUNLIGHT
PHOTOLYSIS

5.1 Abstract

The role of DOM type and concentration on COS and CSz formation with DMS was evaluated.
DMS (14 uM) and one type of DOM isolate (5 mg-C/L) were spiked into buffered synthetic water
at pH 8.3. Five different types of DOM isolates were chosen ranging from freshwater to ocean
water. These isolates included two freshwater isolates, Suwanee River fulvic acid (SRFA) and
Aldrich humic acid, a river DOM isolate (Altamaha River, GA), and two ocean water isolates
(Gulf Stream in the Atlantic Ocean). These solutions were exposed to simulated sunlight for up to
4 h. Results indicated that CS2 did not form under any of the conditions with any type of DOM.
However, the presence of DOM with DMS enhanced COS formation while increasing DOM
concentration further increased COS formation. The role of Rls such as *DOM* and *OH was also
investigated by adding selective quenching agents. Results indicated that, with isopropanol, an
efficient *OH scavenger, COS formation was dramatically decreased. Similarly, with SDOM*
quenching agents, COS formation decreased but to a higher degree. Adding phenol,
trimethylphenol, sorbic acid and O: substantially decreased COS concentration during 4 h
irradiation. Moreover, treating DOM isolates with sodium borohydride to reduce ketone/aldehydes
to corresponding alcohols, increased COS formation. These results indicated that both *OH and
3DOM* were involved in COS formation with DMS while *OH was not found to be a contributing
RI with cysteine. Overall, these findings implied that the COS formation mechanisms with DMS

were likely different than cysteine and involved different RIs such as *OH.
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5.2 Introduction

DMS is an important organic sulfur compound to evaluate in terms of forming COS and CS:
since it represents one of the major marine sources of organic sulfur in the oceans.*= Previously,
it has been observed that DMS can form COS and CS2 by photoreacting in natural waters.*® In
one study, the COS formation with DMS was reported upon irradiation of the synthetic natural
waters (coastal Atlantic water (near Jekyll Island, GA) and Gulf of Mexico (near Turkey Point,
FL)) with xenon lamp, which were amended with 3.4 mg-C/L SRFA prior to irradiation.® Also, in
our previous study,* DMS was found to form COS and CS2 with some of the natural waters when
irradiated by simulated sunlight for 4 h.* While natural waters have different water quality
constituents which can form variety of Rls (DOM*,® *OH and *02%7, Br" and CI',>° and the
carbonate radical (CO3™)%) in the presence of sunlight, it has been shown that DOM plays an
important role in terms of forming RIs such as 3DOM* and *OH.” The type and concentration of
DOM vary substantially in different natural waters.*%!! For example, in our previous study, nine
different natural waters varied widely in DOM concentration ranging from 2.1-16.5 mg-C/L
DOC.* In addition, it was found that COS and CS2 formation was correlated to DOC concentration
in the presence of DMS.* However, it was hard to investigate the role of DOM type/concentration
or the role of specific RIs on COS and CS2 formation since natural waters are more complex
matrices. Therefore, a cleaner matrix is required in order to better investigate the role of DOM or
the specific Rls in COS and CSz formation with DMS.

However, no known studies have experimentally assessed how DOM type/concentration or the
role of the specific RIs generated from it affects COS and CS: formation with DMS during sunlight
photolysis. Therefore, this study attempted to clarify this issue by answering three major questions:

(i) how do different concentrations and types of DOM affect COS and CS: formation with DMS,
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(i) if DOM does play an important role, what are the contributions of different RIs in forming
COS and CSg, and (iii) how does the role of DOM concentration compare to the role of DMS
concentration, in forming COS and CS2? To address these questions, five different DOM isolates
ranging from freshwater to seawater were evaluated. Synthetic solutions containing DMS and one
DOM isolate over varied concentrations were exposed to simulated sunlight for 4 h. Certain
solutions were amended with isopropanol, phenol, trimethylphenol, sorbic acid, or O2 to
selectively quench RIs. In addition, NaBH4 was used to selectively reduce ketones to their
corresponding alcohols to assess if the RIs formed by ketones were involved in COS and CS2
formation with DMS. The results indicated that CS2 did not form above the DL under any condition
with any type of the DOM isolate tested. However, COS formation with DMS increased in the
presence of DOM, where DOM was found to be the limiting reactant rather than DMS. In addition,
increasing the concentration of DOM further increased COS formation. When the role of RIs were
assessed, both *OH and 3DOM* seemed to be involved in COS formation with DMS. Finally, this
study suggested that DOM can enhance COS formation in the presence of DMS by forming RIs
specially *OH and 3DOM*. Interestingly, the Rls involved in forming COS from DMS differed
from those involved in forming COS from cysteine (see chapter 4). However, CS2 formation from
DMS, as observed with cysteine, also seemed to require RlIs generated from other water quality

constituents present in in natural waters, rather than from those generated from DOM alone.

5.3 Materials and Methods
5.3.1 Description of standards, reagents, and stock preparation

Most of the standards, reagents and the stock solutions used were identical to those described

in chapters 2-4. In addition, stock solutions of DMS were prepared by placing 10 uL of pure liquid
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DMS (=0.0084 g DMS with p = 840 kg/m®) into 10 mL acetonitrile to reach a final concentration

of 13.5 mM.

5.3.2 Collection, characterization and modification of different DOM isolates

The different DOM isolates tested were identical to those used in chapter 4. The location,
characterization and sodium borohydride (NaBH4) modification of these isolates are also described

in chapter 4.

5.3.3 Photochemical reactor setup

The solar simulator (OAI Tri-Sol; AM 1.5G filter), photochemical reactors and the

experimental conditions used for the reactor were identical to those described in previous chapters.

5.3.4 Experimental procedure

Kinetic experiments were performed using synthetic solutions that contained 14 uM DMS and
5 mg-C/L of one DOM isolate (humic acid, SRFA, Altamaha DOM, ocean DOM-I, and ocean
DOM-II). These synthetic solutions were also buffered at pH of 8.3 (a relevant pH in natural waters)
with 10 mM tris buffer and were initially purged with N2 for 30 min to remove dissolved O2. These
solutions (11 mL) were then placed into the reactors and either left in the dark or exposed to
simulated sunlight over 4 h. These experiments were then repeated, where each DOM isolate was
instead pre-treated with NaBHa. Additional experiments were also performed in which the
synthetic solutions varied in: (i) DOM concentrations ranging between 0.5-20 mg-C/L, and (ii) pH
from 7 to 10 using tris buffer. Some of the solutions were also amended with: (i) isopropanol (10
mM), (ii) phenol (1 mM), (iii) trimethylphenol (0.125 mM), (iv) sorbic acid (0.5 mM), or (v) O2
(for O2 experiments, the solutions were not purged with N2 to contain [Oz]o = 8.9 mg/L at 20°C

since DOM isolates were left in equilibrium with the atmosphere during storage). Isopropanol was
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used to primarily scavenge *OH whereas phenol, trimethylphenol, sorbic acid, and O2 were used

to primarily scavenge 3DOM” (for reaction rates see Table 4-1).

5.3.5 Analytical methods

COS, CSz, and DMS were analyzed by headspace GC-MS (Agilent 6420), as described in

Chapter 2.

5.4 Results and Discussion
5.4.1 Characterization of DOM

The characterizations and optical properties of DOM isolates are identical to those in chapter

5.4.2 COS and CS; formation from different DOM isolates

When DMS along with each type of DOM isolate were added to the reaction solutions, CS2
did not form above the DL under any conditions with any type of DOM isolate. These results
matched our previous study, where CS2 did not form above the DL with DMS in most of the natural
waters tested.* Unlike CSa, the presence of DOM increased COS formation with DMS slightly in
the dark and more dramatically in the presence of light (Fig. 5-1). With all five DOM isolates,
COS did not form above the DL in the dark with no DMS but increased to similar low
concentrations for all DOM isolates in the presence of DMS, ranging between 0.1-0.15 nM after
4 h irradiation (Fig. 5-1). This slight increase in formation of COS with DMS in the dark was
different from our previous results where COS did not form above the DL in the dark when nine
different natural waters were spiked with DMS.* Moreover, with light after 4 h irradiation, COS
formation was increased between 0.17 to 0.76 nM without DMS while increasing even further
with DMS to up to 10x higher concentrations (0.8 to 1.5 nM) when compared to the DMS-spiked

dark control (Fig. 5-1).
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Figure 5-1. Effect of DOM type on COS formation during sunlight photolysis when not spiked or
spiked with DMS ([DMS]o= 14 uM, [DOM]o= 5 mg-C/L, pH= 8.3, temperature= 21£1 °C). The
grey box shows the dark formation which was similar for all scenarios.

These results suggested that the precursors derived from the inherent dissolved organic sulfur
(DOS) present in these DOM isolates were able to form some degree of COS. However, COS
increased further once DMS was added. This result matched the findings of previous studies where
DMS increased COS formation in the presence of sunlight.*° In one these studies, a qualitative
increase was reported for COS formation.® However, in our previous study DMS increased COS
formation up to 1.5 nM in the presence of sunlight while DMS did not form COS above the DL in
the dark when different natural waters were tested.*

Surprisingly though, these different DOM isolates formed relatively similar amount of COS
(0.8 to 1.5 nM) which suggested that one of the major Rls involved in COS formation with DMS
possibly formed at similar quantum yields (®) from these DOM isolates. The Rls that are likely
involved include low-energy triplet states (ET < 250 kJ mol™) of chromophoric dissolved organic
matter (CDOM), which appear to form at similar quantum yields for a wide range of DOM types?.
Further support of these RIs serving as the primary candidates for COS formation with DMS will

also be provided by results discussed in later sections. Unlike COS formation levels, the Kkinetics
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of COS formation were slightly different with DOM isolates (Fig. 5-1). These kinetics with DMS
were similar to those with cysteine, which implied that with most of the DOM isolates, the
formation reaction was limited by RIs rather than DMS (for details see chapter 4).

Furthermore, the degradation rates and kinetics of DMS loss were also very similar when
testing all DOM isolates both under dark and light conditions. DMS degradation was ~10% in the
dark while in the light DMS concentration sharply decreased by 45% just after 15 min and slowly
decreased to 50% over 4 h of irradiation (Fig. 5-1). These results suggested that the DOM isolates
generated RIs that degraded DMS through similar photochemical pathways. Interestingly, these
results, which did not have a strong dependence on DOM type, also differed from other studies
that evaluated organic precursor degradation where DOM type had a strong effect.®*> However,
none of these studies investigated the degradation of DMS. Although the photosensitized loss of
DMS has been reported in presence of DOM,*%-18 the role of DOM type on DMS photochemical
breakdown is poorly understood. It is proposed previously’ that the photochemical loss of DMS
occurs through a binding (or catalytic) mechanism, presumably involving components of DOM
and perhaps reactive species that are generated by DOM. These species included photochemically
generated singlet oxygen (*O2), *OH and hydrogen peroxide, but for all these RlIs, reaction rates
were too slow to be a significant removal mechanism for DMS.” For example, a photochemical
loss of 15% has been reported for DMS through forming its only identified photochemical product,
DMSO.Y It should also be noted that, the predominant products of DMS photodegradation have
not been indentified.!” Therefore, it is hard to investigate the photochemical degradation of DMS
through assessing its minor product COS with a very low yield formation (<0.01% yield). Further
research will be helpful to explore the effect of DOM type or RIs formed by DOM on

photochemical loss of DMS.
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Moreover, it is noteworthy that COS formed in less degree with DMS than cysteine, which is
consistent with previous findings.*> With DMS, the COS formation was < 0.3x lower than with
cysteine (for details see chapter 4) when averaging for all DOM isolates. Similarly, in previous
studies,*® COS formation was also lower with DMS than cysteine by 0.3x in two different natural
waters ([cysteine or DMS]o = 10 uM)®, and < 0.5x with one natural water from Louisiana
([cysteine or DMS]o = 14 uM)* (for details see chapter 3). These results further supported our
previous work where cysteine was proposed to be a stronger precursor for COS formation than
DMS.# The results also indicated that with both DMS and cysteine (chapter 4), COS formation
was independent of DOM type. This can suggest the presence of a common RI involved in both
pathways, such as low-energy triplet states of DOM. This RI has been proposed to be involved in
COS formation with cysteine (for details see chapter 4), and its presence will be assessed in more

details with DMS in later sections.

5.4.3 Effect of DOM concentration

The results with varying DOC concentration from 0.5 to 20 mg-C/L indicated that increasing
DOM concentration did not affect COS dark formation, but increased COS formation in the
presence of light (Fig. 5-2). For example, COS formation increased by up to 11x with SRFA when

DOM concentration increased from 0.5 to 20 mg-C/L after 4 h irradiation (Fig. 5-2).
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Figure 5-2. Effect of DOM concentration on COS formation ([DMS]= 14 uM, [DOM]= 5 mg-
C/L, pH= 8.3, temperature= 21+1 "C). The grey box shows the general level of dark formation,
which was similar for all scenarios. The stock concentration of ocean DOM-I was 12.7 mg-C/L
and it was not possible to test 20 mg-C/L.

The degradation of DMS was also increased by increasing DOM concentration, which matched
the previous results where the photochemical degradation of DMS was found to be correlated to
the concentration of DOM. 164

However, when compared to cysteine, different effects of DOM concentration on COS
formation was observed. This implied that possibly there are different RIs involved in COS
formation with DMS versus cysteine which the formation rates of these RIs were correlated with
DOM concentration. This RI is likely the *OH (see later sections) which was not involved in COS
formation with cysteine (for details see chapter 4). Previously, a linear relationship between the
rate of *OH production and SRFA concentration was reported under anaerobic conditions.® When
the DOM concentration was increased from 3 to 18 mg/L, the *OH production rate was also
increased under irradiation at both 310 and 320 nm (pH= 8.5).%° In another study, higher apparent
steady-state *OH concentrations were observed when 5 different DOM isolates were increased in
concentration from 0 to 16 mg-C/L.%° So, possibly higher DOM concentrations favored higher RIs

production such as *OH which were involved in producing COS with DMS (see later sections)
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and consequently increased COS formation. Moreover, it should also be noted that, similar to
cysteine, DOM could also quench the RIs?-% such as 3DOM*?4%5 *OH and CO3"2%2?" (for details
see ege. 1- 3 in chapter 4). However, these results implied that in this case a greater percentage of
contributing RIs were formed than were quenched when increasing the DOM concentration, and
this can explain the increase of COS formation by increasing the concentration of DOM (Figure

5-2).

5.4.4 Effect of pH

To further elucidate the effect of DMS on COS formation, the effect of pH was also
investigated (only with humic acid) since it has been shown previously that pH can affect the
photo-degradation of DMS in nitrate-photolysis-induced natural waters.?® Results indicated that
DMS photodegradation slightly decreased by increasing the pH of the solutions (Fig. 5-3).
Specifically, DMS decreased by 4 and 15% when pH increased from 7 to 8.3 and 10, respectively
(Fig. 5-3). Alternatively, the COS formation was also decreased by increasing the pH but more
significantly, as it decreased by 60 and 92% when pH increased from 7 to 8.3 and 10, respectively
(Fig. 5-3). However, it is unclear as whether this substantial loss in COS formation was due to the
slight decrease in DMS photo-degradation or not, since base-catalyzed hydrolysis of COS can also
occur, which is highly pH-dependent (for details see chapter 4). However, future research is
required to elucidate if there is any pH dependency on this reactivity although it needs to be

assessed by controlling the effect of hydrolysis.
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temperature= 21£1 °C)

5.4.5 Role of quenching agents
Influence of “OH

In order to further elucidate the role of *OH in forming COS , 10 mM isopropanol was added
to the reaction solutions. As expected, isopropanol addition did not affect COS dark formation
(Fig. 5-4). However, in the presence of light, isopropanol addition led to decrease in COS
formation for all of the tested DOM isolates (Fig. 5-4). Specifically, COS concentration after 4 h
irradiation decreased by 65, 60, 35, 40, and 35% with humic acid, SRFA, Altamaha DOM, ocean

DOM-I and ocean DOM-II, respectively (Fig. 5-4).
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Figure 5-4. Influence of isopropanol on COS formation ([DMS]= 14 uM, [DOM]= 5 mg-CI/L,
pH= 8.3, temperature= 21+1 °C). The grey box shows the general level of dark formation, which
was similar for all scenarios.

Interestingly, these results implied that *OH was involved in COS formation with DMS. These
findings also help to explain the fact that COS formation increased with increasing DOM
concentration (Fig. 5-2) since *OH formation has similarly been shown to increase with increasing
DOM concentration.*®2° While *OH formation from DOM has been reported,”?%%° one source of
*OH is known to come from quinones which it is believed to be an important functional group
leading to COS formation (see later discussions). However, it is not well understood from a
mechanistic perspective and there are controversy concerning regarding details of quinones role
on *OH formation. Specially, their photoreactivity with H20, and whether quinones can form «OH
by photo-oxidation of H20 or not. Some quinones are postulated as water-photooxidizing agents
when irradiated in the visible or UV light ranges.*® For example, the role of benzoquinone, which
is the simplest member of the quinone family, has been investigated on *OH formation. 332 It was
reported that the excited triplet state of benzoquinone and certain substituted benzoquinones were
capable of abstracting a hydrogen atom from water to generate *OH.>*3? In a further attempt, it

was also found that the absorption band of benzoquinone was felt in the same wavelength range
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in which anaerobic *OH generation was observed (300-350 nm),® which further supported the role
of benzoquinone on *OH formation. In addition, it has been reported that the type of quinone could
affect generation of *OH in the visible light.*® While some quinone compounds like 1,4-
benzoquinone (BQ) and 2- methyl- 1,4- ben- zoquinone (MBQ) were able to protoxidize water
upon irradiation with wavelengths within the solar radiation range (>310 nm), with the consequent
production of *OH, 9,10- anthraquinone- 1,5 disulfonate (AQDS) was not found to form *OH.*°
Alternatively, other works reported quinones could photochemically produce low energy
hydroxylating species and not free *OH #"~%°, but they were hypothesized to contribute at least in
part to the photochemical *OH production of DOM®, In another study, it was proposed that
quinones can be one of the prime suspects in the CDOM-sensitized formation of *OH or lower
energy hydroxyl radical-like species.” Recently, this process was investigated from a more detailed
mechanistic perspective.>” The photo-oxidation of water via sensitisation of benzoquinone with
ultraviolet (UV) light in the hydrogen-bonded complex of benzoquinone with a single water
molecule was proposed.®” Where, the mechanisms of electron/proton transfer reactions between
photoexcited benzoquinone and water were characterized.®” Specifically, it was proposed that the
proton transfer in this reaction possibly led to the formation of the triplet BQH*—*OH biradical,
which could dissociate to free BQH*® and *OH radicals through more proton-transfer reactions.
Given all of these controversy findings, it is obvious that the roles of quinones on *OH formation
(in visible light) needs further investigations.

It is also known that DMS can react with *OH, as previously reported.® Although it is not clear
where *OH exactly reacts in the full mechanism of COS formation, it is likely involved in the first
step of the reaction (for more details see chapter 3)*. Moreover, it should be noted that, adding

isopropanol did not inhibit COS formation completely, which suggested two possibilities: (i)
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isopropanol partially quenched the reaction. One previous study indicated that it can quench ~80%
of the *OH species generated from different DOM isolates,'® and thus it was still present to some
degree and contributed in COS formation, or (ii) *OH was only partially responsible for COS
formation and there were other RIs which contributed in COS formation such as 3SDOM*. The role
of 3SDOM* was assessed next by adding selective quenching agents of this RI.

Moreover, it was found that the reaction of DMS with *OH cannot be a significant
photochemical removal mechanism for DMS.!” Given this, it is likely that in this system, DMS
mainly was removed (~50 % loss) through the reaction with some other RIs rather than *OH, which
adding isopropanol did not affect their concentrations.

Influence of 3DOM*

The role of 3DOM* was also evaluated by adding various quenching agents that quenched
3SDOM™* to varying degrees and rates (for details see Table 4-1). These quenching agents included
phenol®®, trimethylphenol®®, sorbic acid’ and O2’. Initially, each of these quenching agents was
added to solutions containing humic acid (Fig. 5-5a). As expected, adding any of these compounds
to solutions did not affect COS formation in the dark (Fig. 5-5a). However, with light, the presence
of phenol, trimethylphenol, sorbic acid and Oz dramatically decreased COS formation during 4 h
irradiation (Fig. 5-5a). Specifically, with phenol, trimethylphenol, sorbic acid, and Oz, COS
formation was deterred by ~70, 80, 68 and 86%, respectively, after 4 h irradiation (Fig. 5-5a). Thus,
COS formation decreased in these solutions according to the following pattern of quenching agents

where no quenching agent > sorbic acid > phenol > trimethylphenol > O2 (Fig. 5-5a).
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Figure 5-5. Influence of phenol, trimethylphenol (TMP), sorbic acid, and dissolved oxygen (O2)

on COS formation ([DMS]= 14 uM, [DOM]= 5 mg-C/L, pH= 8.3, temperature= 21+1 °C). The
grey box shows the general level of dark formation, which was similar for all scenarios.

Interestingly, these results suggested that *SDOM™* is another important R1 in forming COS with
DMS. Moreover, similar to cysteine (for details see chapter 4), it can be proposed that this RI
likely is the low-energy triplet states (DOM*Low-energy, ET < 250 kJ mol—1) of CDOM rather than
the high-energy triplet states ((DOM*High-energy, ET > 250 kJ mol—1). This statement is supported
by several pieces of evidence, including the fact that, as noted in section 5.4.2, COS formation was
found to be independent of DOM type. This independent behavior suggests that the responsible
RIs form at similar quantum yields for different DOM isolates. As it has been found previously,*?
one group of RIs that have shown such behavior include low-energy triplet states (®iow-triplet),
where similar quantum yields were found for a wide range of different DOM isolates'? (for more
details about the low-energy-triplet-states of CDOM see chapter 4 section 4.4.2).

Moreover, the differences observed between quenching agents also seem to be well correlated
to the ability for each quenching agent to compete with DMS in reacting with 3SDOM*. However,
since no known studies have investigated the DMS reaction rates specifically with the low-energy-

triplet-states of CDOM, similar logic to chapter 4 was used (for details see section 4.4.6 in chapter
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4). Briefly, the general pattern of high-energy triplet state reactivity with DMS and quenching
agents were applied to those of the low-energy triplet states. Given this, it was found that the

3Sen*

overall effect was similar to cysteine when comparing the kg ,eucing agens  [quenching agent]
values of these quenching agents and DMS toward DOM*. However, it is likely that DMS
competed with these quenching agents at lower degree than cysteine which made the overall effect
of the quenching agents stronger in this case.

Moreover, similar results were achieved with other DOM isolates when adding phenol,
although the role of other quenching agents were not tested. With phenol, the COS formation
decreased by 75, 60, 35, and 25% with SRFA, Altamaha DOM, ocean DOM-I and ocean DOM-
I1, respectively (Fig. 5-5). Interestingly, it seemed that there is an effect of DOM type on the
quenching power of phenol, where phenol seemed to lose power on quenching 3DOM* when
moving to less terrestrial source DOM isolates such as ocean DOM-I and ocean DOM-II (see FI
values in chapter 4) (Fig. 5-5). The DOM isolates with less terrestrial sources have been found to
have higher percentages of high-energy-triplet-states compared to low-energy-triplet-states.'?
Since high-energy-triplet-states have higher reactivity toward phenolic compounds,*? it is likely
that phenol mostly quenched high-energy-triplet-states which decreased the chance of phenol to
quench low-energy-triplet-states, which are likely the contributing RIs (see later discussions).
Similar effects were observed with DMS degradation but to a lower degree (Fig 5-5). In this case,
adding phenol decreased DMS degradation but this effect was less strong when moving to less
terrestrial source DOM isolates (Fig. 5-5). Since less terrestrial source DOM isolates form the
high-energy-triplet-states at a higher degree, these results implied that DMS did not compete with

phenol in reacting with high-energy-triplet-states.
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DMS degradation was also affected by adding other quenching agents. Specifically, the DMS
degradation decreased in these solutions according to the following pattern of quenching agents
where no quenching agent > sorbic acid ~ trimethylphenol > phenol > O2 (Fig. 5-5a). These results
supported the reaction of DMS with 3DOM* since removing this Rls from the solutions hampered
the degradation of DMS. As expected, DMS degradation increased with Oz at highest degree
because DMS can react with Oz at a reaction rate of 5 x 10’ M1s14%, The results of O effect on
COS formation matched our previous study (chapter 3),* where Oz had similar effects on COS
formation with 14 p DMS in brackish water from Louisiana, under similar pH (~8) and
temperature (20 = 1 °C) conditions. However, DMS degraded to a higher degree in our previous
study in natural waters (80% with O2),* which could be attributed to the presence of carbonate
radicals which are known to react with organic sulfides (DMS)* to form DMSO which possibly
enhanced DMS removal.

Overall, the results indicated that in addition to *OH, 3DOM* was likely another contributing
Rl in COS formation with DMS. However, in order to better elucidate the COS formation from
these RIs, the net formation of COS from *OH and *DOM* was compared to the total formation
with humic acid. Specifically, the portion of each RI in forming COS was calculated by subtracting
the formation with each corresponding quenching agent, isopropanol for *OH and phenol,
trimethylphenol and sorbic acid for 3DOM*, from the total formation. Interestingly, the overall

formation with *OH and 3DOM* was found to match the total formation (Fig. 5-6).
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Figure 5-6. Comparison of net formation from *OH and

SDOM* to the total formation with humic acid. The loss

in COS formation due to the removing of each specific Rl

was considered as net formation with that specific RI.
This implied that *OH and DOM™* are likely the only major contributing Rls in forming COS
with this DOM isolate, when Oz was not present. However, it was not possible to do the same

analysis with other DOM isolates since only phenol was used as the quenching agent of 3SDOM*

which was found not to be an efficient quenching agent for less terrestrial source DOM isolates.

5.4.6 Role of sodium borohydride treatment

When additional experiments were conducted with NaBHas-treated DOM isolates, no
consistent results were found with DMS. NaBHa treatment subsequently led to either no change,
an increase or a decrease in COS formation (Fig. 5-7). The increase in COS formation, which
happened with SRFA and Altamaha DOM (Fig. 5-7), can be explained through similar reasons
described for cysteine in chapter 4 (for details see chapter 4). However, it is not clear why COS
formation decreased with humic acid or did not change with ocean DOM-I and ocean DOM-II. In

general, this inconsistency can be attributed to the various characteristics of DOM, especially the
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presence of different types of quinones in DOM isolates*>*® since the ketones were removed from
the system. It is likely that there is some complex chemistry behind the forming and quenching of

different RIs, which possibly are also involved in some other non-COS forming pathways.
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Figure 5-7. Effect of sodium borohydride treatment on COS formation ([DMS]= 14 uM, [DOM]=
5 mg-C/L, pH= 8.3, temperature= 21+l °C). The grey box shows the general level of dark
formation, which was similar for all scenarios.

Interestingly, the degradation of DMS was not affected by removing ketone/aldehydes from
solutions while adding the quenching agents of 3DOM* decreased its degradation. This implied
that DMS could react with *DOM* but possibly with the low-energy-triplet-states of CDOM since
removing the high-energy-triplet-states from the solutions did not affect its degradation. Overall,
these results further supported the claim that the low-energy-triplet states, mainly formed by
quinones, were involved in forming COS with DMS, rather than high-energy-triplet-states, which
are mainly formed by ketones. However, as noted in chapter 4, further research will be helpful to
better investigate the contribution of quinones in COS formation with different organic sulfur

precursors.
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5.5 Conclusions

The aim of this chapter was to evaluate how different types/concentrations of DOM and the
Rls formed by DOM (e.g., 3SDOM* and *OH) affected the photochemical formation of COS and
CS2 with DMS. This effect was evaluated with five different natural DOM isolates ranging from
freshwater to seawater. The results indicated that CS2 did not form above the DL with any of the
DOM isolates under any condition. Alternatively, COS formation increased with DOM, under both
dark and light conditions while the effect was more strong in the light. This increase was similar
for all of the DOM isolates. Slight differences were instead observed when assessing the kinetics
of COS formation for different DOM isolates, where the kinetics for some isolates seemed to
plateau and, in some cases, decrease after increasing over greater sunlight exposure. Such results
implied that the formation was limited by R1s when only DOM was present. Such results contrasted
COS formation in natural waters with DMS, as described in chapter 3, where COS formation
always increased as sunlight exposure increased, indicating that in this case, RIs were less limiting.
These conclusions were further supported when the effect of DMS concentration or pH was tested,
where similar kinetics were observed. Unlike to cysteine, increasing DOM concentration further
increased COS formation which implied the complicating factor of self-quenching was not likely
in COS formation with DMS.

Additional tests with isopropanol, the quenching agent of *OH, decreased COS formation
which suggested that *OH was involved in the formation pathways. Additionally, when phenol,
trimethylphenol, sorbic acid or Oz, 3DOM* quenching agents, were added to the solutions, COS
formation decreased but to a higher degree. For example, with phenol, trimethylphenol, sorbic acid
or Oz, formation dramatically decreased up to 70, 80, 68 and 86%, respectively. These results

suggested that 3DOM* could be another major contributing RI in forming COS with DMS.
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Furthermore, treating the DOM isolates with NaBH4 to reduce the ketones/aldehydes to their

corresponding alcohols, increased COS formation, which implied that the RIs derived from

ketones were not involved in COS formation pathways. Additionally, when the net formation from

*OH and *DOM* was compared to the total formation, it was found that these Rls are likely to be

the only major contributing Rls in COS formation with DMS, when Oz was not present. However,

these RIs appeared to be different than those for cysteine which implied that the COS formation

mechanisms from DMS are likely different than those from cysteine. Given this, further research

is required to investigate the RIs involved in COS formation in the presence of Oz with both

organic sulfur precursors.
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CHAPTER 6. RESEARCH CONTRIBUTION

This study aimed to link how sunlight exposure, various organic precursors/water quality
constituents, and temperature affected COS and CS2 formation. These efforts were made to better
elucidate which factors were important and how this could affect their volatilization into the
atmosphere and inform global sulfur models. This is a critical issue since these models only use
the ocean surface sunlight intensity and UV3s0'+2 to predict COS photoproduction rates. While our
results further confirmed that DOM and UV3eo affected COS, other influential factors for COS and
CS2 formation included: (i) length of sunlight exposure, especially for CS2 which required only a
brief period of light to continue formation, (ii) Oz concentration, which can vary from 4 to 9 mg/L
in surface waters depending on salinity and temperature.® (iii) temperature, which can fluctuate
from -1.9°C to 30°C depending on latitude and seasonal variations* and (iv) organic sulfur
precursor type. In addition, these findings provided greater mechanistic insights towards the key
RIs and other radicals that are involved such as those derived from DOM and quenched by Oz such
as SDOM",>® R*,” and sulfur-centered radicals (e.g. R-S*)8.

Further studies with synthetic waters containing DOM alone provided additional insight on the
Rls and photochemical mechanisms involved. Interestingly, with DOM alone, only COS was
generated whereas CSz was not. This finding suggested that RIs generated from other water quality
constituents besides those generated from DOM was required to form CSz. This was further
supported when cysteine or DMS was also present in the solutions. One influential factor for COS
formation with DOM was the complicating effect of Rls self-quenching by DOM which only
happened in the presence of cysteine and not DMS. Also, the contributing RIs in COS formation

were found to be different with cysteine and DMS. Specially, *OH, which is an important
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environmental oxidant with a lifetime of 5-10 ps®, was not found to be involved in COS formation
with cysteine but was involved with DMS. However, *DOM* was found to be the common
contributing RI with both organic sulfur precursor. Overall, these results implied that the COS
formation mechanisms from cysteine differs from DMS. Although this study proposed the
contribution of certain RIs in COS and CSz formation, it is not the complete mechanistic
perspective on photochemical formation of COS and CSz. Especially given the possibility of other
RIs playing a role in COS and CS2 formation which is particularly true in the presence of Os..
Moreover, given the relatively low yields of COS and CS: formation from the organic sulfur
precursors tested in this study, it is believed that some group of the important organic sulfur
precursors are still missing. One major impedance in linking COS and CS2 formation to a more
robust set of organic sulfur precursors and water quality parameters falls in the inability to quantify
total DOS content in natural waters. Recent work has made significant progress in this area but
has only estimated upper boundary limits (<0.4) pmol-DOS/L in ocean waters'®. As more exact
DOS quantification and characterization methods emerge, we expect that this will aid in more

directly linking COS and CS2 to natural organic sulfur content, which requires future work.
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APPENDIX

Text ALl. DOM optical properties

In addition, the regional fluorescence volumes are assessed and represented as: region |
(tyrosine-like fluorescence), region Il (tryptophan-like fluorescence), region Il (fulvic acid-like
fluorescence), region 1V (soluble microbial product-like fluorescence), and region V (humic acid-
like fluorescence), and total fluorescence (Fig. 1 and Table 1). It is found to be correlations

between these regions and wastewater signatures.*

1.0E+06 7 - - -
3 M Region | @ Region Il W Region Il

O Region IV B Region V @ Total Volume
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Figure 1. The regional fluorescence volumes of DOM isolates for region | (tyrosine-like
fluorescence), region Il (tryptophan-like fluorescence), region 111 (fulvic acid-like fluorescence),
region IV (soluble microbial product-like fluorescence), region V (humic acid-like fluorescence),
and total fluorescence. Fluorescence intensity is normalized to the Raman shift in water.

For all DOM isolates, the special metrics were also calculated based on previously described
methods??® and are shown in Table 2. The humification index (HI) is calculated as the ratio of the
integrated fluorescence intensity for 435-480 nm to that at 300-345 nm for an excitation
wavelength of 255 nm. Higher values of HI suggest a lower ratio of hydrogen to carbon and cause

the emission spectra of the fluorescing molecules to shift to higher wavelengths.? The HI values
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followed the order of humic acid > Altamaha DOM > SRFA > ocean DOM-II > ocean DOM-I,
meaning that emission spectra of the fluorescence values happen at higher wavelengths for humic
acid. The biological index (Bl), is calculated as the ratio of the fluorescence intensity at 380 nm to
that at 430 nm for excitation at 310 nm. The BI is commonly used to describe the amount of
microbially-derived DOM,2 where as expected, the ocean DOM-1 had the highest microbial source
while humic acid had the lowest value. The ultraviolet absorbance at 254 nm is shown as (UV2s4,
m™) which is often used as a measure of aromaticity, where humic acid showed the highest
aromaticity whereas ocean DOM-II showed the lowest aromaticity. The SUVA at 254 nm
(SUVA2s4, L (mg C)* m™) was calculated by dividing UV2s4 by the DOC concentration. The
spectral slopes, S275-29s and Ssso-400, Were calculated by taking the log regression of the slope of the
absorbance from 275-295 nm and 350-400 nm, respectively. The spectral slope ratio, Sr, is defined
as the ratio of Sz7s-295s and Ssso-400, and is inversely proportional to the molecular weight of the
DOM. The S27s-295, Sss0-400 and Sr suggest similar conclusions to E2/Es regarding DOM isolates.

Table Al. The regional fluorescence volumes of DOM isolates. Fluorescence intensity is
normalized to the Raman shift in water.

Sample Region I | Region Il | Region I1l1 | Region IV | Region V | Total volume
Humic Acid 347 644 10424 5110 76667 93194
SRFA 794 3460 6814 7553 55138 73760
Altamaha 991 1552 9269 9476 82381 103669
DOM
Ocean DOM-I 5060 19491 11397 52133 146808 234889
Ocean DOM-II 1339 1728 1887 12132 36783 53870




Table A2. Spectral metrics of DOM isolates.

Biological | Humification | UV2s4 SUVA2s4
Sample ) ) 1 So75-205 | Sss0-400 | SR
index index (M3 | (L mt(mgCLY

Humic acid 0.39 9.79 68.9 5.3 0.008 | 0.011 | 0.73
SRFA 0.67 3.10 24.7 7.06 0.020 | 0.016 | 1.24
Altamaha DOM 0.55 3.83 325 2.50 0.017 | 0.017 | 0.98
Ocean DOM-I 2.20 0.22 20.9 1.64 0.027 | 0.009 | 3.08
Ocean DOM-II 0.76 0.42 7.29 0.56 0.036 | 0.015 | 2.32

vl
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Figure Al. The absorbance spectra of DOM isolates, all at concentration of 5 mg-C/L
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Figure A2. Fluorescence EEMs for: a) humic acid, b) SRFA, c¢) Altamaha DOM, d) ocean DOM-
I, and e) ocean DOM-II. Fluorescence intensity is normalized to the Raman shift in water and
plotted on the same scale (0-3) for all samples to highlight overall patterns (graph provided by Dr.
Blaney, UMBC).
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