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Chapter 1. General Introduction 
 

Contaminants of emerging concern is a broad term for chemicals and microbes that either 

were previously not of concern, are not commonly monitored, or have just recently been 

discovered. Changes in perspective have come about partially due to newer instrumentation and 

better detection methods, increased understanding of low levels of toxicity, and changes in the 

disposal of contaminants into the environment.  Chemicals might be newly synthesized and their 

impact, and toxicity is unknown or have been known for some time but available methods of 

detection were not viable for environmental samples. There are varied sources of these 

contaminants including microbial communities, the industrial, pharmaceutical and veterinary 

sectors, as well as common household items. There are different questions that must be answered 

about emerging contaminants, including their toxicological impact, fate and transport, 

transformation they undergo in the environment and what method effectively remove them. In 

my work I focused on two classes of emerging contaminants: proteinaceous/peptidic 

contaminants and antibiotics. 

Proteinaceous materials (e.g., peptides and proteins) represent a class of emerging 

contaminants. Some examples are bacterial exotoxins, cyanotoxins, and proteins such as ricin 

and prions. The number of cyanotoxins is extensive, a water drinking limit has been established 

for at least one toxin, microcystin-LR.1 Prion proteins can be released into the environment by 

infected animals and remain infectious once bound to soil particles.2 A need exists to develop 

methods to detect and quantify these proteinaceous contaminants in the environment and to 

inactivate them. My study focused on the latter, current methods of inactivation of protein 

contaminants are not suited to in situ environmental (e.g., dry heating, autoclaving). In my work 
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I studied the oxidation of the free proteogenic amino acids (excluding cysteine) by 

peroxymonosulfate, since they are the building blocks of proteins and therefore a commonality 

shared between the proteogenic contaminants. Peroxymonosulfate is a strong oxidant by itself 

and can also be activated by transition metals to form radical species.3 I studied oxidation of 

amino acids by both peroxymonosulfate by itself and activated cobalt to generate sulfate radicals. 

I found both methods to be effective in the transformation of amino acids at different rates. 

Polar organic contaminants represent another class of emerging contaminants. The 

sorption of ionic organic contaminants to natural organic matter is less well understood than that 

of non-polar contaminants. This is in part by the past focus on non-polar contaminants and the 

inherent complexity of ionic molecules. Sorption of polar-organics to natural organic matter will 

be driven in part by physical, chemical, and electrostatic interaction.  Sorption of polar and 

ionizable compounds depends at various degrees on moisture content in sorbing system, the 

presence of exchangeable cations, ionic stregth and pH. If such is the case, the ratio of different 

charged state of the molecule will change with changes in pH. Ionization state of polar-organic is 

going to change.4  I studied the sorption of two antibiotics, clarithromycin and tetracycline, to 

Elliott soil humic acid. The antibiotics selected have different speciation profiles, clarithromycin 

exists as a cation pH < pKa, with a macroscopic pKa = 8.9,5 whereas tetracycline is present as a 

cation at pH < pKa1, a zwitterion at pKa1 < pH < pKa2, a net monoanion exhibiting one positive 

and two negative charges at pKa2 < pH < pKa3, and a dianion at pH > pKa3 (pKa = 3.30, 7.68, 

9.96)6. The effect of ionic strength, pH, and competing cations was studied, and was found to 

differ between the two antibiotics.  
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ABSTRACT. A variety of peptidic and proteinaceous contaminants (e.g., proteins, toxins, 

biological agents) present in the environment may pose risk human health and wildlife. 

Deactivation methods for these contaminants used in laboratory and industrial settings (e.g., 

autoclaving, dry heating) are not necessarily applicable to in situ environmental remediation. 

Peroxymonosulfate is a strong oxidant (HSO5
–, EH

0 = 1.82 V) reactive towards a variety of 

organic moieties (e.g., sulfides, amines, alkenes) and could potentially be used for the 

deactivation of proteinaceous contaminants. Relatively little quantitative rate information exists 

on the reaction of peroxymonosulfate with free amino acids. Here we studied the kinetics and 

products of 19 of the 20 standard proteinogenic amino acids (all except cysteine) oxidation by 

peroxymonosulfate. The rates of amino acid oxidation by peroxymonosulfate transformation 

decrease in the order methionine > tryptophan > tyrosine> histidine > alanine for the amino acids 

studied. Amino acids that possess sulfur-containing, heteroaromatic or substituted aromatic side 

chains acids were the most susceptible to peroxymonosulfate oxidation as have been observed 

with reactive oxygen species. Methionine sulfoxide and sulfone were confirmed as products of 

oxidation by LC-MS/MS. The rate of oxidation of tryptophan did not decrease in the presence of 

natural organic matter (Suwannee River NOM isolate). Our results demonstrate that unactivated 

peroxymonosulfate is capable of oxidizing 19 amino acids at various rates with methionine and 

tryptophan being liable targets of oxidation in peptides and proteins.  

INTRODUCTION 

A variety of naturally occurring toxins and potential biological warfare agents are 

peptidic or proteinaceous in nature. These include some classes of cyanotoxins (e.g., 

microcystins, nodularins), bacterial exotoxins (e.g., tetanus toxin, diphtheria toxin, botulinum 

toxin, Staphylococcus enterotoxin type B), and the protein ricin. Proteinaceous toxins can be 
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present in the environment (e.g., water, soil, sediments), sources include microbes, shedding and 

excretion by infected animals, and deliberate dissemination of toxins in the case of potential 

biological warfare agents. Cyanobacteria, found in freshwaters, pose a human health risk due to 

the release of cyanotoxins (e.g., microcystins, nodularins). Microcystins are nonribosomal, cyclic 

heptapeptides composed of two variable L-amino acids, three common D-amino acids or their 

derivatives, and two novel D-amino acids. Of the >50 different congeners discovered to date, 

microcystin-LR has received the most study and is found in lakes and drinking water.1,2 The 

World Health Organization has set a provisional drinking water guideline of 1 µg·L-1 for 

microcystin-LR.
3 Although the U.S. Environmental Protection Agency (EPA) does not have 

regulations for cyanotoxins, it does have Health Advisories recommendations for microcystins 

(represented by mycrocinstin-LR) levels of exposures of no more than 0.3 µg·L-1 and of 1.6 

µg·L-1 for children younger than six and adults respectively.4 Ricin is a toxic carbohydrate-

binding (lectin) protein produced by the castor oil plant (Ricinus communis). The enterotoxins 

botulinum toxin and Staphylococcus enterotoxin type B are produced by Clostridium botulinum 

and Staphylococcus aureus respectively, and cause food poisoning. Botulinum toxin, 

Staphylococcus enterotoxin type B, and ricin could be used as biological agents,5 they are stable 

at ambient conditions and can be inactivated by exposure to dry heat > 100 °C for 10 min.6 We 

note that Staphylococcus enterotoxin type B can be reactivated after heating due to refolding of 

the protein.6 Chemical inactivation in laboratory settings can be achieved by exposure to sodium 

hypochlorite for 30 min at various concentrations: ricin (> 1.0%), botulinum toxin (>0.1%), 

Staphylococcus enterotoxin type B (> 0.5%), and microcystin (≥ 0.5%).6  

In addition to toxins, pathogens may be composed of proteins (prions)7 or encapsulated 

by them (viruses). Prions are notoriously difficult to inactivate,8 being resistant to sterilization 
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methods that are effective against conventional pathogens. Treatments effective in reducing 

prion infectivity (defined as < 3log10 reduction in 18 min to 3 h) include autoclaving at 121-132 

°C for 1 h (gravity displacement sterilizer) or 121 °C for 30 min (prevacuum sterilizer) and 

exposure to sodium hydroxide (NaOH), 0.09 N or 0.9 N, for 2 h followed by autoclaving at 121 

°C for 1 h (gravity displacement sterilizer).9 The aforementioned treatments, especially dry 

heating and autoclaving, cannot be readily applied in environmental settings, prompting the 

search for alternative inactivation methods.  

Advanced oxidation processes (AOPs) are defined as processes that generate strong 

chemical oxidants (e.g., hydroxyl radical, sulfate radical) to oxidize organic pollutants. 

Peroxymonosulfate (HSO5
−) holds promise as an oxidant for treating wastewater and 

contaminated soils.10 Peroxymonosulfate has two ionization constants (pKa1 < 1, pKa2 = 9.4); and 

decomposes at alkaline pH values ≳ pKa2 (≿ 8).11 The oxidation of S(IV) by HSO5
− proceeds at a 

similar rate and yields the same product as oxidation by H2O2.12 Like hydrogen peroxide and 

persulfate, peroxymonosulfate contains a peroxide bond but in the case of peroxymonosulfate 

this bond is asymmetrical and so can be considered a monosubstituted peroxide. Most prior 

studies have focused on the production of sulfate radical from peroxymonosulfate,13–22 but 

HSO5
− itself can oxidize organic molecules. Peroxymonosulfate has a standard reduction 

potential of 1.82 V (HSO5
− + 2H+ + 2e− → HSO5

− + H2O),23 comparable to that of hydrogen 

peroxide (1.8 V; H2O2
 + 2H+ + 2e− → 2H2O).24 Peroxymonosulfate is capable of oxidizing 

acetals to esters,25 aldehydes to carboxylates,26 sulfides to sulfoxides and sulfones,27 and 

phosphines to phosphine oxides.28 Oxidation of phenol to benzene-1,4-diol and cyclohexanone to 

ε-caprolactone has been reported.29 Peroxymonosulfate has been used to delignify wood in the 
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paper making process and as a pool shock treatment to reduce the concentrations of organic 

molecules in water and thereby decrease chlorine demand.30–32  

In the present study, we focus on the oxidation of proteinogenic amino acids because they 

represent the building blocks of proteins. Understanding the oxidation of amino acids is a 

prerequisite for elucidating the pathways of protein transformation by HSO5
−. The 

transformation of several aliphatic amino acids by peroxymonosulfate has been reported: 

glycine, alanine, leucine, valine, serine, and threonine at 30-45 °C and pH ≤ 5.2. These studies 

reported rate constants determined by following the concentration of HSO5
− and not the amino 

acid; the products of reaction were determined by a spot test and found to be aldehydes in all 

cases.33,34,35 Oxidation of methionine- and tryptophan-containing peptides by HSO5
− has also 

been studied, but rate constants were not determined.36 In the case of methionine the product of 

oxidation was found to be methionine sulfone; no transformation product was reported for Trp.36 

Studies of amino acid transformation by other oxidants (e.g., hydroxyl radical, ozone, singlet 

oxygen) consistently show the highest rates of oxidation for sulfur-containing and aromatic 

amino acids. The kinetics of HSO5
− reaction with these amino acids has not been studied. 

Systematic investigation of the reactivity of HSO5
− towards individual amino acids is therefore 

needed. 

The objectives of this study were to systematically investigate the kinetics of 

proteinogenic amino acid oxidation by HSO5
−, and to identify the products of oxidation of the 

most rapidly reacting amino acids. Kinetic studies were conducted to determine initial rates of 

reaction of 19 of 20 standard proteinogenic amino acids (all except cysteine) under controlled 

conditions (pH, temperature) in batch and quench-flow reactors. Product identification was 

achieved by liquid chromatography with tandem mass spectrometry.  
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MATERIALS AND METHODS 

Chemicals. Peroxymonosulfate (Oxone®), valine (Val, 99%), and methionine sulfoxide 

(99.7%) were purchased from Alfa Aesar. Arginine (Arg, 99%) and asparagine (Asn, >99%) 

were purchased from TCI. Phenylalanine (Phe, ≥ 99%), formic acid (~98%), and niacin (USP 

grade) were obtained from Fluka. Alanine (Ala, 99%), aspartic acid (Asp, >99%), glutamic acid 

(Glu, ≥99.5%), glycine (Gly 99%), histidine (His, >99%), leucine (Leu, 98%), lysine (Lys, 

≥98%), methionine (Met, ≥98%), serine (Ser, ≥99%), threonine (Thr, ≥98%), tryptophan (Trp, 

≥98%), quinolinic acid (99%), melatonin (>98%), 5-hydroxytryptophan (98%), and methionine 

sulfone (≥98%) were procured from Sigma-Aldrich. Tyrosine (Tyr, >99%), sodium thiosulfate 

pentahydrate (ACS grade), Na2HPO4 (ACS grade), NaH2PO4 (>99%), and dry acetonitrile were 

from Acrōs Organics. Isoleucine (Ile) and proline (Pro) were acquired from MPBiomedicals. 

Sodium acetate trihydrate (ACS grade), HCl (ACS grade), di(N-succinimidyl) carbonate (DCS, 

98%), and 6-aminoquinoline (AQM, 98%) were procured from Fisher.  

Suwannee River Natural Organic Matter (SRNOM) isolate (1R101N) was obtained from 

the International Humic Substances Society (IHSS). We prepared the SRNOM stock solution (40 

mgOC·L-1) was prepared as follows. The isolate was dissolved in ultrapure water with pH 

adjusted to 10 with NaOH, and the solution was stirred for 24 h in the dark, filtered (0.22 µm 

Millex PES filter), and stored in amber glass dark at 4 °C. 

Synthesis of the derivatization reagent. To allow fluorometric determination of amino 

acid concentrations, we synthesized the derivatizing reagent 6-aminoquinolyl-N-

hydroxysuccinimidyl carbamate (AQC) as described previously.37,38 Briefly, DCS (12 mM) was 

dissolved in dry acetonitrile and heated under reflux. A solution of AQM (10 mM) in dry 

acetonitrile was added dropwise over 30 min. The reaction was allowed to reflux for an 
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additional 30 min. The solution was concentrated to half its volume and cooled for 24 h. The 

resulting crystals were washed with dry acetonitrile.  

Kinetic experiments: Batch reactors. For all amino acids except methionine (vide 

infra), kinetic experiments were conducted in amber borosilicate glass bottles under continuous 

stirring on a magnetic stir plate. The initial amino acid and HSO5
– concentrations in these 

reactions were 0.45 mM and 4.5 mM, respectively, in 0.1 M phosphate buffer (pH 7) at room 

temperature (25 °C) unless otherwise noted. Reactions were conducted at pH < 9 because at 

higher pH values HSO5
− dissociates to SO5

2− and decomposes.11 The concentration of HSO5
− 

exceeded that of the amino acids by a factor of 10 to maintain pseudo-first order reaction 

conditions. Reactions were initiated by adding HSO5
– to the amino acid solution. Aliquots were 

withdrawn as a function of time and quenched with equal volume of 1 M thiosulfate.14 The order 

of reaction with respect to HSO5
−, of selected reactions, was obtained via the method of initial 

rates. Activation energies for the transformation of Trp, Tyr, and His by HSO5
– were calculated 

from reaction rate constants obtained over a range of temperatures (20-30 °C) using the 

linearized Arrhenius equation. No reactions were conducted at high temperatures because HSO5
− 

can be decompose to produce sulfate radical at elevated temperatures (> 70 °C).39  

Kinetic experiments: Quench-flow reactor. The kinetics for methionine transformation 

by HSO5
– was too rapid to monitor using batch reactors. We therefore employed a quench-flow 

system (System 1000, Update Instruments) to study the rates of methionine transformation at 

room temperature. The experimental set-up consisted of two syringes (one filled with the amino 

acid solution, the other with the HSO5
− solution), a grid mixer, and a reactor line. Solvent lines 

from the syringes meet at the grid mixer, the reaction takes place in the reactor line, and the 

sample is collected in equal volume of thiosulfate (1 M) to quench the reaction. The length of the 
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reactor line (nylon 6/6) was selected to achieve the desired reaction time. A ram controller 

allowed selection of syringe displacement and displacement velocities. The grid mixer causes 

high turbulence to ensure complete mixing of the syringe components. 

High performance liquid chromatography with fluorescence detection (HPLC-FD). 

Amino acid concentrations were determined by HPLC-FD. Tryptophan and tyrosine are 

intrinsically fluorescent and were analyzed directly. The remaining amino acids required 

derivatization prior to fluorescence detection. Amino acids were derivatized using AQC as 

previously described.37,38 Briefly, an aliquot (50 µL) of an amino acid sample was added to 

borate buffer (0.1 M, pH 9) followed by addition of 25 µL of AQC (2 g·L-1), immediately after 

which the reaction mixture was vortexed (5 s). Fresh AQC solutions were prepared weekly and 

stored at 4 °C. 

Quantification of amino acids was performed on an Agilent 1050 HPLC equipped with a 

fluorescent detector (Agilent 1110). The mobile phases were 15.6 mM acetate buffer (pH 5) and 

60% acetonitrile in H2O for all amino acids with the exception of Asp and Glu for which 0.1% 

formic acid in H2O and 60% acetonitrile in H2O were used as the mobile phases. Samples were 

separated (see SI) in an AccQ·Tag Waters column (C18, 3.9 × 150 mm, 4 µm, 60 Å, 

Wat052885) equipped with a Nova-Pak® (C-18, 3.9 × 200 mm, 4 µm, 60 Å, Wat044380). 

Excitation and emission wavelengths were λex/em = 280/350 nm for Trp, λex/em = 229/310 nm for 

Tyr, and λex/em = 245/395 nm for the AQC-derivatized amino acids.  

Liquid chromatography-tandem mass spectrometry. Product identification was 

performed on an Agilent 6460 triple quadrupole LC-MS with an electrospray ionization source. 

The mobile phases were 10 mM pH 7.5 ammonium acetate buffer with 10% acetonitrile and 

acetonitrile. Products were separated (gradient elution, see SI for details) with the column used 
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for HLPC-fluorescence detection described above. To prevent inorganic salts from reaching the 

detector, the eluate was diverted to waste from (0-4.5 and 29-30 min), and data were recorded 

from 4.5-29 min. The source parameters were: gas temperature 300 °C, gas flow 7 L·min-1, 

nebulizer 45 psi, sheath gas temperature 350 °C, sheath gas flow 10 L·min-1, capillary voltage 

3500 V, nozzle voltage 500 V. 

Initially a full scan (MS2 mode) in the range of 100-800 m/z was performed, and new 

peaks appearing in the reaction mixtures were recorded. Standards of potential transformation 

products of amino acids with similar mass were acquired when available. Samples and standards 

were then analyzed in the multiple reaction monitoring (MRM) mode and the fragmentation 

pattern were compared (see the Supporting Information).  

RESULTS AND DISCUSSION 

All amino acids investigated were transformed by HSO5
–. Figure 2.1 shows the 

transformation of the most rapidly reacting amino acids as a function of time. Reactivity declined 

in the order Met > Trp > Tyr > His > Ala. We determined pseudo first-order reaction rate 

constants for the transformation of 19 of the 20 common proteinogenic amino acids by HSO5
–. 

These are displayed in Figure 2.2 and tabulated in Table 2S.1. The amino acids were stable under 

the reaction conditions in the absence of HSO5
– (see the Supporting Information). In the absence 

of amino acids, peroxymonosulfate was stable over the time periods used in our experiments (up 

to 1 hour) (Figure 2S.1). 

The sulfur-containing amino acid Met was transformed the most rapidly with a pseudo 

first-order rate constant, kobs = 17.8 ± 0.8 s-1 (half-life t1/2 = 3.9 (± 0.2) × 10-3 s). Amino acids 

with substituted aromatic or heterocyclic side chains had kobs ranging from 2.1 (± 0.2) × 10-3 s-1 
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to 1.5 (± 0.1) × 10-4 s-1 (half-lives ranging from 3.3 (± 0.3) × 102 s to 4.6 (± 0.3) × 103 s). Sulfur-

containing and aromatic amino acids are among the most susceptible to oxidation by ozone40 and 

singlet oxygen.41 Contrary to expectations based on the reactivity of other oxidants towards 

amino acids, the aromatic amino acid Phe did not rank among those with highest oxidation rates, 

while the aliphatic amino acid Ala was the fifth most reactive amino acid. Among the aromatic 

amino acids Trp, Tyr have resonance electron-donating groups (hydroxyl group, heterocyclic 

nitrogen atoms), which activate the aromatic ring toward reactions such as hydroxylation; in 

contrast Phe lacks an electron-donating group. The second-order rate constants for the most 

rapidly reacting five amino acids ranged from k′ = 3400 ± 170 M-1·s-1 (Met) to 0.035 ± 0.002 M-

1·s-1 (His) at pH 7 (Table 2.1).  

Reaction order with respect to HSO5
–. We determined the reaction order with respect 

to HSO5
– for the amino acids with largest rate constants (Met, Trp, Tyr, His, Ala) by the method 

of initial rates. We determined initial rates of amino acid transformation as a function of HSO5
– 

loading (4.5, 6, 9, and18 mM). Table 2.1 summarizes the order of reaction for Met, Trp, Tyr, and 

His. Rates of reaction increased with increasing HSO5
– loading for Met, Trp, Tyr, and His. The 

order of reaction was 1 for Met, Trp, and His, and 0.62 ± 0.07 for Tyr (Table 2.1). 

The effect of pH. Of the amino acids investigated, only His possessed a sidechain with 

an ionization constant such that the ionization state of the sidechain varies over the pH range 

typical of environmental systems (pKa,r = 6.0). At the pH of the experiments described above, 

both the His cation and the net neutral species were present in appreciable concentrations. We 

hypothesized that rate of reaction would be affected by pH due to the reactivity of the ionized 

species. We therefore examined the transformation of His by HSO5
– at pH 6 and 7. Experiments 

were not conducted at high pH values were His would be present as only as the neutral species 
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because peroxymonosulfate is sensitive to pH and starts to decompose at pH values ≳ pKa2.11 As 

a control, we examined the transformation kinetics of Trp, an amino acid that does not change 

speciation over the pH range examined. The rate of His oxidation decreased by an order of 

magnitude when pH decreased from 7 to 6 (Figure 2.3). At pH 6 the pseudo first-order reaction 

rate constant for His was 4.1 (± 0.3) × 10-5 s-1; at pH 7 it is 1.5 (± 0.6) × 10-4 s-1. The difference 

in reactivity for His is attributed to the charge state of the imidazole ring. At pH 7 the 

concentration of the base (the fractions present as the base are 0.50 and 0.91 at pH 6 and 7, 

respectively). Higher rates of reactions were also observed in the oxidation of His residues and 

free His in the presence of singlet oxygen,42,43 and ozone,44 as the neutral species became more 

dominant Consistent with expectations, the rate of Trp transformation by HSO5
– did not vary 

appreciably with pH; pseudo first-order reaction rate constants at pH 6 and 7 were 3.3 (± 0.2) × 

10-3 s-1 and 2.2 (± 0.2) × 10-3 s-1.  

Activation energies. We determined the activation energies for the three aromatic amino 

acids with highest oxidation rates (Trp, Tyr, His). Temperature-controlled reactions (20-35 °C) 

were conducted in a water bath with overhead stirring. The activation energy was obtained from 

the linearized Arrhenius equation and decreased in the order of His ≈ Tyr > Trp (Table 2.1). No 

value for the activation energy of Met is reported as we were unable to control temperature in the 

quench-flow reactor. The values (35 ± 4 to 97 ± 13 kJ·mol-1) are at or below the range of the 

apparent activation energy of other oxidants used in in situ chemical oxidation. For example, in 

the transformation of chlorinated ethenes to dechlorinated products by sulfate radicals produced 

by heat-activated persulfate, the apparent activation energies were found to range from 101 ± 4 

to 144 ± 5 kJ·mol-1.45  
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The effect of natural organic matter on Trp transformation by HSO5
–. Natural 

organic matter is likely to be present in environments that would be subjected to in situ chemical 

remediation. We therefore studied the transformation of Trp by HSO5
– in the presence of 

SRNOM. We hypothesized that the presence of natural organic matter would decrease the 

observed reaction rate by serving as a sink for HSO5
– (Figure 2.5). We selected Trp for this 

experiment because it was the second fastest reacting amino acid and can be detected directly by 

fluorescence. We employed Suwannee River NOM isolate because it is a well-characterized 

unfractionated reference aquatic natural organic matter.46 We found that HSO5
– transformed Trp 

in the presence of 5 mgOC·L-1 SRNOM. Inclusion of SRNOM did not affect the kinetics of Trp 

transformation by HSO5
– (p > 0.05). The reported impact of NOM on in situ chemical oxidation 

methods varies; different effects have been observed for permanganate, persulfate and Fenton’s 

reagent.24 In the case of peroxymonosulfate, the presence of transition metals in the NOM 

sample could activate HSO5
– to produce radical species (e.g., SO4·–, ·OH),47 thereby increasing 

degradation efficiency while at the same time the NOM acts as a sink for radicals.48,49  

We determined the concentrations of metals in SRNOM by ICP-OES (see SI). Iron, 

which can activate HSO5
– to form sulfate radical (Fe(II,III)),47 was found in a concentration 

equivalent to 0.13 ± 0.01 µM in the reaction matrix. To test the hypothesis that radical species 

contributed to the transformation of Trp in reactions conducted in the presence of SRNOM, we 

added ethanol to scavenge sulfate and hydroxyl radicals. The observed reaction rate constants 

decreased from 1.71 (± 0.04) × 10-3 s-1 in the absence to 8.4 (± 0.4) × 10-4 s-1 in the presence of 

ethanol confirming the contribution of sulfate or hydroxyl radicals to the reaction. We therefore 

conclude that the equal overall rates of Trp transformation in the absence and presence of 
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SRNOM were due to the production of radicals and consumption of reactants by SRNOM in the 

latter.  

Transformation products. We first examined our HPLC-FD chromatograms for 

evidence of amino acid transformation products. Products of oxidation with primary or 

secondary amines can be derivatized by AQC.37 Only AQC derivatives or products of oxidation 

with intrinsic fluorescence at λex/em = 245/395 nm present at sufficiently high concentrations 

would have been detected with the instrumental setting used. The only transformation product 

detected by HLPC-FD was in the Met reaction product mixture, eluting earlier than the parent 

compound and observed starting at the earliest time point (12 ms). This product had the same 

retention time as the AQC derivative of methionine sulfoxide (Met-Ox).  

We next examined product mixtures from the reaction of Met with HSO5
– by LC-MS/MS 

to confirm the presence of Met-Ox and to identify further products of Met transformation. Mass 

changes observed by LC-MS/MS are summarized in Table 2.2. The formation of Met-Ox was 

furthered confirmed by LC-MS/MS using MRM scan. The sample peaks had the same retention 

time as the standards and the same fragmentation pattern. Mass changes of +16 and +32 m/z 

corresponding to addition of oxygen were observed for Met corresponding to the products Met-

Ox and methionine sulfone. The use of authentic standards allowed us to confirm Met-Ox and 

Met-sulfone as products of oxidation of Met, in agreement with products observed for the 

oxidation of sulfides with HSO5
–.27 The oxidation of organic sulfides by peroxides, in the 

presence of protic solvents, is proposed to occur by a nucleophilic attack by the sulfide to an 

oxygen molecule in the peroxide, which forms a solvent complex intermediate (Scheme 2.1).50 
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 Scheme 1. Oxidation of organic sulfides by peroxide in protic solvents. (R′ and 

R′′ denote to the remainder of the molecule attached to the sulfide and the 

peroxide respectively). 

We examined the reaction mixtures of the next three fastest reacting amino acids by LC-

MS/MS. The total ion count (TIC) from the Trp reaction mixture contained five of 

transformation products. One product was 221 m/z (Trp + 16 m/z) indicative of a hydroxylated 

product. Hydroxylated Trp products have been observed in the H2O2 and hydroxyl radical 

oxidation of Trp.51,52 Peroxymonosulfate is capable of hydroxylating aromatic rings. For 

example, HSO5
– reacts with phenol to form benzene-1,4-diol.29 The retention time and 

fragmentation pattern of the commercially available standard of 5-hydroxy tryptophan (5-OH-

Trp) differed from those of the transformation product (retention time 5.6 and 7 min for 5-OH-

Trp and Trp + 16 m/z respectively) (Table 2S.4). The dissimilarity in retention time relative to 5-

OH-Trp may indicate that the product is not hydroxylated on the aromatic ring. Another possible 

product with the same mass shift is oxindolylalanine, which is also formed in the reaction of Trp 

with H2O2.51 Other Trp transformation products had mass shifts of +20, –37, and –81 m/z, 

possible products include hydroxykynurenine, quinolic acid, and niacin respectively. Standards 

of quinolic acid and niacin had different retention time and fragmentation pattern differed from 

the observed products. The lower m/z products may reflect ring-cleavage products. Although a 

mass shift (+20 m/z) that could correspond to hydroxykynurenine was observed we were unable 

to obtain an authentic standard to verify this product. Hydroxykynurenine is an oxidation product 
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of kynurenine (+4 m/z), formed due to the hydrolysis and loss of the carbonyl group of N-

formylkynurenine (+32 m/z) that in part results from the addition of two oxygen atoms to Trp 

followed by cleavage of the indole ring.52 Mass shifts corresponding to kynurenine (+4 m/z) and 

N-formylkynurenine (+32 m/z) were not present in detectable amounts the reaction mixture for 

the time point analyzed. The samples analyzed were from the end of the reaction; analysis at 

earlier timepoints may yield evidence of kynurenine and N-formylkynurenine . 

For Tyr a mass change of (+48 m/z) was observed, which may reflect addition of three 

oxygen atoms. The double hydroxylation of Tyr (+32 m/z) has been observed in its reaction with 

sulfate radical, but so far we have not found evidence in the literature for a triple-hydroxylated 

Tyr product.53 Dakin products have been observed in the reaction of peroxymonosulfate with 

electron-rich aromatic rings.26 Tyrosine has an electon-donating hydroxyl group. The Dakin 

products for Tyr would be 89 and 110 m/z, but these products were not present in our study. 

Further study on the transformation products of Tyr is required. 

Two mass changes were observed for His possibly corresponding to oxo-histidine (+16 

m/z) and (+17 m/z). No authentic standards were commercially available for these products. Oxo-

histidine is formed in the reaction of His with hydroxyl radical and hydrogen peroxide.54,55 In the 

case of hydroxyl radical, the radical attacks the imidazole ring forming an allyl-type radical that 

reacts with oxygen leading to the formation of a peroxy radical that can undergo further reactions 

to form 2-oxohistidine.54,56,57 Formation of nitric oxides by peroxymonosulfate occurs indirectly 

by dimethyloxirane, which is formed by the reaction of HSO5
– with acetone.58 Our reaction 

mixtures lacked acetone, and we therefore we do not expect the formation of nitric oxide 

derivatives.  
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Environmental Implications. Our results indicate that unactivated peroxymonosulfate 

may be useful for the in situ remediation of proteinogenic contaminants. Amino acids with 

sulfur-containing, substituted aromatic, or heterocyclic side chains react the most rapidly with 

HSO5
–. The transformation of cyanotoxin microcystin-LR by peroxymonosulfate at low Co2+ 

concentration (0.1 µg·L-1) at pH 5.8, was found to have an initial pseudo first-order rate constant 

of 2.59 × 10-4 s-1 (the reaction was followed by 1 h).59 The primary oxidant in that study was 

sulfate radical, the ratio for HSO5
–:Co2+ was 5000:1, lower than the optimal ratio 100:1 found for 

the degradation of 2,4-dichlorophenol.14 Microcystins are cyclic heptapeptides containing only 

two proteogenic amino acid residues. In the case of microcystin-LR those are Arg and Leu, 

which do not rank among those rapidly transformed by unactivated HSO5
– (the pseudo first-order 

rate constants for Arg and Leu are 7.6 (± 0.9) × 10-5 s-1 and 3.1 (± 0.4) × 10-5 s-1, respectively; 

Table S1). Assuming that the rate of transformation of amino acids in a peptide is the same as the 

free amino acids then in the absence of Co2+ the pseudo first-order rate constant of microcystin-

LR should be 1.1 (± 0.1) × 10-4 s-1. Common microcystins include (LR (Leu, Arg), RR (Arg 

Arg), YR (Tyr, Arg) and LA (Leu, Ala)). The results of the present study suggest that HSO5
– 

would be able to oxidize the Tyr residue in microcystin-YR.   

The transformation of peptidic contaminants could be carried out under ambient 

conditions (i.e., no extreme temperatures or pH values), and without the use of a metal catalysis 

(e.g., cobalt).47 The concentrations of NOM used in this study (mgOC·L-1 SRNOM) did not affect 

the kinetics of Trp oxidation, but the effect of NOM warrants further study. Transition metals 

that activate peroxymonosulfate can be present in natural organic matter, as is the case in 

SRNOM, which leads to the formation of radical species (i.e. hydroxyl radical, sulfate radical).47 

The use of ethanol, a radical scavenger,  allowed us to confirm the activation of HSO5
– in the 
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presence of SRNOM. At the same time NOM can act as a radical sink and increasing NOM 

concentrations decreases the degradation of organic contaminants by hydroxyl radicals.48,49 

Natural organic matter has the potential to impact contaminant degradation by 

peroxymonosulfate. Peptidic toxicants and proteins with external Met, Trp, Tyr, His, and Ala 

residues are expected to be especially amenable to oxidation by HSO5
– including ricin and prion 

proteins (Figures S4 and S5). Hydroxyl and sulfate radicals react with amino acids and proteins 

to form carbon- and nitrogen-centered radicals that can lead to cleavage of the peptide backbone 

(see reviews by Roeser et al. and Hawkins et al.)60,61 Further study with peroxymonosulfate is 

required to determine if it can cleave the peptide backbone, which can result in protein 

inactivation.62,63 The reaction kinetics of amino acid residues in a protein differ from those of 

free amino acids in part due to their location in the tertiary structure. This difference in reactivity 

can be used to determine solvent accessibility.53,60 Lundeen et al. quantified the kinetics of 

photooxidation of some amino acids (Cys, His, Met, Trp, Tyr) by singlet oxygen in an intact 

protein (glyceraldehyde-3-phosphate dehydrogenase) and found that the rates of oxidation of free 

amino acid and residues in peptides was faster than in proteins. Solvent-accessible amino acid 

residues reacted at higher rates than those present in the inside of the protein.64 The oxidation of 

Trp by H2O2 decreases in the order of free Trp > short peptides containing Trp > protein 

(lysozyme).51 Protein conformation is expected to affect which residues are susceptible to 

transformation, and residues with higher solvent accessibility are the most prone to 

transformations.64–67 Therefore, we expect the transformation of amino acid residues in a protein 

to occur at a slower rate than observed in the reaction between free amino acids and 

peroxymonosulfate, with the solvent-accessible residues being the least affected. 
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Table 2.1. Second-order reaction rate constants (k′) for the oxidation of selected amino 
acids by HSO5

–, order of reaction with respect to HSO5
–, and activation energy (Ea). 

 

Amino 

Acid 

 

k′ 

(M-1s-1) 
Reaction order with 

respect to HSO5
– 

 

Ea 

(kJ·mol-1) 

Met 3400 ± 170 0.93 ± 0.08 ND 

Trp 0.49 ± 0.04 0.96 ± 0.08 35 ± 4 

Tyr 0.0092 ± 0.0007 0.62 ± 0.07 81 ± 8 

His 0.035 ± 0.002 0.99 ± 0.07 97 ± 13 

R2 ≥ 0.99 and ≥ 0.96 for the linear regression fit used to calculate k′ and reaction order, and 
the activation energy respectively. 

ND, not determined  
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Table 2.2. Mass changes observed by LC-MS/MS and possible products of oxidation by 
HSO5

– 

Amino Acid M+H+ (m/z) Possible products 

Name Structure 

Trp  
 

 

 
221 

hydroxy-tryptophan 

 

 

His 172 
2-oxo-histidine 

 

Met 166 methionine sulfoxide 

 

 
182 methionine sulfone 
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 1 

 2 

Figure 2.1. Oxidation of selected amino acids by peroxymonosulfate. Experimental conditions: 3 

[amino acid]0 = 0.45 mM, [HSO5
−]0 = 4.5 mM, pH 7 (0.1 M phosphate). Error bars represent one 4 

standard deviation (n = 3). Pseudo-first-order rate constants are presented in Table 2.1. 5 
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 6 

 7 

Figure 2.2. Pseudo-first-order rate constants for the oxidation of selected amino acids by 8 

peroxymonosulfate. Experimental conditions: [amino acid]0 = 0.45 mM, [HSO5
−]0 = 4.5 mM, pH 9 

7 (0.1 M phosphate). Error bars represent one standard deviation (n = 3).  10 
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 11 

Figure 2.3. Dependence on pH of histidine (His) and tryptophan (Trp) transformation by 12 

peroxymonosulfate. Experimental conditions: [amino acid]0 = 0.45 mM, [HSO5
−]0 = 4.5 mM, 13 

phosphate buffer 0.1 M, pH 6 or 7. Error bars represent one standard deviation (n = 3).  14 
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Figure 2.4. Oxidation of tryptophan (Trp) by peroxymonosulfate in the presence of 

natural organic matter and ethanol (EtOH). Experimental conditions: [Trp]0 = 0.45 mM, 

[HSO5
−]0 = 4.5 mM, [NOM]0 = 5 mgOC·L-1, [EtOH] = 4.5 M, 0.1 M phosphate buffer, pH 

7. The control was Trp with NOM in the absence of HSO5
−. Error bars represent one 

standard deviation (n = 3).  
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2S.1. Materials  

Potassium sulfate (ACS grade) was obtained from Reagent World. HCl (ACS Plus grade) 

was obtained from Fisher. ICP-OES metal standards (1000 mg·L-1 ± 2 mg·L-1) were from Fluka 

Analytical. 

2S.2 ICP-OES 

Sample preparation. A Suwannee River natural organic matter isolate (SRNOM) 

sample (40 mgOC·L-1) was acidified to pH 2 with HCl (12.1 N) to dissolve metals present in 

solution. To separate SRNOM from solution the sample was filtered using centrifugal 

concentrators (30 min, 14000 g, Sartorius Vivacon 500®, 2000 MWCO).  

Standards preparation. Two calibration solutions with final concentrations of 0.1 g·L-1 

and 1.0 g·L-1 were prepared from standard and used for the low and high points of the 

calibration. In the case of Fe and Mg the bounding concentration used were 0.01 and 0.1 g·L-1 

respectively. Winlab 32 software was used to process raw instrumental data to obtain final 

concentration values for these metals. 

ICP-OES Parameters. Argon was used to generate the plasma (15 L·min-1), as the 

nebulizer gas (0.6 L·min-1) and the auxiliary gas (0.2 L·min-1), and the instrument was run using 

an RF Plasma source (1500 W). The sample introduction rate was 1 mL·min-1, with an axial 

plasma view to increase sensitivity. Initially the sample was screened for Co, Fe, Mn, Ag, Ni, 

Ru, and V which are known to activate peroxymonosulfate,1 and Si, Ala, and Mg that are 

commonly present in the environment. Of these metals Fe, Mg, and Si were present in the 

sample at levels above the detection limit, and were quantified with the use of metal standards. 

The concentrations of Fe, Si, and Mg were 0.8 ± 0.07, 11.09 ± 0.01, and 0.16 ± 0.01 µm·mgNOM
-1 
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respectively in the SRNOM sample, errors represent the standard deviation of the concentration 

calculated from three measurements.  

2S.3. Amino Acid Stability 

The concentrations of amino acid were monitored under the reaction conditions (0.1 M 

phosphate buffer, pH 7) in the absence of HSO5
–. At the end of the experiment the concentration 

of amino acid did not change considerably (≤ 9%) for all the amino acids studied. 

2S.4. Determination of Peroxymonosulfate Concentration  

Iodiometric titration was used to determine the concentration of HSO5
–. Briefly, an 

aliquot (10 mL) of HSO5
– was added to a flask containing a known amount of potassium iodine 

and 10 mL of 20 % (v/v) of sulfuric acid, resulting in a yellow solution from the oxidation of 

iodide to iodine. The iodine is titrated with sodium thiosulfate until the solution turns a pale 

yellow. Starch is then added, to obtain a more distinct end point, due to the formation of iodine-

starch clathrate. The titration is continued until a colorless endpoint is achieved. The titration was 

carried out in an ice-bath to maintain the temperature <20 °C. 

SO5
2– + 2KI + H2SO4 → 2SO4

2– + I2 + K2SO4 (2S.1) 

I2+2Na2S2O3→ 2NaI+ Na2S2O6 (2S.2) 

 

SO5
2– + 2KI + H2SO4 + 2Na2S2O3 → 2SO4

2– + I2 + K2SO4 + 2NaI + Na2S2O6 (2S.3) 

 

2S.5. Effect of Salt Concentration on the Rate of Oxidation of Alanine 

The rates of Met, Trp and His transformation were proportional to the concentration of 

HSO5
–. The non-integer order of reaction for Tyr suggests a complex reaction mechanism. In the 
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case of Ala a negative order was obtained. A negative order of reaction could indicate a rapid 

step preceding the rate-determining step2 or the formation of an inhibitory intermediate.3 Further 

experiments are required to explain this observation.  

The rate of reaction of alanine (Ala) decreased with increasing peroxymonosulfate 

concentration (Figure 2S.2a). Peroxymonosulfate was used as the triple salt 

2KHSO5·KHSO4·K2SO4. Increasing peroxymonosulfate concentration therefore also increases 

the ionic strength of the solution. To test the hypothesis that an increase in ionic strength 

decreased the rate of reaction experiments were performed at different K2SO4 concentrations 

with Ala and tryptophan (Trp). Increasing the salt concentration resulted in a decreased of the 

rate of reaction of Ala (Figure 2S.2b) but not Trp (Figure 2S.3). Further experiments are required 

to explain this observation. 
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Table 2S.1. Pseudo-first-order rate constants 
of amino acid oxidation by HSO5

– 

Amino acid kobs (s-1) R2 

Met 17.8 ± 0.8 0.97 

Trp 2.1 (± 0.2) × 103 0.90 

Tyr 3.45 (± 0.1) × 104 0.99 

His 1.52 (± 0.06) × 104 0.98 

Ala 1.1 (± 0.1) × 104 0.89 

Val 7.8 (± 0.8) × 104 0.89 

Arg 7.6 (± 0.9) × 105 0.82 

Pro 7.4 (± 0.2) × 105 0.99 

Gln 7.0 (± 0.5) × 105 0.95 

Thr 6.3 (± 0.6) × 105 0.91 

Ans 6.0 (± 1) × 105 0.72 

Ser 5.8 (± 0.8) × 105 0.81 

Glu 4.5 (± 0.7) × 105 0.82 

Lys 4.5 (± 0.4) × 105 0.93 

Asp 3.6 (± 0.3) × 105 0.94 

Gly 3.3 (± 0.2) × 105 0.96 

Leu 3.1 (± 0.4) × 105 0.90 

Phe 2.9 (± 0.4) × 105 0.82 

Ile 1.7 (± 0.2) × 105 0.88 
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Table 2S.2. HPLC mobile phases and gradients 

Amino acid Mobile phase Gradient 

Glu, Asp A = Formic acid 0.1 % 

 B = 60:40 ACN:H2O 

0 min 80% A, 20 min 50 % A, 21 min 

50 % A. 21.01 min 80 % A, 28 min 

80% A. 

Tyr A = NaAc 15 mM, pH 5 

 B = ACN 

0-0.5 min 90% A, 0.6-2 min 80 % A, 

2.01-8 min 65 % A, 8.05-12 min 90 % 

A.  

Trp A = NaAc 15 mM, pH 5 

 B = ACN 

0-2 min 90% A, 2.01-5 min 75 % A, 

5.01-6 min 65 % A, 7.01-8.0 min 90 % 

A. 

Remaining A = NaAC 15 mM, pH 5 

 B = 60:40 ACN:H2O 

0 min 80% A, 20 min 50 % A, 21 min 

50 % A, 21.01 min 80 % ,. 28 min 

80% A. 

    Abbreviations: ACN, acetonitrile; NaAc, sodium acetate. 
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Table 2S.3. MRM parameters for amino acids and product standards 

Compound 
Name 

Precursor 
Ion (m/z) 

Product 
Ion (m/z) 

Dwell Time 
(ms) 

Fragmentor 
Voltage (V) 

Collision 
Energy 

(eV) 

Trp-OH 221.1 204.1 75 85 8 

Trp-OH 221.1 162.1 75 85 20 

Kyn 209.1 146.1 75 90 20 

Kyn 209.1 94.1 75 90 12 

Kyn 209.1 65.1 75 90 64 

Trp 205.2 188.1 75 80 8 

Trp 205.2 146.1 75 80 16 

Met-sulfone 182 56 75 90 24 

Quinolinic acid 168 168 75 130 0 

Met-sulfoxide 166 74 75 85 12 

Met-sulfoxide 166 56.1 75 85 24 

Met 150 104 75 95 8 

Met 150 56 75 95 16 

Niacin 124 80 75 120 24 

Niacin 124 78 75 120 28 

Melatonin 233 233 75 100 0 

Tyr 182.1 136.1 200 90 12 

Tyr 182.1 91.1 200 90 36 

His 156.1 110.1 200 90 16 

His 156.1 56.2 200 90 40 

     All samples were analyzed in positive mode with a cell accelerator voltage of 4 V. 



43 
 

 

Table 2S.4. Retention times of standards and observed products of oxidation 

m/z Standard 

Standard 

Retention time (min) 

Sample 

Retention time (min) 

221 5-hydroxy tryptophan 5.6 7 

209 Kynurenine 6.8 6.8 

205 Trp 8.7 8.7 

168 Quinolinic acid 4.7 13 

124 Niacin 4.6 9-9.9 
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Figure 2S.1. Stability of peroxymonosulfate in the reaction conditions. Reaction conditions 

[HSO5
−]0 = 4.5 mM, 0.1 M phosphate buffer, pH 7. The concentration of HSO5

− did not 

appreciably change in the reaction conditions. 
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Figure 2S.2. Transformation of alanine by peroxymonosulfate as a function of oxidant and salt 

concentrations. (a) Determination of the order of Ala reaction with respect to [HSO5
−]0 (in 

mol·L-1). Initial conditions were, [Ala]0 = 0.45 mM, [HSO5
−]0 = 4.5, 6, or 9 mM, 0.1 M 

phosphate buffer, pH 7. The rate of reaction decreased with increasing HSO5
− concentration. (b) 

Transformation of Ala as a function of sulfate concentration. Experimental conditions were 

[Ala]0 = 0.45 mM, [HSO5
−]0 = 4.5 mM, 0.1 M phosphate buffer, pH 7. Peroxymonosulfate is a 

component of the triple salt 2KHSO5·KHSO4·K2SO4. The 4.5 mM solution of HSO5
− contained 

11.25 mM K+. The (HSO5
− + K2SO4 1.88 mM) reaction contains 15 mM K+, and the (HSO5

− + 

K2SO4 5.63 mM) reaction contains 22.5 mM K+, which are equivalent to the amount of 

potassium present in [HSO5
−]0 = 6 mM and [HSO5

−]0 = 9 mM respectively. The rate of reaction 

decreased as K2SO4 concentration increased. 

a b 
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Figure 2S.3. Transformation of tryptophan by peroxymonosulfate as a function of 

oxidant and salt concentrations. Experimental conditions: [Trp]0 = 0.45 mM, [HSO5
−]0 = 

4.5 mM, phosphate buffer 0.1 M, pH 7. Peroxymonosulfate is a component of the triple 

salt 2KHSO5·KHSO4·K2SO4, a 4.5 mM solution of HSO5
− is 11.25 mM K+. The (HSO5

− 

+ K2SO4 1.88 mM) reaction is 15 mM K+ and the (HSO5
− + K2SO4 5.63 mM) reaction is 

22.5 mM K+, which are equivalent to the amount of potassium present in [HSO5
−]0 = 6 

mM and [HSO5
−]0 = 9 mM respectively. Increasing K2SO4 concentration did not affect 

the rate of reaction of Trp.  

 



47 
 

 

 

Figure 2S.4. Ricin structure, solvent exposed residues. Image constructed in Swiss-

PdbViewer DeepView (http://spdbv.vital-it.ch/).4 PBD ID 2AAI.5 Residues with > 50% 

solvent accessibility A His 65; > 37% solvent accessibility A Tyr 115, A Tyr 194, B Met 

5, B His 29, B Tyr 67, B Tyr 148, B Tyr 228; > 30% solvent accessibility A His 94, A 

Tyr 153, B Tyr 69, B His 251. Color code His orange, Met red, Tyr green. Ricin is 

composed of two protein chains, A refers to the ribosome inactivating protein, and B to 

the ricin-type beta-trefoil lectin domain. 
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Figure 2S.5. Prion-trimer structure, solvent exposed residues. Image constructed in 

Swiss-PdbViewer DeepView (http://spdbv.vital-it.ch/).4 PBD file provided by Holger 

Wille. Residues with > 60% solvent accessibility A Tyr 224, A Tyr 225, B Tyr 224, B 

Tyr 225, C Tyr 224, and C Tyr 225; > 50% solvent accessibility A (Tyr 148, Met 153, 

Tyr 154, Tyr 162, Tyr 168, His 176, Met 204, Tyr 217), B (Tyr 98, Tyr 148, Met 153, 

Tyr 156, Tyr 162, Tyr 168, Met 204, Met 212, Try 217), and C (Tyr 98, Tyr 148, Met 

153, Tyr 154, Tyr 156, Tyr 162, Tyr 168, Met 204, Met 212, Tyr 217). Color code His 

orange, Met red, Trp blue, Tyr green.  
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ABSTRACT. Proteinaceous contaminants (e.g., proteins, peptides, biological agents) can be 

present in the environment and remain active. Current inactivation methods (e.g., autoclaving, 

dry heating) used for these contaminants are difficult to apply in environmental settings, 

prompting the development of new approaches. Cobalt-activated peroxymonosulfate (HSO5
−) 

has been demonstrated to degrade diverse contaminants (e.g., phenols, microcystin-LR, diesel 

fuel). Inactivation methods applicable in environmental settings require further study. Here we 

investigated kinetics and products of oxidation of 18 of the 20 standard proteinogenic amino 

acids (all except cysteine and methionine) by cobalt (II)-activated HSO5
−. Cobalt catalyzes the 

decomposition of HSO5
− into sulfate radicals (SO4·–); other radical species (e.g., ·OH, HSO5·−, 

Cl·) can be formed due to propagation reactions. Overall rates of amino acid transformation by 

HSO5
− + Co(II) exceeded those of reaction with unactivated HSO5

− by at least an order of 

magnitude (Ruiz et al., 2015). Rates of transformation decreased in the order tryptophan > 

leucine ≈ lysine ≿ isoleucine ≿ arginine ≿ threonine ≿ serine ≿ phenylalanine ≿ tyrosine ≿ 

glycine ≿ valine ≿ glutamic acid ≿ aspartic acid ≿ alanine ≿ glutamine ≿ asparagine ≿ 

histidine ≿ proline. Use of radical scavengers and varying the counterion of the cobalt salt 

allowed us to determine the major oxidants in the reactions. For tryptophan the major oxidant 

was sulfate radical. We examined the effect of the counter ion of the cobalt salt (viz. Cl– and 

SO4
2–) and higher transformation rates in the presence of chlorine than sulfate for alanine, 

isoleucine, leucine, lysine, and tryptophan. The major oxidants were determined by using 

alcohols with different reaction rate constants (viz ethanol and tert-butanol) toward radicals as 

radical scavengers. The major oxidants were found to be SO4·– and ·OH for tryptophan, and 

SO4·– and/or ·OH for alanine and histidine. For the aliphatic amino acids leucine and valine, and 

the basic amino acid lysine, other oxidants appeared to dominate the reaction. Products of 
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reaction confirmed by mass spectrometry with the use of authentic standards include kynurenine 

for trpytophan and methionine oxide and methionine sulfone for methionine.  

INTRODUCTION 

Some proteins and peptides can be present in the environment as contaminants and pose a 

risk to humans and wildlife. Proteinaceous and peptidic contaminants include cyanotoxins (e.g., 

mycrocystins, nodularin), bacterial exotoxins (e.g., botulinum toxin, Staphylococcus enterotoxin 

type B), and proteins such as ricin and prions. Mycrocistin-LR is a non-ribosomal peptide 

produce by cyanobacteria and has been detected in surface and drinking water.1,2 Ricin, a protein 

produced by the castor bean plant, and botulinum toxin, produced by Clostridium botulinum, 

have the potential to be used biowarfare agents.3 Prions, composed primarily if not exclusively of 

misfolded conformers of the prion protein, cause neurodegenerative diseases in mammals and 

can persist in the environment and remain infectious when bound to soil components.4–7 The 

presence of toxic proteinaceous material in the environment demands the development of in situ 

remediation technologies. Although methods exist to decontaminate a variety of peptide and 

proteins, not all can be readily adapted for application to environmental matrices. Harsh methods 

are required to inactivate these proteins such as chemical denaturation (exposure to sodium 

hypochlorite for 30 min) and high temperature (dry heat > 100 °C for 10 min) to inactivate ricin 

and botulinum toxin,3 or autoclaving (121-132 °C for 1 hour gravity displacement sterilizer)8 to 

inactivate prions. The aforementioned methods are ill suited for in situ remediation.  

In situ chemical oxidation is approved by the U.S. Environmental Protection Agency 

(EPA) to treat hazardous waste sites.9 Common oxidants used in in situ chemical oxidation 

include permanganate, Fenton reagent (hydrogen peroxide + ferrous iron), modified Fenton 

reagent (e.g. in the presence of iron chelates)10, ozone, and persulfate.11,12 The reactive species of 
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these oxidants are the permanganate ion, hydroxyl radicals (·OH) in the case of the (modified) 

Fenton reagents, hydroxyl radicals and ozone in the case of ozone, and sulfate radical (SO4·–) in 

the case of persulfate. Sulfate and hydroxyl radicals are strong oxidants (formal potentials of 2.7 

V and 2.5 V at pH 7, respectively) capable of oxidizing organic contaminants. Sulfate radical has 

gained more attention for in situ chemical oxidation application studies due in part by the 

assumption that it is a more selective radical than ·OH,13 and observed higher initial degradation 

rates compared to hydroxyl radical.14 Sulfate radical is thought to be more selective than ·OH by 

reacting mainly via electron transfer whereas hydroxyl radical can be rapidly depleted by 

engaging in hydrogen abstraction reactions, both sulfate and hydroxyl radicals can abstract 

hydrogen from organic molecules, but this reaction is believed to occur at a lower rate for sulfate 

relative to hydroxyl radical.13,15  

Several limitations inhere in the use of the Fenton reagent to produce hydroxyl radical for 

remediation of contaminated soils and sediments. The main constraint on the environmental 

application of the Fenton reagent is the need to maintain acidic conditions (pH < 5) to minimize 

precipitation of iron (III).10 In situ application of the Fenton reagent may rely on naturally 

occurring iron minerals and be conducted in neutral and alkaline conditions; the efficiency of 

target contaminant degradation depends iron content and oxidation state, mineral and oxide 

composition.16 Furthermore, hydroxyl radical reacts rapidly with H2O2 depleting both hydroxyl 

radical and its precursor.17,18 Generation of sulfate radical from persulfate or peroxymonosulfate 

is not subject to these constraints. 

Peroxymonosulfate decomposes into radial species (so-called activation) in the presence 

of transition metal catalysis,14,19,20 UV light (λ < 254 nm),21 and heat (80 °C).22 Activated HSO5
− 

can be employed over a wider range of pH (up to pH 12) than Fenton reagent to form sulfate 
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radicals.23 The formation of hydroxyl radical via UV activation of HSO5
– increases at pH > 9, 

due in part to reaction of sulfate radical with hydroxide ion.23 Among these activation pathways, 

activation by transition metals is the most viable option for in situ soil decontamination UV is 

not viable since the photoic zone is approximately the top 0.5 mm of the soil surface.24 

Cobalt-activated HSO5
− has been demonstrated to be effective in oxidizing a variety of 

organic contaminants including atrazine, microcystin-LR, 2,4-dichlorophenol, and diesel 

fuel.25,26,14,27 Using pulse radiolysis and flash photolysis techniques, the rates of free amino acid 

reaction with sulfate radical have been studied for nine amino acids: alanine (Ala), arginine 

(Arg), glycine (Gly), histidine (His), methionine (Met), serine (Ser), tryptophan (Trp), tyrosine 

(Tyr), valine (Val).28–30 Rate constants have been reported for eight of these amino acids but 

products of transformation were not reported.28–30 In a previous correspondence, we 

demonstrated the oxidation of amino acid by peroxymonosulfate (HSO5
−); in this contribution 

we studied the transformation of amino acids by radicals species generated by the decomposition 

of HSO5
− catalyzed by cobalt (II). To the best of our knowledge a kinetic study of the oxidation 

of free amino acids by cobalt-activated HSO5
− has not been conducted. Cobalt activation of 

HSO5
− results in the formation of primarily sulfate radical.14 Nonetheless, sulfate radical may not 

be the predominant major oxidant in the reactions with some amino acids, as other radicals can 

be formed through propagation reaction.  

Among the transition metals investigated for catalyzing the decomposition of HSO5
− into 

radial species (Co2+, Ru3+, Fe+2/+3, Ce+3, V+3, Mn+2, Ni+2),14 cobalt(II) salts have been shown to 

be the most effective in producing sulfate radicals, based on the initial transformation of 2,4-

dichlorophenol.14 The decomposition of peroxymonosulfate proceeds as:14 

Co2+ + HSO5
− → Co3+ + SO4·– + OH– (3.1) 
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Equations 3.2 and 3.3 describe equation 1 in more detail. The formation of the sulfate radical by 

cobalt activation proceeds as:31,32 

Co2+ + H2O → CoOH+ + H+ (3.2) 

CoOH+ + HSO5
− → CoO+ + SO4·− + H2O (3.3) 

First, Co(II) reacts with water to form cobalt hydroxide (eq 3.2), then cobalt hydroxide 

reduces HSO5
− to yield Co(III)O+, sulfate radical, and water (eq 3.3). In the regeneration of the 

cobalt catalyst, Co(III) is reduced by peroxymonosulfate (standard reduction potential, EH
0 = 

1.82 V, HSO5
− + 2H+ + 2e− → HSO5

− + H2O, pKa1 < 1, pKa2 = 9.4).33,34 Increasing the pH of the 

reaction results in the formation of ·OH (eq 3.4). The reaction between HSO5
− with either SO4·− 

or ·OH (eq 3.5, 3.6) produces HSO5
− radical (SO5·–).35  

Propagation reactions (eqs 3.4-3.6) can generate hydroxyl radicals and peroxymonosulfate 

radicals: 

SO4·− + OH− →·OH + SO4
2− (3.4) 

SO4·− + HSO5
− → SO5·− + SO4

2− + H+ (3.5) 

·OH + SO5
2− → SO5·− + OH− (3.6) 

The objectives of the study were to determine the rates of amino acid transformation by 

cobalt-activated HSO5
−, and for selected amino acids to identify the dominant oxidant in selected 

reactions (viz. sulfate, hydroxyl, or HSO5
− radicals) and determine the products of oxidation. To 

achieve these objectives we conducted kinetic studied to determine the initial rates of reaction of 

18 of the common proteinogenic amino acids (excluding Met and Cys) with cobalt-activated 

HSO5
−. The kinetics of transformation of Met and Cys were not studied due to their rapid rates of 
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reactions with different oxidants.36 In our previous correspondence (Ruiz et. al, 2005) the second 

order rate constant of Met by HSO5
− was k′ = 3400 ± 170 M-1s-1. The identification of the 

dominant oxidant was accomplished by the use of quenching agents differing in reactivity 

towards the radical species under consideration and by examining the effect of the counterion in 

the cobalt salt. Product identification was achieved by liquid chromatography with tandem mass 

spectrometry.  

MATERIALS AND METHODS 

Chemicals. Peroxymonosulfate (Oxone®), valine (Val, 99%), and methionine sulfoxide 

(99.7%) were purchased from Alfa Aesar. Arginine (Arg, 99%), asparagine (Asn, >99%), and 

tert-butyl alcohol (99.0%) were procured from TCI. Phenylalanine (Phe, ≥ 99%) and formic acid 

(~98%) were obtained from Fluka. Alanine (Ala, 99%), aspartic acid (Asp, >99%), glutamic acid 

(Glu, ≥99.5%), glycine (Gly 99%), histidine (His, >99%), leucine (Leu, 98%), lysine (Lys, 

≥98%), methionine (Met, ≥98%), serine (Ser, ≥99%), threonine (Thr, ≥98%), tryptophan (Trp, 

≥98%), 5-hydroxytryptophan (98%), and methionine sulfone (≥98%) were bought from Sigma-

Aldrich. Tyrosine (Tyr, >99%), sodium thiosulfate pentahydrate (ACS grade), Na2HPO4 (ACS 

grade), NaH2PO4 (>99%), CoSO4·(H2O)7 (99%) and dry acetonitrile were acquired from Acrōs 

Organics. Isoleucine (Ile), proline (Pro), and CoCl2·(H2O)6 were from MPBiomedicals. Sodium 

acetate trihydrate (ACS grade), HCl (ACS grade), formic acid (88%), N,N′-disuccinimidyl 

carbonate (98%), and 6-aminoquinoline (AQM: 98%) were ordered from Fisher. K2SO4 (ACS 

grade) was obtained from Reagent World. Ethanol (>99.9%) was bought from Pharmco-AAPER. 

The derivatizing reagent 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) was 

synthesized as previously described.37 
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Kinetic experiments. We conducted kinetic experiments at room temperature (25 °C) in 

amber borosilicate glass bottles under continuous stirring on a magnetic stir plate. Unless 

otherwise noted, the initial reactant concentrations were 0.45 mM of amino acid, 4.5 mM HSO5
−, 

and 9 µM CoCl2 in 0.1 M phosphate buffer at pH 7. Reactions were initiated by adding HSO5
− to 

the amino acid/cobalt solution. Aliquots were withdrawn as a function of time and quenched 

with equal volume of 1 M thiosulfate. All samples were filtered (0.2 µm, regenerated cellulose 

Corning 4 mm syringe filter) prior to derivatization (except for Trp and Tyr; vide infra) and 

analysis by high performance liquid chromatography with fluorescence detection (HPLC-FD). 

Loss of amino acid to the filter was not observed (see Supporting Information). 

Quenching studies. To determine the free radical species responsible for amino acid 

transformation in reactions containing HSO5
− and Co2+, we added ethanol or tert-butanol to 

reaction vessels before initiating reactions. Alcohols containing an α-hydrogen react rapidly with 

both sulfate and hydroxyl radicals (ethanol, k′EtOH,i > 107 M-1·s-1), but HSO5
− radical has a 

substantially lower rate of reaction with α-hydrogen (ethanol, k′EtOH,SO5·– < 103 M-1·s-1) (Table 

3.1). This difference in reactivities allows differentiation of sulfate and hydroxyl radicals from 

HSO5
− radical. To discriminate between sulfate and hydroxyl radicals tert-butanol was used. 

This alcohol rapidly quenches hydroxyl radicals (k′tBA,·OH = 6 × 108 M-1·s-1) but reacts at a slower 

rate with sulfate radicals (k′ tBA,SO4·– = 4 × 104 M-1·s-1) (Table 3.1).  

Amino acid analysis by HPLC-FD. Amino acid analysis was conducted as described in 

our previous publication (Ruiz et al., 2015). Amino acids lacking an intrinsic fluorophore (i.e., 

all except Trp and Tyr) were derivatized using AQC as previously described.37 Briefly, an 

aliquot (50 µL) of an amino acid sample was added to borate buffer (0.1 M, pH 9) followed by 
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an aliquot of AQC (25 µL), immediately after which the reaction mixture was vortexed (5 s). 

Fresh AQC solutions (2 g·L-1) were prepared weekly and stored at 4 °C. 

Quantification of amino acids was performed on an Agilent 1050 HPLC equipped with a 

fluorescent detector (Agilent 1110). The mobile phases were 15.6 mM acetate buffer (pH 5) and 

60% acetonitrile in H2O for all amino acids with the exception of Asp and Glu for which 0.1% 

formic acid in H2O and 60% acetonitrile in H2O were used as the mobile phases. Samples were 

separated (see SI) on an AccQ·Tag Waters column (C18, 3.9 × 150 mm, 4 µm, 60 Å, 

Wat052885) equipped with a Nova-Pak® guard column (C-18, 3.9 × 200 mm, 4 µm, 60 Å, 

Wat044380). Excitation and emission wavelengths were λex/em = 280/350 nm for Trp, λex/em = 

229/310 nm for Tyr, and λex/em = 245/395 nm for the AQC-derivatized amino acids. 

An additional system, Agilent 1260 HPLC equipped with a fluorescent detector, was used 

to quantify amino acid concentrations of some reactions (alcohol quenching, CoSO4 for Ala, His, 

Ile, Val). Separation was achieved with a Poroshell 120 (EC-C18, 3.0 × 50 mm, 2.7 µm, 120 Å, 

699975-302) equipped with a Poroshell 120 (EC-C18, 2.1 x 5.0 mm, 2.7 µm) guard column. The 

mobile phases used were (A) 15 mM sodium acetate pH 5 with 10% ACN and (B) ACN. 

Injection volume was 50 µL; the flow rate of the mobile phase was 0.75 mL·min-1. Mobile phase 

details and gradient used are summarized in Table 3S.1. Excitation and emission wavelengths 

remained the same. 

Analysis by LC-MS/MS. Product identification was performed on an Agilent 6460 triple 

quadrupole LC-MS with an electrospray ionization source. The mobile phases were 10 mM pH 

7.5 ammonium acetate buffer with 10% ACN and ACN. The source parameters were: gas 

temperature 300 °C, gas flow 7 L·min-1, nebulizer 45 psi, sheath gas temperature 350 °C, sheath 

gas flow 10 L·min-1, capillarity voltage 3500 V, nozzle voltage 500 V. 
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 Products were separated (gradient elution, see SI for details) with the column used for 

HLPC-fluorescence detection described above. To prevent inorganic salts from reaching the 

detector, the eluate was diverted to waste from (0-4.5 and 29-30 min), and data were recorded 

from 4.5-29 min. Authentic standards were acquired for possible products when available (Table 

3S.4). Possible products were confirmed when the retention time and the fragmentation pattern 

of the products of reaction matched those of the standard. 

RESULTS AND DISCUSSION 

All amino acids investigated were transformed by cobalt-activated HSO5
−. Plots of the 

most rapidly transformed amino acids (Trp, Lys, Leu) are presented in Figure 3.1. The 

transformation of Trp was the most rapid, followed by Lys and Leu. Observed rate constants 

(kobs) for the transformation of the 18 amino acids investigated by cobalt-activated HSO5
− are 

presented in Figure 3.2; their values are tabulated in Table 3S.1. Observed reaction rate constants 

ranged from 1.7 × 10-3 s-1 (Pro) to 6.2 × 10-2 s-1 (Trp). The rate amino acid transformation by 

Co2+-activated HSO5
− exceeded that of unactivated HSO5

− by more than an order of magnitude 

(Figure 3.2). The rates of amino acid oxidation by Co2+-activated HSO5
− decreased in the order 

of Trp > Lys ≈ Leu ≿ Ile ≿ Arg ≿ Thr ≿ Ser ≿ Phe ≿ Tyr ≿ Gly ≿ Val ≿ Glu > Asp ≿ Ala ≿ 

Gln ≿ Asn ≿ His ≿ Pro. The rates of oxidation by hydroxyl radical for these amino acids 

decrease in the order of Trp ≈ Tyr > Phe > His > Arg > Ile > Leu > Val > Pro > Gln > Thr > Lys 

> Ser > Glu > Ala > Asp > Asn > Gly, and the ranking for sulfate radical is Trp > Trp > Met > 

Ser > Ala ≈ Gly > His.38 The disparity in ranking order in the transformation of amino acids by 

cobalt activated peroxymonosulfate and sulfate radical suggests the participation of additional 

oxidants in some of the reacitons with Co2+-activated peroxymonosulfate. The rates of amino 

acid transformation by unactivated HSO5
− decreased in the order of (Met >) Trp > Tyr > His > 
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Ala (Ruiz et al., 2015). In the unactivated HSO5
− system the only oxidant present is 

peroxymonosulfate; in the cobalt-activated HSO5
− system in addition to sulfate radical, other 

radical species may also be produced (i.e., SO5·−, ·OH, Cl·, HOCl eq 3.5-3.13) that may also 

react differentially with the different amino acids.  

Identification of dominant oxidants. Sulfate radical (SO4·−) is the main radical species 

formed in the activation of HSO5
− by Co(II) (eq 3.3); however, other radical species can be 

produced in propagation reactions (eq 3.7-3.11). For example, peroxymonosulfate radical (SO5·−) 

can be formed in the regeneration of the Co(II) catalyst (eq 3.5). Prior work on reactions of 

organic molecules by Co2+-activated HSO5
– has demonstrated radical species other than SO4·− 

sometimes contribute to the transformation of the molecule (oxidation of caffeine and 2,4-

dichrolophenol by ·OH).39,40 

To deduce the dominant oxidants operative in selected reactions with cobalt-activated 

HSO5
−, we employed radical quenchers (viz. ethanol, tert-butanol) or altered the counterion in 

the Co(II) salt in the reactions. Radical scavengers with different rates of reaction with radicals 

(Table 3.1) were used to determine the primary oxidant. Ethanol reacts rapidly with both SO4·− 

and ·OH (k′ > 107 M-1·s-1), but much more slowly with HSO5
− radical (k′ < 103 M-1·s-1). The 

second-order rate constant for tert-butanol reaction with ·OH (k′ = 6 × 108 M-1·s-1) exceeds that 

of SO4·− (k′ = 4 × 104 M-1·s-1) by more than two orders of magnitude.  Ethanol also scavenges 

phosphate and chloride radicals. The concentration of chloride is the reaction mixtures is low (18 

µM), and radical chlorine species are not expected to contribute to the transformation. The 

second order rate of phosphate radical formation is 100 times slower than the reaction of ·OH 

and SO4·− with amino acids so phosphate radicals are not expected to contribute. Hence, a 

decrease in the rate of amino acid transformation in the presence of ethanol can be attributed to 
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either SO4·− or ·OH. For reactions that are quenched by ethanol, reactions conducted in the 

presence of tert-butanol allow discrimination between SO4·− and ·OH (·OH-mediated reactions 

would be quenched, while those with would not be SO4·−).  

The rate of Trp transformation increased with the addition of the cobalt catalyst relative 

to reaction with unactivated HSO5
− (Figure 3.3). Reactions with alcohol quenchers (ethanol, tert-

butanol) led to the conclusion that sulfate and hydroxyl radicals are the primary oxidant for Trp 

in the HSO5
− + Co (II) system. The rate of reaction in the presence of ethanol decreased by 92% 

indicating that SO4·− or ·OH was, in contrast the rate decreased by 55% in the presence of tert-

butanol indicating some contribution by ·OH. Reactions of Ala and His were completely 

quenched (100%) in the presence of ethanol suggesting that either SO4·− or ·OH were the major 

oxidants in this reaction. Further experiments with tert-butanol are required to determine the 

relative contribution of these two radicals.  

Previously published rate second-order rate constants for SO4·− and ·OH for some amino 

acids and the data from the quenching experiments allowed us to estimate steady-state 

concentrations of these radical species. To do this we used the second-order rate constants 

reported in the literature for the reaction Trp with SO4·− and ·OH (Table S6) and the observed 

rate constants from this study. We estimate the steady state concentrations for SO4·− and ·OH to 

be 1.1 × 10-11 M and 7.9 × 10-12 M, respectively. Assuming that both SO4·− and ·OH participate 

in the Ala and His reactions, we calculated the kobs with the calculated steady state concentration 

of SO4·− and ·OH and their reported second-order rate constants (Table S6). The experimental 

and theoretical values of kobs for Ala were similar (within a factor of 0.25): kobs = 3.6 (± 0.4) × 

10-3 s-1 and 0.9 × 10-3 s-1, respectively. Assuming that Ser also reacts with SO4·− and ·OH the kobs 

were similar (within a factor of 1.8): kobs = 6.9 (± 0.1) × 10-3 s-1 and 3.7 × 10-3 s-1, respectively. 
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This suggests that the calculated steady state concentrations of SO4·− and ·OH are reasonable. In 

the case of His the experimental and theoretical values differed by a factor of 23: kobs = 2.3 (± 

0.4) × 10-3 s-1 and 5.2 × 10-2 s-1× 10-2 s-1, respectively. The second-order rate constant for the 

reaction of His with hydroxyl radical was reported at pH 7.5. The transformation of His by 

HSO5
− and singlet oxygen varies by pH due the protonation of the imidazole sidechain (Ruiz et 

al).41 The fraction of His present as the base are 0.91 and 0.97 at pH 7 and 7.5, respectively. This 

change, although small, might explain the difference between the calculated and experimental 

kobs values for His. To test this hypothesis the transformation of His at pH 7 could be studied. 

In contrast to Trp, Ala and His, the rates of Leu, Lys and Val transformation by cobalt-

activated HSO5
− did not decrease when ethanol was added to the reaction mixture (Figure 3.4a). 

Two possible reasons for the lack of quenching are the formation of caged radicals (i.e., those 

that are not freely diffusible) or that neither hydroxyl nor sulfate radicals are major participants 

in the reaction. Based on the transformation of 2,4-dichlorophenol in the presence of and absence 

of ethanol and tert-butanol Anipsitakis et al. concluded that the Co(II)-activated HSO5
− system 

results in the generation of almost exclusively freely diffusible SO4·− (eq 3.3),14 arguing against 

the presence of caged radicals. The concentration of SO4·− was not quantified in that study.14 

Radical scavengers are generally presumed to be unable to quench caged radicals, and lack of 

quenching by scavengers in systems with known radical species is typically taken as indication 

of their formation.14,42 Caged radical is a broad term for a radical that undergoes a reaction faster 

that it can diffuse and includes solvent-associated radicals, resonance-stabilized radical pairs, and 

radicals that react quickly at the site of formation (i.e., bound free radicals).43–45 A caged radical 

could form bound to an amino acid residue in the metal binding site of a protein. This has been 

assumed for Lys residues in protein metal binding sites in the case of the Fenton reagent (see 
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review by Stadtman).42,46 The formation of Lys-caged radical, due to complexation to Fe(II) by 

the sidechain amino group, was assumed because ·OH scavengers failed to quench the reaction. 

Values for cobalt complexation constants by some amino acids are presented in Table S5. The 

complexation constants (log K) for Lys are 4.546 and 1.78547 with Fe (II) and Co(II), 

respectively. Histidine has a larger complexation constant (log K = 9.3)46 than does Leu and Lys, 

but its transformation was completely inhibited by ethanol (Figure 4a). The complexation 

constants of these amino acids may not be sufficient to explain the effect of alcohol quenching in 

our study.  Because no quenching was observed in the presence of SO4·− or ·OH scavengers, 

other oxidants might be driving Leu, Lys and Val transformation. Peroxymonosulfate radical 

(SO5·−) can be formed during regeneration of the cobalt catalyst (eq 3.5), chlorine radical species 

can be formed when chloride is present in solution (eq 3.10-3.12) and hypochlorous acid (HOCl) 

can be formed when HSO5
− reacts with chlorine (eq 3.13). Sulfate and peroxymonosulfate 

radicals can be formed during the regeneration of the catalyst (eqs 3.7-3.9):32 

CoO+ + 2H+ → Co3+ + H2O (3.7) 

Co3+ + HSO5
− → Co2+ + SO5·− + H+ (3.8) 

Co3+ + HSO5
− → Co2+ + SO4·− + OH− (3.9) 

In the presence of chloride, propagation reactions can lead to the formation of chloride (Cl·) and 

chlorine (Cl2·−) radicals: 

SO4·− + Cl− → Cl· + SO4
2− (3.10) 

Cl· + Cl− → Cl2·− (3.11) 

Cl· + Cl· → Cl2 (3.12) 
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Chlorine can also react with peroxymonosulfate to yield hypochlorous acid:49,50 

HSO5
− + Cl− → HOCl + SO4

2− (3.13) 

Cobalt chloride is commonly used in the cobalt activation of HSO5
−; the presence of chloride can 

lead to formation of chlorine radicals which have been shown to contribute to the transformation 

of 2,4-dichlorophenol and diesel contaminated soil.19,27 Sulfate radicals can oxidize chloride ions 

to Cl� (eq 3.10), which react rapidly with Cl− to form Cl2·− (k′= 6.5 × 109  to 2.1 × 109 s-1 M-1, eq 

11). The standard reduction potentials are 2.4 and 2.0 V for (Cl·/Cl−) and (Cl2·−/2Cl−), 

respectively.51 The reduction potential is 1.611 V (HOCl + H+ + e ⇌ ½ Cl2 + H2O).52 Chloride 

radical can also react with itself (k′=8.8 × 107 s-1 M-1, eq 3.12) forming Cl2, which in turn reacts 

with water to form hypochlorous acid (eq 3.13). These radical species are not expected to be 

important in the reactions due to the low chloride concentration (18 µM). 

To determine the possible contribution of chloride radical to the transformation of 

different classes of amino acids, we compared initial rates of amino acid reaction with cobalt-

activated HSO5
− in which the Co(II) counterion was sulfate or chloride (Figure 3.4b) for the 

aliphatic (Ala, Leu, Val, Ile), some charged (His, Lys) and aromatic (His, Trp) amino acids. 

These included the fastest reacting amino acids (Trp, Lys, and Leu), amino acids that were for 

which the rates of reaction did not decrease in the presence of ethanol (Lys, Leu, and Val), and 

amino acids that were transformed by either SO4·− or ·OH (Trp, His, Ala). With the exception of 

His and Val, the rate of transformation decreased in when SO4
2– was substituted for chloride as 

Co(II) counterion. In no case was the reaction completely inhibited when SO4
2– was substituted 

for Cl– as the counterion in the cobalt salt. These results suggest that chlorine species contribute 

to the transformation of these amino acids. Ethanol is also a scavenger for Cl· (Table 3.1) 

therefore if the transformation of Lys and Leu was due to Cl· the reaction rate would decrease in 



65 
 

 

the presence of ethanol, but quenching was observed for Leu and Lys in the presence of ethanol. 

Another explanation of the decrease observed in the transformation of Ala, Leu, Lys, Ile, and Trp 

in the absence of Cl− is the formation of HOCl (eq 3.13), which can react with amino acids.53–55 

Another possible oxidant is HSO5
− radical that is formed in the regeneration of the cobalt 

catalyst (eq 3.6). Peroxymonosulfate radical has calculated formal reduction potential of 0.95 V 

at pH 7 (SO5·−/SO5
2−).56 Peroxymonosulfate radical reacts with phenols and aromatic amines 

with second order rate constants ranging from 8 × 104 M-1·s-1 to 1.4 × 108 M-1·s-1.57–59 We 

hypothesize that the major oxidant in solution is HSO5
− radical for Lys, Leu and Val, to test this 

hypothesis further experiments could be conducted with a radical scavenger for HSO5
− radical, 

or by producing HSO5
− radical from the reaction of sulfite with oxygen.57–59 Such experiments 

would allow us to determine if the oxidation occurs by free or caged radicals. 

In the case of Fenton reaction, and in the copper decomposition of H2O2, the oxidant 

species were found to depend on pH.60 At neutral and alkaline pH high valent iron and copper 

are participating oxidants, possibly Fe(IV) and Cu(III). The standard reduction potential is 

estimated to be ~2 V for Fe(IV)61 and is 2.4 V for Cu(III).52 Transformation by Co(III), with a 

standard reduction potential of 1.92 V,52 must also be considered. To test the hypothesis that 

Co(III) is an oxidant in the reactions experiments could be conducted with Co(III) salts or 

complexes. 

Products of oxidation. We investigated the products of oxidation by cobalt-activated 

HSO5
− by LC-MS/MS for Met and the fastest reacting amino acids: Trp, Lys, and Leu. We 

examined MS2 chromatograms for peaks appearing in the product mixture that were absent in 

controls. We assigned possible structures to these products. When available authentic standards 
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were purchased, and products identities were confirmed based on matches to chromtaotgraphic 

retention times and fragmentation pattern. A list of possible products is summarized in Table 3.2. 

The reaction of Trp with SO4·– and ·OH produced by Co2+-activation of HSO5
− resulted 

in the formation of products with m/z shifts relative to the parent compound of +4, and +16. 

These corresponded to a gain of oxygen for the +16 m/z product and a rearrangement with a net 

increase for the +4 m/z product. Kynurenine was confirmed by LC-MS/MS as a product of 

reaction for Trp oxidation by Co2+-activated HSO5
− with the use of an authentic standard (i.e. the 

product had the same retention time and fragmentation pattern as the standard, Table 3S.6), and 

was not detected when ethanol was added to the reaction, indicating that Kyn is a product formed 

by the reaction of Trp with either hydroxyl or sulfate radicals. Kynurenine has been reported as a 

product of Trp oxidation by sulfate radical62 and by ·OH produced in the metal-catalyzed 

oxidation of proteins,63,64 but not in water radiolysis (generates ·OH, solvated electrons (eaq
−), 

and hydronium ions (H3O+)) of tryptophan amide (Trp-NH2).38 The formation kynurenine results 

from the hydrolysis and loss of the carbonyl group of N-formylkynurenine (+32 m/z), which is 

formed by the addition of two oxygen atoms followed by cleavage of the indole.63  

The +16 m/z product could correspond to hydroxy-tryptophan We compared its retention 

time and fragmentation pattern to a commercially available standard of 5-hydroxy tryptophan (5-

OH-Trp), but the retention time of the standard differed from that of the transformation product 

(retention time 5.6 and 7 min for 5-OH-Trp and Trp + 16 m/z respectively) (Table 3S.7). The 

dissimilarity in retention time relative to 5-OH-Trp may indicate that the product is not 

hydroxylated on the aromatic ring. Another possible product would be oxindolylalanine, which is 

also formed in the reaction of Trp with H2O2.65 The hydroxylation mechanism of aromatic 

compound by Co2+-activated HSO5
− formation of sulfate radicals has been studied.19 The 
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proposed mechanism occurs by an initial step of a sulfate radical attack, which leads to the 

formation of carbon-centered radicals via electron transfer from the organic compound to the 

sulfate radical. Hydrolysis of the carbon-centered radical leads to the formation of hydroxylated 

radical products, and then further reaction with O2 produces hydroxylated products. The 

hydroxylated molecule can undergo further transformation via hydrogen abstraction. Attack by 

·OH can also form a carbon centered radical via hydrogen abstraction, explaining why similar 

products are observed in oxidation by ·OH and SO4·−.28,29,66 The oxidation of phenol by hydroxyl 

and sulfate radicals yielded similar phenol products and resulted mainly in the addition of 

oxygen followed by ring cleavage.67 Anipsitakis et al., also found addition of oxygen in the 

cobalt-mediated oxidation of phenol, with positive m/z mass shifts of 14 and 16.  

In the case of Leu two products were observed, with m/z shifts of +14 and +16, which 

may correspond to a leucine carbonyl and hydroxy-leucine respectively. The mass shift of +16 

m/z could correspond to the addition of oxygen whereas +14 m/z could be the formation of a 

carbonyl.68 Mass shifts of +14 and +16 m/z have previously been observed in the oxidation of 

amino acid residues in a protein structure by SO4·− and ·OH, with a higher abundance of the +16 

m/z product.62 The reaction of aliphatic amino acids by ·OH is not selective and the 

hydroxylation or formation of carbonyl can occur at various position.69 Hydroxyl radical attacks 

by hydrogen abstraction to give a carbon-centered radical, which reacts with molecular oxygen 

to form a peroxyl radical. The peroxyl radical can undergo a series of radical reactions, giving 

rise to a hydroperoxide (+32 m/z), hydroxide (+16 m/z), or carbonyl (+14 m/z); a the +32 m/z 

product was not observed in our reactions. Sulfate radical can react with Leu by hydrogen 

abstraction,70 and carbon centered radicals have been previously observed in the reaction of 

SO4·− with Leu residues.70 The transformation of Leu was not quenched by ethanol suggesting 
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that neither SO4·− nor ·OH were driving the transformation. Another radical that can be formed is 

peroxymonosulfate radical (eq 3.9). Peroxymonosulfate radical reacts by one electron transfer 

with derivatized phenols and aromatic amines, but the products of reaction have not been 

studied.57–59 Based on the observed mass shifts of +16 and + 14 m/z, which are observed in the 

products of SO4·− and ·OH with amino acids, we propose that the reaction of SO5·− with Leu is 

similar to that of SO4·− and ·OH and starts with the formation of an organic radical, which reacts 

with molecular oxygen to form a peroxyl radical that could led to the formation of the 

hydroxylated and carbonyl products. This hypothesis could be tested by conducting reactions in 

the absence of molecular oxygen or by using 18O2 to verify that molecular oxygen is adding to 

the amino acids.   

The transformation of Lys resulted in a mass shift of +16 m/z, indicative of a 

hydroxylation product such as hydroxyl-lysine. In the presence of oxygen, the attack of ·OH by 

hydrogen abstraction results in several hydroxy-Lys products.69 Hydroxy-lysine has also been 

reported in the oxidation by SO4·−, which abstracts a hydrogen from Lys and can also lead to the 

formation of nitrogen-centered radicals.70,71 As is the case with Leu, the lack of quenching of the 

reaction observed in the presence of ethanol suggests that neither SO4·− nor ·OH are transforming 

Lys. If SO5·− is a reactant in the system the formation of carbon- and nitrogen- centered radicals 

should be further studied, possibly with electron spin resonance (ESR). 

The products of transformation of methionine were Met-sulfoxide and Met-sulfone, these 

products were confirmed with authentic standards by LC-MS/MS (the products of reaction had 

the same retention time and fragmentation pattern as the standards). These products of reaction 

were also observed in the reaction with unactivated peroxymonosulfate (Ruiz et al. 2015). The 

reaction of methionine with both SO4·− and ·OH can lead to the formation of Met-sulfoxide and 
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Met-sulfone.38,62 Xu et al, studied the transformation of Met residues by ·OH, initiated by the 

addition of ·OH forming a sulfur radical that reacts with oxygen, an oxygen radical is formed and 

dehydration occurs resulting in methionine sulfoxide68 

No chlorinated products were observed. This might be due to the low concentrations of 

amino acids and chloride used in the reactions. Reactive chlorine species that can form in Co2+-

activated peroxymonosulfate systems containing chloride include Cl·, Cl2·− and HOCl (eq 3.10-

3.13). At the low Cl− concentration used (18 µM) only Cl· and HOCl (eq 3.13) are expected to be 

present in higher chloride concentrations.  

Environmental Implications. Consistent with expectations, the reaction of amino acids 

by cobalt-activated peroxymonosulfate resulted in higher rates of oxidation than 

peroxymonosulfate alone (Ruiz et al. 2015). The transformation of free amino acid is expected to 

differ from the oxidation of amino acid residues in a protein. In a protein structure both the 

amino acid side chain and the peptide backbone are liable to oxidation by hydroxyl radical.72 The 

rate tryptophan oxidation by H2O2 decreases in the order of free Trp > short peptides containing 

Trp > protein (lysozyme).65 The reaction kinetics of amino acid residues in a protein differ from 

those of free amino acids in part due to their location in the tertiary structure. Lundeen et al., 

found that the rates of singlet oxygen transformation of free amino acid and residues in peptides 

was faster than in proteins, and that solvent accessible amino acids had higher rates of reaction 

than amino acid residues present in the inside of the protein.73 Sulfate radical generated by 

cobalt-activated peroxymonosulfate has been shown to degrade microcystin-LR, a peptidic 

contaminant.26 Based on the degradation of microcystin-LR, and our study, cobalt-activated 

peroxymonosulfate has the potential to degrade proteinaceous and peptidic contaminants, such as 

prion protein, ricin, and cyanotoxins. Activation of peroxymonosulfate to produce sulfate 
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radicals can also be achieved with iron (II, III), which might be a better alternative than cobalt 

due to toxicity concerns and the presence of iron oxides and minerals in the environment.14,74 

Iron oxides (goethite, ferrihydrite, pyrolusite) and iron-bearing clays have been used in the slow 

activation of persulfate (S2O8).12,14 The activation of HSO5
− by iron-bearing minerals has not 

been examined, but warrants investigation. Although no chlorinated products were observed in 

this study further research must be conducted as chlorinated products are expected at higher 

chloride concentrations. The concentration of chloride in soils ranges from 20 to 900 mg·kg-1 

with a mean of ~100 mg·kg-1, and from <0.5 to >6000 mg·L-1 soil solutions, higher than the 

concentration used in our study (0.6372 mg·L-1).75 A better understanding of the products of 

reaction for proteins will help us determine if cobalt-activated peroxymonosulfate is a viable 

oxidant for remediation technologies.  
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Table 3.1. Reaction rate constants of ethanol and tert-butyl alcohol with sulfate, hydroxyl, 
and peroxymonosulfate, phosphate, and chloride radicals.a  

Quencher 
Radical 

k′ (M-1·s-1) References 

CH3CH2OH  SO4·– 1.6 × 107 – 7.7 × 107 13 

 ·OH 1.9 × 109 76 
 SO5·– <103 77 

 HPO4·– 2.0 × 107 13 

 H2PO4· 7.7 × 107 13 

 Cl· 1 × 109 78 

 Cl2·– 4.5 × 104 13 

 (CH3)3COH  SO4·– 4.0 × 105 77 

 ·OH 6 × 108 76 

 Cl2·– 1.9 × 106 79 
a No data are available for reaction of SO5·– with tert-butyl alcohol. 
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Table 3.2. Products of amino acid oxidation by HSO5
− + Co2+ 

Amino Acid M+H+ (m/z) 
Possible products 

Name Structure 

Trp 209 kynurenine 

 

    

 221 hydroxy-
tryptophan 

 

    

    

Leu 146 carbonyl-leucine* 

 

    

 148 hydroxy-leucine* 

 

 

Lys 163 hydroxyl-lysine* 

 

*The	
  reaction	
  of	
  Lys	
  and	
  Leu	
  with	
  hydroxyl	
  radical	
  and	
  sulfate	
  radical	
  results	
  in	
  a	
  
mixture	
  of	
  products	
  at	
  different	
  positions.	
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Figure 3.1. Amino acid oxidation by cobalt-activated peroxymonosulfate. Experimental 

conditions: [amino acid]0 = 0.45 mM, [HSO5
−]0 = 4.5 mM, [CoCl2]0 = 9 µM, pH 7 (0.1 M 

phosphate). Error bars represent one standard deviation (n = 3). 
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Figure 3.2. Pseudo first-order rate constants for amino acid by transformation by 

peroxymonosulfate and cobalt-activated peroxymonosulfate. Experimental conditions: [amino 

acid]0 = 0.45 mM, [HSO5
−]0 = 4.5 mM, [CoCl2]0 = 9 µM, pH 7 (0.1 M phosphate). Unactivated 

HSO5
− data adapted from (Ruiz et al., 2015). Error bars represent one standard deviation (n = 3). 
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Figure 3.3. Tryptophan oxidation by cobalt-activated peroxymonosulfate. Experimental 

conditions: [Trp]0 = 0.45 mM, [HSO5
−]0 = 4.5 mM, [CoCl2]0 = 9 µM, pH 7 (0.1 M phosphate). 

The control was Trp in the absence of HSO5
− and presence of CoCl2. Error bars represent one 

standard deviation (n = 3). 
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Figure 3.4. The effect of (a) radical quenchers and (b) cobalt counterion on the oxidation 

of amino acid by cobalt-activated peroxymonosulfate. Experimental conditions: [amino 

acid]0 = 0.45 mM, [HSO5
−]0 = 4.5 mM, [Co2+]0 = 9 µM, pH 7 (0.1 M phosphate), 

alcohol:HSO5
− 1000:1. Error bars represent one standard deviation (n = 3). (a) *The 

presence of EtOH and TBA completely quenched the reaction of Ala and His (>98%, 

>90% amino acid remaining respectively). (b) The rate constant decreased in the absence 

of chloride except for Val and His.  

 a 

 

                              

                                 

                                   * 

                                                 * 

 

b 
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Chapter 3S. Supporting information for: Transformation of Amino Acids by Cobalt-
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3S.1. Supporting Materials and Methods 

Stability of amino acids in reaction conditions. The stability of all studied amino acids 

in the absence of peroxymonosulfate under our experimental conditions was assessed (see main 

text). Additional controls were performed for the alcohol quenching studies, with the appropriate 

alcohol added to the control reaction in the absence of peroxymonosulfate. The concentration of 

each amino acid at the end of the control experiments was ≥ 96% (data not shown) of the initial 

concentration for all the amino acid studied. 

Filtration. Samples were filtered prior to analysis because cobalt can precipitate in the 

presence of phosphate, Co3(PO4)2 (Ksp = 2.05 × 10-35). Initial experiments with tryptophan were 

conducted to determine if the amino acid was lost to the filter. No loss of tryptophan was 

observed (data not shown). For the rest of the amino acids control experiments were conducted 

that included filtration. 

3S.2. LC-MS/MS Parameters. Source Parameters. Gas temperature 300 °C, gas flow 7 

L·min-1, nebulizer 310 kPa, sheath gas temperature 350 °C, sheath gas flow 10 L·min-1. 

Capillarity 3500 V, nozzle voltage 500 V. 

LC-MS/MS mobile phase gradient. The column temperature was controlled at 40 °C, the 

sample volume was 10-50 µL, and the flow rate was 0.25 mL·min-1. The mobile phase consisted 

of (A) 10 mM ammonium acetate pH 7.5 with 10% acetonitrile and (B) acetonitrile. The elution 

gradient was 0-5 min 100% A, 20 min 60% A, 20-30 min 100% A.  
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Table 3S.1. Observed rate constants of amino acid transformation by 
HSO5

– + Co2+ 

Amino Acid kobs (s-1) R2 

Trp 6.2 (± 0.2) × 10-2 1.00 

Lys 1.2 (± 0.2) × 10-2 0.74 

Leu 1.0 (± 0.1) × 10-2 0.87 

Ile 8.5 (± 0.7) × 10-3 0.88 

Arg 7.5 (± 0.7) × 10-3 0.91 

Thr 7.5 (± 0.7) × 10-3 0.91 

Ser 6.9 (± 0.1) × 10-3 0.81 

Phe 6.2 (± 0.6) × 10-3 0.92 

Tyr 5.7 (± 0.4) × 10-3 0.96 

Gly 5.4 (± 0.8) × 10-3 0.83 

Val 5.2 (± 0.6) × 10-3 0.91 

Glu 5.0 (± 1) × 10-3 0.76 

Asp 4.0 (± 1) × 10-3 0.99 

Ala 3.6 (± 0.4) × 10-3 0.94 

Gln 3.1 (± 0.4) × 10-3 0.81 

Asn 2.4 (± 0.3) × 10-3 0.80 

His 2.3 (± 0.4) × 10-3 0.75 

Pro 1.7 (± 0.2) × 10-3 0.85 
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Table 3S.2. Agilent 1050 HPLC mobile phases and gradients 

Amino acid Mobile phase Gradient 

Glu, Asp A = Formic acid 0.1 % 

 B = 60:40 ACN:H2O 

0 min 80% A, 20 min 50 % A, 21 

min 50 % A, 21.01 min 80 % A, 28 

min 80% A. 

Tyr A = NaAc 15 mM pH 5 

 B = ACN 

0-0.5 min 90% A, 0.6-2 min 80 % A, 

2.01-8 min 65 % A, 8.05-12 min 90 

% A.  

Trp A = NaAc 15 mM pH 5 

 B = ACN 

0-2 min 90% A, 2.01-5 min 75 % A, 

5.01-6 min 65 % A, 7.01-8.0 min 90 

% A. 

Remaining A = NaAc 15 mM pH 5 

 B = 60:40 ACN:H2O 

0 min 80% A, 20 min 50 % A, 21 

min 50 % A, 21.01 min 80 % A, 28 

min 80% A. 

     Abbreviations: ACN, acetonitrile; NaAc, sodium acetate.
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Table 3S.3. Agilent 1260 HPLC separation conditions 

Amino acid Mobile phase 

Trp 90% A 2 min. 

Ala, His, Leu, Lys, 

Val 

0-1.5 min 100% A. 3-4 min 70% A. 5-10 

min 100% A 
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Table 3S.4. MRM parameters for amino acids and product standards 

Compound 
Name 

Precursor 
Ion (m/z) 

Product 
Ion (m/z) 

Dwell 
time (ms) 

Fragmentor 
(V) 

Collision 
Energy 

(eV) 

Trp-OH 221.1 204.1 75 85 8 

  162.1 75 85 20 

Kyn 209.1 146.1 75 90 20 

  94.1 75 90 12 

  65.1 75 90 64 

Trp 205.2 188.1 75 80 8 

  146.1 75 80 16 

Methionine-
sulfone 

182 56 75 90 24 

Methionine-
sulfoxide 

166 74 75 85 12 

  56.1 75 85 24 

Met 150 104 75 95 8 

  56 75 95 16 

Lys 147.2 130.1 200 80 8 

  84.1 200 80 20 

Leu 132.2 86.2 200 80 8 

  44.2 200 80 28 

     All samples were analyzed in positive mode with a cell accelerator voltage of 4 V.  
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Table 3S.5. Stability constant of amino acid complexes with cobalt (II) 

Amino Acid log K 

Alanine 4.82b 

Aspartic acid 5.9b 

Cysteine 9.3b 

Glutamic acid 5.06b 

Histidine 7.3b 

Leucine 4.49b 

Lysine 1.785a 

Proline 2.35a 

Threonine 1.981a 
a Data obtained from Boruah et al.1 Experimental conditions pH 5.04, 5.29, 5.88 for 
proline, threonine and lysine respectively. b Data obtained from the CRC Handbook 
of Food Additives.2 
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Table 3S.6. Reaction rates of some radical speciesa 

Reaction k′ (M-1 s-1) pH 

Chlorine oxide radical   

ClO2· + Cl2·– → 1.0 × 109 5 

ClO2· + ·OH → ClO3
– + H+ 4.0 × 109 ~7 

ClO2· + ClO2· → (2.5-7.5) × 109  

ClO2· + Ala → < 102 8 

ClO2· + CysSH → ~1 × 102 - ~1 × 103 2.5-3.5 

ClO2· + TrpH → 7.6 × 105 ~12 

ClO2· + TyrOH → 8.2 × 107 ~12 

Dichloride radical   

Cl2·– + Cl2·– → Cl– + Cl3
– (2-8.5) × 109 7 

Cl2·– + Co2+ → Cl– + CoCl2+ (2.3-1.4) × 106 ~1 

Cl2·– + CH3CH2OH →  4.5 × 104 1 

Cl2·– + Ala → 1.3 × 105 1 

Cl2·– + CysSH → 8.5 × 108 1.8 

Cl2·– + Glu → 2.3 × 105 1 

Cl2·– + Gly → < 104 1 

Cl2·– + His → 1.4 × 107 1.8 

Cl2·– + Ser → 1.2 × 105 1 

Cl2·– + TrpH → 2.5 × 109 1.8 

Cl2·– + TyrOH → 2. 7 × 108 1.8 

Chloride radical   

Cl· + Cl· → Cl2 8.8 × 107  

Cl· + Cl– → Cl2·– 6.5 × 109 – 2.1 × 109  

Cl· + OH– → ClOH– 1.8 × 1010  

Cl· + ClO2
– → ClO2· + Cl– 8.2 × 109  

Sulfate radical   
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SO4·– + SO4·– → S2O8
2– 3.8 × 108 - 1.8 × 109 <0-5.8 

SO4·– + Cl– → SO4
2– + Cl· (2.0-3.1) × 108 1.4-6.8 

SO4·– + Co2+ → SO4
2– + Co3+ 2.0 × 106 <0 

SO4·– + OH– → SO4
2– + ·OH (4.6-8.3) × 107  >11 

SO4·– + H2O → SO4
2– + HO2· + H+ <6 × 101 7 

SO4·– + S2O8
2– → SO4

2– + S2O8· 1.2 × 106  

SO4·– + HSO4
– → <1 × 105  

SO4·– + CH3CH2OH → SO4
2– + 

CH3CHOH + H+ 
(1.6-7.7) × 107 4.8-8 

SO4·– + Ala → 1.0 × 107 7 

SO4·– + Gly → 1.0 × 107 7 

SO4·– + His → ~2.5 × 106 7 

SO4·– + Met → 1.1 × 109 >3 

SO4·– + Ser → 2.3 × 107 7 

SO4·– + TrpH → ~2 × 109 7 

SO4·– + TyrOH → 3.2 × 109 7 

Peroxymonosulfate radical   

HSO5·– + CH3CH2OH →  < 103  

Phosphate radical formationb   

SO4·– + H2PO4
– → H2PO4· <7 × 104  

·OH + H2PO4
– → H2PO4· ~2 × 104  

Hydroxyl radicalc   

·OH + Ala →  7.7 × 107 5.8 

·OH + His →  4.8 × 109 7.5 

·OH + Trp →  1.3 × 1010 6.5-8.5 

·OH + Ser → 	
   2.3 × 107	
   6.5-8.5	
  
a Table adapted from Neta et. al.3; b values obtained from 
Maruthamuthu and Neta (1978).4 c values obtained from Xu and 
Chance (2005).5 
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Table 3S.7. Retention times of standards and observed products of oxidation 

m/z Standard 

Standard 

Retention time 
(min) 

Sample 

Retention time 
(min) 

221 5-hydroxy tryptophan 5.6 7 

209 Kynurenine 6.8 6.8 

205 Trp 8.7 8.7 

132 Leu 5.6 5.6 

146 2-(hydroxyimino)-4-methylpentanoic acid NA 4.6 

148 Leu-hydroxide NA 4.6 

147 Lys 5.3 5.3 

162 Lys-hydroxide NA 5.6 

NA no standard obtained 
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Table 3S.8. Observed rate constants of amino acid transformation by HSO5
– + Co2+ in 

the presence of radical scavengers and HSO5
– activated with CoSO4 

Amino Acid Ethanol kobs (s-1) tert-Butanol kobs (s-1) CoSO4 kobs (s-1) 

Ala NA* NA 2.6 (± 0.3) × 10-3 

His NA* NA 2.0 (± 0.3) × 10-3 

Ile 5.2 (± 0.6) × 10-3 NA 4.9 (± 0.4) × 10-3 

Leu 1.3 (± 0.1) × 10-2 NA 6.9 (± 0.4) × 10-3 

Lys 1.8 (± 0.8) × 10-3 NA 6.1 (± 0.6) × 10-3 

Val 8.0 (± 0.7) × 10-3 NA 5.5 (± 0.5) × 10-3 

Trp 4.9 (± 03) × 10-3 2.8 (± 0.2) × 10-2 1.9 (± 0.1) × 102 

NA values not obtained. *The reaction of His and Ala was completely quenched in 
the presence of ethanol 
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ABSTRACT 

A variety of organic contaminants exist as cations in pH values typical of the environment. The 

sorption of ionizable compounds to natural organic matter is affected by solution conditions (i.e. 

pH, ionic strength, competing cations) and the presence of competing cations.1–3 Calcium is an 

abundant inorganic cation in the environment that binds to natural organic matter.4 We studied 

the pH-, ionic strength-, and concentration-dependent binding of the antibiotics clarithromycin 

and tetracycline (large, multifunctional organic cations and zitterions) to soil humic acid in the 

absence and presence of calcium. The sorption of tetracycline was found to depend strongly on 

pH, with maximum sorption at pH 4, where the cation and zwitterion predominate. Sorption 

decreased with increasing pH as the predominant species shift from the zwitterion to the negative 

species (i.e., monoanion and dianion). Calcium inhibited clarithromycin binding to humic acid 

and promoted tetracycline binding at different pH values. The data were fitted with the NICA-

Donnan model, which has been previously used to describe sorption of inorganic cations binding 

to natural organic matter as a function of solution chemistry and is able to capture the effect of 

competing cations. The solubility of clarithromycin was an important parameter in the model, 

but the reported literature values vary significantly, therefore the solubility of clarithromycin at 

pH 12 was determined and found to be 0.083 ± 0.006 mg·L-1 (log Ksp = –7.0). This value is 

within the range of reported values log Ksp = –6.4 to –7.8.5,6 The NICA-Donnan model was able 

to describe the concentration-, ionic strength- and pH-dependence of clarithromycin and 

tetracycline sorption to soil humic acid, and captured the effects of calcium on sorption. 
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INTRODUCTION 

The widespread use of antibiotics in human medicine, veterinary medicine, and as growth 

promoters for animals have resulted in their release to the environment. Since not all of the 

antibiotics administered are metabolized the percentage of unchanged antibiotics excreted ranges 

from 10-90%.7 Antibiotics have been detected in natural waters and in sediments.8,9 Release into 

the environment can occur through wastewater discharges, biosolids and manure applications, 

and/or agricultural run-off.10,11 The efficacy of antibiotic removal by wastewater treatment plants 

varies and ranges between 20-90%.12–15 Antibiotics in the environment can alter the structure of 

the microbial community, inhibit or promote ecological functions, and affect the magnification 

of antibiotic resistance (see review by Ding et al).16 

Natural organic matter (NOM) is a ubiquitous component of the environment. It is 

described as a heterogeneous polydisperse mixture composed primarily of the degradation 

products of vegetation and microorganisms.17 Humic substances are a subset of natural organic 

matter that represent about 60% of the dissolved organic matter in aqueous systems.18 Humic 

substances are involved in the transport and sorption of organic molecules. Organic contaminants 

may engage in hydrogen bonding and electrostatic interactions with humic substances, as well as 

van der Waals interactions.19–21 Some contaminants may also covalently bind with humic 

substances.22 Natural organic matter can also affect the bioavailability of contaminants in the 

environment, which can decrease in the presence of NOM.23,24 The charge and supramolecular 

structure of NOM are also affected by changes in pH and ionic strength.25 Natural organic matter 

possesses a variety of functional groups that are ionizable, including carboxyl (COOH), phenolic 

(Ph-OH), amine, sulfhydryl, and phosphate groups.26  
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In the past the study of organic contaminants was focused on hydrophobic organic 

contaminants but the focus has shifted to obtain a greater understanding about the fate of polar 

contaminants. Models that have been used to predict sorption of organic cations include FITEQL 

(models sorption as a function of pH),1,2,27 and polyparameter linear free energy relationships 

(estimates partition coefficients)28–32 Aristilde and Sposito developed a simple affinity spectrum 

model that describes the sorption of organic cations as a function of pH.33 The non-ideal 

competitive adsorption (NICA)-Donnan model, described by Kinniburgh et al.,34 has been 

effective in describing inorganic cation binding to humic substances, over large ranges of pH and 

cation concentrations. The model was built on the assumption that cations interact with humic 

substances by two main mechanisms, specific and nonspecific binding. The specific interactions 

occur between the cation and negatively charged functional groups on the humic substances, 

which is described by the NICA model. The nonspecific interactions are due to accumulation of 

cations in the humic substance, which is depicted as a gel phase with a uniform distribution of 

negative charge in the Donnan model, due to residual negative charge. The negative charges 

arise from primarily carboxylic and phenolic functional grops in the humic acid. 

The objectives of this study were to determine sorption behavior of clarithromycin and 

tetracycline, relatively large organic cations and zwitterions, to natural organic matter and to 

evaluate the ability of the NICA-Donnan model to describe the sorption of organic cations. To 

achieve these objectives we first investigated the pH-, ionic strength-, and concentration-

dependent sorption of CLA and TC to Elliott soil humic acid by equilibrium dialysis using 3H-

labeled antibiotics with quantification by liquid scintillation counting. We hypothesized that 

sorption would decrease in presence of divalent cations due to competition. To test this 

hypothesis, we conducted equilibrium dialysis experiments in the presence of calcium to 
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determine the effects of this common alkaline earth metal cation on binding. We also 

hypothesized that sorption of TC would decrease with increasing pH due to a decrease in the 

cationic species. This hypothesis was tested by determining the amount of bound TC at different 

pH values.  

 The antibiotic molecules studied were clarithromycin (CLA) and tetracycline (TC). CLA 

is a macrolide used to treat both humans and animals, it has been detected in wastewater 

treatment plants, sediments, and in natural water.35–38 It has a pKa = 8.95 and exhibits a positive 

charge across most of the pH range relevant for the natural environment. Tetracycline is a broad-

spectrum antibiotic mainly used in veterinary settings, for treatment of diseases and as an animal 

growth promoter in the USA. It is also used to treat human diseases. Tetracycline has been 

detected in sediments and natural waters.39,40 Tetracycline has three ionizable functional groups 

(pKa values of 3.30, 7.68, and 9.69),41 and can therefore be present as a cation, zwitterion, and 

anion at environmentally relevant pH values. In this study we hope to broaden the understanding 

of sorption mechanisms that contribute to the distribution of polar organic contaminants. 

Specifically we studied the sorption of ionizable antibiotics to natural organic matter as a 

function of pH, contaminant concentration, and the effect of calcium (representing a competing 

divalent cation). My contribution to the overall study described in Christl et al. (submitted) 

consisted of obtaining the pH-dependent sorption data for TC at two ionic strengths, and the 

concentration-dependent data at different pH values and calcium concentration-dependent data 

under acidic and alkaline conditions for TC and CLA. These data in conjunction to the data sets 

of Sibley and Pedersen2 and Gu et al.,1 were used to test the applicability of the NICA-Donnan 

model for organic ions. This work was motivated by the desire to evaluate use of the NICA-

Donnan model with organic cations. Inorganic cations are well-described by the model, and 
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application of the model to organic cations could improve understanding of the behavior of 

cationic organic contaminants in the environment. Additionally, due to a significant variability in 

published data on CLA solubility in aqueous media,5,6 We determined CLA solubility at pH 12 

by equilibrating an excess of solid CLA for 48 h in a 0.01 M phosphate solution. 

MATERIALS AND METHODS 

Chemicals. All solutions were prepared fresh for each experiment, and filter-sterilized 

(0.22 µm Corning polystyrene membrane filter). Sodium phosphate monobasic dihydrate 

(>99%), sodium phosphate tribasic dodecahydrate (98+%), succinic acid (99%), were purchased 

from Acrōs Organics, NJ. Boric acid (99.9%), sodium hydroxide (99.9%), calcium chloride 

(98.4%), and sodium chloride (USP) were purchased from Fisher. Sodium succinate hexahydrate 

(99%) was purchased from Alfa Aesar. Sodium tetraborate decahydrate (ACS) was purchased 

from Mallinckrod Chemical Works. Phosphoric acid (ACS) was purchased from Baker and 

Adamson. Clarithromycin (CLA) was purchased from TCI America, and tetracycline (TC) from 

Aldrich. Radiolabeled antibiotics (CLA, TC) were purchased from Moravek Biochemicals. 

Biosafe II liquid scintillation cocktail was purchased from Research Products International 

Corp., Mount Prospect, IL. 

Glassware. All dialysis glass vials were silanized to reduce nonspecific binding.  

Humic Acid. Elliott soil humic acid (ESHA, 1S102H), obtained from the International 

Humic Substances Society, was adjusted to pH 9 with NaOH, stirred for 24 h in the dark, filtered 

(0.22 µm Corning polystyrene membrane filter), and stored in the dark at 4 °C. Elliott soil is 

present in Midwestern USA (Illinois, Indiana, Ohio, and Wisconsin), and used for crop 

cultivation (e.g. corn, soybeans, small grain, and meadow).42  
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Clarithromycin Solubility. The published data on CLA solubility in aqueous media 

varies considerably. Reported values for log KSP range from –6.4 to –7.8.5,6 We therefore 

determined the solubility of neutral CLA (CLA0) by the saturation shake-flask method followed 

by centrifugation.43 Solubility experiments were conducted in triplicate. Clarithromycin solutions 

(0.01 M phosphate buffer, pH 12) containing a solid excess were equilibrated for 48 h. Samples 

were centrifuged at 397,000g for 1 h (Beckman Coulter OptimaTM L-90K Ultracentrifuge), and 

the supernatant was collected. The CLA concentration in the supernatant was determined by 

liquid chromatography-tandem mass spectrometry using a Synergi MAX-RP 250 × 4.6 mm, 4 

µm column (Phenomenex, Torrance, CA) and separated at 700 µL·min-1 by a binary gradient (A 

= 0.01 M ammonium formate in 0.1% formic acid, B = methanol:acetonitrile (50:50)) employing 

an Agilent 1100 HPLC system (Santa Clara, CA). The gradient expressed in percent mobile 

phase B was as follows: 0 min = 5%, 3.5 min = 5%, 10 min = 80%, 13 min = 80%, 13.1 min = 

100%, 21 min = 100%, 21.1 min = 5%, 30 min = 5%). Detection was achieved with an AB 

SCIEX API 4000 MS/MS system (Framingham, MA) operating with positive mode Turbo Ion 

Spray ionization and multiple reaction monitoring (MRM) detection. Pertinent MS/MS 

conditions follow: CLA quantitative MRM (m/z) = 748.5/158.2; CLA qualitative MRM (m/z) = 

748.5/590.4; ERY ISTD MRM (m/z) = 736.5/160.3; curtain gas (CUR) = 25 psig; nebulizer gas 

(GS1) = 20 psig; drying gas (GS2) = 40 psig; source temperature (TEM) = 500 °C; collision gas 

(CAD) = 8 psig; and Turbo Ion Spray voltage (IS) = 5000 V.  

Standards Preparation. A 1.0 mg·mL-1 methanolic solution of clarithromycin 

(SigmaAldrich, St Louis, MO) neat standard was prepared and was diluted to 1000 ng·mL-1 in 

methanol for a working solution. The 1000 ng·mL-1 solution of CLA in methanol was further 

diluted in methanol:water (50:50) in microcentrifuge tubes to the following concentrations for a 
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calibration curve: 5, 10, 25, 50, 100, 250, and 500 ng·mL-1. A 100 mg·mL-1 acetonitrile solution 

of mass labeled erythromycin (ERY ISTD) (erythromycin (90-95% erythromycin A), N,N-

dimethyl-13C2, ~90%, Cambridge Isotope Laboratories Inc., Andover, MA) was diluted 1:10 in 

methanol for a 10 mg·mL-1 ERY ISTD working solution. 

Sample Preparation. Samples containing CLA were diluted 1:100 in methanol:water 

(50:50). Microcentrifuge tubes were labeled for each calibration standard, method blank, and 

sample. A 10 µL aliquot of mg·mL-1 ERY ISTD solution was added to each microcentrifuge 

tube, and the solvent was evaporated to dryness under a gentle stream of nitrogen at 40 °C. A 

100 µL aliquot of each calibration standard, method blank, and sample was added to the 

appropriate microcentrifuge tube and vortexed for 15 s. These solutions were then transferred 

into tapered polypropylene autosampler vials with crimp caps. 

Equilibrium Dialysis Experiments. The partitioning of the antibiotics to dissolved 

humic acid was investigated by equilibrium dialysis as described previously. Briefly, dialysis 

tubing (Spectra/Por 7 regenerated cellulose, 2 kDa nominal molecular weight cutoff; Spectrum 

Laboratories) was rinsed with ultrapure H2O (18 MΩ·cm; Barnstead Nanopure Water System) to 

remove NaN3 storage solution and stored overnight in ultrapure H2O at 4 °C. Tubing was then 

filled with 4.5 mL of 50 mgOC·L-1 ESHA solution (pH 9), sealed with polypropylene Spectra/Por 

closures, and predialyzed for 24 h against 3.4 mM buffer of desired pH (borate pH 8-9, 

phosphate pH 4-10, succinate pH 3-4.5). Ionic strength was adjusted to 10 mM with NaCl unless 

otherwise noted. The humic acid was predialyzed to equilibrate with the desired background 

solutions prior to addition into antibiotic-containing solutions and to decrease amount of ESHA 

molecules that pass across the dialysis tubing through the course of the experiment. The amount 

of ESHA inside the dialysis tubing at the end of the experiment was calculated based on the 
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linear relationship between pH loss of ESHA, for the same dialysis tubing employed in this 

study, found by Sibley and Pedersen.2  

Sorption experiments were initiated by placing pre-dialyzed ESHA into 30 mL of a 

buffered solution containing the desired concentrations of 3H-labeled and unlabeled antibiotic. 

Vials were sealed and placed in a reciprocal shaker in the dark for 72 h. At the end of the 

experiment pH was measured. Aliquots were collected from the internal (freely dissolved and 

ESHA-bound antibiotic) and external (freely dissolved antibiotic) compartments of the dialysis 

tubing respectively. Subsequently, aliquots were spiked with 15 mL of Biosafe II, and 3H-

activity was measured by liquid scintillation counting (LSC; Packard Tri Carb 2500TR). 

The amount of bound 3H-labeled antibiotic was calculated from the difference between 

internal (free + bound antibiotic) and external (free antibiotic) 3H-activities. The organic carbon-

normalized distribution coefficient (KOC, L·kg-1
OC) was calculated directly from 3H-activities of 

the antibiotics and reflects the ratio of bound and freely dissolved concentrations of antibiotics: 

     KOC=
(DPMinternal-DPMexternal)
(DPMexternal)[DOC]

    (4.1) 

where DPMinternal and DPMexternal represent the 3H-activities in the aliquots collected from the 

internal and external compartments of the dialysis tubing, and [DOC] represents the EHSA 

concentration (kgOC·L-1). All sorption experiments were conducted in triplicate. 

Antibiotics sorption was examined as a function of concentration, and sorption isotherms 

were constructed for different solution conditions and fit to the Freundlich equation (eq 4.2).44 

The Freundlich affinity parameter (KF) expresses the sorption capacity, and the Freundlich 

exponent (nF) is related to the distribution of sorption site energies.  
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     logQDOC = nF·logCw + logKF    (4.2) 

where QDOC represents the amount of antibiotic sorbed to ESHA (mol·kgOC
-1) and Cw represents 

the amount of freely dissolved antibiotic (mol·L-1). QDOC and Cw were calculated from 3H-

activity at equilibrium and the total concentration of unlabeled antibiotic used in the experiment. 

Additional experiments examined cation competition by including calcium (as CaCl2) to 

sorption experiments. The effect of calcium was studied as a function of pH and total calcium 

concentration. Calcium experiments were conducted with succinate and borate buffers.  

NICA-Donnan Modeling (Iso Christl). A detailed description of the NICA-Donnan 

model has been presented elsewhere.34 Briefly, humic acids are considered a gel-like phase that 

exhibit a uniformly distributed negative potential resulting from deprotonation of various 

functional groups in humic acids. The negative charge of the humic phase is compensated by 

counter cation accumulation within the Donnan volume, VD (LŊkg-1), according to the empirical 

relationship 

 logVD = b(1-log I)-1    (4.3)
 

where I is ionic strength and b is an empirical parameter describing the change in the Donnan 

volume with I to describe ionic strength-dependent conformational changes in humic substances. 

In the NICA-Donnan model, the amount of cation i specifically bound to humic acid, Qi, is given 

by (eq 4.4): 
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where Ci denotes the concentration in the Donnan phase, the subscripts 1 and 2 correspond to 
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low and high proton-affinity sites (primarily carboxylic and phenolic sites, respectively), nH are 

heterogeneity parameters for proton binding, ni describe cation-specific heterogeneity 

parameters, QmaxH represent the maximum proton site densities of the humic substance for each 

distribution (molŊkg-1), K̃i is median affinity distribution constant, and the p represent the widths 

of the distribution and describes the intrinsic heterogeneity of the humic substance. The total 

amount of cation i associated with humic acid is calculated as the sum of specifically bound 

cations Qi and the amount of cation i accumulated in the Donnan phase due to non-specific 

electrostatic interactions.  

Based on the pH-dependence of CLA binding to ESHA reported previously,2 only 

positively charged CLA-H+ was assumed to interact with ESHA. For TC binding, the triply 

protonated TC-H3
+ cation and the doubly protonated TC-H2

± zwitterion were considered to 

interact with ESHA. For fitting NICA-Donnan model parameters specific to antibiotic binding 

(viz. the affinity constants K̃i and ion-specific heterogeneity parameters ni) log-transformed data 

on CLA and TC binding were used. Model parameters were optimized using the programs 

ECOSAT45 and FIT.46 The Akaike Information Criterion corrected for small sample size (AICC) 

was used to select among competing assumptions on interactions considered in modeling.47 

Based on the best fits, the effect of Ca2+ present in solution was predicted. Generic NICA-

Donnan model parameters for ESHA and ion-specific parameters for H+ and Ca2+ binding to 

ESHA were taken from Christl.48 In addition to NICA-Donnan model equilibria (vide supra), all 

calculations considered the complete aqueous speciation of all components present in solution 

(viz. background electrolytes, CLA, and TC including Ca-TC complex formation).49  

Molecular Modeling (J.R. Schmidt). Density functional theory calculations on 

clarithromycin, tetracycline, and sulfathiazole monomers were conducted using Gaussian 0950 in 
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conjunction with the B3LYP density functional. Monomer geometries were optimized in the gas 

phase using the 6-31G(d) basis; the molecular electrostatic potential (MEP) was calculated from 

the density at the B3LYP/cc-pVDZ level in the presence of a polarizable continuum solvation 

model (PCM). All reported MEP values are maxima along the ρ = 0.03 e/Å3 electron density 

isosurface, corresponding approximately to the molecular van der Waals radius. 

Specific binding interactions were examined by modeling interaction of 

cationic/zwitterionic monomers with a benzoic acid anion. Dimer binding energies were 

calculated with respect to isolated ions (including PCM solvation) at the B3LYP/cc-pVTZ/PCM 

level, including augment functions on O atoms. Reported energies were counterpoise corrected 

using the corresponding gas phase dimer at the same geometry. 

RESULTS AND DISCUSSION  

Clarithroymcin solubility. Published values of solubility for CLA vary considerably 

(reported log KSP range from –6.4 to –7.8).5,6 The solubility of neutral clarithromycin (CLA0) 

was found to be an important parameter in the modeling of CLA data at higher pH values where 

the CLA0 is a significant species. We therefore determined the solubility of CLA0 experimentally 

at pH 12 and found to be to be 0.083 ± 0.006 mg·L-1 (log Ksp = –7.0).  

Clarithromycin. To determine the concentration-dependence of CLA sorption to ESHA 

at alkaline conditions isotherms where conducted at pH 8.7 and 9 (Figure 4.1). The concentration 

dependent sorption of CLA at near neutral pH (6.5) had been studied by Sibley and Pedersen2 

but not at alkaline pH where CLA0 becomes a significant species (Figure 4.3a). Freundlich 

parameters for the isotherms are summarized in Table 1. The fits described well the data (R2 ≥ 

0.99) and nF values near unity were obtained. The isotherm at pH 8, although it has a lower KF 
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value, is comparable to the isotherm (pH = 6.5) of Sibley and Pedersen2 the KF are 1910 ± 400 

and 1300 ± 300 and the nF are 0.85 ± 0.01 and 0.84 ± 0.01 for Sibley and Pedersen and this study 

respectively. The fraction of clarithromycin present as CLA+ was 1.00 and 0.61 at pH 6.5 and 8.7 

respectively. The isotherm at pH 9 a KF of 270 ± 170 and nF of 0.82 ± 0.03 were obtained, at pH 

9 the fraction of CLA+ is 0.44. The decrease of KF observed at both pH used in this study 

compared to Sibley and Pedersen2 could be due to the decrease of cationic CLA present, at pH 9 

the decrease in sorption is more evident. From the isotherms we obtained nF which corresponds 

to the ion-specific heterogeneity parameters ni used in the NICA-Donnan model. Clarithromycin 

exists mainly as a cation over environmentally relevant pH values as can be observed in its 

speciation (Figure 4.3a). Sibley and Pedersen2 found that clarithromycin sorption depends 

strongly with pH, with a maximum at pH 6.4, sorption decreases as the amount of cationic CLA 

decreases. Binding of CLA to humic acid under alkaline conditions was found to be controlled 

by the amount of cationic clarithromycin (CLA-H+) and the solubility of CLA0.  

Tetracycline. The concentration-dependent sorption of TC was studied at pH values 

where different species predominate. Freundlich parameters for the isotherms conducted for TC 

(3, 4.3, 6.3, and 9.2; Figure 4.2) are summarized in Table 4.1. The fits described well the data (R2 

≥ 0.99) and nF values near unity were obtained. The isotherms at pH 4.3, I = 0.01 M conducted 

by Gu et al1 and this study differ considerably, the values are KF 4290 ±940 and 16000 ± 6400, 

and nF at 0.99 ± 0.02 and 0.93 ± 0.02, respectively.  The main difference in the two studies was 

the [TC] used. The second isotherm has some non-linearity which could result in higher 

partitioning at lower Cw. Tetracycline is present as a cation, zwitterion, a monoanion and a 

dianion over the pH values studied (Figure 4.3b) and sorption occurs even when the cation is not 

the major species. Tetracycline contains three ionizable functionalities and is present as a cation 
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(TC-H3
+) at pH < pKa1, a zwitterion (TC-H2

+/−) at pKa1 < pH < pKa2, a net monoanion (TC-

H1
+/2−) exhibiting one positive and two negative charges at pKa2 < pH < pKa3, and a dianion 

(TC2−) at pH > pKa3 (Figure 4.3b). The species expected to drive sorption are TC-H3
+, TC-H2

+/−, 

and TC-H1
+/2− since it does not possess a positively charged moieties that can bind to NOM, the 

dianion is not expected to contribute since it does not have any positively charged moiety.  

We studied the sorption of TC to ESHA as a function of pH at two ionic strengths (I = 

0.01 M, 0.1 M). Results are presented in Figure 4.4. Tetracycline has pKa values of 3.30, 7.68, 

and 9.69 and exists as a cation, zwitterion, monoanion, and dianion over the pH range studied (3-

10).41 Gu et al1 studied the sorption of TC to ESHA as a function of pH (I = 0.01 M, 0.1 M), as a 

function of concentration at pH 4.3, and in the presence of calcium (0.2 mM at different pH 

values). In this study sorption increased with increasing pH in the acidic range with a maximum 

sorption observed at pH 4, indicating competition for binding sites with H+. As pH increases 

from 4 to 8 sorption decreases steadily with a marked decrease at pH > 8 were the speciation is 

dominated by anionic species. This suggests that sorption is driven mainly by the cationic and 

zwitterionic species binding to the deprotonated moieties in the ESHA. Even so sorption, also 

occurred when the monoanionic and dianionic species predominate, suggesting they are able to 

associate with NOM as well the dianion is not expected to sorb (vide supra). The monoanion 

(TC-H1
+/2−) retains a positively charged moiety, the dimethylamino group (Figure 4.3b), which 

could bind to the negatively charged NOM. At higher ionic strength (I = 0.1 M) the sorption of 

TC decreased in comparison to the lower ionic strength data (I = 0.01 M) for all of the pH point 

studied except at pH > 8 (Figure 4.4). The effect of ionic strength on sorption might be due to 

charge screening, at higher ionic strength the higher concentration of Na+ screening the negative 

charge thus reducing the electrostatic attraction between the positively charged TC and the 



112 
 

 

zwitterion, resulting in lower sorption. However at pH > 8, there is a reduction in the 

electrostatic repulsion that could allow accumulation of the negatively charged species, the 

monoanion and the dianion, resulting in an increase of sorption at higher ionic strength in 

comparison to the lower ionic strength. 

Effect of calcium on the sorption of tetracycline and clarithromycin to ESHA. In 

natural systems, the presence of inorganic cations (especially Ca2+ and Mg2+) is expected to 

affect organic cation binding to humic substances. Calcium is present as a dissolved ion in 

surface and groundwater at concentrations ranging from 0.15-1.1 mM.51 We studied the effect of 

calcium at low concentrations ranging from 0.001-10 µM. Our experimental data show that total 

calcium concentrations exceeding 0.1 µM affect the binding of trace amounts of clarithromycin 

to ESHA at pH 5.6 and 9.1 (Figure 4.4a). Antibiotic sorption as a function of total Ca2+ 

concentration was studied (Figure 4.4), and the KOC values are represented in Figure 4.6. As the 

concentration of calcium increased the amount of CLA sorbed decreased (Figure 4.4a). In the 

absence of calcium the KOC at pH 5.6 was 19000 ± 290 L·kg-1
OC whereas in the presence of the 

highest Ca2+ employed (10 µM), the KOC of CLA decreased to 560 ± 220 L·kg-1
OC. 

Clarithromycin sorption was completely inhibited in the presence of 10 µM Ca2+ at pH 9 (no 

detectable sorbed CLA). Clarithromycin has a pKa of 8.9, at pH 5.6 CLA+ is the dominant species 

in solution and competes with Ca2+, but at pH 9 the speciation shifts and CLA0 is the major 

species in solution (44% of the molecule is present as CLA+ at pH 9), decreasing the 

concentration of CLA+ able to bind to ESHA. Calcium competes readily for binding sites with 

CLA at pH 5.6 and 9 (Figure 4.5a). 

Sorption of TC to ESHA increased with total Ca2+ concentration at both pH values 

examined (pH 5.6 and 9): at pH 5.7 the KOC was 13000 ± 810 L·kg-1
OC and 19000 ± 720 L·kg-1

OC
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in the absence of Ca2+ and at 10 µM Ca2+, respectively. At pH 9 the promotion TC sorption to 

ESHA is more pronounced the KOC increases from 6100 ± 920 L·kg-1
OC in the absence of 

calcium to 26000 ± 1500 L·kg-1
OC in the presence of 10 µM Ca2+ (Figure 4.5b). Our results agree 

with those of Gu et al.,1 who demonstrated that TC sorption to ESHA increased with calcium 

concentration ([Ca2] employed in that study was 0.2 mM), the two studies show that at higher 

calcium concentration the sorption of TC to ESHA increases. Tetracycline can form complexes 

with Ca2+,52–54 and the increase in sorption could be explained by the formation of TC-Ca 

complexes binding to ESHA. Of the TC calcium complexes (Figure 4.7) TC-Ca0, TC-Ca2+, and 

TC2-H2-Ca– are the most abundant at pH 9 among these species TC-Ca2+ bears a positive charge. 

At increased pH electrostatics favor the interactions between TC-Ca2+, which could explain the 

increased sorption observed at pH 9 in comparison to pH 5.7 at pH 5.7 no TC-calcium 

complexes are present in solution (fractional abundance < 0.001) whereas at pH 9 the species 

TC-Ca0, TC-Ca2+, and TC2-H2-Ca- the fraction present are 0.9, 0.02, and 0.01 respectively 

(Figure 4.7). 

Results from the model. (Refer to Christl et al.). The data, from the experimental 

results gathered in this study, the CLA data set from Sibley and Pedersen,2 and the sorption data 

for TC in the presence of calcium from Gu et al,1 was fitted with the NICA-Donnan model that 

has been applied to describe the sorption of inorganic cations to NOM in different solution 

conditions (i.e. pH, ionic strength) and in the presence of competing cations.34,55 The NICA-

Donnan model was able to capture the sorption behavior of CLA and TC at different solution 

conditions (i.e., pH, ionic strength, presence of Ca2+), and determine the extent of binding due to 

specific and non-specific sorption. In the case specific binding, the NICA-Donnan model was 

able to attribute sorption to sites of low or high proton affinity (i.e., due primarily to carboxylic 
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and phenolic sites respectively). The importance of the interaction of the different ionic species 

with the binding sites was selected based on The Akaike Information Criterion corrected for 

small sample size (AICC)47 was used to select the combination of antibiotic species and binding 

sites that resulted in the highest quality model. The results lead to the conclusion that both CLA 

and TC bind through specific binding with minimal non-specific accumulation in the Donnan 

phase. For CLA, the selected model attributed CLA+ binding mainly to low proton affinity (e.g., 

carboxylate) sites. The contribution of CLA0 to the overall sorption of clarithromycin was found 

to be negligible Tetracycline, with a more complex speciation, binds to both sites with low and 

high proton affinity: the positively charged species (TC-H3
+) binds to both high and low proton 

affinity sites, while the zwitterionic (TC-H2
±) binds mainly to high proton affinity sites. The 

anionic species were found to have negligible contribution on sorption based on the modeling of 

the data. 

Calcium binds preferably to low proton affinity sites, albeit with a lower affinity than 

CLA+: log K̃1 = –1.7,4 and 0.2 ± 0.1 for calcium and clarithromycin respectively. Both CLA+ and 

Ca2+ compete for these sites, and the model agrees with the experimental data at pH 9, with 

increasing Ca2+ concentration the amount of sorbed CLA+ decreases. In the case of pH 5.6 the 

model underestimates the effect of calcium because it attributes Ca2+ non-specific accumulation 

to the Donnan phase, leaving more low proton affinity sites available (in silico), leading to the 

competition between the two cations not being well captured. 

For tetracycline, several calcium complexes form depending on solution pH (Figure 4.7). 

Among the Ca-TC complexes, TC-Ca2
2+ is net positively charged and may associate with 

negatively charged humic acids due to non-specific, electrostatic binding. The results from the 

model, fitted to the data set of Gu et al.,1 suggest that the promoting effect of calcium on sorption 
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is due to electrostatic interaction of positively charged tetracycline-Ca complexes with humic 

acid rather than due to the formation of ternary complexes.  

Environmental implications. The present study demonstrates that solution conditions 

(e.g., pH, ionic strength, calcium concentration) strongly influence the interactions of cationic 

and zwitterionic antibiotics with humic substances. Sorption to NOM decreases the 

bioavailability of organic compounds,23,24 and the bioavailability of ionizible compounds is 

therefore expected to depend on the factors affecting sorption (e.g. pH, ionic strength, and the 

presence of competing cations), with the lowest bioavailability expected at pH 4 for TC. Calcium 

was found to inhibit sorption of CLA but promote TC sorption, due to electrostatic interaction of 

positively charged tetracycline-Ca complexes with humic acid at high TC concentration (i.e., 0.1 

mM); TC has been detected at 9-32 µg·kg-1 in sedimets.13,35,39 The extent of sorption promotion 

by calcium for other organic compounds is expected to depend on the relative magnitude of 

complexation constants and the concentrations of relevant ligands. The impact of Ca2+ on 

association with humic acid was shown to depend on the ability of the compound to form 

complexes with calcium and solution conditions. Apart from effects of Ca2+ at trace antibiotic 

levels, the NICA-Donnan model described experimental data on clarithromycin and tetracycline 

binding to a soil humic acid well over a very wide range of conditions with respect to pH, 

antibiotic concentration, and ionic strength. In terrestrial and aquatic systems, inorganic cations 

other than Ca2+ such as Mg2+, Ba2+, Sr2+, Mn2+, and Fe2+ are typically present at concentrations 

exceeding those of antibiotics. The affinities of these divalent cations for humic acids are similar 

to that Ca2+ or even higher.55 Based on the results of this study, we expect that in natural 

systems, the interactions of natural organic matter with antibiotics bearing positively charged 

moieties are influenced by the presence of these ubiquitous cations. Therefore we need to better 



116 
 

 

understand the impact of naturally occurring cations on the sorption of cationic contaminants. 

The NICA-Donnan model is able to capture the effect of calcium on TC sorption. This model 

therefore appears to hold promise for determining the effects of naturally occurring cations on 

the sorption of cationic contaminants. 
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Table 4.1. Freundlich parameters for tetracycline and clarithromycin sorption to 
dissolved Elliott soil humic acid.  

Antibiotic pH KF nF 
TC 3.0 17400 ± 5400 0.92 ± 0.02 
TC 4.3 16000 ± 6400 0.93 ± 0.02 
TC 6.3 3300 ± 550 0.88 ± 0.01 
TC 9.2 2100 ± 900 0.93 ± 0.02 

CLA 8.7 1300 ± 300 0.84 ± 0.01 
CLA 9.0 270 ± 170 0.82 ± 0.03 

Errors represent propagated error of the logQ vs. logC linear fit (R2 ≥ 0.99). 
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Figure 4.1. Sorption of clarithromycin (CLA) to Elliott soil humic acid as a function of non-

sorbed CLA at pH 8.7 and 9 (phosphate buffer). [DOC] = 42 mg·L-1. 
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Figure 4.2. Sorption of tetracycline (TC) to Elliott soil humic acid as a function of non-sorbed 

TC at pH 3, 4.3, 6.3 and 9.2 (phosphate buffer). [DOC] = 37-42 mg·L-1. 
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Figure 4.3. Speciation as a function of pH, skeletal formulae and molecular electrostatic 

potentials (MEPs) of (a) clarithromycin and (b) tetracycline, and (c) MEP for sulfathiazole 

cation. Speciation was calculated for an ionic strength of 0.01 M and a total clarithromycin or 

tetracycline concentration of 1 µM. Macroscopic dissociation constants (pKa) for clarithromycin 

and tetracycline were taken from Nakagawa et al.5 and Mitscher,41 respectively. Molecular 

electrostatic potentials were calculated along the ρ = 0.03 e/Å3 electron density isosurface and 

are superimposed over ball-and-stick structures. Atoms in the ball-and-stick structures are color-
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coded as follows: white, H; grey, C; blue, N; red, O; and yellow, S. Abbreviations: CLA0, neutral 

clarithromycin; CLA-H+, clarithromycin cation; STA, sulfathiazole cation; TC-H3
+, tetracycline 

cation; TC-H2
+/-, tetracycline zwitterion; TC-H+/2-, tetracycline monoanion; TC2-, tetracycline 

dianion. From Christl et al.  
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Figure 4.4. Sorption of tetracycline (TC) to Elliott soil humic acid as a function of pH (I = 0.01 

M and 0.1 M). [TC] = 1 µM, [DOC] = 37-43 mg·L-1.  Buffers used were phosphate for pH 3-4 

and 6-10 and succinate pH 4-5.5.
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Figure 4.5. Sorption of antibiotics tetracycline (TC) and clarithromycin (CLA) to Elliott soil 

humic acid (ESHA) as a function of total calcium concentration. a) [TC] = 1 µM, b) [CLA] = 1 

µM [DOC] = 39 and 42 mg·L-1 for pH 5.6 (succinate buffer) and 9 (phosphate buffer) 

respectively. 

 

 

a b 
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Figure 4.6. Organic carbon-normalized distribution coefficient (KOC, L·kg-1
OC) as a function of 

pH 5.6 (succinate buffer) and 9 (borate buffer) and [Ca+2]total (0, 0.1, 10 µM). Ionic strength was 

10 mM, [DOC] = 39 and 42 mg·L-1 for pH 5.6 and 9 respectively, and antibiotic concentration 

was 1 µM. The KOC of clarithromycin (CLA) decreased with increasing [Ca+2]total and pH. 

Competition between CLA and calcium was more pronounced at pH 9. The KOC of tetracycline 

(TC) increased with increasing [Ca+2]total, this effect was more apparent at pH 9. 
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Figure 4.7. Speciation of dissolved tetracycline (TC) as a function of pH in the presence of 2 × 

10-4 M Ca2+ at I = 0.01 M and a total tetracycline concentration of 10-4 M. Complexation 

constants for TC-Ca2+ species were taken from Martell et al.49 From Christl et al. 
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Chapter 5. Summary, Conclusions, and Future Directions 

SUMMARY AND CONCLUSIONS 

In regards to the oxidation of amino acids by peroxymonosulfate, we found that 

peroxymonosulfate by itself is capable of oxidizing all off the amino acids studied with rates 

decreasing in the order of methionine > tryptophan > tyrosine > histidine > alanine for the fastest 

reacting amino acids. The results agree with the ranking of oxidation of amino acids by other 

oxidants (i.e., hydroxyl radical, sulfate radical, singlet oxygen, ozone), with the aromatic and 

sulfur-containing amino acids being oxidized at higher rates. Natural organic matter did not 

impact on the overall rate of oxidation of tryptophan. 

In the case of the oxidation of amino acids by cobalt-activated peroxymonosulfate, we 

found the pseudo first-order rate constant to increase by at least one order of magnitude for all 

the amino acids studied compared to the unactivated reaction. The ranking was found to differ 

with the fastest reacting amino acids decreasing in the order of tryptophan > lysine > leucine. 

The activation of peroxymonosulfate with cobalt is known to form primarily sulfate radicals.3 To 

test the hypothesis that sulfate radicals are the major oxidation of amino acids by cobalt activated 

peroxymonosulfate we used known radical scavengers (i.e., ethanol, tert-butanol) to determine 

the effect of the different radical species. The results from tryptophan agree with our hypothesis 

that sulfate radical is the primary oxidant, but we found that different mechanisms take place for 

the amino acid studied. In the case of lysine and leucine no decrease in the rate of oxidation in 

the presence of ethanol, which scavenges sulfate and hydroxyl radical. This finding could imply 

two things, either peroxymonosulfate radical or bound radical species of sulfate or hydroxyl 

radicals are driving the oxidation. Further tests are needed to determine the impact of said radical 

species. 
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We were able to identify some products of oxidation of amino acids by LC-MS/MS. In 

the case of methionine the products of oxidation include methionine sulfoxide and sulfone. In the 

case of tryptophan, kynurenine was observed as a product of oxidation in the cobalt-activated 

reaction indicating that this product forms by the reaction of tryptophan with sulfate and 

hydroxyl radicals. Mass shifts of (+16 g·mol-1) corresponding to hydroxylation were observed 

for tryptophan, histidine, leucine and lysine. In the case of tyrosine a mass shift of (+48 g·mol-1) 

was observed that could correspond to three hydroxylations. 

Pertaining to the sorption of tetracycline and clarithromycin to Elliott soil humic acid, we 

found the sorption to be dependent on pH. For tetracycline the highest sorption was found in the 

acidic range, close to the first pKa. Calcium had a pronounced effect for both antibiotics, in the 

case of clarithromycin, a decrease in sorption was observed with increasing calcium 

concentration, however the sorption of tetracycline increased. Clarithromycin competes with 

calcium for binding sites, which becomes increasingly important at higher calcium 

concentrations. Tetracycline can from complexes with calcium, and ternary complexes with both 

calcium and humic matter, which was found to be the main cause for the increase in sorption by 

the NICA-Donnan model. The data, along with data sets from Sibley and Pedersen1  and from 

Gu et al.,2 were modeled by our collaborator Iso Christl using the NICA-Donnan model. By 

applying the Akaike Information Criterion corrected for small sample size the importance of 

binding sites and ionic species was determined. 

FUTURE DIRECTIONS 

While the study of free amino acids will give us an idea of which residues will most 

likely be oxidized in a protein and to which degree, further experiments with proteins must be 

conducted, including the oxidation of intact proteins, extent of inactivation after exposure to 
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peroxymonosulfate, and more complex matrices (e.g., soil, surface water, and waste water). By 

studying proteins with known structures and the site-specific oxidation we can determine the 

solvent accessibility of peroxymonosulfate, information that will be important if we want to 

apply the system to inactivate different proteins.  

More experiments need to be conducted to identify the products of oxidation. Chlorinated 

products are expected to be formed when chloride is present in the cobalt activated reaction due 

to propagation reactions. Although no mass shifts associated with chlorinated products were 

observed, further experiments with increased amino acid and chloride concentrations may enable 

the detection of chlorinated products. 

The vast differences in the sorption of clarithromycin and tetracycline with humic acids 

as a function of pH and calcium concentration highlights the need of developing models that 

describe the fate of polar organic contaminants in the environment. The application of the NICA-

Donnan model for organic cations is a step in that direction. Although it had some flaws 

estimating the effect of calcium for both antibiotics, it was able to describe the effect of pH on 

sorption and to determine the extent of binding to different sites in the humic acid and the ionic 

species binding in each case. As of today it has only been tested on three organic cations, 

increasing the amount of data modeled will bring to light flaws that must be addressed as well as 

the chemical-physical properties required to achieve a good fit. 
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