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Peracetic acid (PAA) is a sanitizer with increasing use in food, medical and water treatment industries.
Amino acids are important components in targeted foods for PAA treatment and ubiquitous in natural
waterbodies and wastewater effluents as the primary form of dissolved organic nitrogen. To better
understand the possible reactions, this work investigated the reaction kinetics and transformation
pathways of selected amino acids towards PAA. Experimental results demonstrated that most amino
acids showed sluggish reactivity to PAA except cysteine (CYS), methionine (MET), and histidine (HIS). CYS
showed the highest reactivity with a very rapid reaction rate. Reactions of MET and HIS with PAA fol-
lowed second-order kinetics with rate constants of 4.6 ± 0.2, and 1.8± 0.1M�1,s�1 at pH 7, respectively.
The reactions were faster at pH 5 and 7 than at pH 9 due to PAA speciation. Low concentrations of H2O2

coexistent with PAA contributed little to the oxidation of amino acids. The primary oxidation products of
amino acids with PAA were [O] addition compounds on the reactive sites at thiol, thioether and imid-
azole groups. Theoretical calculations were applied to predict the reactivity and regioselectivity of PAA
electrophilic attacks on amino acids and improved mechanistic understanding. As an oxidative disin-
fectant, the reaction of PAA with organics to form byproducts is inevitable; however, this study shows
that PAA exhibits lower and more selective reactivity towards biomolecules such as amino acids than
other common disinfectants, causing less concern of toxic disinfection byproducts. This attribute may
allow greater stability and more targeted actions of PAA in various applications.
© 2018 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Peracetic acid (PAA), as a wide-spectrum antimicrobial agent,
has been used in water disinfection and food sanitization since
early 1940s (Rossoni and Gaylarde, 2000; Kitis, 2004). Commercial
PAA solution is a colorless, quaternary equilibrium mixture of PAA,
hydrogen peroxide (H2O2), acetic acid and water according to
Equation (1) below:

CH3C(¼O)OH þ H2O2 4 CH3C(¼O)OOH þ H2O (1)

The oxidation potential of PAA (1.76 V) is close to H2O2 (1.80 V),
.-H. Huang).
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higher than aqueous chlorine (1.48 V) and chlorine dioxide (1.28 V)
(Luukkonen and Pehkonen, 2017). PAA has been reported to be a
more efficient disinfectant than chlorine and chlorine dioxide in
inactivating pathogenic and indicator microbes (Salgot et al., 2002;
Kitis, 2004; Dell'Erba et al., 2007). The advantages of PAA disin-
fection includes stability, low cost, and harmless disinfection
byproducts (DBPs) (Dell'Erba et al., 2007; Voukkali and Zorpas,
2015). Thus, as a disinfectant or sterilant, PAA has a wide applica-
tion in various industries including water treatment, food pro-
cessing, medical, and textile (Kitis, 2004; Falsanisi et al., 2006). A
number of pilot- or full-scale trials of using PAA as an alternative to
chlorine for wastewater disinfection have been conducted in
Europe and North America (Veschetti et al., 2003; Koivunen and
Heinonen-Tanski, 2005; Gonz�alez et al., 2012; Eckert, 2013). In
the U.S., the Environmental Protection Agency has authorized
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ching-hua.huang@ce.gatech.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wroa.2018.09.002&domain=pdf
www.sciencedirect.com/science/journal/25899147
https://www.journals.elsevier.com/water-research-x
https://doi.org/10.1016/j.wroa.2018.09.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.wroa.2018.09.002


P. Du et al. / Water Research X 1 (2018) 1000022
the use of PAA in fruits, vegetables and meat processing as well
as in wastewater and storm water disinfection (EPA, 1998, 1999,
2012).

The traditional chlorine disinfection in water treatment and
food production may cause the formation of various chlorinated
DBPs, some of which are potentially carcinogenic (Fukayama et al.,
1986). Since the increasing use of PAA, the possible reaction of
organic matter with PAA and formed byproducts have drawn great
attention. An earlier study reported that PAA failed to degrade
several target pharmaceuticals in wastewater at low doses (Hey
et al., 2012). On the other hand, Cai et al. (2017) demonstrated
that the combination of PAA with UV could lead to rapid degra-
dation of pharmaceuticals with investigation of involved reactive
species. Zhang et al. (2017) showed that PAA alone could degrade
several b-lactam antibiotics in surface water and wastewater rela-
tively quickly; however, the reaction rates were much slower in
comparison to those with common oxidants such as O3, chlorine,
and Fe(VI). Meanwhile, the detected transformation products of b-
lactams were mostly sulfoxide products instead of mineralized
compounds, indicating the modest oxidizing ability of PAA. In
general, the above studies were consistent with an early research
that reported PAA solution was virtually unaffected in the presence
of organic matter (Rodgers et al., 2004).

Amino acids are among the primary components of dissolved
organic nitrogen in the aquatic environment. They are ubiquitous in
the environment at concentrations up to 10 g,L�1 in surface waters
(Trehy et al., 1986) and higher in wastewaters. Amino acids are also
widely found in meats, fruits and vegetables in the form of proteins
(Wu, 2009). Thus, amino acids have a great chance to encounter
disinfectants during water treatment or food processing. The
transformation of amino acids in chlorination processes has been
well studied, with corresponding aldehydes and nitriles as the
primary byproducts as well as toxic chlorinated products such as
dihaloacetonitriles and chloral hydrate (Trehy et al., 1986; Pattison
and Davies, 2001). In contrast, the potential reactions between
amino acids and PAA during water treatment remain unclear and
have been scarcely investigated. It is important to evaluate the
transformation of amino acids andwhether harmful byproducts are
formed during PAA reactions in order to improve the applications of
PAA in water treatment.

Some previous studies indicated that the amino acid composi-
tion in blood meal or organic matter may change after PAA treat-
ment (Schnitzer and Hindle, 1980; Kerkaert et al., 2011; Hicks et al.,
2015). Schnitzer and Hindle (1980) reported that PAA treatment
may decrease the amino acid-N component in humic materials.
Literature also suggested that oxidation by PAA may result in in-
crease of hydrophilicity of the proteins through crosslinking
destruction, whereas hypochlorous acid oxidation commonly re-
sults in protein aggregation (Kerkaert et al., 2011; Hicks et al., 2015).
Extensive literature search indicates that there has been little in-
formation regarding the reaction kinetics and mechanism of the
oxidation of amino acids by PAA to date. Thus, this study was
motivated to address this knowledge gap.

The specific objectives of this work were to: (1) determine the
reactivities of a range of amino acids towards PAA; (2) assess the
impact of background H2O2 and solution pH on the oxidation re-
action of amino acids with PAA; and (3) elucidate the trans-
formation products and reaction mechanism via product
characterization and theoretical analysis of amino acids' reactive
sites. All the experiments were conducted using PAA dosage and pH
conditions relevant to those common in wastewater treatment or
food processing with PAA applications.
2. Materials and methods

2.1. Chemicals

Analytical-grade L-arginine (ARG), L-histidine (HIS), L-aspartic
acid (ASP), and L-glycine (GLY) were purchased from Acros Or-
ganics. Other amino acids including L-cysteine (CYS), L-proline
(PRO), L-methionine (MET), L-tyrosine (TYR), and L-glutamic acid
(GLU) were obtained from MP Biomedicals at >98% purity. The
structures of the selected amino acids are shown in Fig. S1. PAA
solution (~39% PAA, 6% H2O2 and ~45% acetic acid, w/w), sodium
dihydrogen phosphate, disodium hydrogen phosphate, sodium
thiosulfate, and sodium borohydride were purchased from Sigma
Aldrich (St. Louis, MO, USA). Hydrogen peroxide solution (~30%
H2O2 in water, w/w) was purchased from Fisher Scientific (Wal-
tham, MA, USA). Reagent-grade deionized water (�18mU-cm) was
generated from a Milli-Q integral water purification system (Mil-
lipore, Billerica, MA, USA) and used to prepare working solutions.
The working solution of each amino acid at 10mM was freshly
prepared and used within 24 h. Fresh PAA working solutions at
100mM were prepared every week by diluting the PAA stock. The
H2O2 working solution was prepared at 11mM. All stock and
working solutions were stored at 4e5 �C before use.

2.2. PAA oxidation experiments

PAA oxidation experiments were conducted in 200-mL glass
beakers with magnetic stirring at room temperature. Reaction so-
lutions were maintained at desired pH using phosphate buffer
(10mM). Reactions were initiated by spiking an appropriate
amount of PAA or H2O2 working solution into the buffered solution
containing 10 mMamino acids. Aliquots were periodically taken and
injected into HPLC vials containing an excess amount of sodium
thiosulfate or sodium borohydride relative to the PAA concentra-
tion. The quenched samples were analyzed within 12 h after a
derivatization process as described below. The reactions with H2O2
were conducted similarly by adding an appropriate amount of H2O2
working solution to the buffered reaction solution containing
10 mM selected amino acids.

2.3. Analytical methods

Titration methods were applied to determine the concentra-
tions of PAA and H2O2, respectively, in the PAA stock solution as
previously described (Cai et al., 2017). Iodometric titrationwas used
to determine the combined concentration of PAA and H2O2, and
potassium permanganate titration under acidic pH was used to
determine the H2O2 concentration in the stock. The latter method
was also used to determine the H2O2 concentration in pure H2O2
stock solution. The lower concentrations of PAA in the PAAworking
solution and in the oxidation experiments were quantified by the
standard N,N-diethyl-p-phenylenediamine (DPD) titration method
(APHA et al., 1998) as described previously (Cai et al., 2017).

The concentrations of residual amino acids in the reactions were
determined using an Agilent 1100 high performance liquid chro-
matography (HPLC) equipped with a fluorescence detector after
derivatization (detailed in Supporting Information (SI) Text S1).
Monobromobimane (mBBr) was used as a derivatization reagent
for CYS determination, while o-phthalaldehyde (OPA) was used for
the other amino acids. After derivatization, 20 mL of sample was
separated on an Agilent Zorbax SB-C18 column (2.1� 150mm,
5 mm) with a flow rate of 0.3mL/min. The mobile phase was a
mixture of (A) sodium acetate buffer (5mM) at pH 5.9, and (B)
acetonitrile. The eluent composition changed linearly from initially
10% A to 50% at 7min and then was so maintained for 3min,



Fig. 1. Losses of nine selected amino acids by PAA (Amino acids: 10 mM, PAA: 131 mM,
incubation time: 30min; room temperature). The order of nine amino acids in Fig. 1 is
set based on their amounts in strawberry samples (from highest to lowest) (Gebhardt
et al., 2008). Error bars represent standard deviation from duplicate samples.
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followed by re-equilibration to the starting condition. The excita-
tion and emission wavelengths for fluorescence detection were set
respectively at 395 and 475 nm for themBBr derivatizationmethod,
and 340 and 455 nm for the OPA derivatization method.

The oxidation products of selected amino acids by PAA were
analyzed using an Agilent 1100 Series LC/MSD system equipped
with an Agilent Zorbax SB-C18 column (2.1� 150mm, 5 mm) with a
flow rate at 0.3mL/min. The mobile phase consisted of (A) deion-
ized water with formic acid (0.1%, v/v), and (B) methanol. The
gradient of the mobile phase B was kept at 5% in the first 5min,
then ramped to 90% at 10min and maintained for 3min, and then
re-equilibrated to the starting condition. The injection volume was
10 mL. The mass spectrometer was set at negative electrospray
ionization mode (ESI-) with a 70 V fragmentation voltage and
4000 V capillary voltage. Nitrogen was used both as the drying gas
at 350 �C (6.0 L/min) and nebulizer gas (25 psi). A full-scan mode
from 50 to 500m/z was applied to examine the transformation
products.

2.4. Computational method

All calculations were performed using Gaussian 03 software
(Frisch et al., 2003). Geometry optimization calculations were
executed without any constraints using the B3LYP method with 6-
31G(d,p) basis set (Hariharan and Pople, 1973; Lee et al., 1988;
Becke, 1993; Raghavachari, 2000). Condensed Fukui function (CFF),
an important concept in conceptual density functional theory, was
computed based on natural population analysis (NPA) charge to
predict the regioselectivity of the oxidation of amino acids by PAA
(Parr and Yang,1984; Olah et al., 2002). All of the above calculations
were performed in the gas phase.

3. Results and discussion

3.1. Evaluation of PAA reactivity to different amino acids

To assess the possible reaction between amino acids and PAA, a
total of nine essential amino acids, which were widely detected in
vegetables, fruits, and meats, were selected to study their reactivity
towards PAA oxidation. As shown in Fig. 1, most amino acids are
sluggish to PAA oxidation except CYS, MET and HIS. CYS was
completely oxidized by PAA in 30min, suggesting its high reactivity
towards PAA oxidation. The high reactivity of CYSmay be caused by
its thiol group, which could be easily oxidized to its disulfide form
(RS-SR) (Nakamoto and Bardwell, 2004; Rehder and Borges, 2010).
MET and HIS were also observed with >25% transformation under
the same condition. This is consistent with an early study that re-
ported the sulfur-containing amino acids in meat would greatly
decreased after PAA treatment, while most of the other amino acids
showed little changes (Hicks et al., 2015). Unlike PAA treatment,
chlorination was found with high reactivity towards all amino
acids. The presence of amino acids during chlorination processes
may greatly reduce the disinfection efficiency and produce DBPs
such as trihalomethanes and halonitriles, which may have adverse
effects on human health (Na and Olson, 2007). On the basis that the
amounts of HIS, CYS, and MET in fruits and vegetables are typically
low (Brückner and Westhauser, 2003) and the low reactivities of
other amino acids to PAA, PAA oxidation probably will not change
the organic composition of the treated food or wastewater signif-
icantly and much less byproducts would be formed, in comparison
with other common oxidants such as chlorine.

3.2. Reaction kinetics of selected amino acids with PAA

Owing to their higher reactivity, CYS, METand HIS were selected
to further study their reaction kinetics with PAA. Notably, under the
employed reaction conditions ([CYS]0¼10 mM, [PAA]0¼131 mM
(i.e., 10 ppm), pH¼ 7.0), CYSwas completely oxidized by PAAwithin
1min. The reaction was too fast to quantify the rate constant using
the batch reactor set-up. The reactions of MET and HIS with PAA
were not as rapid and followed first-order kinetics with respect to
the amino acid concentration (Fig. S2a). In addition, the pseudo-
first-order rate constant (kobs, min�1) was found to increase line-
arly with PAA concentration (131e1310 mM) (Fig. S2b). Hence, the
oxidation of amino acids by PAA can be expressed by the second-
order kinetics (see Equations (2) and (3)), with the apparent
second-order rate constant (kapp, M�1,s�1) obtained by dividing
the kobs value by the PAA concentration.

d½Amino acid�
dt

¼ �kobs½Amino acid� (2)

d½Amino acid�
dt

¼ �kapp½PAA�½Amino acid� (3)

where kobs is the observed first-order rate constant, kapp is the
apparent second-order rate constant for the overall reaction,
[Amino acid] and [PAA] are the concentration of amino acid and
PAA, respectively.

The kapp values for METand HIS with PAAwere determined to be
4.6± 0.2, and 1.8± 0.1M�1,s�1, respectively. To be noted, the kapp
value for CYS towards PAA should be much larger, at least greater
than 5.8� 102M�1,s�1, which is near the upper limit that could be
measured by the batch reaction set-up in this study. The difference
in kapp among amino acids towards PAA is likely caused by the side
chain groups, which will be fully discussed later based on the
products identification and reactive sites evaluation. Meanwhile,
Table 1 indicates that the reaction rates of amino acids with other
common oxidants are usually several orders of magnitude higher
than thosewith PAA. This is similar to our earlier study that showed
PAA has a slower reaction rate towards b-lactam antibiotics than
other water treatment oxidants (Zhang et al., 2017). As a promising
disinfectant, PAA shows limited ability to degrade organic



Table 1
Values for the second-order reaction rate constants (M�1,s�1) for CYS, MET, and HIS
with chemical oxidants at pH 7.0e7.4.a

HOCl HBrO O3 PAA

CYS 3.0� 107 1.2� 107 4.4� 109 >5.8� 102

MET 3.8� 107 3.6� 106 4.0� 106 4.6
HIS 1.0� 105 3.0� 106 5.3� 106 1.8

a Rate constants were from experiments in this study for PAA (pH 7.0) and from
literature (Pryor et al., 1984; Pattison and Davies, 2001, 2004) for HClO, HBrO, and
O3 (pH 7.4).

P. Du et al. / Water Research X 1 (2018) 1000024
biomolecules and micropollutants. This attribute may be beneficial
for the further application of PAA in various industries, as PAA will
not be easily consumed by organic matter in water and will not
generate chlorinated DBPs or other harmful byproducts commonly
formed from chlorine disinfection (Acero et al., 2010).

3.3. Effect of H2O2 on oxidation of amino acids by PAA

H2O2 is an important component in commercial PAA solutions;
however, the role of H2O2 in the oxidation of amino acids by PAA
solutions is unknown. In this work, CYS, MET and HIS were reacted
with H2O2 only to study the impact of H2O2 on amino acids
oxidation. It was found that the concentration of background H2O2
(about 33 mM) in the PAA solution was too low to cause any sig-
nificant transformation of amino acids at pH 7. Thus, the concen-
tration of H2O2 was increased to 131 mM (the same as the PAA
concentration, as some commercial PAA solutionsmay have a lower
PAA/H2O2 molar ratio (Shah et al., 2015)) in order to assess the
reaction kinetics. Fig. 2 shows that 131 mM of H2O2 could only
oxidize 15% of CYS, 5.5% of MET, and 3.4% of HIS in 30min. Mean-
while, under the same concentration of PAA, PAA could oxidize
100%, 65%, and 28% of the amino acids, respectively. The second-
order rate constants of CYS and MET with H2O2 at pH 7 were
about 5.7� 10�1 and 8.9� 10�2M�1,s�1, respectively. These ki-
netic results are comparable to the earlier research that have
calculated the second-order rate constants of CYS and MET in the
oxidation by H2O2 to be around 2.7� 10�1M�1,s�1 (pH 5.7) and
Fig. 2. Time course of transformation of CYS, MET, and HIS with PAA solution (solid
dots) and H2O2 solution (valid dots). Experimental conditions: [amino acids]0¼ 10 mM,
[PAA]0¼ 131 mM, [H2O2]0¼131 mM, pH¼ 7, room temperature.
1.6� 10�2 (pH 5.5e6.0), respectively (Boonvisut et al., 1982; Chu
et al., 2016). Evidently, the oxidation of amino acids by H2O2 is
much slower than that by PAA, indicating that PAA is the primary
oxidant in PAA solution dominating the transformation of amino
acids. This finding is consistent with our previous study that it was
PAA, not H2O2, that induced the oxidation reaction of b-lactams,
and there was no obvious synergistic or inhibitory effect between
PAA and H2O2 (Zhang et al., 2017). Earlier literature also has
concluded that the antimicrobial effect of PAA is far greater than
H2O2 (Lubello et al., 2002; Kitis, 2004). Thus, in the applications of
PAA solutions, it is mainly PAA that is responsible for antibacterial
and compound oxidation.
3.4. Effect of pH on PAA oxidation of amino acids

PAA and amino acids are both ionizable compounds. The pri-
mary species of PAA and amino acids under different pH conditions
may vary according to the acid dissociation constants, which may
cause different reaction behaviors in the oxidation of amino acids
by PAA. As shown in Fig. 3, the pseudo first-order rate constants of
MET and HIS by PAA oxidation at pH 5 and 7 were comparable, but
decreased significantly at pH 9.

The pKa of PAA is around 8.2 (Luukkonen and Pehkonen, 2017)
and the acid-base dissociation could result in varied distribution of
neutral (PAAH) and charged (PAA�) species. According to the
speciation, neutral PAAH is dominant (over 94%) at pH 5 and 7,
while anionic PAA� becomes dominant (over 89%) at pH 9. Speci-
ation of amino acids may be another factor. For MET and HIS, the
acidity constants of the carboxylic acid group on the a-carbon are
2.28 and 1.82, and the acidity constants of the protonated a-amino
group are 9.21, and 9.17, respectively. HIS has an additional acidity
constant for its imidazole ring eNH at 6.00 (Linde, 1991). The
species distributions of PAA, MET and HIS at pH 5, 7, and 9 are
depicted in Table S1 and Fig. S3.

From pH 5 to 7, the amount (99.9e92.1%) of PAAH changed little
and could explain why the rate constants were comparable at pH 5
and 7 as it was PAAH having the strong oxidizing ability rather than
PAA� (Zhang et al., 2017). At pH 9, the lower distribution (10.4%) of
PAAH could lead to the lower rate constants for oxidation of amino
Fig. 3. Pseudo first-order rate constants of MET, and HIS with PAA at different pHs.
[amino acids]0¼ 10 mM, [PAA]0¼ 131 mM, room temperature.
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acids. For amino acids' speciation, MET had the same neutral,
zwitterion species dominant at pH 5 and 7, while HIS's imidazole
eNH group changed from being protonated to non-protonated
from pH 5 to 7 (Fig. S3). The very similar rate constants of HIS at
pH 5 and 7 suggest that the impact of HIS species on HIS oxidation
by PAAH was negligible. Thus, it can be concluded that the rate
constants for PAA oxidation are lower at alkaline solution due to the
lower distribution of PAAH species, while the speciation of the
targeted amino acids have much less influence on the reaction rate.
3.5. Reaction products and pathways

The transformation products of CYS, MET, and HIS by PAA
oxidation were assessed and the results are presented in Table 2,
with proposed transformation pathways in Fig. 4. The MS results
showed that disulfide (CYS dimer), sulfinic acid (CYSO2H), and
sulfonic acid (CYSO3H) were the three major products of oxidation
of CYS by PAA. The formation of CYSOH was not detected, which
was likely due to its high instability (Penn et al., 1978). The above
compounds are well-known CYS oxidation products (2M-1, Mþ16,
Mþ32, and Mþ48, where M ¼ molecular weight of parent CYS)
under various conditions because of the reactive thiol functional
group (Milne and Zika,1993; Greer et al., 1996; Hawkins and Davies,
2001; Mailloux et al., 2014). In this study, PAA likely attacks the
highly nucleophilic thiol group, which may result in formation of
CYSOH. Compounds with the eSOH group were found to be
extremely difficult to detect and quantify due to the much lower
pKa than that of the eSH group (Enami et al., 2009; Hugo et al.,
2009; McGrath et al., 2010). CYSOH may couple with another CYS
to form the CYS dimer through intermolecular disulfide bridging.
CYSOH can also undergo further oxidation to generate CYSO2H and
CYSO3H (Fig. 4a).

Ion chromatography was employed to determine whether
oxidation of CYS by PAA could generate small ions. The results
suggested that CYSO3H was the final product as only a new peak of
CYSO3

e emerged at 12.9min, while no SO4
2e (standard

R.T.¼11.2min) or other small organic carboxylic acids were
detected (Fig. S4). This is rather different from other chemical ox-
idants, such as O3 or HClO, which were able to break bonds and
finally form ions including aliphatic acids, SO4

2�, and/or NO3
� (Mudd

et al., 1969; Wenk et al., 2013).
The reaction pathway for MET oxidation by PAA is rather simple

that MET was expected to be oxidized to generate the Mþ16 in-
termediate (i.e. MET sulfoxide) (Fig. 4b). Previous research also
observed MET sulfoxide as the primary product during oxidation of
MET by H2O2 (Keck, 1996). MET sulfoxide is believed to contribute
to biological aging as it increases with age in body tissues. Oxida-
tion of MET may cause the accumulation of damaged, nonfunc-
tional proteins (Shringarpure and Davies, 2002; Stadtman et al.,
Table 2
MS identified products of CYS, MET, and HIS with PAA oxidation.a

m/z Molecular weight Retention time (min) Peak Areab (� 105)

CYS 120 121(M) 1.60 e

152 Mþ32 1.69 0.06
168 Mþ48 1.56 0.56
239 2M �1 1.58 0.15

MET 148 149 (M) 2.31 1.66
164 Mþ16 1.69 0.71

HIS 154 155 (M) 2.20 4.00
186 Mþ32 2.12 4.76

a Initial concentration of amino acids and PAA were 10 and 131 mM, respectively.
b Peak area values for amino acids and corresponding products at 1min for CYS,

30min for MET and HIS.
2005).
The Mþ32 (m/z 186) is the predominant intermediate (based on

peak area) of HIS oxidation by PAA, while the dimeric product (m/z
323)may be formed via nucleophilic addition ofm/z 186 by another
HIS at the C9 site followed by loss of a water (Fig. 4c). Similar re-
action products were also detected in the oxidation of HIS by 1O2,
�OH, or in other oxidation systems (Tomita et al., 1969; Agon et al.,
2006; Amano et al., 2014; Liu et al., 2014).

Based on the results above, it can be concluded that PAA is a
weak oxidant that the corresponding oxidation products aremostly
substrates with one or more [O] addition, which is consistent with
previous observations (Zhang et al., 2017). The thiol group of CYS
was oxidized to sulfinic and sulfonic acids, as well as to generate
CYS dimers. The thioether sulfur of MET is oxidized to sulfoxide by
PAA. [O] addition on the imidazole ring was also demonstrated to
be the primary reaction pathway for HIS oxidation by PAA. More-
over, PAA appears to be only reactive to organics with specific
functional groups, such as thiol, thioether sulfur, as well as specific
groups with high electron distribution.

3.6. Theoretical prediction of reactive sites on selected amino acids

PAA is a well-known electrophilic oxidant, as the molecular
orbitals shown in Fig. S5 well demonstrates the electron-deficient
property around the peroxyl group of PAA. According to the prod-
ucts identified and general oxidation reaction mechanism, PAA is
likely to accept electrons from amino acids and give out an oxygen
atom. The condensed Fukui function (CFF), commonly used in
prediction of reactive sites of electrophilic, nucleophilic, and radical
attacks (Parr and Yang, 1984), was used to predict the reactive sites
on selected amino acids towards PAA attacks. The detailed
description for the CFF concept and the calculation method are
presented in Text S2.

As presented in Fig. 5, the ability of losing electron was quan-
tified and visualized on every site of amino acids by the calculated
Fukui index (f�k ). The f�k on sulfur atom in CYS and MET is much
higher than that on the other sites, suggesting the strong affinity of
sulfur-containing organics towards PAA oxidation, which is in
accordance with the fact that most of the known organic com-
pounds that react fast with PAA are those with sulfur atom(s)
(Chipiso et al., 2016; Zhang et al., 2017). Moreover, the corre-
sponding products are mostly sulfoxides and other following
products. Meanwhile, the f�k distribution on HIS molecule is less
differential, with values of 0.103, 0.095, 0.116, and 0.148 at C1, C5,
C7, and C9, respectively. Thus, the oxygen atom from PAA likely
prefers addition onto C9 or C7 of HIS as we proposed in Fig. 4c.
Then, the [O] addition intermediate coupled with another HIS
molecule and formed a dimer product. Based on the products
identified and theoretical calculations, we proposed that the sites
with higher CFF values are more likely to be attacked by PAA,
forming corresponding [O] addition products and other
derivatives.

Since the PAA-induced direct oxidation was considered to be
electrophilic attacks, the reactivity of amino acids towards PAA
oxidation is likely related to their nucleophilicities. Thus for the
comparison of different amino acids, the nucleophilicity index was
used, which measures the energy stabilization when an optimal
electronic charge transfer from the system to the environment
occurs (De Vleeschouwer et al., 2007). To describe the nucleophilic
character of a reactive site within a molecule, a local nucleophilicity
index Nk can be proposed:

Nk ¼ Nf�k (4)

where N is the global nucleophilic index, which is calculated based



Fig. 4. Proposed reaction pathways for (a) CYS, (b) MET, and (c) HIS oxidation by PAA.

Fig. 5. Visualized Fukui index (f�k ) on selected amino acids by electrophilic PAA at-
tacks. (a) CYS, (b) MET, (c) HIS, (d) Fukui electrophilic attack index (f�k ) distribution
data. The diameters of blue circles represent relative f�k values on the specific site.
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on the electronic chemical potential m and chemical hardness h (see
SI Text S3); and f�k displays its maximumvalue, i.e. at the active site
(k) of the nucleophile.

Note that the local nucleophilicity index contains a global
contributionN as a factor of the genuine local nucleophilic index f�k .
Table 3 summarizes the values of electrostatic descriptors,
including the global and local nucleophilicity indexes, for 12 amino
acids. CYS shows the S5 sulfur atom as the preferential site for
electrophilic attack on the basis of the Fukui function, f�k ¼ 0.439,
and the local nucleophilicity, Nk ¼ 0.850 eV. MET presents a local
nucleophilicity value of Nk ¼ 0.768 eV at sulfur atom S6. Note that
HIS, having multiple reactive sites due to the close Fukui function
values at C7 and C9, presents a local nucleophilicity value of Nk
¼ 0.653 eV with the sum of two reactive sites. The local nucleo-
philicity index of CYS, MET and HIS are much higher than those of
the other amino acids, suggesting that they are easier to undergo
electrophilic attacks on the specific sites. This is consistent with our
experimental results that CYS, MET and HIS were oxidized more
easily than the other amino acids by PAA (Fig. 1). Moreover, the Nk
values of three more amino acids (leucine (LEU), threonine (THR),
and tryptophan (TRP)) with typical alkyl, hydroxyl and indole side
chains were also calculated, and their reactivities towards PAA
oxidation can thus be predicted. The results in Table 3 indicate that
LEU and THR may show less reactivity, while TRP could be a po-
tential substrate for PAA oxidation due to its side chain indole.
According to our work and published literature, compounds con-
taining sulfur atoms or rings with nitrogen atoms are always found



Table 3
Electrostatic descriptors for 12 amino acids at B3LYP/6-31g(d,p) level. The units for these descriptors are all eV except f�k .

Amino acids Electron
affinity (A)

Ionization
potential (I)

Electronic chemical
potential (m)

Chemical
hardness (h)

Global nucleophilicity
index (N)

f�k Local nucleophilicity
index (Nk)

ARG �1.338 8.048 �3.355 9.386 1.668 0.271 0.452
ASP �2.208 9.228 �3.510 11.437 1.856 0.110 0.204
CYS �2.130 8.874 �3.372 11.004 1.936 0.439 0.850
GLU �1.880 9.114 �3.617 10.995 1.681 0.105 0.176
GLY �2.846 9.478 �3.316 12.324 2.242 0.161 0.361
HIS �2.330 8.060 �2.865 10.390 2.532 0.258a 0.653
MET �1.417 8.089 �3.336 9.506 1.708 0.450 0.768
PRO �2.717 8.460 �2.872 11.177 2.710 0.125 0.339
TYR �1.636 7.855 �3.110 9.491 1.963 0.152 0.298
LEU �2.728 9.282 �3.277 12.009 2.237 0.121 0.271
THR �2.639 9.341 �3.351 11.980 2.133 0.118 0.252
TRP �1.269 7.577 �3.154 8.846 1.778 0.285a 0.507

a The sum of the largest two f�k values was applied due to the wide distribution of reactive sites on HIS molecule.
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to be highly nucleophilic, and more likely to undergo PAA oxidation
(Chipiso et al., 2016; Zhang et al., 2017). However, descriptorNk
could only qualitatively predict the reactivities of amino acids, and
more parameters and factors should be considered to establish a
better model.

4. Conclusions

This work demonstrates that PAA has low reactivity with amino
acids except those with reactive side chains including thiol group
(CYS), thioether group (MET), and imidazole ring (HIS). The back-
ground H2O2 in the PAA solution has a negligible effect on the re-
actions of amino acids with PAA. PAA oxidation of MET and HIS is
much slower at pH 9 than at pH 5 and 7 due to the speciation of
PAA. The combined results from experimental measurements and
theoretical calculations show that PAA is prone to attack amino
acids with strong nucleophilicity, delivering [O] to the electron-rich
sites. Overall, it can be concluded that the widely used PAA solution
is much less reactive towards organics than other common disin-
fectants, thus resulting in longer stability and fewer byproducts
formation. Moreover, PAA treatment primarily generates [O] addi-
tion products which are less harmful compared to other DBPs of
concerns commonly found with disinfection oxidants such as
chlorine. From the perspective of disinfectant stability and DBPs
formation, the results of this study suggest that PAA is amore stable
and safer oxidant, which could be suitable in food processing,
wastewater treatment as well as other industries in the future.
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Text S1. Quantification of amino acids  

Amino acids were derivatized following previous methods (Newton et al., 1981; Donzanti and 

Yamamoto, 1988) with modifications before analysis. CYS was derivatized with mBBr and 

subsequently analyzed by HPLC coupled to a fluorescence (FLR) detector. Stock solution of the 

mBBr (10 mM) was prepared in acetonitrile; this solution was stable for up to six months at -20 °C. 

The stock solution was diluted to 100 µM with borate buffer (0.1 M, pH 8.8) before using for the 

derivatization of CYS. The derivatization was performed in a HPLC vial insert with 150 µL CYS 

sample and 150 µL borate buffer containing the 100 µM mBBr. The mixture was vortexed for 30 

seconds before analysis. FLR detection was operated at an excitation wavelength of 395 nm and 

an emission wavelength of 475 nm.  

The other amino acids were derivatized with OPA, a fresh solution of 70 mg OPA, 1 mL 

methanol, and 95 mL of buffer (pH 10.5, 25 g/L boric acid, 0.2% 2-mercaptoethanol) was prepared, 

which was stable up to 1 week at 4 °C. The derivatization was performed in a HPLC vial with 100 

µL amino acids sample and 200 µL OPA working solution. The mixture was agitated for 1 min 

before analysis. FLR detection was operated at an excitation wavelength of 340 nm and an 

emission wavelength of 455 nm. 
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Text S2. Condensed Fukui function method 

Fukui function, an important concept in conceptual density functional theory, has been widely 

used in prediction of reactive sites of electrophilic, nucleophilic, and radical attacks (Parr and Yang, 

1984). Fukui function is defined as:  

 
(r)( )

V

f r
N
ρ∂ =  ∂ 

  (1) 

where 𝜌𝜌(r) is the electron density at a point r in space, N is total electron number in present system, 

and the constant term v in the partial derivative is external potential. In the condensed version of 

Fukui function, atomic population number is used to represent the amount of electron density 

distribution around an atom. The condensed Fukui function can be calculated as follows: 

 Electrophilic attack: 1( ) ( ) ( )N Nf r r rρ ρ−
−= −  (2) 

 Nucleophilic attack: 1( ) ( ) ( )N Nf r r rρ ρ+
+= −  (3) 

 Radical attack: 0
1 1( ) [ ( ) ( )] / 2 [ ( ) ( )] / 2N Nf r f r f r r rρ ρ+ −
+ −= + = −  (4) 

where 𝑞𝑞𝑘𝑘 is the atom charge of atom k at corresponding state. The reactive sites usually have larger 

values of Fukui index than other regions. We calculated the condensed Fukui index ( f -) of amino 

acid molecules for electrophilic attacks, as PAA is a strong electrophile reagent which is more 

likely to attack sites that can readily lose electrons (De Vleeschouwer et al., 2007; Zhang et al., 

2017). In this study, Natural Population Analysis (NPA) charge was used as it is considered to be 

one of the most suitable methods to calculate Fukui index (Olah et al., 2002). A color gradient for 

the set of Fukui values was generated using the conditional formatting tool in Microsoft Excel 

2013. 
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Text S3. Local Nucleophilicity Index calculations 

The local nucleophilicity index (Nk) is calculated based on the global nucleophilicity  index (N), 

which was proposed as the inverse of electrophilicity index ( 1
ω ) (Chattaraj and Maiti, 2001). The 

global electrophilicity indexω  was defined as follows (Parr et al. 1999): 

 
2

2
µω
η

=   (5) 

where µ  is the electronic chemical potential (Parr et al., 1978) andη  is the chemical hardness 

(Parr and Pearson, 1983). For an N-electron system with external potential v(r) and total energy E, 

the electronic chemical potential µ , the negative of electronegativity χ , is defined as the partial 

derivative of the energy of the number of electrons at constant external potential and in the absence 

of a magnetic field:  

 
( ) 2v r

E I A
N

µ χ ∂ + = − = ≈ − ∂ 
  (6) 

where I and A are the vertical ionization potential and electron affinity, respectively. These two 

quantities were calculated, again using the B3LYP method and 6-31G(d,p) as basis set. Meanwhile, 

the chemical hardnessη  was defined as differentiating the chemical potential to the number of 

electrons, again at constant external potential: 

 
2

2
( )v r

E I A
N

η
 ∂

= ≈ − ∂ 
  (7) 
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Figure S1. Structures of amino acids used in this work (Amino acids in blue were only used 
in theoretical prediction purpose). 
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Figure S2. Degradation kinetics of MET and HIS by PAA solution. (a) ln(C/C0) versus time, 
[PAA]0 = 131 µM, (b) Relationship between the initial PAA concentration and pseudo-first-
order rate constants for degradation of MET (orange triangles) and HIS (green circles). Solid 
lines represent linear regressions of second-order reaction kinetics with the fitting parameter 
kapp. Experimental conditions: [amino acids]0 = 10 µM, [PAA]0 = 131-1310 µM, pH = 7.0, 
room temperature). 
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Figure S3. Acid-base speciation of PAA (a), CYS (b), MET (c), and HIS (d). α is the 
fraction of the PAA species. 
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Figure S4. Ion chromatography of (a) 131 µM PAA solution, (b) 131 µM PAA+ 10 µM 
CYS solution (incubation 30 min), (c) 1 µM SO4

2- solution, and (d) 1 µM acetic acid. 

 

 

 

 

 

Figure S5. Molecular orbitals of PAA structure. (HOMO: Highest occupied molecular 
orbital; LUMO: Lowest unoccupied molecular orbital.) 
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Table S1. Species distribution (in fractions) of PAA and selected 
amino acids at pH 5, 7, and 9. 

 Species pH 5 pH 7 pH 9 

PAA CH3C(=O)OOH (I) 0.999 0.921 0.104 
CH3C(=O)OO-(II) 0.001 0.079 0.896 

CYS 

 
CO2H

NH3

HS

 (I) 
0.001 0.000 0.000 

CO2

NH3

HS

(II) 
0.998 0.944 0.139 

CO2

NH3

S

(III) 
0.000 0.056 0.826 

CO2

NH2

S

(IV) 
0.000 0.000 0.035 

MET 

 
CO2H

NH3

S

(I) 
0.002 0.000 0.000 

CO2

NH3

S

(II) 
0.998 0.993 0.577 

CO2

NH2

S

(III) 
0.000 0.007 0.423 

HIS 

 
CO2H

NH3HN

H
N

(I) 
0.001 0.000 0.000 

CO2

NH3HN

H
N

(II) 
0.934 0.124 0.001 

CO2

NH3HN

N

(III) 
0.065 0.870 0.588 

CO2

NH2HN

N

(IV) 
0.000 0.006 0.411 
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Table S2. Cartesian coordinate of ARG 

Symbol X Y Z 
C 0.96854 0.68678 0.65422 
C 2.18616 0.59161 -0.28343 
N 3.23174 1.61061 -0.05742 
C 2.86520 -0.79940 -0.24470 
O 4.18714 -0.74964 -0.46047 
O 2.26886 -1.83671 -0.06531 
H 1.25583 0.31529 1.64762 
H 1.84393 0.71872 -1.31964 
H 4.39634 0.21444 -0.50545 
H 2.98205 2.49430 -0.49123 
H 0.72756 1.75214 0.77451 
C -0.27530 -0.05966 0.15582 
H -0.03288 -1.11279 0.00017 
H -0.58473 0.34950 -0.81425 
C -1.44996 0.05279 1.13716 
H -1.19131 -0.45149 2.07381 
H -1.63256 1.10927 1.39489 
N -2.66211 -0.57303 0.62687 
H -3.14555 -1.18479 1.26949 
C -3.50900 0.09299 -0.25528 
N -4.65707 -0.65679 -0.53639 
H -5.19728 -0.20920 -1.26644 
H -4.46656 -1.62884 -0.75103 
N -3.35594 1.24842 -0.79433 
H -2.55521 1.73956 -0.39920 
H 3.34221 1.78954 0.93904 

 

Table S3. Cartesian coordinate of ASP 

Symbol X Y Z 
C 0.58472 0.97371 -0.49207 
C -0.71662 0.64179 0.25639 
N -1.84673 1.54386 -0.01496 
C -1.16386 -0.80913 -0.02247 
O -2.49152 -0.98109 0.03144 
O -0.38433 -1.70738 -0.23754 
H 0.46148 0.85494 -1.57159 
H -0.51803 0.68369 1.33329 
H -2.86101 -0.07570 0.15215 
H -1.77657 2.40269 0.52196 
H 0.83868 2.02373 -0.29780 
C 1.79302 0.14843 -0.08953 
O 2.64865 -0.24535 -0.84477 
O 1.85603 -0.02403 1.25491 
H 2.64649 -0.56499 1.41949 
H -1.87815 1.80258 -0.99899 
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Table S4. Cartesian coordinate of CYS 

Symbol X Y Z 
C 0.76698 -0.58185 -0.42422 
C -0.23422 0.16341 0.47401 
N -0.14833 1.61597 0.28297 
C -1.64858 -0.32320 0.07824 
O -2.34424 0.57527 -0.63002 
O -2.05438 -1.42774 0.35299 
H 0.59787 -0.31328 -1.47171 
H 0.61018 -1.65615 -0.32271 
H -0.07366 -0.15355 1.51269 
H -1.75486 1.36785 -0.67337 
H -0.41540 2.10728 1.13183 
S 2.53415 -0.16392 -0.11989 
H 2.60032 -0.65768 1.13422 
H 0.81141 1.88604 0.07456 

 

Table S5. Cartesian coordinate of GLU 

Symbol X Y Z 
C 1.16814 0.33917 -0.43143 
N 1.46178 1.71492 0.00957 
C 2.34164 -0.58213 -0.01432 
O 3.45421 0.08531 0.31823 
O 2.26464 -1.78826 -0.02187 
H 1.18713 0.34254 -1.52973 
H 3.20083 1.03758 0.26001 
H 1.08622 2.41041 -0.62636 
C -0.17025 -0.24491 0.04105 
H -0.18621 -1.30453 -0.22763 
H -0.21794 -0.19790 1.13555 
C -1.38330 0.48276 -0.56173 
H -1.34251 1.54924 -0.30454 
H -1.39238 0.39756 -1.65142 
C -2.70781 -0.05536 -0.06500 
O -2.80865 0.03349 1.28635 
H -3.67606 -0.34019 1.51718 

 

  



12 
 

Table S6. Cartesian coordinate of GLY 

Symbol X Y Z 
C 0.64106 -0.79643 0.10179 
C -0.69377 -0.03693 0.00422 
O -1.75955 -0.59783 -0.08210 
O -0.55236 1.29573 0.05320 
H 0.60912 -1.62604 -0.61275 
H 0.67677 -1.24063 1.10180 
N 1.77586 0.12148 -0.07178 
H 0.42283 1.44135 0.10566 
H 2.55503 -0.11912 0.53132 
H 2.11676 0.11101 -1.02838 

 

Table S7. Cartesian coordinate of HIS 

Symbol X Y Z 
C -3.08107 0.82213 -0.00063 
N -1.80624 0.95313 0.29771 
C -1.27664 -0.32701 0.27297 
C -2.26126 -1.23036 -0.04620 
N -3.40971 -0.48286 -0.21647 
C 0.17233 -0.57334 0.56419 
C 1.13255 0.10750 -0.43810 
N 1.04927 1.57562 -0.34530 
C 2.57252 -0.34016 -0.10404 
O 3.31906 0.63439 0.42942 
O 2.96349 -1.47241 -0.27817 
H -3.80316 1.62356 -0.07006 
H -2.24973 -2.30297 -0.16063 
H -4.32445 -0.83947 -0.44652 
H 0.41343 -0.20408 1.56974 
H 0.38569 -1.64502 0.55252 
H 0.90733 -0.27390 -1.44226 
H 2.70974 1.41888 0.43394 
H 0.11892 1.85433 -0.03013 
H 1.19802 1.99907 -1.25730 
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Table S8. Cartesian coordinate of MET 

Symbol X Y Z 
C -0.04311 -0.36915 -0.14744 
C -1.29313 0.37390 0.34698 
N -1.50613 1.72302 -0.21079 
C -2.56775 -0.47256 0.10506 
O -3.64361 0.26047 -0.21161 
O -2.59281 -1.67467 0.22620 
H -0.07075 -0.42071 -1.24421 
H -0.09883 -1.39944 0.21353 
H -1.23173 0.48475 1.43830 
H -3.30663 1.18697 -0.26500 
H -1.01160 2.43469 0.31684 
C 1.25848 0.29110 0.31064 
H 1.30091 1.33699 -0.01684 
H 1.32598 0.27735 1.40521 
S 2.70212 -0.60040 -0.38897 
C 4.05224 0.40821 0.31319 
H 4.98920 -0.02841 -0.03876 
H 3.99635 1.44441 -0.03174 
H 4.04106 0.38111 1.40617 
H -1.17399 1.77205 -1.17187 

 

 

Table S9. Cartesian coordinate of PRO 

Symbol X Y Z 
C -1.46654 -0.01682 0.00186 
O -1.57654 -1.20116 -0.61125 
O -2.31907 0.84096 -0.02576 
C -0.13073 0.16533 0.75828 
C 0.68202 1.35078 0.19313 
H -0.39068 0.32372 1.81017 
C 1.99425 -0.63390 -0.08086 
C 1.63481 0.66992 -0.80216 
H 1.25418 1.82682 0.99683 
H 0.03093 2.10522 -0.25202 
H 2.78510 -0.45049 0.66101 
H 2.34554 -1.41853 -0.75827 
H 2.51556 1.27148 -1.04058 
H 1.11339 0.45027 -1.74071 
N 0.72259 -1.03708 0.56732 
H 0.88111 -1.53403 1.43708 
H -0.71114 -1.64513 -0.41007 
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Table S10. Cartesian coordinate of TYR 

Symbol X Y Z 
C 0.92879 -0.24847 0.80814 
C 1.81868 -0.09980 -0.45030 
N 1.65469 1.22974 -1.06017 
C 3.28968 -0.28554 -0.02657 
O 3.98921 0.85844 0.00461 
O 3.74744 -1.35978 0.28660 
H 1.20718 0.53605 1.52187 
H 1.18787 -1.20677 1.26822 
H 1.58099 -0.92075 -1.13838 
H 3.35159 1.54380 -0.31276 
H 1.80370 1.18681 -2.06488 
C -0.55229 -0.17406 0.50965 
C -1.29855 0.97265 0.80456 
C -1.22109 -1.25157 -0.09532 
C -2.66083 1.05253 0.50607 
H -0.81527 1.81616 1.29195 
C -2.57567 -1.18923 -0.39787 
H -0.67041 -2.16034 -0.32575 
C -3.30352 -0.03016 -0.09836 
H -3.22070 1.95258 0.75111 
H -3.09016 -2.02596 -0.85845 
O -4.63135 -0.02379 -0.41697 
H -5.01935 0.81946 -0.14855 
H 0.70812 1.57373 -0.91709 
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Table S11. Cartesian coordinate of TRP 

Symbol X Y Z 
C -1.19630 0.31776 -0.86452 
C -1.96743 -0.18716 0.38297 
N -2.08077 0.87918 1.39034 
C -3.37732 -0.61743 -0.06408 
O -4.34003 0.24849 0.28709 
O -3.58116 -1.62041 -0.70814 
H -1.74638 1.16695 -1.28802 
H -1.23025 -0.48483 -1.60825 
H -1.46373 -1.08420 0.76265 
H -2.10088 0.48852 2.32869 
H -1.26619 1.48819 1.34182 
C 0.21711 0.72438 -0.57122 
C 1.32759 -0.14410 -0.25286 
C 0.70947 2.00773 -0.53520 
C 2.46229 0.68483 -0.03759 
N 2.05374 1.99162 -0.21436 
H 0.20396 2.94157 -0.74020 
H 2.64762 2.80233 -0.15752 
C 3.83116 -1.21760 0.39311 
C 2.72132 -2.06045 0.17902 
C 1.47518 -1.53834 -0.14205 
C 3.71914 0.16343 0.28683 
H 4.79278 -1.65584 0.64261 
H 2.84720 -3.13541 0.26513 
H 0.62994 -2.19922 -0.31214 
H 4.57597 0.81144 0.44771 
H -3.86448 0.94197 0.80758 
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Table S12. Cartesian coordinate of LEU 

Symbol X Y Z 
C 0.50611 0.89877 -0.14291 
C -0.80308 0.49432 0.56962 
N -1.77062 1.60621 0.47373 
C -1.42553 -0.74782 -0.09882 
O -2.42927 -0.45946 -0.94005 
O -1.02395 -1.87333 0.09403 
H 0.24546 1.22798 -1.15796 
H -0.58044 0.21562 1.60578 
H -2.56368 0.51420 -0.83483 
H -2.38866 1.62682 1.28050 
H 0.89945 1.78262 0.38207 
C 1.62071 -0.16253 -0.22515 
H 1.23136 -1.01751 -0.78973 
H -1.29692 2.50396 0.43186 
C 2.81820 0.41488 -0.99456 
H 3.25940 1.26652 -0.46167 
H 3.60213 -0.33922 -1.11765 
H 2.52812 0.76048 -1.99300 
C 2.04833 -0.67761 1.15652 
H 2.35449 0.14690 1.81347 
H 1.24004 -1.23126 1.64066 
H 2.90096 -1.35834 1.06435 

 

 

Table S13. Cartesian coordinate of THR 

Symbol X Y Z 
C 1.11996 -0.15468 -0.35000 
C -0.06111 0.36830 0.49793 
N -0.22060 1.81479 0.27340 
C -1.36522 -0.34301 0.07168 
O -2.15229 0.42198 -0.69456 
O -1.63286 -1.48367 0.37486 
H 0.84182 -0.04712 -1.41142 
H 0.13206 0.10848 1.54636 
H -1.68260 1.29505 -0.72612 
H -0.58055 2.26765 1.10910 
H 0.69365 2.21724 0.07904 
C 1.47872 -1.60633 -0.05199 
H 0.62007 -2.26331 -0.20185 
H 2.29164 -1.93693 -0.70851 
H 1.81415 -1.70302 0.98504 
O 2.21300 0.72427 -0.05241 
H 2.95706 0.47208 -0.61429 

 

  



17 
 

References 

Chattaraj, P., Maiti, B., 2001. Reactivity dynamics in atom− field interactions: A quantum fluid 

density functional study. J. Phys. Chem. A 105 (1), 169-183. 

De Vleeschouwer, F., Van Speybroeck, V., Waroquier, M., Geerlings, P., De Proft, F., 2007. 

Electrophilicity and nucleophilicity index for radicals. Org. Lett. 9 (14), 2721-2724. 

Donzanti, B.A., Yamamoto, B.K., 1988. An improved and rapid HPLC-EC method for the 

isocratic separation of amino acid neurotransmitters from brain tissue and microdialysis 

perfusates. Life Sci. 43 (11), 913-922. 

Newton, G.L., Dorian, R., Fahey, R.C., 1981. Analysis of biological thiols: Derivatization with 

monobromobimane and separation by reverse-phase high-performance liquid 

chromatography. Anal. Biochem. 114 (2), 383-387. 

Olah, J., Van Alsenoy, C., Sannigrahi, A.B., 2002. Condensed fukui functions derived from 

stockholder charges: Assessment of their performance as local reactivity descriptors. J. Phys. 

Chem. A 106 (15), 3885-3890. 

Parr, R.G., Donnelly, R.A., Levy, M., Palke, W.E., 1978. Electronegativity: The density 

functional viewpoint. J. Chem. Phys. 68 (8), 3801-3807. 

Parr, R.G., Pearson, R.G., 1983. Absolute hardness: Companion parameter to absolute 

electronegativity. J. Am. Chem. Soc. 105 (26), 7512-7516. 

Parr, R.G., Szentpály, L.V., Liu, S., 1999. Electrophilicity index. J. Am. Chem. Soc. 121 (9), 

1922-1924. 

Parr, R.G., Yang, W.T., 1984. Density functional-approach to the frontier-electron theory of 

chemical-reactivity. J. Am. Chem. Soc. 106 (14), 4049-4050. 

Zhang, K., Zhou, X., Du, P., Zhang, T., Cai, M., Sun, P., Huang, C.-H., 2017. Oxidation of β-

lactam antibiotics by peracetic acid: Reaction kinetics, product and pathway evaluation. 

Water Res. 123, 153-161. 

 


	Oxidation of amino acids by peracetic acid: Reaction kinetics, pathways and theoretical calculations
	1. Introduction
	2. Materials and methods
	2.1. Chemicals
	2.2. PAA oxidation experiments
	2.3. Analytical methods
	2.4. Computational method

	3. Results and discussion
	3.1. Evaluation of PAA reactivity to different amino acids
	3.2. Reaction kinetics of selected amino acids with PAA
	3.3. Effect of H2O2 on oxidation of amino acids by PAA
	3.4. Effect of pH on PAA oxidation of amino acids
	3.5. Reaction products and pathways
	3.6. Theoretical prediction of reactive sites on selected amino acids

	4. Conclusions
	Conflict of interest
	Acknowledgements
	Appendix A. Supplementary data
	References


