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ABSTRACT: Many advanced oxidation processes (AOPs) use Fenton-like
reactions to degrade organic pollutants by activating peroxymonosulfate
(HSO5

−, PMS) or peroxydisulfate (S2O8
2−, PDS) with Fe(H2O)62+ (FeaqII).

This paper presents results on the kinetics and mechanisms of reactions
between FeaqII and PMS or PDS in the absence and presence of bicarbonate
(HCO3

−) at different pH. In the absence of HCO3
−, FeaqIV, rather than the

commonly assumed SO4
•−, is the dominant oxidizing species. Multi-

analytical methods verified the selective conversion of dimethyl sulfoxide
(DMSO) and phenyl methyl sulfoxide (PMSO) to dimethyl sulfone
(DMSO2) and phenyl methyl sulfone (PMSO2), respectively, confirming
the generation of FeaqIV by the FeaqII-PMS/PDS systems without HCO3

−.
Significantly, in the presence of environmentally relevant concentrations of
HCO3

−, a carbonate radical anion (CO3
•−) becomes the dominant reactive

species as confirmed by the electron paramagnetic resonance (EPR) analysis. The new findings suggest that the mechanisms of the
persulfate-based Fenton-like reactions in natural environments might differ remarkably from those obtained in ideal conditions.
Using sulfonamide antibiotics (sulfamethoxazole (SMX) and sulfadimethoxine (SDM)) as model contaminants, our study further
demonstrated the different reactivities of FeaqIV and CO3

•− in the FeaqII-PMS/PDS systems. The results shed significant light on
advancing the persulfate-based AOPs to oxidize pollutants in natural water.
KEYWORDS: advanced oxidation processes, carbonate radical anion, fenton-like reactions, ferryl ion, persulfate radical anion

■ INTRODUCTION
The increasing diversity and concentrations of organic
contaminants in the environment have become a growing
concern in past few decades.1,2 Many of these contaminants
are recalcitrant and persistent, threatening the health of the
ecosystem and human beings.3 Advanced oxidation processes
(AOPs) are treatment technologies that utilize reactive species
(e.g., hydroxyl radicals (OH•) and sulfate radical anions
(SO4

•−)) to break down organic contaminants in water.4−6

The redox potentials of OH• and SO4
•− are in the ranges of

+1.9 to 2.7 VNHE and +2.4 (E0 (SO4
•−/SO4

2− VNHE)),
respectively, and can effectively oxidize many contaminants
in water.7−9 The SO4

•−-based AOPs have attracted greater
attention in recent years because of its longer lifetime (30−40
μs) compared to that of OH• (<1 μs).10,11 In addition, SO4

•−

can be applied over a wider pH range and is more selective and
has lower reactivity than OH• toward interfering natural
organic matter in water.12,13 SO4

•− are usually produced by
activating peroxymonosulfate (PMS, HSO5

−) or peroxydisul-
fate (PDS, S2O8

2−) using ultraviolet or visible-light irradiation,
carbonaceous materials, and transition metals.6,14−20 Among

metal activators, iron(II) in water (Fe(H2O)62+) is attractive
because it is environmentally friendly and a number of studies
have already demonstrated its efficacy in activating PMS and
PDS.21−25 It was also shown that the Fenton reaction always
proceeds via inner-sphere complexation due to thermodynamic
reasons.26−28 It is generally assumed that the reactive-oxidizing
species in these systems are formed via the following reactions
(reactions 1 and 2).29−34

+ ++ •Fe(H O) HSO Fe SO2 6
2

5
III

aq 4 (1)

+ + ++ •Fe(H O) S O Fe SO SO2 6
2

2 8
2 III

aq 4 4
2

(2)

where FeaqIII is used as a general term to represent all FeIII
species in water, which changes with the pH and FeIII

Received: January 7, 2023
Revised: March 22, 2023
Accepted: March 22, 2023
Published: April 13, 2023

Articlepubs.acs.org/est

© 2023 The Authors. Published by
American Chemical Society

6743
https://doi.org/10.1021/acs.est.3c00182

Environ. Sci. Technol. 2023, 57, 6743−6753

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aswin+Kottapurath+Vijay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vered+Marks"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amir+Mizrahi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yinghao+Wen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingmao+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Virender+K.+Sharma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Meyerstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Meyerstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.3c00182&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c00182?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c00182?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c00182?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c00182?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c00182?fig=abs1&ref=pdf
https://pubs.acs.org/toc/esthag/57/16?ref=pdf
https://pubs.acs.org/toc/esthag/57/16?ref=pdf
https://pubs.acs.org/toc/esthag/57/16?ref=pdf
https://pubs.acs.org/toc/esthag/57/16?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.3c00182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


concentration. In the last few years, however, studies are
suggesting that the active product of reactions 1 and 2 in the
pH range 3.0−9.0 is FeaqIV, instead of SO4

•−.22,23 A more
recent study on the degradation kinetics of organic
contaminants using the Fe(II)/PMS processes suggested that
both FeaqIV and SO4

•− are involved in oxidizing contami-
nants.35 The discrepancies in the literature on the reactive
species in the Fe(II)/PMS system prompted us to revisit the
involved reactive species in the reactions of Fe(II) with PMS
and PDS in neutral pH.
Notably, investigations on Fe(II)/PMS and Fe(II)/PDS

systems in the literature rarely considered the possible effect of
ubiquitous bicarbonate ion (HCO3

−) at environmentally
relevant concentrations as the solubility of CaCO3 at pH 7.0
is 3.0 mM. While HCO3

−/CO3
2− is generally considered only

as a buffer or a proton transfer agent, recent results suggest that
HCO3

−/CO3
2− are involved in a variety of important catalytic

oxidation processes.36−38 Thus, studying the role of HCO3
−/

CO3
2− on reactions 1 and 2 is thus important. In particular, a

recent study39 showed that the Fenton reaction (i.e.,
Fe(H2O)62+ + H2O2) in the presence of bicarbonate yields a
substantial amount of carbonate radical anions, CO3

•−, rather
than OH• or FeIV�Oaq

2+ (FeaqIV) as commonly assumed. The
same conclusion was obtained for the Fenton-like reaction in
the presence of citrate.40 Significantly, the relative redox
potentials of the CO3

•−/CO3
2− and the (OH• + H+)/H2O

couples also suggest the formation of CO3
•− and not OH• in

the presence of HCO3
−. Thus, the Fenton39 and Fenton-like

reactions40,41 in the presence of HCO3
− may yield CO3

•−

anion radicals via reactions between OH• and HCO3
−.42

The redox potential of the CO3
•−/CO3

2− couple is only 1.57
V vs NHE,43,44 much lower than that of SO4

•− or OH• even
though the redox potential for the (CO3

•− + H+)/HCO3
−

couple may be somewhat higher due to reaction 3 but remains
lower than that of SO4

•− or OH•.

+ = ×+ KHCO CO H , 5.01 10 M3 3
2 11F (3)

Consequently, the formation of CO3
•− in the AOPs may have

major ramifications because it is a weaker oxidant than SO4
•−

or OH•. However, its lifetime is orders of magnitude longer
than that of OH•.45 Furthermore, CO3

•− is considerably more
selective46 and reacts via the inner-sphere mechanism in most
systems.43,47 The HCO3

− present in the Fe(II)/PMS or
Fe(II)/PDS systems may thus decrease the effectiveness of the
system to oxidize pollutants in water.
The aims of the present study were to (i) demonstrate

unequivocally the formation of FeaqIV in the reactions of Fe(II)
and PMS or PDS in the absence of interfering chemicals, (ii)
verify the generation of carbonate radical anions in the
presence of bicarbonate in neutral solutions by investigating
the kinetics and mechanisms of reactions of FeaqII with PMS/
PDS under different conditions, and (iii) assess the
implications of the newly confirmed mechanisms for the
degradation of environmental pollutants with sulfonamides
(sulfamethoxazole (SMX) and sulfadimethoxine (SDM)) as
model pollutants.

■ EXPERIMENTAL METHODS
Materials. All chemicals were of analytical grades and were

used without further purification. Iron(II) perchlorate,
potassium peroxymonosulfate, potassium peroxydisulfate,
sodium bicarbonate, NaOH, and perchloric acid were acquired

from Sigma-Aldrich (Rehovot, Israel). 2-(N-morpholino)-
ethanesulfonic acid (MES) was obtained from Chem-Impex
Int’l Inc. Dimethyl sulfoxide was purchased from TCI.
Deuterium oxide (D2O) was bought from Tzamal D-Chem
Laboratories Ltd. Sulfamethoxazole (SMX, 98%) and phenyl
methyl sulfoxide (PMSO, >98.0%) were purchased from
Thermo Fisher Scientific (Waltham). Sulfadimethoxine (SDM,
>98.0%) was acquired from TCI America (Portland). Waters
Oasis HLB cartridges (WAT106202, 6 cc/200 mg) were
obtained from Waters (Milford).

Kinetics Study. Most of the experiments were conducted
in a near-neutral pH by using a 0.60 mM 2-(N-morpholino)-
ethanesulfonic acid (MES) buffer solution, a non-coordinating
tertiary-amine buffer with a pKa of 6.06. The pH was adjusted
to 7.40 ± 0.05 using NaOH. The pH measurements were
made using a Schott Instrument Lab 850 pH meter. The
kinetic studies by varying the pH (using NaOH and HClO4) of
the solutions were also carried out. Stock solutions of both
PMS and PDS (2.0 mM) were prepared in water. Stock
solutions of iron(II) perchlorate (5.0 mM) in buffered Milli-Q
H2O (Millipore) were made. The exact amount of iron(II)
perchlorate crystals was added to the argon-saturated buffered
solution while argon purging was running to avoid any contact
of iron(II) with oxygen. All of the solutions were purged with
argon in glass syringes during the preparation and before
carrying out kinetic studies.
The kinetic measurements were performed using a stopped-

flow SX20 from Applied Photophysics Ltd., equipped with a
xenon arc lamp light source of 150 W. The optical path length
of the measuring cuvette was 2.0 mm. All measurements were
carried out under an argon atmosphere at 25 ± 0.10 °C. The
solutions were injected into a mixing chamber (1:1), and the
resulting mixture (here, FeIIaq and PMS or PDS (with or
without bicarbonate)) traveled to an optical cell, where the
change in the absorbance with time was measured. Thus, the
pH in the kinetic runs was always pH 7.40 ± 0.05. The
concentrations mentioned in the study are those in the final
solutions. Single-wavelength kinetics data were collected at 270
nm to determine the rates of reactions. The experiments were
repeated at least five times to assess the reproducibility.
Several difficulties arose in the study of the effect of

[HCO3
−] on the reaction rate. At pH 7.40, CO2 is also present

in the solution. Removing the O2 by bubbling with an inert gas
also drives CO2 out of the solution and decreases the HCO3

−

concentration considerably. To overcome this problem, the
argon gas was passed through a gas washing bottle containing a
solution of HCO3

− at the same concentration. This method
and its effectiveness were previously reported.39

Reactive Species Measurements. Different analytical
approaches were applied to determine reactive species involved
in the studied system. DMSO ((CH3)2SO) reacts with FeIV�
Oaq by oxygen atom transfer forming dimethyl sulfone,
(CH3)2SO2,

48 while OH• generates methyl-sulfinic acid
(CH3SOOH) and a mixture of methane and ethane (via
methyl radicals).49 DMSO was added to the solutions, and the
products formed by the oxidation of DMSO via the Fenton-
like reactions were measured in the absence and presence of
bicarbonate. The different products were identified by nuclear
magnetic resonance spectroscopy (1H NMR) and gas
chromatography (GC). Specifically, 1H NMR measurements
were performed on a 400 MHz Bruker Avance spectrometer.
All samples were dissolved in solutions of H2O (90%)/D2O
(10%), and the NMR experiments were performed at 300 K.
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The GC determination of methane and ethane was performed
using an Agilent 7890B GC System with FID and TCD
detectors and a GS Gaspro column.
As the concentrations of the reaction products in the

stopped-flow experiments are too low to measure by the NMR
method, the reactions were performed at higher concen-
trations. In this set of experiments, DMSO (25 mM) was
added to the iron(II) solutions at the end of the preparations
and the syringe was closed. Concentrated sodium bicarbonate
solutions were prepared and injected into diluted PMS or PDS
solutions in MES, pH ∼6.1, to form solutions containing the
desired concentrations. Then, the pH was set to the required
pH of 7.40 by adding NaOH or HClO4 as required. All stock
solutions were prepared fresh prior to each set of experiments.
Phenyl methyl sulfoxide (PMSO) was also used to probe the
formation of FeaqIV in each treatment. Under the same
condition as listed above, 20.0 and 200.0 μM PMSO were
added to each tube in the PMS and PDS system, respectively.
The concentrations of PMSO and its oxidation product phenyl
methyl sulfone (PMSO2) in each sample at time = 10, 30, 60,
90, and 120 min were determined using a high-performance
liquid chromatography (HPLC) method.50

Electron Paramagnetic Resonance Experiment. EPR
measurements were conducted using a Bruker Elexsys E500
EPR equipped with a CoolEdge cryo system (Billerica). The
instrument settings were 20.0 mW microwave power, 9.8 GHz
microwave frequency, 100 kHz modulation frequency, 1.00 G
modulation amplitude, 3515 G center field, 150 G sweep
width, and 40.0 s sweep time. The mixture of ultrapure water
and acetonitrile (1:1) was used as the solvent. 50.0 mM 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) was used as the spin-
trapping agent for reactive radical species. 1.0 mL of the
reaction solution was extracted and injected into a 2 mm
quartz EPR tube using a syringe needle. The 2 mm quartz tube
was then placed into a 4 mm quartz EPR tube and immediately
inserted into the EPR.

Degradation of Sulfonamides. The degradation efficien-
cies of SMX and SDM were determined in six different systems
as listed in Table S1. To examine the effect of bicarbonate, the
bicarbonate concentration was varied at 0, 0.05, 0.5, 5.0, and
20.0 mM in the PMS systems and 0, 0.5, 5.0, 50.0, and 200.0
mM in the PDS systems. The degradation experiments were
conducted in 40 mL glass tubes with caps, which were covered
with aluminum foil to avoid the interference of light. The
initial pH of the reaction solution in each tube was adjusted to

7.0 ± 0.2 using 0.1 M NaOH and 0.1 M H2SO4. At each
elapsed time point (t = 0, 30, 60, 120, 240, 480 min), 1.0 mL
of the sample was extracted from each tube and immediately
quenched by 0.2 mL of 0.5 M Na2S2O3. The concentration of
SMX or SDM in each sample was measured using the high-
performance liquid chromatography (HPLC) method. An
instrument used was a Dionex UltiMate 3000 (Sunnyvale) and
the column was a Restek C18 column (4.6 × 250 mm2, 5 μm).

■ RESULTS AND DISCUSSION
Kinetics. The reactions of FeaqII with PMS or PDS at pH

7.4 were first investigated by monitoring the formation of FeIII
at 270 nm as a function of time. In this set of experiments, the
concentration of HCO3

− was kept constant. Typical kinetic
curves of the reactions under different concentrations of PMS
and PDS are presented in Figures S1 and S2. The kinetic traces
could be nicely fitted by exponential curves, suggesting that the
rates are first order with respect to the concentration of FeaqII.
This was further confirmed by varying the concentrations of
FeaqII. The kinetic traces are given in Figures S3−S6. The
observed first-order rate constants (kobs, s−1) did not change
with the concentration of FeaqII (Figures S7 and S8), again
supporting that the rates are first order with respect to [FeaqII].
The distribution of different Fe(II) species in the presence of
low (0.3 mM for PMS and 2.0 mM for PDS) and high (0.6
mM for PMS and 5.0 mM for PDS) concentrations of HCO3

−

under neutral conditions was studied. The kinetics of the pH
dependence (pH = 2.40−8.50) in the absence of bicarbonate
were also conducted. Their kinetic traces are given in Figures
S9 and S10. The observed rate constants (kobs, s−1) had no
dependence on the solution pH (Figure S11). It should be
noted that the precipitation of Fe(III) as indicated by the
decrease of the observed light absorption was observed only
after several minutes.
The variation of kobs with the concentrations of PMS or PDS

is presented in Figure 1. The linear dependence of kobs on the
concentrations of PMS and PDS indicates that the oxidation of
FeaqII was due to the peroxides (i.e., PMS and PDS).
Significantly, PMS reacts much faster than PDS with FeaqII.
Importantly, the potential precipitation of Fe(III) oxide can be
ruled out in this study because the time required for the
nucleation and formation of precipitates is much longer than
the time scale of our experiments. The removal of Fe(III)
through Fe(II)−Fe(III) also has a slower kinetics than the
reaction of Fe(II) with PMS/PDS.

Figure 1. Dependence of kobs at a constant concentration of HCO3
− on the concentration of peroxymonosulfate (PMS) and peroxydisulfate (PDS)

at pH 7.4. (A) PMS (HSO5
−). [FeaqII] = 0.020 mM, [HCO3

−] = 0.30 mM. (B) PDS (S2O8
2−). [FeaqII] = 0.10 mM, [HCO3

−] = 4.0 mM.
Percentage of error = ±10.
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Next, the kinetics of the reactions of FeaqII with PMS and
PDS were studied at different concentrations of HCO3

−. The
results of kobs at different concentrations of HCO3

− are shown
in Figure 2A,B. Typical kinetic curves are presented in Figures
S12 and S13. The addition of low concentrations of HCO3

− to
the solutions increased the rate of reactions of Fe(H2O)62+
with both PMS and PDS. The results are very similar to those
obtained for the Fenton reaction39 that the rate constants
depend linearly on HCO3

− but with two different slopes: a
relatively low slope at a very low HCO3

− concentration (below
0.3 mM for PMS and below 2.0 mM for PDS, see Figure 2)
and a considerably higher slope at higher values of HCO3

−.
The rate law for the reaction of FeaqII and PMS/PDS in the

presence of HCO3
− may be written as

[ ] = [ ] [ ] [ ]+t kd Fe /d 2 Fe(H O) HSO HCOIII
2 6

2
5 3 (4)

[ ] = [ ] [ ] [ ]+t kd Fe /d 2 Fe(H O) S O HCOIII
2 6

2
2 8

2
3 (4′)

In eqs 4 and 4′, the coefficient 2 was derived from the
observation that the oxidizing species formed in the system
including OH•, SO4

•−, FeIVOaq, and CO3
•− oxidizes a second

FeaqII.
The two-stage dependence of kobs on [HCO3

−], shown in
Figure 2, may be understood first by considering the different
species of FeaqII present in the studied conditions. At low
[HCO3

−], the species of FeaqII is not complexed with HCO3
−

(i.e., Fe(H2O)62+). However, at higher concentrations of
HCO3

−, the following equilibria need to be considered (eqs
5−7).51−55 This suggests the complex formation of FeaqII with
CO3

2− (i.e., FeII(CO3)(H2O)3).
51

+ =+ KH CO HCO H , p 6.352 3 3 appF (5)

(this is an apparent value as [H2CO3]app = [H2CO3] + [CO2]
is used).

+ =+ KHCO CO H , p 10.333 3
2

aF (6)

+

+

=

+

K

Fe(H O) CO

Fe (CO )(H O) 3H O, log

4.26

2 6
2

3
2

II
3 2 3 2F

(7)

Three possible reaction mechanisms, I, II, and III, may be
considered to describe the results presented in Figures 1 and 2

and the experimentally observed rate laws. Mechanism I at low
concentrations of HCO3

− presumes that reactions 8, 8′, 9, and
9′ occur. Initially, the FeII forms a complex with PMS/PDS in
the absence or in the presence of low bicarbonate (reactions 8
and 8′). The formed complexes then react with HCO3

− to
generate the carbonate anion radicals (reactions 9 and 9′). The
derived rate law for reactions 8, 8′, 9, and 9′ is consistent with
the observed rate law (eqs 4 and 4′) (see Text S1). However,
at higher concentrations of HCO3

−, the complexation of FeaqII

and bicarbonate is more dominant and is formed before
reacting with PMS/PDS (eqs 10 and 10′). The direct FeaqII−
HCO3

− complexation and abundant PMS/PDS in the system
facilitate the rapid production of reactive FeaqIV iron and
carbonate anion species, leading to a steeper slope in Figure 2.
The derived rate law is also consistent with the observed rate
law (see Text S1).

Mechanism I.

+

+ +

+

+ +

Fe(H O) HSO

(H O) Fe (O SO )/(H O) Fe (O SO )

H O /(H O 2H O)

2 6
2

5

2 5
II

2 3 2 3
II

2 3

3 3 2

F

(8)

+

+

+Fe(H O) S O

(H O) Fe (S O )/(H O) Fe (S O )

H O/2H O

2 6
2

2 8
2

2 5
II

2 8 2 3
II

2 8

2 2

F

(8′)

+

+ + ++ •n

(H O) Fe (O SO )/(H O) Fe (O SO ) HCO

Fe (H O) (OH) H CO SOn n
n

2 5
II

2 3 2 3
II

2 3 3
III

2 6
3

3 4
2

(9)

+ +

+ +

+

+ •n

(H O) Fe (S O )/(H O) Fe (S O ) HCO OH

Fe (H O) (OH) H CO

2SO (small slope)
n n

n
2 5

II
2 8 2 3

II
2 8 3

III
2 6

3
3

4
2

(9′)

+

+ +

+

+

Fe(H O) HCO

(H O) Fe(CO ) H O 2H O
2 6

2
3

2 3 3 3 2F (10)

Figure 2. Dependence of kobs on the concentration of HCO3
− for the reactions of FeaqII with PMS and PDS − at pH 7.4. (A) PMS, [FeaqII] = 0.020

mM, [HSO5
−] = 0.20 mM and (B) PDS, [FeaqII] = 0.10 mM, [S2O8

2−] = 1.0 mM. In both experiments, excess peroxymonosulfate (PMS) and
peroxydisulfate (PDS) were used. Percentage of error = ±10.
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+ +

+ +•

(H O) Fe(CO ) HSO /(S O ) 3H O

Fe (H O) (OH) CO SO

/2SO (large slope)
n n

n
2 3 3 5 2 8

2
2

III
2 6

3
3 4

2

4
2

(10′)

While more complicated complexes could potentially form
in the system that also results in a two-stage dependence on
the bicarbonate concentration for the system, these mecha-
nisms are unlikely in our system because both mechanisms
require a second-order dependence on [HCO3

−] that is not
observed (Text S2 (eqs 11−14) and Text S3 (eqs 15−18),
Supporting Information). It should be pointed out that
mechanisms II and III might contribute at very high
bicarbonate concentrations. This possibility is further dis-
cussed in the degradation of investigated sulfonamides by
studied Fenton-like systems at neutral pH.

Overall, mechanism I fits the observed rate laws. The rate
constants of reactions 9 and 9′ cannot be calculated

because the equilibrium constants of reactions 8 and 8′ are not
known. The rate constant of the reactions (H2O)3Fe(CO3) +
HSO5

− and (H2O)3Fe(CO3) + S2O8
2− can be roughly

calculated by dividing the larger slope in Figure 2A, 1.32 ×
106 M−1 s−1 by [HSO5

−] = 0.0002 M, and that in Figure 2B,
750 dm3 mol−1 s−1 by [S2O8

2−] = 0.001 M, respectively. Thus,
one obtains k(FeII(CO3)(H2O)3 + HSO5

−) = 6.6 × 109 M−2

s−1 and k(FeII(CO3)(H2O)3 + S2O8
2−) = 7.5 × 105 M−2 s−1. It

is important to note that a large error limit must be applied on
these values mainly because some CO2 might have been lost
from the solutions during bubbling. The value of k(FeII(CO3)-
(H2O)3 + HSO5

−) is higher by 1 order of magnitude than that
of k(FeII(CO3)(H2O)3 + H2O2) = 5.5 × 108 M−1s−139 and
more than 5 orders of magnitude higher than those of
k(FeII(P2O7)aq + H2O2)

56 = 3500 dm3 mol−1 s−1 and
k(FeII(ATP)aq + H2O2)

56 = 1200 M−1 s−1 though both ATP
and P2O7

4− clearly stabilize FeaqIII better than carbonate.56

Reactive Species in the Presence and Absence of
Bicarbonate Ion. The above kinetic results clearly demon-
strate that low concentrations of bicarbonate within the range
typically observed in natural environments could affect the
kinetics of the Fenton-like reactions in neutral solutions
dramatically. To determine the nature of the oxidizing
products formed in reactions 8 and 10′, (CH3)2SO was
added to the reaction mixtures and 1H NMR spectra of the
products of (CH3)2SO oxidation via the Fenton-like reaction
were measured. Additionally, the gaseous products were also
analyzed in the absence and presence of bicarbonate (3.0
mM).
It is known that (CH3)2SO reacts with FeIV�Oaq to form

dimethyl sulfone, (CH3)2SO2,
48 while reactions with OH• and

some other radicals generate methyl-sulfinic acid (CH3SOOH)
and methyl radicals.48,49 The presence of bicarbonate, Figure 3,
clearly affects the yield of (CH3)2SO2. Both in the presence of
excess HSO5

−/S2O8
2− (PMS/PDS) and excess Fe2+, the

presence of a low concentration of bicarbonate inhibits the
formation of (CH3)2SO2. CH3SOOH was also not observed as
a product (see Figure 3A,B), which is analogous to the recent
report on the reactions observed when H2O2 is used as the
peroxide.39 The presence of 0.50 mM bicarbonate nearly
eliminates the formation of (CH3)2SO2 in the case of HSO5

−,
whereas in S2O8

2−, 5.0 mM bicarbonate is needed.
Furthermore, the formation of (CH3)2SO2 as the final organic
product proves that in the absence of bicarbonate, the Fenton-

like reactions studied proceed via reactions 19 and 19′, which
are in agreement with the previous results.22,23,57−59

+ ++Fe(H O) HSO Fe SO2 6
2

5
IV

aq 4
2

(19)

+ ++Fe(H O) S O Fe 2SO2 6
2

2 8
2 IV

aq 4
2

(19′)

This means that even in the absence of HCO3
−, the Fenton-

like reactions of Fe(H2O)62+ + HSO5
−/S2O8

2− do not form
SO4

•− and/or OH• as commonly assumed.29−31 To further
illustrate its environmental significance, the effect of pH was
conducted by varying the pH from acidic (2.40) to alkaline
(8.50). The results of GC measurement of the gas products are
presented in Figure S14, which showed that the sulfate anion
radical (SO4

•−) was formed in acidic pH and its yield
decreased with the increase of pH. Therefore, the yield of
methane and ethane also decreased with the increase in pH,
Figure S14. The results could be attributed to the dominant
role of FeaqIV in the absence of bicarbonate at neutral pH. To
support the formation of CO3

•− in the Fenton-like reactions in

Figure 3. 1H NMR spectra of the products of the Fenton-like
reactions at neutral pH in MES buffer solution in H2O: (A) Fe2+ +
HSO5

− in the absence and presence of 0.50 mM HCO3
−, [FeaqII] =

0.20 mM, [HSO5
−] = 0.04 mM, and [(CH3)2SO] = 25.0 mM and (B)

Fe2+ + S2O8
2− in the absence and presence of 5.0 mM HCO3

−,
[FeaqII] = 2.0 mM, [S2O8

2−] = 1.0 mM, and [(CH3)2SO] = 25.0 mM.
The concentrations of bicarbonate chosen for these experiments are
those that were shown, Figure 2, to have a major effect on the
observed rate constants.
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the presence of bicarbonate and (CH3)2SO, the yields of CH4
and C2H6 under three different conditions were measured: (I)
at pH 2.4 in the absence of bicarbonate; (II) at pH 7.4 in the
absence of bicarbonate; and (III), at pH 7.4 in the presence of
3.0 mM bicarbonate. The results are presented in Figure S15.
It is known that SO4

•− reacts with (CH3)2SO to form methyl
radicals via reaction 20.60

+ +• •(CH ) SO SO CH CH S(O)OSO3 2 4 3 3 3 (20)

However, also, other radicals react with (CH3)2SO to form
methyl radicals.60,61 The formed methyl radicals (CH3

•)
(reaction 21) react to form ethane and methane via reactions
21−23.46,62

+

+

=

•

• k

CH (CH ) SO

CH CH (CH )SO ,

100 M s

3 3 2

4 2 3 21
1 1 (21)

+ +

=

• • kCH RH CH R ,

depending on RH

(RH is an aliphatic compound)

3 4 22

(22)

= ×• k2CH C H , 1.6 10 M s3 2 6 23
9 1 1

(23)

Ethane and methane are formed when the oxidizing species
is a single-electron oxidizing agent, primary oxidizing radicals,

such as SO4
•−.63 The relative yields of ethane and methane

depend on the steady-state concentrations of methyl radicals.
The results at pH 2.4 for the PMS system clearly show that
ethane is almost the only product. This suggests that at pH 2.4,
SO4

•− is the major product of the reaction of Fe(H2O)62+ +
HSO5

−. However, it was claimed that at pH 3.0, FeaqIV is the
only product.22,23,57−59 Interestingly, in the PDS system, a
considerable amount of methane was also formed. This is likely
due to that k(Fe(H2O)62+ + HSO5

−) > k(Fe(H2O)62+ +
S2O8

2−). At pH 7.4 in the HSO5
− system, no ethane was

formed in the absence of HCO3
−, and only traces of methane

were observed. These results indicate that the product of
reaction 19 is indeed FeIV�Oaq. At pH 7.4 in the PDS system
in the absence of HCO3

−, traces of ethane and some methane
are observed. This supports the conclusion that the major
product of reaction 19′ is FeIV�Oaq, though some FeaqIII and
SO4

•− are also formed. The fact that no CH4 and/or C2H6
were formed in the presence of bicarbonate in both systems,
which further ruled out that SO4

•− radical anions were formed
under these conditions.
In order to further confirm the formation of high-valent iron

species, PMSO was employed as the probing molecule, which
can be selectively oxidized by FeaqIV or FeaqV to produce phenyl
methyl sulfone (PMSO2).

64 As shown in Figure 4, the
concentration of PMSO remained unchanged with PMS or
PDS alone, and PMSO2 was not generated. However, a rapid
transformation from PMSO to PMSO2 was observed when
Fe(II) was added, confirming the formation of FeaqIV, similar to
the results of using DMSO as the probe molecule (see Figure
3). The inhibitory effect of bicarbonate ion on this trans-

Figure 4. Changes in concentrations of PMSO and PMSO2 in different persulfate systems over time at initial pH = 7.0 (experimental conditions:
PMS system: [PMS]0 = 0.04 mM; [FeaqII]0 = 0.2 mM; [bicarbonate]0 = 0.5 mM; [PMSO]0 = 20.0 μM and PDS system: [PDS]0 = 1.0 mM;
[FeaqII]0 = 2.0 mM; [bicarbonate]0 = 5.0 mM; [PMSO]0 = 200.0 μM).
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formation could be attributed to the production of carbonate
radical anions through mechanism I discussed earlier.
Significantly, the formation of PMSO2 was not eliminated in
the presence of 5.0 mM bicarbonate ion (Figure 4). This is
somewhat different from the results presented in Figure 3
using DMSO as a probe molecule for the formation of FeaqIV in
which no formation of DMSO2 was observed in 4.0 mM
bicarbonate ion. In using PMSO, no formation of PMSO2 was
seen only at a much higher concentration of bicarbonate ion
(200 mM) (Figure S16). This may be related to differences in
reactivity of (CO3)FeaqIV or FeaqIV with the probe molecules,
DMSO and PMSO. This tentatively suggests that reaction 10′
is likely involved more complex reactions as shown below

+

+

(H O) Fe(CO ) HSO /S O

(CO )Fe SO /2SO
2 3 3 5 2 8

2

3
IV

aq 4
2

4
2

(10″)

Followed by

with the assumption that for DMSO, k24a ≫ k24b (DMSO) and
for PMSO, k24a∼ k24b (PMSO) and k24b (PMSO) > k24b (DMSO).
In order to acquire direct evidence for the interactions

between PMS/PDS, Fe(II), and HCO3
−, EPR spectroscopy

was employed to probe the signals of possible radical species.

Figure 5. EPR spectra of (a) PMS and (b) PDS alone, with Fe(II) and with Fe(II) + HCO3
− (initial pH: 7.0; the PMS system: [PMS]0 = 0.04 mM,

[Fe(II)]0 = 0 or 0.2 mM, [HCO3
−]0 = 0 or 0.5 mM; the PDS system: [PDS]0 = 1.0 mM, [Fe(II)]0 = 0 or 2.0 mM, [HCO3

−]0 = 0 or 5.0 mM).

Figure 6. Degradation of sulfamethoxazole (SMX) and sulfadimethoxine (SDM) by (A, B) PMS and (C, D) PDS alone, in the presence of FeaqII
and FeaqII�bicarbonate ([SMX]0 = [SDM]0 = 5.0 μM; initial pH = 7.0. The PMS system: [PMS]0 = 0.04 mM; [FeaqII]0 = 0.2 mM; [bicarbonate]0
= 0.5 mM. The PDS system: [PDS]0 = 1.0 mM; [FeaqII]0 = 2.0 mM; [bicarbonate]0 = 5.0 mM).
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Without adding Fe(II), no signal was observed. In the presence
of Fe(II), however, the signals of DMPO-•OH and DMPO−
SO4

•− adducts were captured for both PMS and PDS (Figure
5a,b). Significantly, the signal of a new species was observed
along with DMPO−•OH and DMPO−SO4

•− when HCO3
−

was introduced into the PDS system, which could be attributed
to the formation of DMPO−OCO2

•− adduct as a result of the
binding between CO3

•− and DMPO.65 Several peaks of
DMPO−SO4

•− and DMPO−OCO2
•− were overlapping with

each other, suggesting that both SO4
•− and CO3

•− were
present. Also, the nucleophilic substitution by hydroxide or
water molecule can occur on the carbonate/sulfonate moieties
in DMPO−OCO2

•−/DMPO−SO4
•− via an exergonic process

to produce DMPO−•OH.65−67 Overall, EPR measurement
confirmed our hypothesis that CO3

•− is a major radical species
in the Fe(II)−PMS/PDS system in the presence of HCO3

−.
Degradation of Sulfamethoxazole and Sulfadime-

thoxine. Sulfonamides (SAs) have been extensively used as
veterinary and human antibiotics. They can enter the human
food chain and trigger the development of antibiotic resistance
(AR).68−70 It is imperative to treat SAs before releasing them
into the aquatic environment. The investigated systems herein
were therefore investigated to degrade SAs, which contain an
aniline ring and a heterocyclic N-containing aromatic ring (R)
that are joined through a sulfonamide linkage (−NH−SO2

−).
The studied SMX and SDM are SAs with different R of five-
and six-membered rings, respectively. The reaction of SMX
with high-valent iron opens the five-membered ring, while no
such ring opening happens in the case of SDM. Furthermore,
there is no extrusion of SO2 in the case of SMX, whereas the
loss of SO2 in the oxidized products was seen for SDM. These
findings in the literature led us to select these sulfonamides,
where the oxidized products in the reactions of high-valent
iron, Fe(IV), with SMX and SDM could be examined. The

degradation of such SAs by FeaqII-PMS and FeaqII-PDS systems
in the absence and presence of bicarbonate ion may be
extended to a wide range of SAs. The results obtained on the
degradation efficiency at pH 7.0 are shown in Figure 6. The
observed first-order rate constants (kobs) for the degradation of
SMX and SDM are presented in Figure S17. The presence of
FeaqII substantially enhanced the degradation efficiency of SMX
and SDM by both persulfate systems (i.e., PMS and PDS). The
kobs for the degradation of SMX and SDM by PMS reached 1.0
× 10−2 and 0.8 × 10−2 min−1, respectively, in the presence of
FeaqII, which were 6-fold compared to PMS alone. In the case
of PDS, the kobs values for SMX and SDM in the presence of
FeaqII were 1.1 × 10−2 and 0.9 × 10−2 min−1, respectively,
about twice as high as PDS alone. The results suggest that the
FeaqIV formed reacts with SMX and SDM with high reactivity
to increase their oxidation.
The bicarbonate ion markedly hinders the degradation

efficiency of SMX and SDM by the FeaqII-persulfate systems
(Figure 7). As the bicarbonate concentration increased to
above 0.5 and 5.0 mM for the PMS and PDS systems, the
degradation efficiencies of SMX and SDM are further impeded.
For example, with 5.0 mM bicarbonate, the kobs for the
degradation of SMX and SDM in the PMS system was
decreased by 66.0 and 65.1%, respectively, compared to that
without bicarbonate. On the other hand, 50.0 mM bicarbonate
led to a 58.7 and 58.1% reduction in the kobs for the
degradation of SMX and SDM in the PDS system. However, as
the bicarbonate concentration further increased from 5.0 to
20.0 mM in the PMS system and from 50.0 to 200.0 mM in
the PDS system, further decreases in the degradation efficiency
were very minor. The hindering effect of bicarbonate is likely
due to the formation of the less reactive carbonate radical
anion as confirmed above. This is consistent with kinetics
analysis at a high concentration of HCO3

−. This is supported

Figure 7. Degradation of SMX and SDM in the presence of varying carbonate concentrations in the (A, B) PMS and (C, D) PDS systems ([SMX]0
= [SDM]0 = 5.0 μM; initial pH = 7.0. The PMS system: [PMS]0 = 0.04 mM; [FeaqII]0 = 0.2 mM; [bicarbonate]0 = 0, 0.05, 0.5, 5.0, and 20.0 mM.
The PDS system: [PDS]0 = 1.0 mM; [FeaqII]0 = 2.0 mM; [bicarbonate]0 = 0, 0.5, 5.0, 50.0, and 200.0 mM).
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by the complete inhibition of the transformation of PMSO to
PMSO2 for PMS and PDS systems in the presence of 20.0 and
200.0 mM bicarbonate ion, respectively (see Figure S16).

■ ENVIRONMENTAL SIGNIFICANCE
The results reported in this study are of major importance to
understanding the mechanisms involved in many advanced
oxidation processes. First, it is shown that the reactions of
FeaqII with PMS/PDS in the absence of bicarbonate at neutral
pH yields FeIV�Oaq and not SO4

•−. Furthermore, the results
highlight that the presence of HCO3

− dramatically changed the
mechanism and kinetics of Fenton-like processes, here, FeaqII +
HSO5

− and FeaqII + S2O8
2− under most environmental

conditions, yielding CO3
•− radical anions. The reactivity of

high-valent iron species in aqueous solution, FeaqIV, with
pollutants differs from SO4

•− and OH•. This suggests that the
antibiotics in the FeaqII-activated PMS/PDS are oxidized by
FeaqIV. However, the presence of HCO3

− in water generates
CO3

•−, which is a weaker oxidizing species and a more
selective one. In implementing AOPs under natural environ-
mental conditions, species involved and their effectiveness to
degrade different pollutants must be considered carefully.
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