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Quantification of hydroxyl radical concentration using two chemical probes was assessed through the Fenton
reaction. The probes were 1,2-benzopyrone (coumarin) for fluorescence and 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) for electron spin resonance (ESR). The corresponding hydroxylated species, namely
7-hydroxycoumarin (7HC) and 2-hydroxy-5,5-dimethyl-1-pyrroline-N-oxide (DMPO-OH adduct), were
monitored by fluorescence and ESR-spin trapping techniques, respectively. The experiments were
designed according to the theoretical conditions determined for stable fluorescence and EPR signals. The
results demonstrate that: the optimal [chemical probe] : [H,O,] ratio predicted by a simplified quasi-steady-
state model was in good agreement with the optimal [chemical probe]:[H,O,] ratio observed
experimentally for [H,O,] : [Fe?*] = 10, and the proper adjustment of the [chemical probe] : [H,O,] ratio at
a given concentration of the Fenton's reagent improves the detected amount of hydroxyl radicals. Finally,
using DMPO required a higher concentration compared to coumarin to yield the same amount of *OH
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Introduction

Hydroxyl radicals ("OH) are the most reactive oxygen species
(ROS) and hence one of the most powerful oxidizing agents. *OH
are ubiquitous in our environment and biological systems; they
are also found in interstellar space,® while they see ample
industrial applicability here on Earth. For instance, ‘OH are
widely recognized as atmospheric cleansers, and they are
essential reaction chain initiators in most oxidation processes
involving organic compounds. They play a key role as quenchers
in futuristic self-propelled catalytic microjets,” trigger destruc-
tive effects on cellular components, e.g., peroxidation of
biomolecules, and are advantageous as essential components in
advanced oxidation processes (AOPs) for water and wastewater
treatment. Their strong oxidizing potential plays a key role in
the degradation of organic pollutants and refractory
compounds®” as well as on the precipitation of recalcitrant
metal ions.® However, their short lifetime of a few nanoseconds®
makes their direct detection and quantification challenging.

“Laboratory of Green Chemistry, School of Engineering Science, Lappeenranta
University of Technology, Sammonkatu 12, FI-50130 Mikkeli, Finland. E-mail:
rutely.burgos.castillo@lut.fi

*Department of Civil and Environmental Engineering, Florida International University,
Miami, FL-33174, USA

‘Separation and Conversion Technologies, Flemish Institute for Technological
Research (VITO), Boeretang 200, 2400, Mol, Belgium

“SIM vzw, Technologiepark 935, BE-9052 Zwijnaarde, Belgium

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c7ra13209¢

This journal is © The Royal Society of Chemistry 2018

detected but resulted in a more reliable probe for detecting “OH under the consideration of this study.

Indirect methods, such as probe-assisted spectroscopic
techniques, are helpful to estimate the concentration of
‘OH."* These methods follow the products formed from the
reaction between *OH and the chemical probes, namely salicylic
acid, 4-hydroxybenzoic acid, p-chlorobenzoic acid, phthalhy-
drazine, atrazine, deethylatrazine, p-nitrosodimethylaniline,
n-propanol, coumarin, nitroxide compounds, dimethylsulf-
oxide (DMSO), among others.'*'* Nevertheless, since *OH radi-
cals are non-selective oxidants, a large number of by-products
have been detected when using those probes.'***”

Ideally, chemical probes to detect radicals like "OH would
readily react with the targeted radical while remaining signifi-
cantly unaffected by subsequent reactions, besides being
innocuous, well-characterized and economical.*®*® Additionally,
they should provide reproducibility and repeatability in the
analysis of "OH." In other words, reliable detection and quan-
tification of "OH require identification of conditions where the
chemical probes are sensitive and selective to "OH while the
formation of byproducts is limited, and wherein the reaction
products to be measured do not react significantly with excess
*OH or other reactive oxygen species (ROS) present in the media.
Thus, providing long-term stability. The use of chemical probes
for "OH detection and quantification should rely on the
understanding of their chemical properties, their kinetic
behaviour and their functionality in the conditions of interest.

The chemical environment in which "OH are generated is of
paramount relevance.” Its components may have an impact on
the scavenging, decomposition or even on the acceleration of
‘OH production. For instance, even throughout a well-
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controlled Fenton's reaction (reaction (1)), wherein ferrous ions
act with hydrogen peroxide to generate ‘OH, these effects have
been evidenced. Pefia et al. discussed the importance of the role
that excess hydrogen peroxide plays as a scavenger of ‘OH
(reaction (3)), thus decreasing their concentration at a faster
rate than they are generated through the Fenton reaction. In
addition, ferric and ferrous iron ions react with hydrogen
peroxide (reaction (2) and (4)),*® thus having an ultimate impact
on the generation, detection, and quantification of *OH.*

Fe’* + H,0, » Fe** + "OH + OH ™, k; =76 mol L™' s7' (1)
Fe’* +°OH — Fe** + OH , k;; =3 x 108 mol L™'s™'  (2)
H,0, + *OH — HO," + H,0, k;p = 2.7 x 10"mol L™' 57! (3)

Fe’* + H,0, — Fe?* + H + HO,',
kiz=3.1x10"mol L™' s (4)

Ciotti et al. observed an effect of the [Fe*'] : [H,0,] ratio on
the amount of radicals formed. Although they employed
a mathematical model to explain this behaviour, they did not
consider the need of reaching a steady state to ensure the reli-
ability of their method to quantify hydroxyl radicals,> which
leads to inaccurate results.

On the other hand, the work of Lindsey and Tarr** pointed
out at the possibility of finding optimal conditions in Fenton
systems to successfully use chemical probes for *OH detection
and quantification. However, since then, only a few works have
attempted to rationalize the use of organic chemical probes in
Fenton-based processes.

Organic chemical probes DMPO>**
coumarin®*® exhibit low toxicity and good sensitivity, but their
conditions of use have not yet rendered high selectivity in
Fenton-based systems, showing variable behaviour from sample
to sample or method to method, which needs to be calibrated
every time.* In the majority of studies, the probe concentration
appears to be critical;"»**?*® skewed results can occur when
chemical probes are used in concentrations at which the
probability of reaction with the *OH available is either low or
very high.'»'>162627 Abou et al. investigated the use of DMSO in
an electro-Fenton system. They concluded that DMSO would
not be an appropriate probe because of the electrode reactions
of DMSO."

Furthermore, the sensitivity and reliability of organic
chemical probes in the presence of complex matrices involving
metals, anions, and cations like in AOP conditions, is not
thoroughly assessed; thus, determining the concentration of
radicals is still a challenging issue. Therefore, it is of significant
value to investigate and predict systematically how, for specific
systems and chemical environments, the key factors such as the
concentrations of the major reactants and the chemical probe
affect the detection of °‘OH wunder different operating
conditions.

This study was designed as an approach to analyse and to
establish appropriate relations between key parameters that
influence the quantification of ‘OH: the concentrations of the

such as and
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Fenton's reagent and chemical probe. The detection of "OH was
performed using two well-known chemical probes, namely
coumarin and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO). This
information is useful to further understand in which conditions
‘OH detection and quantification can be feasible under ideal
performance of Fenton systems (i.e., pH 3).2*®' Finally, this
study may be immediately extrapolated to systematically
investigate the use of other chemical probes which can reduce
time and resources.

Experimental section
Chemicals

Ferrous sulfate heptahydrate (FeSO,-7H,0) and hydrogen
peroxide (H,0,) were purchased from Merck (Darmstadt, Ger-
many). 4-Hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEM-
POL), 1,2-benzopyrone (coumarin) and 7-hydroxycoumarin
(umbelliferone) and catalase were purchased from Sigma-
Aldrich (Darmstadt, Germany). 5,5-Dimethyl-1-pyrroline-N-
oxide (DMPO) was provided by Cayman Chemical Company
(Ann Arbor, USA). All reagents were of analytical grade and were
used without further purification. The concentrations of stock
solutions for Fenton reagents were: 4.5 M H,0,, 0.05 M
FeSO,-7H,0, 1 M DMPO and 0.008 M coumarin. The pH of all
stock solutions was adjusted to 3.0 + 0.2 using concentrated
sulfuric acid. All chemical solutions were prepared using ultra-
pure water produced with a Millipore Milli-Q system and stored
in amber flasks at laboratory +4 °C.

Sample preparation

Electron Spin Resonance (ESR) experiments were conducted
with H,0, and Fe*" concentrations varying from 0.1 mM to
10 mM, and from 0.001 mM to 1 mM, respectively. DMPO was
employed at a fixed concentration of 100 mM. Different ratios of
[H,0,] : [Fe*'], ie, 10:1; 100:1; 1000:1; 10 000:1, and
100 000 : 1, were tested. Fenton reactions were performed by
mixing reagents using a vortex, in the following order: ultra-
pure water (adjusted to pH 3.0 + 0.2 using concentrated
sulfuric acid), H,0,, DMPO, and FeSO,-7H,0 (total volume: 2
mL). The mixed reagents were allowed to react in the dark and
samples were taken and analysed at times specified in the
Results and discussion section.

Fluorescence experiments were conducted with H,0,, Fe*",
and coumarin concentrations varying from 1 mM to 100 mM,
0.001 mM to 10 mM, and 1 mM to 4 mM, respectively, using
different ratios of [H,O,]:[Fe*'], ie, 10:1; 100:1, and
1000 : 1. The difference in the [H,0,] : [Fe*"] ratios employed
for detection with DMPO and coumarin is due to the lower
solubility of coumarin compared to DMPO, as well as due to the
difference in sensitivity of the fluorescence method, which is
higher for coumarin. Fenton reactions were prepared by mixing
reagents in desired proportions using a vortex, in the following
order: ultra-pure water (adjusted to pH 3.0 + 0.2 using
concentrated sulfuric acid), H,0,, coumarin, and FeSO,-7H,0
(volume: 2.5 mL). Blank experiments were recorded to verify
that both ESR and fluorescence signals resulted from the

n
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reaction between the chemical probe and ‘OH. The mixed
reagents were allowed to react in the dark and samples were
taken at times presented in the Results and discussion section.
All samples for DMPO-OH adduct were quenched by adding 100
uL of catalase dissolution immediately after taking the sample
to achieve a final concentration of 0.2 mg L', pH of those
samples increased to 5-6.>* Fluorescence samples were
measured immediately thus no quencher was used as catalase
decreased the signal when used.

Fluorescence and ESR analysis

Fluorescence measurements were performed using a Cary
Eclipse spectrophotometer from Varian Corporation (Palo Alto,
California, USA). The excitation wavelength was set at 340 nm,
and the emission wavelength enveloped at 456 + 2 nm; the
excitation and emission slits were 10 and 5 nm, respectively. A
calibration curve using 7-hydroxycoumarin (7HC) as a standard
was constructed to quantify the 7HC formed as a result of the
hydroxylation reaction between coumarin and "OH (reaction
(5))- All samples were analysed at least in triplicate to build the
calibration curves and the Fenton problem samples described
in Table 2 were analysed at least in duplicate. All plots were
prepared using Origin 2015.

Coumarin + ‘OH <, THC, ke =56%x10° M s (5)

The concentration of the DMPO-OH adduct, generated from
the reaction between DMPO and °‘OH (reaction (6)), was
measured with an ESR spectrometer CMS-8400 from ADANI,
Minsk, Belarus. The ESR spectrometer operated at 9.450 GHz
with 0.100 mT magnetic field modulation. The instrumental
parameters were: center field 336.5 + 6.0 mT, power attenuation
10 dB, sweep time 100 s, and 4096 data points.

DMPO + "OH 2, DMPO — OH, kp =34 x10° M s (6)

To analyse quantitatively the DMPO-OH adduct signal
intensity, TEMPOL was used as the standard. TEMPOL was
selected as an ESR standard due to its relative stability and
solubility in water.** From ESR spectra, DMPO-OH adduct and
TEMPOL intensities were measured as the peak-to-peak
amplitude. TEMPOL concentrations were varied from 2.5 X
107° M to 12.5 x 107° M in the same conditions as Fenton
reactions, and both samples and standards were measured
under non-saturating conditions. ESR parameters of the DMPO-
OH adduct and TEMPOL were determined using EasySpin
software 5.0.>* When required, dilution factors were applied to
the samples. All plots were prepared using Origin 2015 and
MATLAB R2015b software.

Calibration curves

The concentration of 7HC was quantified from the fluorescence
intensity and was used to determine the *OH concentration. The
reaction yield between coumarin and *OH to form 7HC (reaction
(5)) was reported as 4.7% by Newton and Milligan."” The
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fraction of *OH not leading to 7HC generates other hydroxylated
compounds which are not fluorescent, and are thus not detec-
ted by the technique used.”** Therefore the yield fraction of
4.7% was taken into account for the calculations of radicals
generated during the Fenton experiments. Typical spectra of the
fluorescence intensity of 7HC standard and the constructed
calibration curve are described in Fig. S1.1

The ESR signal of the DMPO-OH adduct was expressed
relative to the concentration of the stable radical TEMPOL.** All
ESR spectra exhibited typical hyperfine coupling constants of
the DMPO-OH quartet (agy = ay = 1.47 mT) and the TEMPOL
triplet (ay = 1.68 mT).***® The ESR peak-to-peak intensity of
TEMPOL increased with the increasing dosage. ESR spectra
recorded for DMPO-OH adduct and TEMPOL and the built
calibration curve are depicted in Fig. S2 and S3,t respectively.

Equations for the determination of the chemical probe
concentration

To gain insight into the use of chemical probes for measuring
*OH generation, eqn (7) and (8)—derived from a kinetic model
proposed in our earlier work—were used. The agreement
between the theoretical [chemical probe] : [H,0,] ratio against
the experimental one was analysed, in order to obtain a reliable
signal by either fluorescence or ESR.>*

The model assumed quasi-steady-state concentrations. As
a consequence, some important conditions must be satisfied in
order to generate stable signals: (i) the rate of change of the
reaction product (i.e., DMPO-OH adduct, 7HC) with respect to
time approaches zero;** (ii) the rate of change of the reaction
product with respect to time is not a function of the concen-
tration of the chemical probe;* (iii) the reaction product to be
followed does not degrade significantly during the time frame
of the analysis; otherwise, the conditions are not favorable for
‘OH detection.''7>?

Eqn (7) and (8) were developed in terms of elementary
reactions for coumarin and DMPO, respectively. The respective
contributions of the reaction rates from side reactions were set
at zero. Thus these equations are simplified to reflect the
contribution of the [H,0,] : [Fe**] ratio and the chemical probe
concentration to produce a constant signal under quasi-steady-
state conditions, as previously demonstrated.*

[Coumarin] _ k, [Fe’] _._@ %
[Hz 02} kC [HZOZ] kC
K,y [Fe* [
DMPO] K [Fe*] ks o
[HzOz} kD[HZOZ] kD

where: k;; (rate constant of reaction (2)), ks, (rate constant of
reaction (3)), are rate constants of *OH quenching reactions in
the Fenton mechanism;* k¢ (5.6 x 10° M~ ' s7%), kp (3.4 x 10°
M~"' s7") are formation rate constants of 7HC and DMPO-OH
adduct, respectively.

According to the discussions in our previous work,* to
obtain stable signals by fluorescence and ESR, the left-hand
ratios from eqn (7) and (8) ([chemical probe] : [H,0O,]) should
be significantly greater, i.e., by at least two to three orders of
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magnitude higher than the corresponding right-hand ratios. In
the case of DMPO, this hypothesis was already confirmed with
initial concentrations of 1 mM H,0, and 0.1 mM Fe** (ie.,
[H,0,] : [Fe**] = 10 and right-hand ratio of eqn (8) equals
0.0168). Experiments confirmed that [DMPO]: [H,O,| ratio
should be at minimum 16.8 in order to obtain a stable DMPO-
OH adduct signal.** However, the susceptibility of the DMPO
signal to change with the probe concentration was not previ-
ously validated, and thus the [chemical probe]: [H,O,] ratios
and that the amount Fenton's reagent can be still optimized.
Besides, this work makes progress beyond the current state of
the art by: (1) providing further analysis to establish the suitable
values of chemical probe which can render a stable analytical
response, and (2) finding optimal concentrations of iron that
can be used as catalyst for Fenton reactions in the conditions
studied.

Table 1 shows the theoretical [chemical probe]:[H,0,]
values predicted, at different Fenton's reagent ratios using
1 mM coumarin. In these calculations, the Fe*" concentration
was varied at given concentrations of H,O, (from 10 >M to 10~ *
M). For example, for [H,0,]:[Fe**] = 10, the threshold
[coumarin] : [H,0,] ratio is 1.02 (Table 1) which was taken as
two orders of magnitude higher than the value calculated from
eqn (7) (i.e. 0.0102). Thus the experiments were designed and
carried out in order to validate the hypothesis suggested by the
theoretical model and to verify whether this model can also be
applied to coumarin.

Results and discussion

Validation of the equations proposed to determine optimal
chemical probe concentration

To validate the conditions suggested from eqn (7) in Fenton
systems, three different sets of experiments were carried out by
varying the Fenton's reagent ratio and coumarin concentration.
The first set of experiments measured the concentration of 7HC
with respect to time, by varying coumarin concentration. The
conditions applied in this section are described in Table 2. The
experiments lasted for up to 60 min at a fixed [H,0,] : [Fe*']
ratio of 10 and varying coumarin concentrations from 0.5 mM
to 4 mM (Fig. 1). According to the theoretical model described
above (eqn (7)), the optimal [coumarin] : [H,O,] ratio was ex-
pected to be at minimum 1 to 10. Experiments were carried out
to validate the values calculated by the model.

Table1 Theoretical [coumarin] : [H,O,] ratios predicted from eqgn (7),
for a set of proposed [H,0,] : [Fe?"] ratios

Ratio Theoretical ratio

[H,0,] : [Fe**] [Coumarin] : [H,0,]*

10 1.02
100 0.54
1000 0.49

4 From right hand side of eqn (7).
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Table 2 Fenton's reagent and coumarin concentrations used in this
study

[H,0,] [Fe**]  [Coumarin]
Condition (mM) (mM) (mM) [Coumarin] : [H,0,]
Fenton A 1 0.1 0.5 0.5
Fenton B 1 0.1 1 1
Fenton C 1 0.1 2 2
Fenton D 1 0.1 4 4
Fenton E 1 0.1 0.05 0.05
Fenton F 1 0.1 0.1 0.1
Fenton G 0.1 0.01 0.1 1
Fenton H 0.1 0.01 0.5 5
Fenton I 0.1 0.01 1 10
Fenton ] 10 0.1 1 0.1
Fenton K 1 0.01 1 1
Fenton L 10 0.01 1 0.1
Fenton M 10 1 1 0.1
Fenton N 100 0.1 1 0.01

In principle, it may be expected that the formation of “OH
would occur at the same rate in all these four systems (A-D),
given that the same concentrations and ratios of Fenton's
reagent were used. However, it has been discussed that changes
in initial probe concentration will result in a shift in probe
response even at constant radical flux.'* Thus, these results
suggest that once the *OH are formed, it is the rate of their
reaction with coumarin which is, in fact different as the
coumarin concentration changes, presumably driven by mass
transfer limitations. Because for every molecule of coumarin
and "OH to react, these must come into intimate contact with
each other. Although good mixing increases the chances of
interaction, the concentration of coumarin molecules implies
a delayed rate for their reaction with ‘OH when coumarin
appears to be in large excess (i.e., systems C and D). As depicted
in Fig. 1, with condition A, the chemical probe concentration
appeared to be underdosed and resulted in a non-steady state
concentration of 7HC. In this system, the signal decreased fast
after the first 20 min of reaction.

T T T T T T
1000 |- _
o®e-9
- R
=2 dd & K “-eB
& 00 - o el - |
=y S 18 o
Z & " ,._____.—!C
2 of & § PR 4 i
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g 40 ¥ i
172} 1 —_
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£ 5 "rtr g mis = o9 D
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”* _,V"*—— - -@- - Coumarin | mM
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Fig. 1 Effect of coumarin concentration on fluorescence intensity
during 60 min for Fenton reaction with 1 mM H,0O, and 0.1 mM Fe2*.
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It is inferred that coumarin is first hydroxylated into 7HC
during the first 20 min. Yet, the disappearance of 7HC can be
attributed to the relative excess of homogeneous reactive oxygen
species (mainly *OH, and to a lesser extent H,0,, HO,") which
can further attack the m-electron-rich position of the hydroxyl-
ated primary byproducts formed to render different molecules
than 7HC which either may not fluoresce or may be easily
degraded to smaller molecules such as carboxylic acids.*®>*37%%
The swift degradation of 7HC is feasible, and the conditions are
here clearly identified. This is a fundamental step to prevent
7HC to react significantly with “OH for reliable measurements.

The fluorescence response of system B ([coumarin] : [H,0,]
ratio of 1), reached a maximum value after 30 min, then
remained relatively stable until 50 min in contrast to the other
tests. These results may indicate the establishment of a quasi-
steady-state concentration of 7HC, wherein a 1 mM coumarin
concentration would be suitable for the detection of radicals up
to 30 min, where the accumulated concentration of 7HC could
be considered constant and maximum.

From these data, the hypothetical [coumarin] : [H,0,] ratio
calculated from the theoretical model (eqn (7)) appears to be in
good agreement with the experimental one, ie., for
[H,0,] : [Fe*'] = 10, the right-hand ratio of eqn (7) equals 0.0102
which means that [coumarin] : [H,O,] must be at minimum
1.02 in order to obtain a stable fluorescence signal.

In conditions C and D (i.e., [coumarin]: [H,O,] > 1), the
amount of 7HC was lower, thus using a higher coumarin
concentration does not result in more efficient radical detec-
tion. This behaviour has been previously shown.>*
was overlooked by the authors,
unexplored.

In general, as the same concentration and ratio of Fenton's
reagent were kept constant in all systems, the rate-limiting step
of the process is the reaction of *OH with coumarin. If there
would be no other effects, then all cases should give the same
response up to the point where either coumarin or ‘OH are
exhausted. Moreover, the hypothesis derived from our model
(eqn (7)) suggests that an optimum coumarin concentration to
detect "'OH must be established. The effect of coumarin
concentration can be explained as follows. First, when
coumarin concentration is higher as in C and D, part of the 7HC
concentration may react rapidly with *OH and compete with
reaction of "OH with coumarin. ‘OH can be consumed by
coumarin, coumarin byproducts and scavengers. Thus, the
concentration of ‘OH, [‘OH], can change with time, as the
concentration of organics change. Therefore, the fluorescence
response may be poorer—given that it will take a longer time for
coumarin to effectively collide with a *OH molecule; otherwise,
part of the emission energy of the fluorophores may decrease by
self-quenching.’®*>*° As a consequence, a decreasing fluores-

However, it

and hence it remained

cence signal resulted when coumarin increased from 2 mM
(system C) to 4 mM (system D). At optimal coumarin concen-
trations, which may be between systems B and C, the quasi-
steady-state is promoted as a stoichiometric ratio of coumarin
is used. Finally, when coumarin concentration is lower, it gets
rapidly exhausted from the reaction system A. Thus the fluo-
rescence signal decay was observed, as explained before. From,
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these kinetic profiles we can conclude the following statements
in which the profiles from Fig. 1 seem to exhibit four kinetic
regimes: (i) very fast kinetic effect on the first two minutes, (ii)
after the first two minutes and up to a certain point around
20 min, the profile is specific for each case, (iii) after the first
20 min, it appears a change in slope to a slower rate as coumarin
concentration increases, which leads to an inflection point
(system A), steady state (system B) or to a decrease in rate
(systems C and D), (iv) the slower rate, may be due to a low
concentration of coumarin (after 20 min) which may promote
the reaction between 7HC and excess radicals. This fact is
evident in the system A.

To further assess the effect of the coumarin concentration
and the role of the initial concentration of Fenton's reagent on
the kinetic profile, a second set of experiments was carried out
using conditions E-I, with [H,0,] : [Fe>*] kept at a value of 10
(Fig. 2). In those tests, the fluorescence signal evolved into
a combination of two opposite trends and was dependent on
both the initial coumarin concentration and the initial
concentration of Fenton's reagent. As it was expected with
conditions E and F (Fig. 2I), the fluorescence intensity
decreased, which occurred during the first 15 min. It confirms
that the underdosed coumarin is rapidly depleted by "OH to
form 7HC, the last being further hydroxylated to non-
fluorescent species by ‘OH that kept forming as described
previously.

When the concentration of Fenton's reagent was reduced by
a factor of ten (i.e., 0.1 mM H,0, and 0.01 mM Fe>", Fig. 2II) and
the coumarin concentration used at conditions G-I, corre-
sponded to 0.1 mM, 0.5 mM, and 1 mM, respectively, the fluo-
rescence signals showed a tendency to increase through time.
However, these systems did not reach a quasi-steady-state
concentration of 7HC during 60 min of reaction. In addition,
as the coumarin concentration increased from 0.1 mM to 1 mM
(i.e., [coumarin] : [H,0,] > 1), the signal intensity decreased as
depicted in Fig. 2. This can be explained by ineffective collisions
between both Fenton's reagent to render *OH and coumarin to
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Fig. 2 Effect of coumarin concentration on fluorescence intensity
over time for Fenton reaction with [H>O5] : [Fe?*] = 10: () 1 mM H,0,
and 0.1 mM Fe?* and (Il) 0.1 mM H,0, and 0.01 mM Fe?*.
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react with "OH, while the reason because the plateau was not
reached is due to excess coumarin with respect to Fenton's
reagent.

From the above discussions, 1 mM coumarin was deter-
mined to be the most suitable concentration to estimate the
concentration of *OH (Fig. 1B) for an initial concentration of
1 mM H,O0, and 0.1 mM Fe?*, which can render suitable kinetic
profiles.

Effects of Fenton's reagent ratio and coumarin concentration

The concentration of *OH was determined to investigate the
effect of different Fenton's reagent ratios on the optimal
coumarin concentration to be applied (Fig. 3). The left-hand
ratios of eqn (7), calculated with different Fenton's reagent
ratios, are given in Table 1. Each experiment lasted 60 min. As
the [H,0,] : [Fe*'] ratio increased (conditions B, J, K, L, M
described in Table 2), the concentration profile through time for
the detection of radicals changed with the [coumarin] : [H,O0,]
ratio (Fig. 3).

At [H,0,] : [Fe*] = 10 (Fig. 31), the ratio [coumarin] : [H,0,]
= 1 determined experimentally concurred with the
[coumarin] : [H,O,] ratio calculated using eqn (7) (Table 1).
From these experiments, it was noticeable that the system M
exhibited a similar behaviour to conditions E and F.

In these conditions, the trend across time showed a sudden
reduction of the fluorescence intensity after four minutes
of reaction time (Fig. S4f). At a Fenton's ratio of 100,
under conditions J and K (Fig. 3II), corresponding to
[coumarin] : [H,0,] ratios of 0.1 and 1, respectively, the exper-
imental [coumarin] : [H,O,] ratio differed from those calculated
from eqn (7). In those systems, the predicted [coumarin] : [H,-
0,] using eqn (7) should be at least ~0.54 (Table 1), suggesting
that using 0.54 ratio as optimum [coumarin] : [H,O,] value may
render a suitable concentration profile. These results also
revealed that the initial amount of "OH detected was around 3.6
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Fig. 3 Time-dependent effect of the [H,O;] : [Fe®*] ratio on molar
*OH detection by 1 mM coumarin concentration for 60 min at Fenton's
reagent ratios of (I) 10, (ll) 100 and (lll) 1000. The size of some error
bars are in the same scale than the symbols used.
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times higher with condition J than with condition K around the
first four minutes. It should be noted that the maximum
amount of ‘OH in both systems was of the same order of
magnitude (~10 > M). Thus, the optimal detection of “OH could
be achieved at optimal [coumarin] : [H,0,] ratios keeping [Fe>']
at its optimal value (~0.1 mM in this work).

At higher Fenton's ratio of 1000, under condition L (Fig. 31II),
the formation of radicals was lower, showing a behaviour
similar to that under condition J. This may be related to a slow
reaction rate between Fenton's reagent, resulting in less
formation of "OH. The second order rate constant for hydrox-
ylation of coumarin (5.6 x 10° M~ s~ (ref. 17)) by "OH may
imply that a higher concentration of *OH has to be available to
promote effective collisions with coumarin. In turn, a higher
initial concentration of Fenton's reagent and the adjusted
coumarin concentration are required to obtain suitable profiles
for *OH detection and quantification. As a result, systems ]
and L, with a higher Fenton's reagent ratio and non-optimized
[coumarin] : [H,O,] ratio, were less efficient at detection radi-
cals over a period of 60 min, without reaching a plateau
(quasi-steady-state) zone. Therefore, the fact that the
[coumarin] : [H,0,] ratio needs to be optimized as the initial
concentration of Fenton's reagent varies may be closely related
to the different mechanisms that control the overall reaction as
the [H,0,] : [Fe*"] changes.*! For example, at high [H,0,] : [Fe*']
ratios the large amount of H,0, added can act as scavenger for
the generated "OH (reaction (2)), while at low [H,O,] : [Fe*']
ratios the catalytic conversion of H,0, to "OH may increase but
not the reaction with coumarin because of the promotion of
scavenging reactions (reactions (2) and (3))

Analysis of the amount of *OH detected after one minute of
mixing the reagents confirmed this behaviour (Fig. S51). At an
initial H,0, concentration of 1 mM, a higher *OH concentration
(7.7 x 107° M) was achieved during the early phase of reaction
(first minutes) with [H,0,]:[Fe*] = 10 corresponding to
condition B, while the amount of *OH detected decreased as the
Fenton's reagent ratio increased from 100 to 1000 (Fig. S5It), as
observed in Fig. 3. At an initial H,O, concentration of 10 mM,
the maximum initial formation of radicals was detected under
condition K, and resulted in an analogous magnitude than that
obtained with 1 mM H,0, (7.7 x 10~ ° M, Fig. S5IIt). This again
suggests that the coumarin concentration should be optimized
in relation to the initial concentration of Fenton's reagent, to
achieve suitable reaction rates between “OH and coumarin.

It seems that reasonable predictions of the
[coumarin] : [H,O,] ratio can be made using the equations
derived from the simplified quasi-steady-state model proposed.
These results suggest that the optimum [coumarin]: [H,0,]
ratios, initial [H,0,] and iron Fe* amount must be adjusted to
achieve suitable concentration profiles that allow greater
detection of "OH as predicted by the model proposed (Table 1),
wherein 7HC does not react significantly with *OH. It should be
noted from these results that:

(i) The ratio of Fenton's reagent ratios to generate and detect
*OH using fluorescence (such as [H,0,] : [Fe*] = 10, 100 and
1000) appeared to be less significant than the
[coumarin] : [H,0,] ratio as predicted. Those [H,0,]: [Fe*']

42
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ratios have rendered good level of *OH and are consistent with
those typically employed in water treatment processes.*

(if) The [coumarin] : [H,0,] ratio needs to be adjusted as the
initial concentration of Fenton's reagent changes; thus, in this
work is suggested that the best level of detection of ‘OH is
achieved at [coumarin] : [H,0,] = 1, when [H,0,] : [Fe*] = 10
and Fe®* concentration is 0.1 mM.

(iii) Under condition M, the theoretical [coumarin] : [H,O,]
ratio was not applicable. This bias may be closely related to the
fact that: (a) H,O, was excessive compared to coumarin, thus
leading to excess "OH formation that caused degradation of the
reaction product 7HC into non-fluorescent compounds.

(iv) It was also observed that a ferrous iron concentration of
0.1 mM played a significant role in the amount of *OH detected.
This value is in the order of magnitude that other works have
found as the optimal operative condition to generate "OH in
electro-Fenton systems.>®

Response of coumarin and DMPO as probes for the detection
of ‘OH
To evaluate the response of different chemical probes at
conditions established as suitable from the previous analysis,
two independent matrices of experiments were performed using
a fixed concentration of chemical probes: 1 mM coumarin and
100 mM DMPO for fluorescence and ESR, respectively. The
Fenton's reagent ratio of [H,0,] : [Fe*"] was varied from 1 to 10*,
and the equivalent concentration of ‘OH detected by fluores-
cence and ESR are depicted accordingly in Fig. 4 and 5. In our
previous work, the response of DMPO under a fixed ratio of
Fenton's reagent was tested.* In this section, the concentration
of chemical probe is kept constant, and the Fenton's reagent
ratio is different.

The concentration of “OH detected by fluorescence using
coumarin as a probe was measured 22.5 min after mixing

['OH] (M)
3.640E-05
3.169E-05

2.698E-05

2.226E-05

1.755E-05

1.284E-05
0.01

8.125E-06

3.413E-06

[Coumarin]=1 mM

|
0.01 0.1 1 10

[Coumarin/H»05]

-1.300E-06

1E-3

Fig. 4 Equivalent concentration of *OH formed as a function of the
Fenton's reagent ratio using 1 mM coumarin. All data were measured
22.5 min after mixing the reagents using 7-hydroxycoumarin (7HC) as
a standard. The x-axis and y-axis are presented on logarithmic scales.
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['OH] (M)
4.280E-05

3.763E-05

0.1 ESASES 3.245E-05

2.727E-05
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1.692E-05

1E-3 1.175E-05

6.575E-06

[DMPO]=100 mM

|
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1.400E-06

1E-4

1000
[DMPO/H,0,]
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Fig. 5 Equivalent concentration of *OH formed as a function of the
Fenton's reagent ratio at constant DMPO adduct probe concentration
(100 mM) using TEMPOL as a standard. All data were measured 4 min
after mixing the reagents. The x-axis and y-axis are presented on
logarithmic scales.

Fenton's reagent with coumarin (Fig. 4). The highest product
yield was approximately 3.0 x 10> M and measured with
[H,0,] : [Fe**] = 10 (condition B). For [H,0,] : [Fe**] = 100, the
highest product yield was around 3.0 x 10> M (condition K)
while for [H,0,]:[Fe**] = 1000 the concentration of ‘OH
detected was 3.6 x 107> M (condition N). These results also
showed that the detection of radicals involved an initial Fe**
concentration of around 0.1 mM, which corresponds to a ratio
of 10, 100 and 1000 in respect to H,O, concentration (Fig. 5, red
zone) as noted previously.

Fig. 5 presents the amount of ‘OH detected by ESR with
different concentrations of Fenton's reagent and using 100 mM
DMPO as a probe. The [H,0,] : [Fe*'] ratio was varied from 10 to
10*, and the equivalent "OH amount was measured four min
after mixing Fenton's reagent and DMPO. The highest product
yield at [H,0,]:[Fe**] = 10 was 4.2 x 10°° M. With
[H,0,] : [Fe**] = 100, the highest product yield was around
1.3 x 107> M while for [H,0,]: [ Fe**] = 1000, the yield was
2.7 x 107° M. From these results it can be concluded that an
effective *OH detection was rendered at a Fenton's reagent ratio
of 10 (Fig. 5, red zone).

Finally, a comparison between the coumarin and DMPO
results revealed that the magnitude of maximum "OH detected
was of the same order of magnitude as 3.6 x 107> M and 4.3 x
10~° M respectively. This may imply that at a ratio of
[H,0,] : [Fe**] = 10 and at [chemical] : [H,0,] ratio of at least
two orders of magnitude higher than the right side of eqn (7)
and (8) would help acquiring a stable analytical signal for
measurements of ‘OH. However, some differences can be
highlighted: (i) the concentration of chemical probe required
for ESR and fluorescence suggests that the ESR method
consumes as much as 100 times or more DMPO concentration
than the needed with coumarin and (ii) the time required to
detect an equivalent molar concentration of "OH is longer for
coumarin than for DMPO, 22.5 min and 4 min respectively.
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Those times were determined from the kinetic profile, where
the system appeared to be stable as it reached a stable state
(plateau, Fig. 1B). In addition, the coumarin concentration
needed could limit its application under the conditions
required in Fenton-based systems.

Therefore further analysis using this technique testing
different probes other than non-modified coumarin could be
useful as it involves inexpensive reagents, a wide linear range,
and is user-friendly compared to the ESR technique.

These data showed the impact of [H,0,] : [Fe*"] ratio on the
amount of ‘OH detected. The optimal [H,0,] : [Fe*'] ratio for
detection of *OH in both techniques was between [H,0,] : [Fe*"]
= 10 (Fig. 4 and 5). It is also suggested that the relationship
between the chemical probe concentration needed and the *OH
formed should be between values of initial concentration of
Fenton's reagent that does not promote the further oxidization
of the reaction byproduct to be monitored such as 7HC or
DMPO-OH adduct.

Conclusions

This study investigated the application of both coumarin and
DMPO as probes to measure hydroxyl radicals by fluorescence
and ESR respectively. Hydroxyl radicals were produced by Fen-
ton's reactions.

The effect of the Fenton's reagent ratio (up to 10°) and the
[chemical probe] : [H,O,] ratio on the quantification of hydroxyl
radical concentrations was experimentally determined. On the
basis of the experimental results, the following conclusions can
be drawn:

e Coumarin is a good chemical probe around 1 mM and
initial concentration of 1 mM H,0, and 0.1 mM Fe*' because
excess can promote either collisions between two coumarins or
two fluorophores (7HC) which will render a poor fluorescence
signal.

e For reliable quantification of "OH, the [coumarin] : [H,0,]
ratio should be two orders greater than the right-hand side of
eqn (7) at [H,0,] : [Fe**] = 10.

e Degradation of 7HC in the presence of excess ‘OH may
involve a further hydroxylation reaction into non-fluorescent
derivatives.

o A ferrous iron concentration of 0.1 mM independently of
the chemical probes tested, played a significant role in the
amount of "OH generated and detected.

e The optimal [H,0,] : [Fe*'] ratio used in the detection of
‘OH in both techniques fluorescence and ESR was observed to
be [H,0,] : [Fe**] = 10.

e Finally, using DMPO required a higher concentration than
coumarin to yield the same amount of *OH detected but resul-
ted being a more reliable probe for detecting ‘OH under the
consideration of this study.
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