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ABSTRACT: HO radicals are the most important reactive species
generated during water treatment by non-thermal plasma devices.
In this letter, we report the ﬁrst quantiﬁcation of the steady-state
concentration and lifetime of plasma-produced hydroxyl radicals in
water solutions at pH 3 and 7, and we discuss the diﬀerences based
on their reactivity with other plasma-generated species. Finally, we
show to what extent the use of chemical probes to quantify shortlived reactive species has an inﬂuence on the results and that it
should be taken into account.

ﬂuorescent).8 The methods for the quantiﬁcation of RS diﬀer
whether they are short or long-lived; contrary to what occurs
for long-lived species, the concentration of HO radicals and
other short-lived RS (like superoxide, peroxonitrite, singlet
oxygen, etc.) cannot be quantiﬁed by simply multiplying their
formation rate by the treatment time because, due to their high
reactivity, they are not stable and thus do not accumulate in
solution. For this reason, only the steady-state concentration
can be obtained. Previous works applying the method suitable
for long-lived species to HO• obtained surprisingly high values
in the micromolar range.16−19 When dealing with short-lived
RS, to obtain reliable values of the steady-state concentration
in solution, it is mandatory to know the fraction of all
produced RS that is being captured by the probe and the sum
of all the other contributions, other than the reaction with the
probe, that lead to their consumption.20
In this letter, we report the ﬁrst quantiﬁcation of HO•
steady-state concentration and lifetime in water at diﬀerent pH
values, produced by nonthermal plasma, according to the
above-mentioned method. These values are then used to
discuss brieﬂy the chemical mechanisms that lead to generation
and consumption of the radicals, with a focus on the ones that
are pH-dependent. The use of a chemical probe to detect and

T

he wide variety of applications that cold atmospheric
plasmas (CAPs) reached in the last decades, ranging from
gas conversion to agriculture and from the environment to
manufacturing and medicine,1−5 is mostly due to the ﬁne
tunability of the nature and amount of reactive species (RS)
that are produced by a CAP in a gas or in a liquid. This has
been possible thanks to the correlation of the RS production
with the CAP parameters and to the methods and protocols
that have been developed and adapted to detect and quantify
plasma-produced RS.6−8 The majority of them are focused on
the long-lived species, like O3, H2O2, H3O+, NO2−, and NO3−,
because their reactivity can be more easily controlled and their
quantiﬁcation can be done after the treatment, without
interference from the plasma.7,9−12 Nevertheless, analysis of
short-lived RS (especially HO•, O2−•, HOO•, and OONO−) is
of paramount importance because they are primarily
responsible for the biological action during direct CAP
treatments and are the source of the long-lived ones.13
HO radicals are probably the most important reactive
species produced by plasma treatment of water solutions. They
can oxidize unselectively the majority of organic compounds
they come in contact with, and by radical recombination, they
are the main source of hydrogen peroxide in plasma systems.14
Due to intrinsic and experimental limitations (i.e., its high
reactivity), the detection and quantiﬁcation of HO radicals,
especially in the liquid phase, is often indirect and nonquantitative;15 therefore, the amount of information that can
be obtained is limited. The main methods involve the use of
chemical probes that react selectively with the HO radicals to
give relatively stable adducts/products that can be detected
spectroscopically (by electron paramagnetic resonance if they
have unpaired electrons or by ﬂuorimetry if they are
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quantify short-lived reactive species in solution may aﬀect the
results obtained, so this is also discussed here.
The source that we used in this work to generate the plasma
is an atmospheric pressure plasma jet (APPJ) based on a single
electrode that works with helium as the feed gas (more details
in the Supporting Information (SI)). To detect HO radicals in
water solution, we employed the widely used chemical probe
terephthalate (TPA).16,17,21,22 In solution, HO radicals react
with TPA giving 2-hydroxyterephtalate (hTPA) as the main
product (Scheme 1). hTPA is ﬂuorescent (λex/em = 310/425
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Some recent publications reported the hydroxylation of
phenol and terephthalate by CAP-generated atomic oxygen.26−28 However, according to these works, when pure
helium is used as plasma feed gas, the amount of atomic
oxygen produced is at least 1 order of magnitude lower than
HO radicals and is expected to rapidly decay by increasing the
plasma-target distance. Moreover, optical emission spectroscopy (OES) experiments on our source under the conditions
reported in this work (Figure S1, Supporting Information)
conﬁrm the presence of an atomic oxygen signal only in the
region close to the plasma nozzle. For these reasons, we may
assume that the contribution of the O atoms to TPA
hydroxylation is minor and can be neglected under our
experimental conditions.
We treated with plasma TPA solutions with diﬀerent initial
concentrations, in phosphate buﬀer (PB) at pH 3 and 7, for
selected times. Due to the pH-dependence of the TPA
solubility in water, the range of initial concentrations that we
were able to explore at pH 3 and 7 were diﬀerent (15−100 μM
at pH 3 and 50−5000 μM at pH 7). We determined the
concentrations of residual TPA and of plasma-generated hTPA
in solution by HPLC/UV analysis of the treated solutions
(Figure 1a and b for pH 3 and Figure S4, Supporting
Information, for pH 7). As discussed in the SI, ﬂuorescence
measurements were not used here because there are additional
ﬂuorescent products of the reaction that lead to an
overestimation of the concentration, thus a chromatographic
separation step is required. We then calculated the rates of

Scheme 1. Chemical Structures of TPA (terephthalate) and
hTPA (2-hydroxyterephthalate)

nm). The yield of the reaction of TPA with HO radicals has
been reported to be 35% in the presence of oxygen by
ultrasound radiation chemical studies23 with a second-order
reaction rate constant (4.4 ± 0.1) ×109 M−1 s−1.24 Other
common plasma-generated RS (HO2•, O2−•, H2O2) were
reported not to interfere with HO• in reactions with TPA.25

Figure 1. (a) TPA residual concentration (normalized) as a function of the treatment time for diﬀerent initial nominal concentrations in PB 100
mM, pH 3. (b) Concentration of hTPA as a function of treatment time for diﬀerent TPA initial nominal concentrations in PB 100 mM, pH 3. (c)
Rate of decrease of TPA concentration as a function of TPA real initial concentration at pH 3. (d) Rate of increase of hTPA concentration as a
function of TPA real initial concentration at pH 3.
B
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decrease of TPA concentration (RTPA) and the rates of increase
of hTPA concentration (RhTPA) for all the initial TPA
concentrations (Figure 1c and d for pH 3 and Figure S5,
Supporting Information, for pH 7) by ﬁtting of the points in
Figure 1a and b using exponential and linear functions,
respectively. For longer treatment times, linearity in Figure 1b
is lost because hTPA is oxidized by CAP-generated RS. For
this reason, to calculate RhTPA, we used only the experimental
points obtained for the short treatment times (lower than 90 s)
when the degradation of hTPA is negligible.29
We used these rates to calculate the yield of hTPA formation
(YhTPA = RhTPA/RTPA) in all the conditions studied, and we
found that it increases with the TPA initial concentration and
apparently does not depend signiﬁcantly on the pH of the
solution in the range of 3−7 studied in this work (Figure 2a).
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Table 1. Lifetime (t1/2), Rate of formation (RHO), and
Steady-State Concentrationa ([HO]SS) of Plasma-Generated
HO Radicals in Solution at pH 3 and 7

a

Parameter

pH 3

pH 7

t1/2 (ns)
RHO (nmol s−1)
[HO]SS (pM)

550 ± 50
1.9 ± 0.3
1.8 ± 0.3

201 ± 15
2.1 ± 0.4
0.70 ± 0.13

The values of [HO]SS are extrapolated at zero TPA concentration.

rate of HO radicals is the same, within the experimental error,
at pH 3 and 7 (2 nmol s−1), while its lifetime is almost three
times higher at acidic pH (550 ns at pH 3 and 201 ns at pH 7).
This determines a higher steady-state concentration at pH 3
(1.8 pM vs 0.70 at pH 7).
Considering the formation rate, our plasma source is quite
eﬃcient in the production of HO radicals, if compared with
other sources designed for water treatment reported in the
literature.10,12,14,16,17,21 To the best of our knowledge, this is
the ﬁrst reasonable quantiﬁcation of steady-state concentration
of plasma-produced HO radicals, so a comparison of this
parameter with previous work based on plasma technology is
not possible. However, our results ﬁt well in the range of HO
radicals steady-state concentrations based on other advanced
oxidation processes, 10−12 to 10−17 M.24,31−34
By analyzing the values reported in Table 1, we notice that
in our system the main processes responsible for HO•
generation do not depend on pH (in the range of 3−7),
while those that lead to HO• consumption are more eﬃcient at
pH 7. Gorbanev et al. reported that the main contributions to
HO• generation in a helium plasma jet in contact with water
happen in the plasma eﬄuent, and then, the radicals can diﬀuse
into the liquid.35 Thus, the generation rate of the radicals is
expected not to depend strongly on the pH of the solution, as
we indeed found. There are also other contributions to HO•
generation that come from reactions of other plasma-generated
reactive species in solution (Table S3, Supporting Information). Some of them can be aﬀected by the pH, but they
account for a small fraction of the total.
In order to explain the diﬀerences found at pH 3 and 7 in
the HO• consumption eﬃciency, we reviewed the acid−base
equilibria of the main species produced by plasma in liquids
(Table S2, Supporting Information) and checked the possible
reactions that can consume HO radicals during plasma
treatment of a water solution in the presence of ambient air
(Table 2). The acid−base equilibria of superoxide, nitrous
acid, and peroxynitrous acid have pKa in our pH range of
interest (4.8, 3.4, and 6.5 respectively, see SI). Thus, we expect
to have the species HO2•, HOONO, and co-presence of
HNO2/NO2− at pH 3 and O2−•, NO2−, and co-presence of
HOONO/OONO− at pH 7. If we focus on the reactions of
HO• with superoxide (Table 2, eqs 2 and 3) and with nitrite
ions (Table 2, eqs 9 and 10), we notice that both are faster
when the superoxide and nitrite are deprotonated, thus
explaining the lower lifetime of HO radicals at pH 7 than at
pH 3. Peroxynitrous acid is formed mainly under acidic
conditions,11 so it is expected not to play a major role at pH 7.
The HO steady-state concentration in solution is deﬁned as
the ratio between its formation rate and the sum of the rates of
all the contributions that consume it (see eq S4, Supporting
Information). The presence of most organic molecules
(including TPA and the other typical probes that are used to
detect HO radicals) in solution increases the number of

Figure 2. (a) Yield of hTPA formation as a function of TPA initial
concentration at pH 3 and 7. (b) Steady-state concentration of OH
radicals as a function of TPA initial concentration at pH 3 and 7.

The yields that we obtained are lower than the one reported
in the literature;23,30 the diﬀerence can be explained
considering the diﬀerent concentration used and, especially,
the presence of reactive species other than HO• in the CAPtreated liquid. These other species compete with HO• for the
reaction with the TPA.
Next, we determined the rate of formation of HO radicals,
their lifetime, and their steady-state concentration in solution
(Table 1) following the procedure reported by Anifowose et
al.,20 as detailed in the SI. The same procedure has been used
recently by Cabrellon et al. to quantify plasma-generated
superoxide.29 The HO• steady-state concentration is also
reported in Figure 2b as a function of TPA initial
concentration. According to our measurements, the formation
C
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Table 2. Reactions of Hydroxyl Radicals with Other
Reactive Species in Solutiona
Reactions of HO• radicals

k (M−1 s−1)

1

HO + e → HO

3.0 × 1010

2

HO• + HO• → H 2O2

4.0 × 109

3

HO• + HO•2 → O2 + H 2O

7.0 × 109

4

−
HO• + O−•
2 → O2 + HO

1.0 × 1010

5

HO• + H 2O2 → H 2O + HO•2

2.7 × 107

6
7

•

−

−

•

HO + O3 → O2 +
•

•

•

NO•2

HO•2

1.3 × 109

HO +

9

HO• + HNO2 → NO•2 + H 2O

10

HO +

NO−2

→ HOONO

→

NO•2
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2 × 1010

8

•

Authors

2 × 109

HO + NO → HNO2

−

+ HO

1 × 109
1.0 × 1010

a

Adapted with permission from ref 36. Copyright 2012, John Wiley
and Sons.

possible pathways that lead to consumption of HO radicals, the
eﬀect being more important if the amount of organic matter in
solution is higher. This is evident from Figure 2b, where the
steady-state concentration of HO radicals decreases with
increasing TPA initial concentration. This behavior is not
limited to the present study, but it is typical in all cases where
the determination of a highly reactive species is done by using
a chemical probe, the presence of the probe itself inﬂuencing
the results of the measurement. Here, to get a correct value for
the HO radical steady-state concentration, we extrapolated our
experimental data at zero TPA concentration.
To summarize, here we presented the ﬁrst quantiﬁcation of
HO• lifetime and steady-state concentration produced by
plasma in solution obtained by ﬁrst calculating the fraction of
HO• that is being captured by TPA and the sum of all the
other contributions that lead to their consumption. This
allowed us to observe a pH dependence of the generation and
reactivity of HO radicals that can help understand the trends
obtained for other related/derived species (e.g., hydrogen
peroxide).
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