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ARTICLE INFO ABSTRACT

Editor: Guangming Jiang The treatment of ultrapure water with electrochemically produced Os is a common means for disinfection yet
leads to the formation of a variety of reactive oxygen species (ROS). The present study draws a comprehensive
comparison between three commonly used photometric and fluorometric assays for ROS analysis and quantifies
the individual signal responses for dissolved Os, -OH and H,0s, respectively, to account for cross-sensitivities. By
calibrating all combinations of assays and analytes, we developed a quantification procedure to reliably deter-
mine the actual ROS composition in ultrapure water environments for different operation conditions of a
membrane water electrolyzer with PbO, anodes down to concentrations of 0.97 pg L. While the -OH formation
rate can be described linearly over the observed current density range, substantial O3 evolution is only found for
current densities of 0.75 A cm ™2 and above (up to 3.7 pmol hlforJ=125A cm’z). The formation of HyOj is
only observed when an organic carbon source is introduced into the solution. We further quantify the inter-
ference of HoO4 with the reading of the oxidation-reduction potential as a common water parameter and elab-
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orate on its validity to monitor the peroxone process when both H,0, and O3 are present simultaneously.

1. Introduction

Water supply lines are critical infrastructure elements that have to be
kept free from pathogens and pollutants in order to provide access to
potable or process water in suitable qualities for the intended applica-
tions. The necessity for their systematic sanitization becomes most
obvious when considering cold-stored ultrapure water, e.g. for phar-
maceutical purposes [1,2]. Typically, disinfection is achieved by adding
oxidants at defined levels to the water feed to inactivate harmful mi-
croorganisms and remove contaminations effectively [3-5]. While
potable water is still commonly treated with different chlorine species,
the formation of potentially critical disinfection by-products has to be
avoided and therefore Og constitutes the preferred powerful oxidant
(EO(Og/ O3) = +2.07 V vs. SHE) for use in ultrapure water environments
[6,71.

As the necessary amount of oxidant varies greatly depending on both
the feed water quality and the required water conditions, it is desirable
to adopt the introduction of O3 into the feed water in a defined manner.

Since this unstable compound cannot be conveniently stored in gas
cylinders, a frequently suggested approach for disinfection and contin-
uous removal of residual organic compounds is based on the in situ
formation of reactive oxidants (i.e. -OH or Og) by direct oxidation of
water. As their evolution occurs at higher thermodynamic potentials
than oxygen gas, there is a state of competition between the oxygen
evolution reaction (OER) and e.g. the electrochemical ozone production
(EOP) [8]. Therefore, the use of special electrocatalysts, such as boron-
doped diamond (BDD) or -PbO; with a high overvoltage for oxygen
evolution, is indispensible for an efficient anodic oxidation [9-12].
During this process water is split into both hydrogen gas and a mixture of
O, and O3 gasses by electrical energy using a thin, solid polymer elec-
trolyte membrane (PEM) as an ionic conductor between the electrodes
[13,14]. This favorable design does not depend on the electrical con-
ductivity of the ultrapure water, which is often a limiting characteristic
for electrolysis.

The mechanism of the electrochemical O3 generation strongly de-
pends on the selected electrocatalyst and involves the formation of -OH
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as precursor species, which may be either strongly adsorbed for subse-
quent surface reactions (e.g on B-PbOy) or weakly adsorbed and
partially released (e.g. on BDD) [15,16]. Current efficiencies for O3
evolution of up to 20 % for PbO, and 42 % for BDDs were reported
during membrane water electrolysis, although these values have shown
to strongly depend on the operational conditions and electrocatalyst
stoichiometry [17,18]. Depending on the feed quality, not all Oz is
immediately consumed during water treatment, with the remainder
contributing to a systemic protection of stored ultrapure water due to a
depot effect.

The decomposition of Os is a complex interaction of reactive oxygen
species (ROS) with each other. Due to the short half-life of dissolved O3
(t1/2 ~ 80 min in an ultrapure water setting under similar conditions
[19]), it decays rapidly and can generate a large amount of -OH [20-22],
which are highly reactive (EO(-OH/Hzo) = 42.73 V vs. SHE [23]) and
enable further secondary oxidation reactions, especially with (organic)
contaminants [11,24-26]. Although many involved intermediate spe-
cies have a chemically instable character, by-products such as HoO5 can
be quantitatively determined, especially when they emerge during the
ozonation of dissolved organic matter [27-29]. However, as Hy0> is
known to rapidly decompose Os via the peroxone reaction [30], its
accumulation in ultrapure water systems may impede the overall sani-
tization process due to its impact on the systemic protection. Because of
this multi-step reaction cascade including many short-lived in-
termediates, there may be a variety of ROS present in solution, which
contribute to the overall disinfection effect. An overview of evolving
ROS in a PEM electrolyzer setup is given in Fig. 1, depicting a selection
of the most prominent reactions within the O3 degradation cascade. The
O3 evolution process (orange and yellow area) emphasizes the compe-
tition between OER and EOP, depending on the surface coverage of
oxygen intermediates. The following, non-exhaustive decomposition
cycle (blue area) integrates a broad variety of short-lived radicals, which
can also lead to HoO; as a stable oxidizing agent.

As a common and convenient technique to characterize the oxidative
properties of water samples, the oxidation-reduction potential (ORP)
should allow for an estimation of the present disinfectant concentration
[31,32]. However, in systems which inherently allow for the presence of
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more than one ROS, the ORP signal is a mere sum parameter and may
camouflage inconsistent water quality levels due to varying ROS com-
positions [33]. Hence, for applications demanding detailed information
about the concentration of individual ROS, measuring the ORP signal
cannot be the method of choice.

In addition to the presence of electrochemically produced O3, other
ROS can emerge in aqueous solution and therefore pose a particular
challenge for independent quantification [34,35]. Concerning dissolved
O3 as the target analyte, electrochemical sensor systems that enable
measurements in a range of 0.5 to 200 pg Lt [19,36,37] have been
developed and proven reliable in automated process analytics. Simple
colorimetric assays (based on dyes such as DPD or Indigo) are still
commonly applied as convenient off-line analyses in laboratory and field
trials and can detect Oz as low as 0.4 to 40 pg L™ [38-40], but are
known to also react with other oxidizing species [41-43]. As for -OH,
common quantification approaches involve rapid reactions of radical
scavengers (e.g. terephthalic acid), followed by a subsequent analysis of
the reaction products via chromatography [44,45], UV spectrometry
[46,47], fluorescence [48-50] or even electron spin resonance [51]. For
a selective determination of Hy0O,, a variety of colorimetric and elec-
trochemical methods [52-54] can be used, including the most promi-
nent titanyl sulfate assay [55].

While these advanced analytical methods ensure a highly selective
and sensitive determination of ROS, they can only be applied in well-
equipped laboratory settings. In contrast, it is common knowledge that
quick routine analyses by colorimetric assays suffer from considerable
cross-sensitivities when multiple ROS occur simultaneously, although
these distortions have been insufficiently characterized.

In this study we provide insight into the three most common color-
imetric assays used for the quantification of the three most prominent
reactive oxygen species evolving during the ozonation of water via
electrolysis, namely O3, -OH and HoO5 via DPD, TiOSO4 and terephthalic
acid. With this approach, a stepwise procedure is presented to quantify
the actual ROS composition with respect to cross-sensitivities between
the evaluated assays. Following our findings, we provide a holistic view
on the resulting oxidant composition for different operational conditions
of a PEM electrolyzer setup with PbO, anodes intended for O3 evolution.
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Fig. 1. Scheme of the evolution of different ROS during PEM electrolysis on a p-PbO, anode surface and subsequent decomposition of O3 in ultrapure water. Own

drawing, adapted and combined according to [8,27,30,78-82].
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Furthermore, we elaborate on linking the chemical information about
the ROS composition from colorimetric assays with the analytical water
parameters ORP and TOC (total organic carbon).

2. Materials and methods
2.1. Experimental setup

To investigate the evolution of ROS during the operation of a com-
mercial PEM water electrolyzer, the setups depicted in Fig. 2 (similar to
previously published studies [56,57]) were used for all experiments.
Within a water reservoir, an Ozone-Micro-Cell (OMZ CH1) was installed
as the O3 evolving unit, consisting of one PbO,-coated porous titanium
anode and one porous stainless-steel cathode (all Innovatec
Geratetechnik GmbH, Rheinbach, Germany), and separated by a
Nafion™ 117 membrane (Chemours®, Wilmington, Delaware, USA) in a
membrane-electrode assembly (MEA) setup. Nafion™ was chosen due to
its high chemical stability while maintaining a low electrical resistance
in the electrolyzer setup. Simultaneously, it acts as a proton conducting
ionomer, thus enabling the PEM function principle.

For experiments with “indirect” ozonation, the evolving gases were
exhausted through a stainless-steel pipe into a separate ultrapure water
reservoir to evaluate O3 evolution selectively without the presence of
ROS generated by side-reactions. “Direct” ozonation refers to ultrapure
water in the reaction vessel being treated electrochemically without
mediation, which was selected for the investigation of -OH and Hy0»
evolution.

Evolving oxidizing agents were investigated over 90 min of opera-
tion and current densities in a range from 0.25 to 1.25 A cm ™2, referring
to a geometric surface of 0.2 cm? for the anode. In order to simulate a
typical stand-by operation, an additional level of 0.01 A cm™2 (for
anodic protection of the catalytically active PbO; layer) was evaluated.
All reported data for every experimental condition are mean values
originating from three independent replicate runs.

For certain experiments, isopropyl alcohol (denoted i-PrOH; Carl
Roth, Karlsruhe, Germany) was added to the ultrapure water to achieve
defined levels of dissolved organic matter, represented by the TOC value
as a common analytical water parameter. Concentrations were adjusted
within a range between 0 and 1 mg L1, which is in congruence with
previous studies [58]. In order to mitigate effects caused by light or CO4
ingestion, these experiments were conducted under Argon 4.8 gas
purging (Westfalen AG, Miinster, Germany) and UV protection.

2.2. Analytical procedures

For each of the three analytes, an individual assay is used to quantify
concentrations and production rates, and additionally tested for cross-
sensitivities. For this purpose, the assays were equally treated with
defined concentrations of the other ROS under investigation, aiming to
describe the signal response with suitable regression functions. The

Stainless-steel pipe — 3 ‘
18.2 MQ .
5 J

ultrapure water

PEM electrolyzer ——==%

Current supply -
+

0,/0; venting

(a) “indirect" ozonation (b)  “direct* ozonation
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chosen analytical procedures yield observable concentrations for dis-
solved O3 and H205, however, only a cumulative value for scavenged
-OH can be obtained due to its extremely short-lived character (r =~ 10
ps) [59].

Determination of O3 was carried out using the DPD assay in accor-
dance with DIN 38408-3:2011-04, using DPD ((N,N)-diethyl-p-phenyl-
enediamine; Fisher Scientific, Waltham, MA, USA), KIO3 (Merck,
Berlington, MA, USA) as well as KI and NaySO3 (both Carl Roth, Karls-
ruhe, Germany) [41]. O3 reacts with DPD in a one-electron transfer re-
action, forming a radical DPD cation acting as a detectable dye. After 1
min the absorption of the magenta radical cation can be measured at
Amax = 510 nm. For different concentration ranges, 1 cm and 5 cm cu-
vettes were used.

Hydroxyl radical formation was evaluated with a fluorometric
method according to [49] using terephthalic acid (TA) (Alfa Aesar,
Haverhill, MA, USA) and 2-hydroxyterephthalic acid (HTA) (Apollo
Scientific, Bredbury, United Kingdom). Hydroxyl radicals are scavenged
by TA forming HTA, which can be measured by excitation at Ayax = 312
nm and subsequent detection of fluorescence at Apyax =~ 430 nm. HTA
calibration solutions in the range from 0.11 to 3.64 mg L™! as well as
analyte solutions were excited and the resulting fluorescence signal was
used for characterization. Fluorescence spectra were processed with
OriginPro 2022 (OriginLab, Northhampton, MA, USA) by integration of
the acquired fluorescence signal between A = 340 nm and A = 580 nm
and background correction. For cross-sensitivity evaluation of the DPD
assay, the amount of -OH was adjusted using HyO2 and FeSO4 - 7 HoO
(both Carl Roth, Karlsruhe, Germany) via Fenton reaction.

The quantification of HyO9 was carried out based on DIN 38409-
15:1987-06 using a solution of titanyl sulfate in sulfuric acid (Merck,
Berlington, MA, USA) in a 5 cm cuvette [60]. Ti** ions form colorless
aquo complexes which turn into yellow complex cations by ligand ex-
change after the addition of Hy0,. Within 5 min, the absorption is
measured at Apax = 407 nm. Calibration solutions were prepared
ranging from 0.07 to 1.77 mg L.

All chemicals were at least of analytical grade purity. 18.2 MQ ul-
trapure water was provided for all experiments by a ELGA Purelab Flex
(VWS, High Wycombe, UK) water purification system. Photometric de-
terminations were performed on a DR3900 UV/VIS spectral photometer
(Hach Lange, Loveland, CO, USA). For fluorometric determinations, a
custom setup was developed using SETi (Columbia, SC, United States)
CUD1GF1A light emitting diodes (Amax = 315 nm) and an Ocean Insight
(Orlando, FL, United States) Ocean HDX spectrometer. A comprehensive
overview of all applied assays for ROS determination in this study is
given in Fig. 3.

2.3. ORP measurements

For ORP (oxidation-reduction potential) signal measurements, stock
solutions of O3 (approx. 2 mg L) and H,05 (approx. 100 mg L™1) were
freshly prepared. Solutions in a range of fq(O3) = 0.2 mg L 't01.0mg

Stainless-steel
cathode

Nafion™ 117
PbO,/Ti anode

Ozone-Micro-Cell (OMZ)
(C) (= PEM electrolyzer)

Computed tomography detail

Fig. 2. Scheme of the experimental setup for (a) “indirect” ozonation and (b) “direct” ozonation of water reservoirs. (c) A detailed insight into the MEA arrangement

and its porous electrodes is given using computed tomography imaging.
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Fig. 3. Overview of the assays for ROS determination used in this study: (a) O3 determination via DPD assay. (b) -OH determination via HTA assay. (c¢) HxO»

determination via TiOSO, assay.

~! and Bag(H202) = 0.1 mg L7! to 17 mg L™! were measured with a
SenTix® Pt ORP sensor equipped with a Ag/AgCl reference electrode
(Xylem Analytics, Washington, D.C., US) and an InLab Micro pH elec-
trode (Mettler Toledo, Columbus, OH, US). Concentrations were verified
using the aforementioned colorimetric assays intended for the respective
analytes.

In order to evaluate the consumptive effect of HyO, on dissolved Os,
a reaction vessel with 5 L of ozonated water at different concentrations
(Baq(0O3) =50 and 100 pg L) was prepared via “indirect” ozonation and
subsequently doped with different levels of HoO3 in a molar ratio range
of ng(H205)/no(03) = 0.14 to 13.5. ORP values were evaluated with a 1
Hz data acquisition rate over a time of 10 min before and after HyO,
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addition to determine the occurring signal drop.
3. Results and discussion

3.1. Evaluation of the analytical performance of colorimetric ROS
determination methods and their cross-sensitivities

In order to assess the reliability of the obtained spectroscopic data in
a first step, all selected methods were examined with respect to the
analytical performance of the conducted calibrations. Therefore, limits
of detection (LOD) and quantification (LOQ) as well as the coefficient of
variation of the procedure (Vxo) were evaluated for all analytes of in-
terest using the calibration approach according to DIN ISO 11843-
2:2006-06 and DIN 32645:2008-11 (see supplementary material,
Table S1). All values are expressed as both a mass and molar concen-
tration to give a tangible value for practitioners and also allow for a
direct comparison in relative response per reactive oxygen species.

All calibrations were fitted to linear functions with coefficients of
determination R? > 0.9995 and precision coefficients of <2.3 %,
yielding LOD values as low as 0.97 pg L™ for Os. Given that all species
under investigation can be quantified to trace concentrations of <2.72
pmol L™, monitoring of all oxygen species during PEM electrolysis is
confidently possible. This especially holds true for applications in
technical facilities where O3 concentrations between 0.35 and 1.15
pmol L™! are favorably applied [7]. Due the nature of the HTA assay, the
obtained analytical parameters only refer to accumulated amounts of
scavenged -OH instead of actual -OH concentrations.

As stated before, many colorimetric assays chosen for the determi-
nation of ROS are not necessarily selective to a single species. In order to
evaluate cross-sensitivities, the assay response matrix for all investi-
gated ROS is given in Fig. 4, with the relevant calibration features listed
in Table 1. For Os determination via DPD, two separated calibration
curves are obtained as two different cuvette sizes are used depending on
the concentration range.

Not only can valid calibrations be obtained for the assays which are
intended for the respective species, it is also possible to adequately
describe all observable cross-sensitivities in the observed concentration
range by simple regression models: Either the regression yields a linear
function when there is a significant reaction or the measured, constant
signal is independent of the species concentration, leading to a hori-
zontal line as the assay does not respond to the respective ROS.

If ROS are to be determined without the presence of interfering
species, the intended assays exhibit their suitability. As all calibrations
refer to molar concentrations, it is possible to compare the sensitivity for
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Table 1

Regression parameters for the linear models describing the assay responses for
the respective ROS. Regression functions and R? values are given for each ana-
lyte and assay combination, except for calibrations yielding no concentration
dependence. I stands for the signal absorbance or fluorescence (both in arbitrary
units, denoted a.u.) and c,q refers to the molar ROS concentration.

Analyte  Assay Regression function Linearity

O3 DPD (1 cm cuvette) I=13.5 e cyq + 0.008 R? = 0.9995
DPD (5 cm cuvette) I=97.1 e cyq + 0.001 R? = 0.9999
HTA I1=451010%ec,q+0.02010° R?=0.9773
TiOSO,4 I=0.000 n.a.

-OH DPD I=1.30 e coq + 0.012 R? = 0.9942
HTA 1=26.2010°0 ¢y R? = 0.9998
TiOSO4 n.a. n.a.

H,0, DPD I=0.803 o cyq + 0.003 R? = 0.9946
HTA 1= 0.000 n.a.
TiOSO,4 I=3.569 & cyq + 0.003 R? = 0.9997

each ROS and method by comparing the slopes of the regression func-
tions. For instance, the quantification of HyO5 is most sensibly carried
out using the TiOSO4 assay, which is more than four times more sensi-
tive to HyO5 than the alternative DPD assay (3.569 vs. 0.803 L mmol ™).

For -OH formation the application of the HTA assay is indicated as
only the DPD assay leads to measurable results despite being quite
insensitive. This observation is similar to a related work, where DPD was
used as a radical detection assay involving a Fenton reaction by adding
H,0; into a Fe(I)-containing DPD solution, leading to a more pro-
nounced sensitivity [43]. As -OH is generated from H50, via the Fenton
reaction for calibration, evaluating the signal of the TiOSO4 assay would
be unselective and misleading. For a selective evaluation of -OH via the
TiOSO4 assay, it would be necessary to reproducibly provide defined
amounts of -OH without using HyO, as a source. Furthermore, the
resulting red complex contains a ligand with a peroxide group, which is
highly unlikely to form by -OH self-recombination. Other radical scav-
enging assays such as ABTS [61] or chromotropic acid [62] were eval-
uated in pretrials but have proven to not be applicable for species-
selective determinations in ozonated water when more than one ROS
is present. In case of O3 determination, both the DPD and HTA assay can
be used with sufficient sensitivity, although the reaction from TA to
fluorescing HTA is known to be caused by O3 decay and subsequent
radical liberation and not by direct ozonation [63,64].

As multiple ROS may be able to coexist within an ultrapure water
distribution system due to spatial and temporal separations, the con-
tributions of different species may lead to similar signal responses if only
one detection method is applied. Choosing an appropriate and

(a) TiOSO, assay (b) DPD assay (c) HTA assay
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Fig. 4. Overview of the responses for the (a) TiOSO, assay, (b) DPD assay and (c) HTA assay to identify cross-sensitivities. The absorbance for both the TiOSO,4 and
DPD assay is given on the left axis while the fluorescence signal of the HTA assay is referred to on the right axis. Error bars are included, but mostly invisible as they

are smaller than the symbol size.
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representative sampling point is therefore both tricky and crucial, as
varying ROS compositions will not yield unambiguous determinations.
This is especially true for highly reactive species that can interact with
contaminants or even other ROS.

When it comes to the quantification of more than one occurring ROS,
a sensitive determination of O3 can be achieved by applying the stan-
dardized, well-known Indigo assay [38,41], which showed no consid-
erable cross-sensitivity for HyOo in pretrials of this study. However, this
assay proved to be only applicable in a calibration range from 0.1 up to
0.3 mg L™ O3 for the available spectrophotometer equipped with a 5 cm
cuvette. Therefore, this assay was not used for subsequent O3 quantifi-
cations in this study, which required lower LOD and LOQ values as well
as a higher method precision to confidently monitor O3 evolution.
Nevertheless, for similar applications dealing with an O3 concentration
that is consistent with the calibration range provided by the Indigo
assay, this approach could be beneficially applied. If the quantification
of Hy05, is desired in the presence of other ROS, the TiOSO4 assay is the
preferred method, as no interference with O3 was observed.

Due to the partial selectivity of the presented assays, a breakdown
into distinct ROS concentrations is obscured and requires a correction
function by using matrix calculation on a linear system of equations
[65]. This is used to separate the individual contributions and calculate
amended concentrations which reflect the actual ROS composition at a
given sampling point more accurately. Consequently, a stepwise ROS
quantification needs to be carried out to obtain a comprehensive
analysis.

As the determination of HyO5 via the TiOSO4 assay is the only
method that has proven to be unimpeded by the other ROS under
investigation, it inherently provides the real HoO5 concentration in a
first step (Eq. (1)). Solving the linear system of equations leads to Eq. (2)
and Eq. (3) which allow for an amended O3 quantification in the pres-
ence of HyO5. Due to the short lifespan of the hydroxyl radical, only a
virtual -OH concentration (representing the cumulated amount of
formed radicals in the given reaction vessel) can be determined with this
approach by using the quantified interferences for the other species. For
the DPD assay only the calibration range for a 1 c¢cm cuvette was
considered.

Camended (H2O ~
% =0.280 e Iyjos0, — 8.41 ¢ 107 o))
L
c o
%ﬁs) = —0.0169 e Lyjoso, — 3.74-10"" ¢ Iyra +0.0753
L
o Ippp —0.002 @

camended( ° OH)

mmol
L

= 0.0029 e Itjos0, +3.88-1075 o Iy — 0.013

o Ippp — 4.87-107* 3)

Since the DPD assay shows a reaction with all ROS under investi-
gation, it can be interpreted as an unspecific sum parameter for all
occurring oxidizing agents. While this assay may be sufficient to depict
O3 concentrations at the time of sampling, the determination of exact
formation rates for different ROS requires conducting an HTA assay in
parallel. Furthermore, if the presence of HyO, cannot be strictly ruled
out, an evaluation via the TiOSO4 assay is also necessary.

In practice, a parallel determination of all three assays is proposed to
achieve the most accurate representation of the ROS composition for any
given state of operation. For subsequent ROS quantification in the
following sections, these corrections were thusly applied.

3.2. ROS evolution during PEM electrolysis

Operating the PEM electrolyzer in ultrapure water leads to gaseous
O3 evolution on the anodic surface with bubbles eventually rising to the
water surface. In this process, O3 partially dissolves into the ultrapure
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water and can be detected using the aforementioned methods. Fig. 5(a)
shows that the amount of dissolved Oj3 increases with the elapsed
experimental time and can be described by linear regression functions
for all applied current densities.

After an experimental time of 90 min, dissolved O3 concentrations of
0 pmol L! and 5.62 pmol L™! were measured for J = 0.01 A cm ™2 and
1.25 A cm ™2, respectively. Even when applying a current density of 0.25
A cm 2 only 0.08 pmol L™! were found for the same time frame, which is
in a comparable order of magnitude as with the applied protection
current alone. This barely traceable increase in Os concentration over
time is also demonstrated by low R? values. However, for elevated
current densities, an accelerated increase in dissolved O3 concentration
is observed (see Fig. 5(b)). For J > 0.75 A cm’z, the O3 formation rate
follows a linear trend as indicated by the black dashed line. Presumably,
this can be attributed to lower anodic potentials at low current densities,
which may be insufficient for a significant O3 evolution as OER is
thermodynamically preferred over EOP.

The obtained formation rates are a direct result of the experimental
setup and only refer to the aqueous phase. A substantial amount of O3 is
lost by rising and degassing bubbles, although O3 exhibits a high solu-
bility in water in direct comparison to O, as the main product (480 mg
L 1vs. 38 mg L1 at 25°C) [66]. Therefore, a reasonable estimation of a
current efficiency is impeded for the given setup. Accounting for a
quantitative measurement of both gaseous and aqueous O3, current ef-
ficiencies of 15-20 % were previously reported for ultrapure water
electrolysis with PbO5 anodes in a comparable setup [17,67].

Hydroxyl radicals play an important role in both the electrochemical
generation and subsequent decay of Os. Scavenging allows for a time-
resolved monitoring of radical evolution depending on the respective
electrolyzer setting as displayed in Fig. 6(a). As TA is known to be
resistant to oxidation by O3 as well as direct electron transfer reactions
[64,68], it is a suitable probe for -OH in this environment and the
measured concentration of HTA can therefore be interpreted as an
equivalent to the cumulated amount of -OH.

While for “direct” ozonation no significant radical accumulation
(and therefore formation) is observed in stand-by operation, an increase
in current density yields notable amounts of scavenged e¢OH. For all
standard operational modes (J > 0.25 A cm’z), the progressively
increasing amount of scavenged e¢OH in solution can be described by
linear functions (all R> = 0.93 and higher) that allow for a derivation of
oOH formation rates during electrolysis. Plotting the so-obtained values
as a function of the applied current density (Fig. 6(b)) yields a linear
correlation with increasing current densities for both “indirect” and
“direct” ozonation (R? = 0.975 and 0.972, respectively). As the forma-
tion rates for both operational conditions are in similar ranges for each
current density level, the occurrence of ¢OH can be fully explained by
the decomposition of dissolved Og, indicating no electrochemical gen-
eration at PbO, anodes. This is in accordance with the mechanistical
understanding of the electrochemical surface reactions in ultrapure
water [16,69]. Minor differences in the measured formation rates of
both operational modes may be attributed to temperature effects (e.g. by
heat dissipation from the electrolyzer), leading to a shorter half-life of
Os.

These observations contrast with the generation of O3z which
required higher current densities. While formation rates ri(O3) from 0.07
up to 3.70 pmol h™! were determined for O evolution in the observed
current density range, only 0.05 to 0.37 pmol h~! were observed for «OH
under the same operation conditions, exhibiting a difference of up to an
entire order of magnitude. Considering the ratio ri( ¢ OH)/ri(O3), values
between 0.10 and 0.82 are obtained for all standard operational modes
and decrease with increasing current densities.

Controlling the operating conditions of a PEM electrolyzer can help
mitigate or predict the evolution of unwanted HyO5 because of its impact
on O3 depletion. Depending on the structural properties of dissolved
carbon sources, various pathways for a reaction with O3 are possible that
lead to the emergence of HyO> as a stable side-product (especially via the
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electrolyzer. (b) The formation rates m,c.( ® OH) and n,.( ¢ OH) as a function of the applied current density (black dotted and dashed lines) for both “indirect”

ozonation (V) and “direct” ozonation (H).

Criegee mechanism for unsaturated compounds) [70]. When consid-
ering discontinuously operated ultrapure water distribution systems, a
common means of disinfection is isopropyl alcohol (i-PrOH), which
often cannot be completely rinsed out and is not removed by commonly
applied electro de-ionization either [58]. Therefore it remains in trace
amounts as a typical carbon source. As not all structural properties can
be adequately represented by a single molecule, the selected i-PrOH only
serves as one exemplary model substance and does not allow for a
generalized extrapolation for other contaminants contributing to the
TOC value. However, due to its high radical scavenging capacity (k = 2.3
.10° L mol ! s7! [71]) i-PrOH showcases a worst-case estimation for
Hy0, formation rates in ultrapure water storage and distribution
systems.

Specifically for i-PrOH, Reisz et al. have reported a mechanistic
scheme for both O3 and -OH mediated pathways that indicate a HyO9
yield of about 1.5 % considering a non-electrochemical ozonation [27].
The formation rates of HyO5 in the presence of i-PrOH are shown in
Fig. 7 as a function of time, current density and TOC level.

As the increase in HoO, concentration also follows a linear trend with
time (R% > 0.95 for all experiments), formation rates were obtained in
the same manner as for the other ROS. The progression of measured
H0; concentration over the course of the experimental time is exem-
plarily depicted in Fig. 7(a) (inset graph) for J = 1.00 A em ™2 and Baq(i-
PrOH) = 0.50 mg L 1. Keeping the initial TOC level at a constant value
of 0.50 mg L’l, the resulting formation rates m,q(H202) and naq(H202)
increase linearly with elevated current densities from 3.9 + 2.6 pgh ' in
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stand-by operation up to 31.2 + 3.9 mg h™! for J = 1.25 A cm 2. The
obtained slope of 7.46 pg L™} min~! equals a formation rate of 22.4 g
h~? for the given reaction vessel, which serves as a common reference
point in both Fig. 7(a) and (b). By evaluating different current densities,
a linear approximation for the HyO, formation rate is obtained (R? =
0.978) and enables a confident estimation of HyO5 concentrations for
different operational setpoints. Even in stand-by operation, trace
amounts of Hy0 evolve due to a small protection current and therefore
electrolyzer activity. However, it has been reported that linearity in
electrochemical HyO5 evolution over longer periods of time is not
necessarily given due to possible subsequent reactions such as oxidation
to oxygen at certain electrode materials [72,73].

When the PEM electrolyzer is operated without adding i-PrOH to the
reaction vessel, minimal amounts of HyO3 can still be detected in a range
of 1.4 pg h™L. This may result from traces of residual organic compounds
within the ultrapure water used for preparation. However, as soon as
dissolved organic matter (DOM) as a carbon source is deliberately
introduced into the system, a notable increase in HyOy levels is
measured. Varying the TOC level at a constant current density of 1.00 A
cm 2 leads to an increase of the HyO, formation rate up to only 23 pg
h~! for i-PrOH concentrations > 0.50 mg L1 (Fig. 7(b)), indicating that
the rate of i-PrOH oxidation and therefore H,O5 formation depends on
the amount of dissolved organic matter. For higher concentrations of i-
PrOH no significant increase in HyO9 evolution is observed, which is in
accordance with previous findings [58].

3.3. Correlation of ORP signals with ROS concentrations

Conventionally, the oxidation-reduction potential (ORP) provides a
viable sum parameter given by a mixed potential to describe the disin-
fection efficacy of a given water sample without distinguishing the
actual ROS composition. Fig. 8 emphasizes this relationship by plotting
the measured ORP signal as a function of different concentrations for
individual ROS. Herein, an increase in O3 concentration for a range from
0.0to 1.0 mg L7 lis accompanied by a proportionate increase of the ORP
signal between approx. 250 and 700 mV and can be described by a linear
relationship. While a linear correlation between the O3 concentration
and the ORP signal can be approximated up to 1 pg L™, HyO, concen-
trations below 1 mg L~! are not reliably distinguishable.

O3 dosages as low as 0.2 mg L™ are known to provide sufficient
oxidative strength for process water sanitization and yield ORP signals
of only approx. 350 mV. However, due to the strong pH dependence of
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Fig. 8. Signal of a Pt ORP electrode as a function of the dissolved O3 (black) or
H,0, (turquiose) concentration.

the ORP value, even moderate changes in pH might be sufficient to mask
significant differences in the ROS composition. Furthermore, the pres-
ence of other species with a reducing potential interferes with the ORP
value [74,75]. Considering the presented setup, cathodically produced
hydrogen gas evolves in the same reaction vessel and can thus lower the
measured potential at a conventional Pt ORP electrode. Unless the
simultaneous occurrance of ROS and hydrogen can be prevented (e.g. by
a suitable cell design), ORP electrodes with Au surfaces may be used as
an alternative since they show a lower interaction with Hp.

Furthermore, an external calibration of sensors is often not suffi-
ciently performed in field or long-term applications, which impairs a
sensible interpretation of the ORP reading. For example, an ORP level of
350 mV may also be achieved with a H,O5 concentration level of 17 mg
L™}, which equals two orders of magnitude of higher oxidant dosage. As
shown in this study however, this constitutes no reasonable level ex-
pected for the intended application in ultrapure water production and
storage systems.



R. Grimmig et al.

A further increase in ORP signal could not be realized within the
observed concentration range by the application of additional HyO4
alone. Hence, if the ORP signal is considered as a preferred parameter for
water quality, disinfection via H2O2 would require significantly higher
oxidant concentrations. Moreover, a reliable estimation of low Hy04
concentrations by means of evaluating the ORP signal appears chal-
lenging and would not be associated with a noticeable disinfection
performance either [76].

In systems where different reactive oxygen species can react with
each other, the ORP signal is not a mere cumulative value. Fig. 9 depicts
the effect of added H,05 to an aqueous O3 solution on the measured ORP
signal.

During ozonation of ultrapure water samples, a steady disinfection
performance can be monitored by a near constant ORP signal (Fig. 9(a)).
Immediately upon HoO» addition, the potential drops for a few minutes
and stabilises at a considerably lower level after 5 to 10 min. This change
in ORP provides a signal drop AUggp, which can be attributed to O3
degradation via the fast peroxone process that is initiated when Hy05 is
added to the Oz solution [30]. While low amounts of added Hy0,
coincide with low AUggp values, signal drops of up to 620 mV can be
measured with HyO5 in broad excess (ng(H202)/ng(03) = 13.5). In these
cases a pronounced decrease in pH of up to 0.5 units is observed, while
experiments with a lower overall oxidant concentration are accompa-
nied by almost insignificant changes in pH (ApH < 0.05). In pretrials, it
was possible to rule out that this effect is caused by minor amounts of
phosphoric acid as a common stabilizing agent in HyO» solutions.
However, both these potentiometric measurements are limited with
respect to their accuracy in ultrapure water due to the extremely low
conductivity of the surrounding medium.

Since the ORP value changes with pH, comparing the effect of
different ROS compositions is only meaningful referring to equal pH
environments. As under the given experimental conditions Os consti-
tutes the main oxidant contributing to the ORP value, the Nernst
equation for its redox behavior can be employed to account for the
observed change in pH [77] and approximate a correction function for
the measured raw ORP values (Eq. (4)). While this correction is only of
minor importance in ideal ultrapure water environments, it may be of
high significance in other media.
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AUppp = AUoRp measured + 59 mVApH 4

From Fig. 9(b) it can be noted that the ORP signal drop increases with
an increasing amount of HoOy compared to the dissolved Ogs, until it
reaches a plateau as indicated by piecewise linear functions. This tran-
sition region occurs at ny(H202)/n9(0O3) ~ 2.2 for the 100 pg Lt O3
solution (grey bar) and at ng(H203)/n¢(O3) =~ 0.85 for the 50 pg Lt
solution (purple bar).

4. Conclusion

This study addresses the formation of Os, -OH and H,05 during the
operation of an electrolytic O3 generator for ultrapure water disinfec-
tion. For all reactive oxygen species, the suitability of colorimetric
detection assays based on DPD, HTA and TiOSO4 was evaluated to
quantify the respective cross-sensitivities among each other through
linear calibration functions. Thus, a stepwise approach was proposed in
order to determine the real concentration of all three ROS under
investigation and to enable a predictive assessment of ROS evolution.

Specifically, we demonstrated that elevated formation rates for dis-
solved O3 are only obtained when the applied current density exceeds
0.50 A cm 2. Conversely, the formation of ¢OH due to O3 decay shows a
direct correlation among the entire current density range under inves-
tigation. Even minor quantities of dissolved organic carbon result in the
observable generation of Hy02. By knowing the concentration of dis-
solved i-PrOH (given as the TOC level), the formation rate of H,O» can
be directly estimated based on the applied current density. However,
when the TOC level surpasses 0.50 mg L™}, no further increase in the
formation rate of HyO, occurs, remaining steady at 23 pg h™! for J =
1.00 A cm ™2,

Considering that even low concentrations of produced H,O, are
capable of strongly affecting the O3 content and eventually the ORP
reading, the underlying TOC level and composition constitute a crucial
parameter for ultrapure water ozonation. If neglected, unnecessarily
high amounts of O3 need to be produced to destroy residual organic
matter, thus, distinct attention must be paid to monitoring the feed
water quality. In consequence, this allows for future studies to focus on
the development of spatially and time-resolved analyses of ROS in ul-
trapure water storage and distribution systems. Additional research
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Fig. 9. (a) Effect of H>O, on the ORP value of two exemplary O3 solutions. (b) Effect of the no(H,02)/no(O3) ratio on the ORP signal drop for different O3 levels.
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could be directed at the disinfection of natural waters by means of
membrane electrolysis in the presence of a higher amount of dissolved
minerals accompanied by an increased abundance of DOM.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jwpe.2024.105623.
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