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This study evaluated uncertainties in the external calibration method for hydroxyl.o's oo
radical scavenging capacity (HRSC) measurement. Methylene blue was confirmed

as a suitable hydroxyl radical probe, and interferences from carbonate radical,

superoxide, and singlet oxygen were negligible. Overall, the results validate external
calibration as a robust approach for HRSC monitoring and cost-effective optimization

of advanced oxidation processes.
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Abstract

19  In most advanced oxidation processes (AOPs), hydroxyl radical (*OH) is produced to transform
20  micropollutants. However, it can also be consumed by non-target compounds including organic
21  and some inorganic matter, known as *OH scavengers. The pseudo-first order consumption rate of
22  «OH is termed as the hydroxyl radical scavenging capacity (HRSC). HRSC directly influences
23  AOP performance, which is a crucial parameter for AOP design and operation. An external
24  calibration method has been developed to measure HRSC, using methylene blue (MB) as the probe
25  compound. This method assumes that MB only reacts with *OH, but experimental investigation is
26  needed to confirm this. In this study, MB decay was monitored under reaction conditions featuring
27  high concentrations of superoxide radical, organic radical, carbonate radical, and singlet oxygen.
28  The results showed that these reactive species did not contribute to MB decay. Additionally, as

29  chloride, bromide, and chloramines may introduce new reactive species through UV photolysis or

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

30  reaction with *OH, their impacts on HRSC measurement were investigated. Our results show that

31  chloride has no impact on HRSC, while bromide at low mg/L levels significantly increases it.

Open Access Article. Published on 19 May 2026. Downloaded on 5/21/2026 7:48:41 AM.

32  Chloramines were found to significantly increase HRSC. Our findings confirm that the external

(cc)

33  calibration method is reliable for most drinking water samples due to the negligible interferences
34  from non-*OH species. For water samples containing chloramines, a protocol was developed to
35 measure background HRSC with chloramines quenched using sodium sulfite. This approach
36  assumes that the contribution of chloramines can be modeled when their concentrations are

37  accurately determined.

38 Keywords: Hydroxyl Radical, Methylene Blue, Advanced Oxidation, Chloramine, Superoxide,

39  Singlet Oxygen, Carbonate Radical.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ew00171h

Open Access Article. Published on 19 May 2026. Downloaded on 5/21/2026 7:48:41 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Environmental Science: Water Research & Technology

View Article Online
DOI: 10.1039/D6EW00171H

1. Introduction

Advanced oxidation processes (AOPs) generate the hydroxyl radical (*OH), which is a strong
oxidant reacting with numerous species in water. Although *OH is typically used to oxidize
micropollutants, it can also be scavenged by non-target compounds (e.g., natural organic matter
and bicarbonate).! This scavenging effect decreases the concentration of available *OH to destroy
the target contaminants, therefore it is useful to determine the extent of water scavenging to guide
AQP design and operation. Quantitatively, the hydroxyl radical scavenging capacity (HRSC) is
the sum of the pseudo first-order consumption rates of *OH by non-target compounds in a water
sample, which is the sum of each scavenger’s molar concentration [S;] (M) multiplied by its

second-order reaction rate constant k; (M!-s*!) in *OH reactions (Eq. 1).
HRSC = X k;[Si] (Eq. 1)

The HRSC of a water sample with known constituents and known hydroxyl reaction rates can be
calculated with Eq.1. However, the concentration and reactivity of individual *OH-consuming
constituents in most water samples are unknown, necessitating the development of an experimental
method to directly measure the HRSC. Therefore, an external calibration method was developed
for HRSC measurement, which significantly simplified the test procedure and shortened the testing

time compared to conventional methods.?

In the external calibration method, fixed amounts of methylene blue (MB) and H,0, are added to
standard solutions with known scavenging capacities. The solutions are then exposed to a fixed
UV fluence, which photolyzes H,O, to generate *OH at a constant rate. The MB decay rate in each

solution, which is inversely related to the solution’s HRSC, is monitored using a

3
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61  spectrophotometer. A calibration curve relating hydroxyl radical scavenging capacity (HRSC) to
62 MB decay rate is established from these standards. Under identical UV/H,O, conditions, MB
63  decay in samples with unknown HRSC is measured and the resulting decay rates are converted to

64  HRSC values using the calibration curve.

65  This method assumes that the colour loss due to MB decay is only attributed to the reaction
66  between hydroxyl radical and MB. However, during UV/H,0, reaction in a water sample, there
67  are reactive species generated other than *OH, such as the carbonate radical (COs™),? various
68  organic radicals,* superoxide radical (O,"),> and singlet oxygen ('0,).° If these species react with
69  MB, the resulting measurement is not representative of solely *OH scavenging, and the MB decay
70  rate would be accelerated and the measured HRSC would be falsely overestimated. Furthermore,
71 the external calibration method has not been tested in the water reuse scenario, especially for
72  reverse osmosis (RO) permeate containing chloramines. The RO permeate is expected to have low

73  HRSC due to low concentrations of total organic carbon (TOC) (<0.5 mg/L as C) and inorganic

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

74  carbon (<15 mg/L as CaCQO;),” but the permeate usually contains residual chloramines applied

Open Access Article. Published on 19 May 2026. Downloaded on 5/21/2026 7:48:41 AM.

75  upstream for membrane fouling control.® Chloramines contribute to HRSC through their reactions

(cc)

76  with *OH but they can also generate *OH due to UV photolysis. This may introduce errors to the
77  external calibration method by invalidating the constant *OH generation assumption. Additionally,
78  the impact of chloride (Cl") and bromide (Br) on HRSC measurement has not been reported.
79  Chloride and bromide have the potential to react with *OH and produce secondary or tertiary
80 reactive species such as Cl,~, CIOH", Br,~, and BrOH".® The reactivity of these halogen-

81  containing radicals toward MB and their impact on HRSC measurement remain unknown.

82  To address the uncertainties associated with the external calibration method, this study was
83  designed to (1) test the reactivity of MB towards superoxide radicals, organic radicals, carbonate

4
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radicals, and singlet oxygen under conditions featuring high concentrations of each of these
reactive species, (2) measure the HRSC of synthetic RO samples with and without quenching
chloramines, and (3) compare the impact of chloride and bromide on the *OH scavenging capacity

measurement.

2. Materials and methods

2.1 Chemicals and materials

All chemicals used in this study were ACS grade unless otherwise specified. Methylene blue
hydrate powder (92%) and hydrogen peroxide (30% w/w) were purchased from Sigma-Aldrich
and used to prepare 1 g/ MB stock solution and 10 g/ H,O, stock solution respectively.
Isopropyl alcohol, furfuryl alcohol, benzoic acid, nitrobenzene, sodium sulfite, sodium carbonate,
and sodium bisulfite were also sourced from Sigma-Aldrich. Acetone (NF FCC grade), phenol,
methanol (HPLC grade), ethanol and acetic acid were purchased from Fisher Scientific.
Acetonitrile was purchased from VWR Chemicals BDH. Humic acid derived from the Suwannee

River was obtained from the International Humic Substances Society.

A synthetic water matrix was prepared by diluting Winnipeg’s tap water 15-fold with Milli-Q
water, resulting in a final TOC < 0.3 mg-C/L and pH close to neutral. The free chlorine
concentration was always negligible before tests. This matrix was used for all test conditions
except the bromide and chloride effect tests, for which tap water was used directly (TOC: 4.3 mg-
C/L, CI":~5 mg/L, Br:<0.05 mg/L, residual free chlorine: negligible before tests as it was quenched
by H,0,), and the singlet oxygen effect tests, for which Milli-Q water was used. When needed, pH
was adjusted using HCI or NaOH solutions. To avoid buffer interference with HRSC

measurements, no buffer was used for pH adjustment. The solution pH remained stable for several

Page 6 of 29
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106  minutes, sufficient to complete the HRSC measurement. The pH was monitored before and after
107  the HRSC measurement to confirm its short-term stability, remaining within +0.2 units. The
108  primary reason for preparing the synthetic water using diluted Winnipeg water was to simulate the
109 TOC level in the RO permeate for studying the effect of chloramines on HRSC measurement,

110  although it was also used in most of the other experiments.

111 2.2 Generation of non-*OH species

112  2.2.1 Carbonate radical (CO;™)

113  To produce carbonate radical (CO5™~), 20 mM of sodium carbonate (2.2 g/L) was added to the 40
114  mL synthetic water sample in the presence of 1.47 mM (50 mg/L) hydrogen peroxide and 5 uM
115  MB, resulting in a pH of 10.8-11.0. The HRSC of carbonate at this pH would be around 6.2 x 10°
116 s (at an average pH of 10.9, approximately 80% of the added inorganic carbon is present as

117  carbonate, and the product of carbonate concentration and the rate constant k£ = 3.9x108 M-1s-110 ig

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

118 6.2 x 10° s7!, neglecting the contribution from bicarbonate), more than 50 times higher than the

Open Access Article. Published on 19 May 2026. Downloaded on 5/21/2026 7:48:41 AM.

119  combined HRSC caused by the TOC, the spiked MB, and the H,O,, which was approximately 1.0

(cc)

120  x 105 s! as estimated based on their concentrations and reactivities toward *OH. Being exposed to
121 UV light generated using a collimated beam system (Fig. S1), almost all the generated hydroxyl
122  radicals were converted into CO5™ resulting in a high concentration of CO;™ and a very low amount
123  of hydroxyl radicals. Under this condition, if the decay rate of methylene blue was negligible, it

124  would indicate the negligible contribution of carbonate radicals to methylene blue degradation.

125  2.2.2 Organic radicals

126  Similarly, methylene blue decay was monitored under conditions when organic radicals were the

127  dominant reactive species in synthetic water samples. Such conditions were achieved by applying

6
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organic compounds at concentrations high enough to convert almost all the hydroxyl radicals into
organic radicals. The organic compounds tested in this study ranged from simple structure
molecules (e.g., ethanol) to complex molecules (e.g., humic acids) with different functional groups
(e.g., hydroxyl, carboxylate, and nitrile) and reactivities to investigate various organic radicals
which might be present in UV/H,0, process, including carbon centered radicals such as methyl
radicals, oxygen-centered radicals such as alkoxy radicals, and others. The tested organic
compounds and their concentrations are listed in Table 1, along with their contribution to HRSC.
As shown in Table 1, the spiked organic matter exhibited sufficient HRSC to consume nearly all
of the hydroxyl radicals and generate various organic radicals. Each compound’s impact on MB
decay was evaluated individually in the presence of 50 mg/L H,O, and 5 uM methylene blue (MB).
Furthermore, a solution of 150 mg-C/L (approximately 13 mM as C) humic acid from Suwannee

River from the International Humic Substances Society was prepared to be tested as a

Page 8 of 29

representation of natural organic matter (NOM).
Table 1: Expected HRSC caused by tested organic species
Hydroxyl Rate Constant Molar Concentration  Expected
Organic Compound (M-1s™h (M) HRSC (s1)
Isopropyl alcohol (IPA) 1.9x10° 1 0.65 1.9 x 10°
Methanol 9.0 x 103 11 0.70 6.8 x 103
Phenol 6.0 x 10° 11 0.11 6.5 x 103
Acetate 8.5x 107 12 0.10 6.8 x 107
Acetonitrile 2.0 x 1071 0.25 1.1 x 107
Ethanol 1.9 x10% 1 0.01 2.0 x 107
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Acetone 1.0 x 108 11 0.27 2.9 x 107

Humic acid 3.0 x 10813 ~0.013 (as C) 4.0 x 10°

2.2.3 Superoxide radical (O;™).

Another common radical in UV/H,0, is superoxide (O,™). Hydrogen peroxide is a generator of
*OH under UV exposure, and at the same time, it also consumes *OH as described in Egs. 2 and 3.
When the HRSC caused by hydrogen peroxide is higher than any other species in the water matrix,
*OH is mainly consumed by H,0, and generates superoxide radical. This means that at high

concentrations of hydrogen peroxide, superoxide radical can be dominant.
OH + H,0, - HO,- + H,0 k=2.7x10"M-lg! 10 (Eq. 2)
HO,: &0, + HF pK,=4.7 (Eq. 3)

To investigate the contribution of superoxide radicals towards MB decay, benzoic acid (BA) and
nitrobenzene (NB), along with MB, were applied to synthetic water as *OH probe compounds.
While NB and BA are reported to be reactive towards hydroxyl radicals, they have no reactivity
towards superoxide radicals.'* The degradations of BA, NB, and MB, all with an initial
concentration of 5 uM, were monitored at different H,O, concentrations under UV as described
below. The first-order decay rates of MB, BA, and NB were calculated as k’yg, k’ga, and k’ng. If
the ratio of kyp/kga or kyvp/kng Was constant at different concentrations of hydrogen peroxide, it
means that hydroxyl radical is the only contributor to MB decay as shown in Eq. 4 (using BA as

an example).

k;V[B — kMB['OH]SS _ kMB (Eq 4)
kga  kpa[-OH]ss kpa .
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where, ["OH];; is the steady-state concentration of hydroxyl radical, kyg and kga are the second-

order rate constants for oxidation reactions by ‘OH. However, if O,"~ contributes to MB decay,

K} K, . . . S
=& (or =2) will depend on the hydrogen peroxide concentration, indicating that O, contribution

’ !
kBA kNB

is not negligible. In another words, if superoxide significantly reacts with MB, then tﬂ will

7

BA
increase with the increase in the H,O, concentration, as shown in Eq. 5 (using BA as an example):

kg _ Kme['OHlss+Kkyvp 05102 ]ss
2MB _ Eq.
kpa[-OH]ss ( d 5)

’
kBA

where, [05 |ss is the steady-state concentration of superoxide radical which increases with the
H,0, concentration, and Kmp/o;- is the second-order rate constant for reaction between MB and
O,"". Therefore, by using a wide range of H,O, concentrations (from 10 mg/L to 2,000 mg/L),
different concentrations of O,"~ can be generated, at which the degradation of MB, BA, and NB

were monitored.

2.2.4 Singlet oxygen (10;,)

To generate singlet oxygen, hydrogen peroxide and sodium hypochlorite were added to Milli-Q
water to produce singlet oxygen (Eq 6),"> and the Milli-Q water matrix was used to minimize

background consumption of '0,.

OCIl- + H202 — Hzo +ClI-+ 102 ( Eq 6)

To confirm the presence of singlet oxygen at sufficient concentrations for micropollutant
degradation, furfuryl alcohol (FFA), a known probe for singlet oxygen, was used.!® Experiments
were conducted by adding hydrogen peroxide and sodium hypochlorite at a 1:1 molar ratio to a
solution containing approximately 5 uM FFA. The decay of FFA was monitored to confirm the

generation of !0,. Reaction conditions were varied with OC1- and H,O, concentrations of 1, 2, and

9
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182 3 mM at room temperature. Reactions were carried out in batch glass reactors containing 100 mL
183  of deionized water, equipped with a magnetic stirrer. The duration of each treatment was 5 min,

184  and samples were collected immediately after that for FFA analysis as described later.

185 2.3 Investigating chloride and bromide impact

186  To investigate the effect of chloride on HRSC, sodium chloride (NaCl) was added to the tap water
187  samples to create concentration ranges from 0 mg/L to 200 mg/L as CI-. Similarly, the effect of
188  bromide was tested on HRSC measurement by adding potassium bromide (KBr) to create different
189  concentrations of Br from 0 mg/L to 2 mg/L. The HRSC of each sample was measured and

190  compared with the scavenging capacity of the water matrix before the halide ion additions.

191 2.4 Impact of chloramines

192 The impact of chloramines on HRSC measurement was investigated by adding different

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

193  concentrations of chloramines (0 to 12 mg/L as Cl,) to the synthetic water with pH adjusted to 5.5

194  using HCI solution (i.e. simulated RO). The samples were then subjected to HRSC analysis using

Open Access Article. Published on 19 May 2026. Downloaded on 5/21/2026 7:48:41 AM.

195  the same method as described above. We then explored methods to quench chloramines prior to

(cc)

196  HRSC measurement, using sulfite and bisulfite as quenching agents. This was done to determine
197  whether the quenching process could restore the HRSC to baseline values observed before
198  chloramine addition. The quenching process is usually necessary when water samples are shipped
199  to off-site laboratories for baseline HRSC analysis. Additional details on chloramine quenching

200 are provided in SI and Fig. S2.

201 2.5 Analytical methods

10
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pH was measured using an Orion Star A211 benchtop pH meter (Thermo Scientific, Waltham,
Massachusetts, USA), and TOC was analyzed using a TOC-Lcpy/cpny analyzer (Shimadzu
Corporation, Kyoto, Japan). The decay of methylene blue was monitored using a VWR V-1200
spectrophotometer (Radnor, Pennsylvania, USA) at MB’s signature wavelength of 664 nm. The
pseudo-first-order decay rate of MB was calculated based on the change in absorbance (A) over
time. H,O, concentrations were determined using the triiodide method, which is based on a
reaction between H,O, and potassium iodide (KI) in the presence of ammonium molybdate as a
catalyst in a buffered solution.!” The DPD colorimetric method was used to measure free and total
chlorine in water samples.!® Concentrations of nitrobenzene, benzoic acid and furfuryl alcohol
were determined using an Alliance High-performance liquid chromatography (HPLC)-UV system
equipped with a 2998 photodiode array (PDA) UV detector (Waters Corporation, Milford,
Massachusetts, USA). A Symmetry® C,g reversed-phase column (3.5 um particle size, 4.6 % 150
mm; Waters Corporation, Milford, Massachusetts, USA) was used for separation. The mobile
phase comprised A (methanol) and B (10% methanol in water, pH 4 adjusted using phosphoric
acid). Gradient elution ran from 30%A/70%B to 70%A/30%B and returned to 30%A/70%B. The

peaks associated with the compounds were monitored at 230 nm.

Statistical analysis was performed to investigate the significance of differences in MB decay rates
between direct photolysis and conditions in the presence of other radicals. The degradation rate of
MB (k) under each condition was determined from the slope of the corresponding decay curve.
Statistical comparisons of the k values were performed between each experimental condition and
the control condition (i.e. MB direct photolysis). A two-tailed unpaired Student’s t-test with
unequal variances was applied using Microsoft Excel. Differences were considered statistically

significant at p < 0.05.

11
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225 3. Results and discussion

226 3.1 Reactivities of non-*OH species with MB

227  The potential interference of carbonate radicals, organic radicals, superoxide radicals, and singlet
228  oxygen was evaluated to determine their contributions to MB decay. As detailed in the following

229  sections, none of the tested radicals exhibited any reaction with MB.

230 3.1.1 Carbonate radicals

231  Fig. 1 shows that the decay of MB in the presence of high concentrations of carbonate radical—
232  generated by quenching hydroxyl radicals with excess carbonate—is identical to that observed
233  during MB direct photolysis (i.c., no radical formation), as confirmed by the statistical analysis in
234  Table S1. For comparison, the figure also includes the MB decay profile under typical UV/H,0,
235  conditions without elevated carbonate levels, which displays a substantially faster decay rate. This

236  shows negligible contribution of carbonate radicals to the MB decay rate under the conditions

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

237  relevant to HRSC measurement (e.g., few minutes’ reaction time, tens of mg/L of H,O, under a

Open Access Article. Published on 19 May 2026. Downloaded on 5/21/2026 7:48:41 AM.

238  low-pressure mercury UV lamp). Notably, MB decay remained negligible when the H,O,

(cc)

239  concentration was increased tenfold to 14.7 mM (500 mg/L), a condition expected to generate
240  much higher concentrations of carbonate radicals in the presence of excess carbonate. This can be
241  explained by the selective nature of CO3"~ as an oxidant, targeting mainly electron-rich species
242  such as those with containing N-heterocycles, reductive sulfur species, phenols, and anilines.!®
243  Although kco,.-, the second order rate constants for carbonate radical reactions, as high as 103-10°
244  M-'s! have been reported for some anilines (e.g. N-ethyl-aniline), MB is expected to exhibit much
245  lower rate constants because the lone pair on its nitrogen is delocalized over an extended aromatic

246  m-system, leaving no localized electron-rich moieties available for rapid electron transfer to CO3"".
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However, a detailed mechanistic study is needed to explain the low reactivity, if any, between MB

and carbonate radical.

Time (min)
01 b
~ -03
<
2 i
=
— -05

e Condition 1 : 5 yM MB and 20 mM Carbonate, pH=11+0.05

0.7 ¢ Condition 2: 1.47 mM H,0,, 5 yM MB and 20 mM Carbonate, pH=11+0.05
® Condition 3: 14.7 mM H,0,, 5 yM MB and 20 mM Carbonate, pH=11+0.05
A Condition 4: 1.47 mM H,0, and 5 yM MB, pH=7%0.1

-0.9

Fig. 1 Absorbance decrease in the 5 uM MB at 664 nm under direct photolysis (Condition 1), in

the presence of carbonate radical (Conditions 2 and 3) and hydroxyl radical (Condition 4). Tests

were conducted in synthetic water with initial TOC<0.3 mg-C/L at room temperature. All Tests
were in triplicate, and error bars show the standard deviation.

3.1.2 Organic radicals

Fig. 2 shows the decay of MB under UV/H,0,; in the presence of various organic radicals,
compared with MB decay during direct photolysis (i.e., no H,O, and no spiked organic scavengers)
and with UV/H,0, treatment conducted without adding excessive organic scavengers. Under all
conditions involving organic radicals, the MB decay rate was the same as or very close to its decay
rate under direct photolysis (see Table S2 for statistical analysis results), significantly lower than
MB decay in the presence of *OH when no organic compound was spiked (see the line with the

13
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262  steep slope in Fig. 2). This indicates that the organic radicals generated from the reaction between
263  hydroxyl radical and various organic compounds exhibited no measurable reactivity toward MB,
264  confirming that the tested organic radicals do not interfere with in HRSC measurements when MB
265  isused as the probe compound. This is not surprising, as most organic radicals—such as alkyl and
266  alkoxyl radicals—have much lower redox potentials than hydroxyl radicals. Most organic radicals
267  tend to react with oxygen to form less reactive peroxyl radicals or decompose into smaller organic

268  species through self-decay or bimolecular reactions, rather than oxidizing MB.?°

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Time (min)
0 1 2 3 4 5 6 7
% ey X T
-01 ¢

> m 1) Direct Photolys.i.é"&....“

% +2) 650 mM IPA

= A 3) 700 mM Methanol

- 03 [*#H13mM Pherilol | g

05) 100 mM Acetic Acid
06) 250 mM Acetonitrile
<©7) 10 mM Ethanol
E x 8) ~13 mM Humica Acid (as C) 4}
A 9) No Organic Compound

269 0.5
270 Fig. 2 Absorbance decrease in the 5 uM MB at 664 nm in the presence of various organic
271 radicals. [H,O,]p = 1.47 mM except for direct photolysis, and pH = 7 £ 0.2. Tests were
272 conducted in synthetic water with initial TOC<0.3 mg-C/L at room temperature. All Tests were
273 in triplicate, and error bars show the standard deviation. The parent compounds for the organic
274 radicals are shown in the legend.
275

276  3.1.3 Superoxide radical
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The decay of MB, BA, and NB was monitored under UV/H,0, at different H,O, doses, and their
first-order rate constants were calculated and compared (Fig. 3). Specifically, the ratios of the MB
decay rate (k’yg) over NB decay rate (k’ng) at different H,O, concentrations (i.e., different
superoxide concentrations) are plotted, along with the ratios of MB decay rate over BA decay rate
(k’ga). Fig. 3 shows that the two ratios remained consistent across a wide range of hydrogen
peroxide concentrations (from 10 to 2,000 mg/L). This indicates that the superoxide radical does
not react with MB at a detectable rate and thus does not interfere with HRSC measurements. This
is consistent with many previous studies showing superoxide radical as a weak oxidant with

negligible contributions in AOPs.>- 2!

3.5
3.0 +': . . o
gz25p
<
o
» 2.0 A $ . s
~ 15 F
m
=
- 10 F
0.5 |~ Theoritical k' g/ K g  © Experimental K'yg)/ K ga)
O'O ——-Theorltllcal k' (MB)/k'I(NB) " Experimental k'(MB)/k'(NB)

0 500 1000 1500 2000 2500
H,O, concentration (mg/L)

Fig. 3 Ratios of methylene blue (MB) decay rate to benzoic acid (BA) and nitrobenzene (NB)
decay rate under UV exposure at different H,O, doses. All tests were conducted in synthetic
water at the room temperature. pH =7 = 0.2; [MB], = [NB], = [BA]o = 5 uM. The theoretical k'
(MB) / k' (Probe), excluding contribution from superoxide radical, was calculated using rate
constants reported for -OH with MB (1.0 x 1019 M-!s'1) 22, NB (3.9 x 10° M-'s'!) I and BA (4.3 x
10° M-1s-1) 1 respectively. The error bars indicate the maximum and minimum values from
duplicate tests.

15


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ew00171h

Page 17 of 29 Environmental Science: Water Research & Technology

View Article Online
DOI: 10.1039/D6EW00171H

295  3.1.4 Singlet oxygen

296  Fig. 4 illustrates the degradation of furfuryl alcohol (FFA) after adding free chlorine and hydrogen
297  peroxide at various equimolar concentrations. When 1 mM of free chlorine and 1 mM of hydrogen
298  peroxide were added, the concentration of FFA decreased from 0.49 uM to 0.34 uM, accounting
299  for 31% removal. This removal was increased to 55% when the concentrations of chlorine and
300 peroxide were tripled. As FFA is a commonly used probe for singlet oxygen, the results confirmed
301  the effective generation of singlet oxygen through the reaction between chlorine and peroxide.?3
302  Fig. 4 also shows the decay of MB in the presence of singlet oxygen under the same conditions,
303  except that FFA was replaced with MB. The negligible change in MB concentration before and
304  after singlet oxygen generation, as indicted by the absorbance at 664 nm, confirms that singlet
305 oxygen does not contribute to MB degradation fast enough even in the efficient singlet oxygen

306  generating system (i.e., the classical chlorine-peroxide mixture). Considering that singlet oxygen

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

307  generation in the UV/H,0, system occurs via secondary reactions and is less efficient than in the

308 NaOCI/H,0, system, we further postulate that singlet oxygen’s contribution to MB decay in the
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05 %

03

o FFA

FFA or MB (uM)

0.1 F
= MB

00 1 1 1
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[NaOCl], = [H,0,], (mM)

Fig. 4 Degradation of furfuryl alcohol (FFA) and methylene blue (MB) in Milli-Q water after
addition of NaOCl and H,0O, with 1:1 molar ratio to generate singlet oxygen at room temperature
and pH = 7.440.1. The error bars indicate the maximum and minimum values from duplicate
tests.

3.2 Effect of chloride and bromide on *OH scavenging capacity measurement

The addition of chloride to tap water samples at doses up to 200 mg/L had no significant impact
on scavenging capacity, which remained close to that before chloride spiking (Fig. 5a). This is
consistent with previous findings that chloride has limited impact on the UV/H,O, process.?*
Although chloride reacts fast with hydroxyl radical (Eq. 7), the reverse reaction is also fast at pH
levels relevant to water treatment (Eq. 8), generating the *OH back through instant disintegration
of the product from Eq. 7. The net result is the negligible HRSC from chloride.?>> 26 The
contribution of chlorine radical is not relevant here. Once CIOH*" is formed, further generation of
chlorine radicals requires its protonation to form CIOH;e. This intermediate can then lose H,O to

produce Cls. However, this pathway requires a pH below 4.7

«OH + CI~ - CIOH"~ k=43 x 10°M-s! 26 (Eq. 7)
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327 CIOH"™ - «OH + CI™ k=6.1x10%s! 26 (Eq. 8)

328  Different concentrations of bromide were added to tap water samples to investigate its effect on
329  measuring HRSC. The results showed a significant influence of bromide at mg/L levels on HRSC
330  of water samples (Fig. 5b), with 5.4x10* s' HRSC increase for each mg/L Br- concentration
331  increase. By Eq.l with bromide’s reaction rate constant with *OH of 1.1x10!* M-l s-1.25 the
332  theoretical HRSC of 1 mg/L of bromide was calculated to be 1.4x10° s, which is higher than the
333  experimentally observed value of 5.4x10% s!. This can be attributed to reversible reaction shown
334 in Eq. 9, in which BrOHe" rapidly dissociates to regenerate *OH. Meanwhile, BrOHe™ can react
335  with Br™ to form Bry*™ (Eq. 10) or go through proton-assisted dissociation (Eq. 11) to generate
336  Bre", followed by conversion into Brye~ through Eq. 12. Both Bre™ and Br,*™ are highly selective
337  radicals that primarily react with electron-rich species.?® Therefore, converting hydroxyl radicals
338 into less reactive bromine radicals increases HRSC and compromises AOP performance, as

339  reported by Zhang and Parker.?® Although in most natural water bromide concentrations do not

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

340 exceed 0.5 mg/L,’® some surface waters in Israel and Australia were reported to have
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341  concentrations up to 2-4 mg/L,3!:32 making bromide a major *OH scavenger.
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Fig. 5 HRSC of tap water in the presence of a) chloride and b) bromide (TOC = 4.3 mg-C/L, pH
=7.1) at room temperature. The error bars indicate the maximum and minimum values from
duplicate tests.

HO- + Br 2 BrOH~ kg, = 1.1 x 1010 M1 s°1, ko = 3.3 x 107 571 25 (Eq. 9)

BrOH- + Br 2 Br,” + OH" kg= 1.9 x 108 M 571, Koy = 2.7x106 ML g1 33 (Eq. 10)
BrOH- + H* 2 Br- + HyO kg, = 4.4 x 1010 M1 §71, Kooy = 1.4 x107 M1 g1 34 (Eq. 11)
Br- + Br = Br,- Keor= 1.0 x 101 M1 s ke, = 1.0 x 103 1 34 (Eq. 12)

Another potential interference of bromide on HRSC measurement is the catalytic decay of H,0,

by bromide.® If H,O, decay is significantly accelerated by the presence of bromide, the
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353  assumption of constant *OH production in the external calibration method would be invalid. Under
354  our test conditions, we found that such a catalytical effect on H,O, decay is negligible as shown
355 in Fig. S3, which shows similar decay rates of H,O, with and without bromine over the six

356 minutes’ test time.

357 3.3 Effect of chloramines on the scavenging capacity measurement

358 HRSC measurement is complicated by the presence of chloramines in water samples, such as RO
359  permeates in water reuse where residuals of chloramines added upstream for membrane fouling
360 control is present. Although the scavenging capacity of chloramines can be combined with the
361 intrinsic scavenging capacity of the original water samples and measured as a single total value,
362 the interpretation of this total may be confounded by the additional *OH generated through
363  chloramine photolysis. This extra radical production violates the key assumption of the external

364  calibration method—the hydroxyl radical generation rate remains constant. Fig. 6 demonstrates

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

365 the effect of chloramines on the HRSC in simulated RO which has an initial HRSC of 1.1 x 10* s
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366 ! By adding chloramines at 2-4 mg-Cl,/L, which were a mixture of monochloramine and

(cc)

367  dichloramine (Fig. S4), to the water matrix, the scavenging capacity increased to about 4 to 8x104
368  s'. When the chloramine concentration exceeded 5 mg-Cl,/L, the HRSC showed a diminishing
369 increase, probably because of the generation of *OH by chloramine photolysis which compensates
370  for the consumption of *OH. Therefore, the true scavenging capacity caused by chloramines,
371 which, by definition, is only determined by the chloramines’ concentrations and reactivities toward
372  hydroxyl radical, should be higher than that measured by the external calibration method (Fig. 6).
373  Another challenge in measuring the HRSC of chloramine-containing water is the instability of

374  chloramines. Their concentration and speciation can change during UV-AOPs, sample shipping,
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and storage, which leads to uncertainties of experimentally measured HRSCs and their relevance
to process optimization. Therefore, it is advisable to quench chloramines prior to HRSC
measurement so that the measured HRSC represents the background value (HRSCy). The HRSC
by chloramines (HRSC,) can then be calculated or modelled from their concentrations and
corresponding rate constants. The total HRSC (HRSC,) is thus the sum of HRSC, and HRSC, (Eq.

13).

HRSC,_HRSC, ; HRSC, (Eq. 13)

Therefore, common chloramine quenching agents, sulfite/bisulfite, were tested for their suitability
for such purpose. As shown in Fig. 6, when sulfite was added to water samples to
stoichiometrically quench chloramines at a sulfite/Cl molar ratio of 1:1, the HRSC of the water
samples was restored to approximately (1.3+0.2) x 10* s*!, which is close to its level before adding
chloramines ((1.1+0.2) x 10* s'!). This indicates that sulfite is an effective chloramine quenching
agent without changing the original HRSC of the water samples. This is because the products of
the quenching reaction, ammonium and chloride, have negligible HRSC under these conditions

due to their low concentrations and low reactivity towards *OH.25 36
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Fig. 6 HRSC before and after quenching chloramine using sodium sulfite in simulated RO at
room temperature (TOC < 0.3 mg-C/L; initial pH was 5.5, and after chloramine quenching, it
increased to 5.8-5.9). The error bars indicate the maximum and minimum values from duplicate
tests.

Sodium bisulfite is as effective as sodium sulfite in quenching chloramines and restoring the HRSC
to the levels before the addition of chloramine, as seen in Fig. S5. However, sodium sulfite is
preferred over sodium bisulfite, because sodium bisulfite decreases the water pH, for example,
from an initial pH of 5.5 to 3.8 at a dose of 5.8 mg/L of NaHSOj;. This unusually low pH may alter
the molecular structure of MB and even its reactivity toward *OH, as implied by the slightly higher
MB absorbance at pH 2—4 compared with near-neutral pH (Fig. S6). It is possible that such a low
pH may invalidate the calibration curve, although further research is needed to investigate this.
MB has a reported pKa of ~3.8,37 and near this pH protonation can alter its molecular structure

and, consequently, its optical properties. Thus, changes in MB’s optical response are expected

primarily under acidic conditions, with minimal effects at higher pH.

Precise quenching of chloramines can be challenging, particularly during on-site sample
collection. In such cases, excess sulfite is often preferred and sometimes unavoidable. Provided
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that the excess sulfite is counter-quenched by H,O, prior to HRSC analysis, which may take half
an hour or longer depending on concentrations and pH,?® the sample’s HRSC can be restored to its
background values and measured with high reliability. However, the long-term (e.g., days or
weeks) effect of excess sulfite on samples’ HRSC during sample shipping and storage has not been

investigated.

4. Conclusion

This study investigated potential interferences in the external calibration method for measuring
HRSC of water samples. Our results indicated that carbonate radical, superoxide radical, organic
radicals and singlet oxygen exhibited no detectable reactions towards MB within the typical HRSC
measurement time, confirming that the decay of MB is solely attributable to its reaction with
hydroxyl radicals and validating its suitability as a *OH probe. Chloride showed no effect on HRSC
at concentrations up to 200 mg/L, whereas bromide at mg/L levels significantly increased HRSC.
Chloramines, an oxidant commonly present in RO permeate prior to UV-AOP treatment, can
contribute substantially to the measured HRSC. However, experimentally quantifying their
contribution is challenging because chloramines also generate hydroxyl radicals under UV
irradiation, and their concentration is typically unstable in UV AOPs and during shipping and
storage, making measurement inaccurate. Therefore, we recommend quenching chloramines
stoichiometrically with sulfite. HRSC contribution by chloramines can then be calculated based
on chloramine concentrations and the corresponding hydroxyl-radical reaction rate constants.
Overall, this work supports the robust application of the external calibration method in most
drinking water systems and helps reduce uncertainty in measuring HRSC and optimizing UV-AOP

operation. The feasibility of this method in other water matrices, such as wastewater with extreme
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pH or ionic strength levels, high metal concentrations, and high particle concentration, warrants

further investigation.
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