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ABSTRACT: Accurate and cost-effective methods for the analysis of oxychlorine g gimpre »
compounds in water are critical to modern chlorine-based water treatment. With H -
alternatives to elemental chlorine and hypochlorite bleaches growing in popularity, & Cost-effective -

simple quantification methods for the disinfectant chlorine dioxide (ClO,) in water, as /\.
well as chlorite (ClO,") and chlorate (ClO;"), which are commonly used precursors in

ClO, generation, are required. However, currently, regulated standard methods require  ¢jo, quantification using thiourea dioxide!
specialized equipment and do not effectively discriminate between molecular and ionic

species. In this contribution, we present a simple titration-based method for chlorite determination in water using commercially
available and easy-to-handle reagents. Specifically, chlorite is reduced with a slight excess of thioureadioxide (TUD). The remaining
reductant is then back-titrated against a known amount of potassium permanganate, affording calculatable chlorite concentrations
through measured consumption of a reductant and a clear visual endpoint upon accumulation of excess KMnO,. Straightforward
methods for chlorite standardization with reasonable error and accuracy for field and/or lab application have the potential to greatly

& Trackable by eye

enhance quality assurance and therefore assist in resource deployment in water treatment.

B INTRODUCTION

Water-borne disease and contamination are serious global
problems, with both urban' and remote communities at risk.”
While elemental chlorine (Cl,) and hypochlorite (ClO™)
bleaches are routinely employed in large-scale sanitation
systems due to their bactericidal efficacy and simplicity of
use, the use of alternative chlorine-based disinfectants is
growing in popularity in a number of sectors, including food,
water treatment, and air quality.’” Chlorine dioxide (ClO,),
for example, has been used to control off-tastes, odors, and
colors in drinking water.'” ClO, is a particularly attractive
disinfectant compared with Cl,, as ClO, produces minimal
carcinogenic halogenated organic byproducts,'”'* and func-
tions as a stronger bactericide over a wide pH range (due to
higher oxidation capacity) with high water solubility."” In
drinking water, ClO, presents operational advantages with cost
levels comparable to ultraviolet (UV) disinfection and standard
chlorination.

As the storage of ClO, is impractical and hazardous,
production is typically carried out on-site through the
oxidation of sodium chlorite (NaClO,). ClO, generators
often rely on specific feed ratios of hydrochloric acid (HCI)
and NaClO, solutions. US Environmental Protection Agency
(EPA) approved chlorite standardization methods include
iodometric titrations, ion chromatography, and commercial
analyzers.'*  Spectrophotometric methods have also been
reported,'> based on the absorbance of chlorite in the
ultraviolet region of the electromagnetic spectrum.'® In
resource-limited settings, accurate, quick, and cost-effective
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methods for verifying solution concentrations of CIO,” can
enable simple pump adjustments to maintain effective water
decontamination'” without costly additional equipment."
Here, a robust titration method capable of quickly and
accurately determining the concentration of ClO,™ in aqueous
solution is presented, accompanied by an investigation into the
relevant redox reactions involved.

B MATERIALS AND METHODS

Potassium permanganate (>99%, Fisher Scientific), thiourea
dioxide, also known as formamidine sulfinic acid (TUD, 99%
Aldrich), oxalic acid (Univar, 99.6%), and sodium chlorite
(NaClO,, 80% w/w, Oxychem) were used as-received unless
otherwise noted. Sodium oxalate (>99%, ].T. Baker) was dried
at 120 °C for a minimum of 5 h prior to use. Unless otherwise
noted, all aqueous solutions were prepared using distilled water
supplied by Osorno Enterprises Inc. Unless otherwise noted,
Class A volumetric glassware (Fisher Scientific) was used for
titrations and solution preparation. One-dimensional (1D)
NMR spectra were recorded on a Bruker Avance 400 MHz or
a Bruker Avance — III 500 MHz spectrometer. Ultraviolet—
visible (UV—vis) spectroscopy was performed on a Thermo

Received: July 27, 2023
Accepted: September 21, 2023
Published: October 13, 2023

https://doi.org/10.1021/acsomega.3c05490
ACS Omega 2023, 8, 39616—39624


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dion+B.+Nemez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Casey+Lewis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Trokajlo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuming+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dov+Goldman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irena+Motnenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+E.+Herbert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+E.+Herbert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c05490&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05490?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05490?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05490?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05490?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05490?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/42?ref=pdf
https://pubs.acs.org/toc/acsodf/8/42?ref=pdf
https://pubs.acs.org/toc/acsodf/8/42?ref=pdf
https://pubs.acs.org/toc/acsodf/8/42?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c05490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

Scientific Genesys 10S UV—Vis spectrophotometer. Chro-
noamperometric analysis was carried out using a Palintest
ChlordioX Plus using chlorine dioxide and chlorite sensors.
Ion chromatography was performed by Element (7217 Roper
Road NW, Edmonton, Alberta, T6B 3J4, Canada). Iodometric
titrations were performed as described in the Oxychem
Sodium Chlorite Handbook.'® The theoretical limit of
detection (LOD) for the colorimetric titration method
described herein is approximately 7.5 ppm. The actual value
is dependent on the concentration of the prepared titrant as
well as the quality of the glassware used. A low-concentration
titrant will result in a lower LOD. When titrated spectrophoto-
metrically, the LOD will be determined by the instrument
used.

Preparation of KMnO, Stock Solutions for Titration.
To prepare ~0.020 M solutions, KMnO, (6.953 g, 44.00
mmol) was dissolved in ~2 L of distilled water. The solution
was heated to 80 °C and stirred for 1 h. The solution was
removed from the heat source and left to stand for 3 days and
then filtered through an ‘F’ porosity filter, leaving the last 50
mL of solution (containing most of the precipitated MnO,)
behind. Standardization via repeated titrations (4X) with
sodium oxalate in 5% (v/v) H,SO, or oxalic acid was
performed to determine the final concentration.

Preparation of TUD Stock Solutions for Titration.
Targeting 0.055 M solutions, a 1 L solution of 2.5 M H,SO, in
distilled water was prepared in a light-filtering glass container.
The solution was cooled in an ice bath. Solid TUD (5.9466 g,
55.000 mmol) was then slowly added and swirled to dissolve.
The solution was then standardized via repeated titrations
(4X) against KMnO, in an oil bath held at 60 °C.

Method of NaClO, Solution Preparation for Titration.
At higher concentrations of NaClO,, the assumption of py o =

1 g/mL does not hold due to the addition of salt mass and is
also affected by the concentration-dependent ionic strength of
the solution. Solutions were prepared on a weight-percent (wt
%, or w/w) basis. A mass of NaClO, was weighed into a 20 mL
vial. Water was then added to the vial until the desired total
mass was reached. The vial was swirled vigorously until the
solution appeared homogeneous. Calculations to determine
NaClO, concentration in solutions prepared through this
method are described in Supporting Information: Sample
Calculation 1. Conversion between per-weight and per-volume
concentrations was done using an experimentally determined
calibration curve (Supporting Information: Figure S1),
generated by determining the density of several solutions
prepared on a per-weight basis as described above.

General Titration Procedure. A known volume of a
standardized solution of TUD was added to a 250 mL
Erlenmeyer flask containing a stir bar and kept in a bath held at
60 °C for the duration of the titration. 25.0 mL of 2.5 M
H,SO, was added to the flask. The volumetric flask used to
measure the TUD solution was rinsed multiple times into the
Erlenmeyer to ensure that the entirety of the TUD solution
was transferred. The flask was left to stir for 1 min to allow the
temperature of the solution to equilibrate. A known volume of
a NaClO, solution was then added to the warm TUD solution.
The resulting mixture was left to stir for 2 min to ensure all of
the NaClO, was consumed by the TUD present. The
remaining TUD was then titrated against standardized
KMnO,. The endpoint of the titration was identifiable by
the persistence of a pink color associated with excess

permanganate. The rate of addition was controlled to ensure
that the solution remained at 60 °C.

Example Titration of 25 wt % NaClO, (Table 2). The
procedure for preparing a titration-ready NaClO, solution was
as noted above, using NaClO, (3.18370 g, 28.161 mmol); the
final mass of water and NaClO, = 10.09341 g; the solution was
diluted by transferring 1.000(6) mL into a 10.00(2) mL
volumetric flask via a volumetric pipet to make a titration-ready
solution. 1.000(6) mL of this titration-ready solution was used
for titration. The procedure for quenching and back-titration
was as noted above, using 25.00(4) mL of a standardized
0.0554(2) M TUD solution and a standardized solution of
0.0201(5) M KMnO,. Titration results (repeated twice):
titration 1: AV = 24.69 mL (2.32 X 10° mg/L); titration 2: AV
=24.40 mL (2.43 X 10° mg/L). Chronoamperometric analysis
(repeated twice): using appropriate analytical techniques and
glassware, the 25 wt % NaClO, solution was diluted by a factor
of 10,000. CIO,~ was then measured using the instrumental
protocol."” Chronoamperometric analysis 1: ClO,” = 15.8 mg/
L (NaClO, = 2.113 X 10° mg/L); chronoamperometric
analysis 2:16.6 mg/L (NaClO, = 2.220 X 10° mg/L).

Example Titration of 7.5 wt % NaClO, (Table 2). The
procedure for preparing a titration-ready NaClO, solution was
as noted above, using NaClO, (0.93870 g, 8.3034 mmol); the
final mass of water and NaClO, = 10.02903 g; the solution was
diluted by transferring 5.00(1) mL into a 10.00(2) mL
volumetric flask via a volumetric pipet to make a titration-ready
solution. 1.000(6) mL of the titration-ready solution was used
for titration. The procedure for quenching and back-titration
was as noted above, using 25.00(4) mL of a standardized
0.0544(2) M TUD solution and a standardized solution of
0.01960(8) M KMnO,. Titration results (repeated twice):
titration 1: AV = 23.08 mL (5.94 X 10* mg/L); titration 2: AV
=22.45 mL (6.42 X 10* mg/L). Chronoamperometric analysis
(repeated twice): using appropriate analytical techniques and
glassware, the 7.5 wt % NaClO, solution was diluted by a
factor of 2000. ClO,” was then measured using the
instrumental protocol.'”” Chronoamperometric analysis 1:
ClO,” = 158 mg/L (NaClO, = 2.113 X 10° mg/L);
chronoamperometric analysis 2:16.6 mg/L (NaClO, = 2.220
X 10° mg/L).

Example Titration of 0.70 wt % NaClO, (Table 2). The
procedure for preparing titration-ready NaClO, solution was as
noted above, using NaClO, (0.2220 g, 1.964 mmol); the final
mass of water and NaClO, = 22.716 g; 5.000(1) mL of this
solution was then used directly for titration. The procedure for
quenching and back-titration was as noted above, using
25.00(4) mL of a standardized 0.0554(2) M TUD solution
and a standardized solution of 0.0201(5) M KMnO,. Titration
results (repeated twice): titration 1: AV = 20.85 mL (7.67 X
10°> mg/L); titration 2: AV = 20.45 mL (7.99 X 10° mg/L).
Chronoamperometric analysis (repeated twice): using appro-
priate analytical techniques and glassware, the 0.70 wt %
NaClO, solution was diluted by a factor of 200. CIO,” was
then measured using the instrumental protocol.'"” Chronoam-
perometric analysis 1: ClO,” = 22 mg/L (NaClO, = 5.900 X
10° mg/L); chronoamperometric analysis 2:19.9 mg/L
(NaClO, = 5.336 X 10° mg/L).

Example Titration of 0.14 wt % NaClO, (Table 2). The
procedure for preparing a titration-ready NaClO, solution was
as noted above, using NaClO, (0.1883 g, 1.666 mmol); the
final mass of water and NaClO, = 90.016 g; 10.00(2) mL of
this solution was then used directly for titration. The
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procedure for quenching and back-titration was as noted
above, using 25.00(4) mL of a standardized 0.0554(2) M TUD
solution and a standardized solution of 0.0201(5) M KMnO,.
Titration results (repeated twice): titration 1: AV = 26.42 mL
(1.64 X 10°> mg/L); titration 2: AV = 26.40 mL (1.64 X 10°
mg/L). Chronoamperometric analysis (repeated twice): using
appropriate analytical techniques and glassware, the 0.14 wt %
NaClO, solution was diluted by a factor of 250. CIO,” was
then measured using the instrumental protocol.'” Chronoam-
perometric analysis 1: ClO,” = 2.8 mg/L (NaClO, = 9.38 X
10> mg/L); chronoamperometric analysis 2:3.7 mg/L
(NaClO, = 1.240 X 10°> mg/L).

Preparation and Standardization of the KMnO,
Solution for Electronic Absorption Spectroscopy Re-
activity Experiments. Targeting an ~0.25 M solution,
KMnO, (3.650 g, 23.10 mmol) was dissolved in ~0.110 L
of distilled water. The solution was heated to 80 °C and stirred
for 1 h. The solution was cooled to ambient temperature and
left to stand for 3 days and then filtered through an ‘F’ porosity
filter, leaving the last 10 mL of solution (containing most of
the precipitated MnO,) behind. The filtered solution was
diluted by transferring 25.00(3) mL via a volumetric pipet to a
100.00 mL volumetric flask and filling with water to the
calibration line. The flask was repeatedly inverted until the
solution was homogeneous (minimum 30X). Standardization
via titration (4X) with sodium oxalate in 5% (v/v) H,SO, was
used to determine the final concentration. The solution was
stored in a light-filtering container at room temperature. All
experiments using this solution were carried out within 3 days
of standardization.

Preparation of the TUD Solution for Electronic
Absorption Spectroscopy Reactivity Experiments. A
1000.00(15) mL volumetric flask was charged with ~800 mL
of water and cooled to 0 °C in an ice bath. Next, 140 mL of
concentrated H,SO, was slowly added to target a final
concentration of 2.5 M H,SO,. Solid TUD (0.0530 g, 0.490
mmol) was then slowly added while the temperature was cold.
The solution was allowed to reach room temperature, which
was followed by the addition of water until the solution
reached the fill line. The flask was repeatedly inverted until the
solution was homogeneous (minimum 30X). The resulting
solution was kept in a light-filtering container and stored in a
refrigerator. All experiments using this solution were
completed within 3 days of preparation.

Preparation of the NaClO, Solution for Electronic
Absorption Spectroscopy Reactivity Experiments.
NaClO, (3.7592 g, 33.253 mmol) was placed in a 500.0(2)
mL volumetric flask. Water was added until the calibration line
was reached. The flask was repeatedly inverted until the
solution was homogeneous (minimum 30x). The resulting
solution was kept in a light-filtering container and stored in a
refrigerator. All experiments using this solution were
completed on the day of preparation.

Determination of TUD:NaClO,/TUD:KMnO, Reaction
Stoichiometry Using Electronic Absorption Spectrosco-
py. A portion of the TUD solution prepared as above
(3.000(18) mL) was added to a cuvette and fitted loosely with
a screw-top cap. The cuvette was then inserted into a UV—vis
spectrometer sample holder preheated to 60 °C. Electronic
absorption spectra (4—6) were collected spanning 600—250
nm with the scan range repeated every ~30 s. Over that time,
the internal temperature of the sample is assumed to have
equilibrated. An aliquot of the NaClO, or KMnO, solution

prepared as noted above was then added via a microsyringe.
The cuvette was then recapped loosely, and electronic
absorption spectra were collected spanning 600—250 nm,
with the scan range repeated every ~30 s until no further
changes in peak intensities were observed. Fresh solutions were
used for each stoichiometry investigated, and the data points
used in our analysis were derived from spectra collected after
equilibrium had been reached (Figure S8).

Chemical Stability Tests Using Electronic Absorption
Spectroscopy. Solutions were prepared using the above
solutions and were diluted to concentrations appropriate for
electronic absorption spectroscopy measurements (~10"* M)
while maintaining a 2.5 M H,SO, concentration for the
solutions of TUD. The resulting mixtures were then added to a
cuvette and inserted into a preheated UV—vis spectrometer
sample holder held at a specified temperature. Each sample was
then repeatedly scanned at a specified rate, and the changes in
spectra were tracked.

NMR Spectroscopic Investigation of TUD and NaClO2
Reaction Products. TUD (16.0 mg, 0.148 mmol) and
NaClO, (16.3 mg, 0.145 mmol) were added to an NMR tube.
D,0 (400 pL) was added to the tube, forming a yellow
solution and the vigorous production of a gas. The solution
quickly turned colorless. Water (200 uL) was added to the
NMR tube which was then placed in a sonicated bath to help
dissolve the remaining solids. *C{'H} NMR spectroscopic
analysis (Figure S13) indicated the presence of urea™ (162.16
ppm), cyanamide”’ (117.85 ppm), and unreacted TUD
(177.38 ppm) (Figure S3).

NMR Spectroscopic Investigation of TUD and NaClO2
Reaction Products in the Presence of H,SO,. In a 10 mL
vial, TUD (17.2 mg, 0.159 mmol), NaClO, (18.20 mg, 0.162
mmol), D,0 (300 L), water (300 uL), and H,SO, (80 uL,
1.482 mmol) were mixed. The solution visibly released a gas,
turned yellow, and then turned colorless. *C{'H} NMR was
taken of the resulting solution (Figure S14), indicating the
production of urea’® (160.97 ppm) (Figure S4).

NMR Spectroscopic Investigation of TUD and KMnO,
Reaction Products in H,SO,(aq). D,O (800 uL) was added
to a 20 mL vial, followed by the addition of 100 uL of
concentrated H,SO,. After the solution was left to cool in a
refrigerator for 10 min, TUD (0.0405 g, 0.375 mmol) was
slowly added, and the resulting mixture was sonicated until it
appeared all added material had dissolved. The solution was
again left to cool in a refrigerator for 10 min, after which
potassium permanganate (0.0272 g, 0.172 mmol) was added,
and the resulting solution was sonicated until it appeared all
added solids were dissolved. The solution was then analyzed by
BC{'H} NMR. The resulting NMR spectrum indicates the
presence of urea (163.3 ppm) (Figure SS) with no other
signals observed. Note: the chemical shift and signal intensity
of the analyte were observed to be sensitive to factors including
temperature, pH, and the ionic strength of the solution.

NMR Spectroscopic Investigation of TUD Stability in
2.5 M H,SO,. D,O (800 uL) was placed in a vial containing
TUD (0.020 g, 0.18 mmol). The vial was placed in an ice bath,
and concentrated H,SO, (200 L) was slowly added. A sample
of the resulting solution was then analyzed via 'H and "*C
NMR spectroscopy at ambient temperature. In the NMR
spectrometer cavity, the temperature was raised to 60 °C, and
the spectra were recollected. A 'H spectrum was collected
upon reaching 60 °C and again after 10 min at this
temperature, revealing no obvious change. A “C{'H} NMR
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spectrum was then collected over a period of ~1 h. Two
additional C{'H} spectra were collected over 3 h per
spectrum, with a final spectrum collected over a period of 7 h
(Figure 2d). At this time, a final '"H NMR spectrum was also
obtained (Figure S6)

X-ray Crystallography Experiment. X-ray crystal struc-
ture data was collected from a multifaceted crystal of suitable
size and quality selected from a representative sample of
crystals of the same habit using an optical microscope. The
crystal was mounted on a MiTiGen loop, and data collection
was carried out in a cold stream of nitrogen (150 K; Bruker D8
QUEST ECO). All diffractometer manipulations were carried
out using Bruker APEX3 software.”” The structure solution
and refinement were carried out using XS, XT, and XL
software embedded within the Bruker SHELXTL suite.”® The
absence of additional symmetry was confirmed using
ADDSYM incorporated in the PLATON program.”* CCDC
No. 2267651 contains the supplementary crystallographic data
for this paper. The data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/structures.

B RESULTS AND DISCUSSION

The titration functions as follows. NaClO,,q) is first reduced
with a slight excess of a standardized reductant. The remaining
reductant is then back-titrated against a known amount of
oxidant, affording calculatable chlorite concentrations through
measured consumption of the reductant. The selected
reductant, TUD (Figure la), is a commercially available,

HoN S — H,N
2 Y 0 < 2 \H/S\OH
NH, NH
TUD FSA
b c
o1
N1 S1 ¢ -
- o1
C1
N1'

Figure 1. (a) Chemical structure of thiourea dioxide (TUD) and its
tautomer, formamidine sulfinic acid (FSA) and (b, c) two orientations
of the solid-state structure of TUD shown with thermal ellipsoids set
at 50% probability levels.

water-soluble reducing agent,” first prepared by Barnett over
100 years ago via the oxidation of thiourea with hydrogen
peroxide.”® TUD has experienced a relatively recent resurgence
of interest,”’ ~*” with applications in the reduction of graphene
oxide to graphene’”’' and porous graphene hydrogels,”” the
production of nanoscale metal sulfides,® and bitumen
modification.”” Reactions involving decomposition and con-
sumption of TUD typically generate only common commercial
wastes such as sodium sulfite and urea.” TUD exhibits one of
the longest (and weakest) known C—S bonds [1.8592(6) A]*
confirmed here by an updated crystal structure (Figure 1b,c);
as such, its reactivity is typically confined to the sulfinic
moiety.37

The ground-state structure®®**
to formamidine sulfinic acid (FSA) under acidic conditions’
has been discussed extensively in the literature. The FSA
tautomer is considered to be more acidic and reactive than
TUD, which is the more stable form in aqueous solution.”*”
While stable under anaerobic conditions, TUD is known to
decompose in alkaline solution in air to produce dithionite
([(SO,),]*") via generation and subsequent oxidation of
[SO,]*.*° However, in acidic solution, TUD is stable on the
order of weeks," though solutions have been reported to
establish a tautomeric equilibrium upon aging that can exhibit
differences in reaction rates with oxidants.”” Importantly, TUD
reacts rapidly with chlorite (ClO,”), only slowly with chlorine
dioxide (ClO,), and not at all with chlorate (ClO;™). We
envisaged that this selective reactivity under acidic conditions
would make TUD advantageous for use in a simple and
selective method for NaClO, concentration determination in
water. The use of thiourea dioxide*' and thiourea itself*>** in
colorimetric probes does have some precedence.

Reactions of TUD and chlorite have been investigated in the
literature in the context of oscillating chemical reactions. Since
appearing in the first systematically designed chemical
oscillator,”* the chlorite ion has been a popular choice for
investigating nonlinear reaction dynamics in both oxidations
and reductions.*® The reaction of TUD with ClO,™ has been
noted to proceed with a 1:1 stoichiometry when the pH of the
solution is between 1 and 3, and if the reaction takes place in
the presence of excess ClO,” (Scheme 1a). Reports have
discussed that increasing concentrations of TUD can introduce
a competitive reaction pathway bearing a 2:1 TUD/CIO,~
stoichiometric relationship (Scheme 1b).*° At low pH,
concentrations of ClO, transiently found in solution as a
result of oligooscillatory behavior are low and the reaction of
ClO,~ with TUD is fast compared to the reaction of TUD with
ClO,, which is around 1000 times slower.*®

and tautomerization of TUD
9

Scheme 1. Relevant Reactions of TUD and ClO,” in Acidic Aqueous Media“”

a

2 0

HZN\fS\\o +CI0, +H0 —= SO2Z + Cr+2H* +

HoN” NH,
NH,
HoN__ S

2 2 “ ~0 +C|02 _— 2 H.N ! +CI

Y 2 /,S\OH

“(a) Targeted reaction with 1:1 stoichiometry and (b) the potential competitive reaction bearing a 2:1 TUD/CIO, stoichiometry.
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Figure 3. (a) UV—vis traces of solutions containing n equivalents of NaClO, and TUD in 2.5 M H,80,(,q) at 60 °C and (b) TUD absorbance (1,

=266 nm) as a function of added NaClO,.

When acidic solutions of TUD were held at elevated
temperatures, a slight decrease in the intensity of the main
absorption band (A4, = 266 nm) could be observed by
electronic absorption spectroscopy. When held at 60 °C, the
degradation of TUD over time was shown to be first-order in
TUD (Figure 2a). To examine whether this decay was
promoted by light, the same experiment was conducted with
the absorbance scan collected at different time intervals; no
effect on the rate was noted. The initial rates of decay were
measured at various temperatures (Figure 2b), showing that
TUD in 2.5 M H,8O(,q) shows almost no degradation at room
temperature, with a slight decay starting to become evident at
30 °C. Using the initial rate data, the activation energy of this
decay was determined to be 79.31 kJ/mol (Figure 2c). TUD in
2.5 M H,80,,q) is therefore stable for longer periods of time
when stored in a cool environment and a drop of ~1% in TUD
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concentration over the course of the titration experiment (3
min) may thus be expected at 60 °C. Following this process by
BC{'H} NMR spectroscopy, the '*C resonance attributed to
the TUD peak (174.2 ppm) shifts significantly to 160.3 ppm
upon heating an acidified solution to 60 °C with a new peak
(168.2 ppm) emerging after 4 h of heating (Figure 2d).
Satisfied with the relative stability of TUD in titration-
relevant conditions, electronic absorption spectroscopy was
then used to determine the stoichiometry of the reaction
between TUD and chlorite. In 2.5 M H,SO,, the addition of
one full equivalent of NaClO, was required to quench peaks
attributed to TUD (Figure 3). Sodium chlorite in 2.5 M
H,SO, rapidly produces ClO,, which appears as a broad
feature centered at 354 nm (Figure S7). No appreciable
amount of ClO, was detected in the reaction of NaClO, with
TUD in 2.5 M H,SO,, indicating that the reaction rate of
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ACS Omega 2023, 8, 39616—39624


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05490/suppl_file/ao3c05490_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05490?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05490?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05490?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05490?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf Article
2.5 7 T =60 °C; Aype = 530 nm 0.2 - TUD- KOsy = .0.0000x + 0.0845
a b e R?=0.545
0:1 y =-0.0003x + 0.0324
/E\ — . R?=0.9164
l G---o--o ) 1379 y = -0.0005 + 0.0245
"’,’O 2 Neutral PH y= -OR.PLZOXQ‘;géOGO4 s R2=10.8912
= : ° 1373 y = -0.0012x + 0.0163
—= s : R?=0.8926
o) § P--o--o--8--8
c =-0.0205x + 1.3488 Nel
E 1.5 1 Y e 00814 5 Aabs = 550nm
B - o [
= SE- - =2 GRS
2.5 M HySO04aq) < foogoIxoiola
P--8--0---G--o
1 T T T ) 0 T T T T ,
0 1 2 3 4 0 1 2 3 4 5
Time (min) Time (min)

Figure 4. (a) Monitoring the stability of KMnO, in water as a function of time and (b) monitoring the stability of MnO,~ (4, = $30 nm) in the

presence of TUD and 2.5 M H,SO, as a function of time.

Scheme 2. Balanced Reaction of TUD and KMnO, in Acidic Aqueous Media at a 13:6 TUD:[MnO,]~ Stoichiometry
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NaClO, with TUD is sufficiently high so as not to be affected
by any competitive reaction between NaClO, and H,SO,.
Mixing equimolar amounts of TUD and NaClO, in acidified
D,O yielded only a single resonance at 161.0 ppm in the
BC{!H} NMR spectrum consistent with urea production at
low pH (Figure S4). When the same experiment was repeated
with no added acid, urea (162.2 ppm), cyanamide (117.9
ppm), and unreacted TUD (177.4 ppm) were all evident in the
solution, confirming the necessity of a low pH for selective
reactivity.

Focusing on widely available reagents that are operationally
simple to deploy using standard laboratory techniques,
potassium permanganate (KMnO,) was selected as the
titratable oxidant. KMnO, offers suitable chemical reactivity
and acts as its own indicator, with complete consumption
easily monitored by the naked eye. The stability of KMnO, in
titration-relevant conditions was investigated through UV—vis
spectroscopic analysis. A solution of KMnO, was prepared in
neutral aqueous conditions as well as in 2.5 M H,SO,,q), and
the absorbance intensity (4, = 530 nm) at 60 °C was
monitored for both solutions over time (Figure 4a). A slight
but constant reduction in peak intensity was observed in both
samples over time. The presence of acid seems to increase the
rate of decomposition, with the decomposition of the neutral
solution occurring at a rate of 0.012 X 10~ M/min, which
increases to 0.0205 X 107> M/min at low pH. The rate of
degradation is minimal, however, and is not expected to affect
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the results of the titration as the reaction of KMnO, with TUD
proceeds much more rapidly. Several solutions containing
TUD and an excess of KMnO, were prepared. The
permanganate quickly consumed all of the TUD, and the
decay of the remaining characteristic permanganate peak was
investigated (Figure 4b). The change in decay rate compared
to the solution of only KMnO, was negligible and within
experimental error, indicating that KMnO, is sufficiently stable
in the presence of the products of its reaction with TUD for
the purposes of this titration.

To examine the stoichiometry of the reaction between TUD
and KMnO, under conditions relevant to our titration
protocol, solutions of a known concentration and volume of
TUD were prepared at 60 °C and then subjected to various
amounts of standardized KMnO, (Figure S8a). The change in
absorbance was expressed as the change in moles of TUD and
fitted as a function of moles of added KMnO, (Figure S8b).
The resulting slope of —2.16 implies a stoichiometry of 13:6
TUD/KMnO, (Scheme 2; see Scheme S1 for a list of other
potentially contributing reactions). Indeed, the broad
absorption peak associated with TUD (4., = 266 nm)
completely disappeared upon reaching this stoichiometry
(Figure Sa), followed by the appearance of a characteristic
absorption feature (4., = 530 nm), indicating the persistence
of excess permanganate. The growth of the main absorbance of
[MnO,"] was plotted as a function of the amount of KMnO,
added (Figure Sb), giving an intercept of 5.98 equiv of KMnO,
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Table 1. Comparison of NaClO, Concentrations Determined for Solutions of Recrystallized NaClO, by Using Different

Analytical Techniques

target solution calculated concentration of

wt % NaClO, (mg/L)" (mg/L)*

25% 3.002 x 10° 2.597 X 10°
7.50% 7.899 x 10* 6.785 x 10*
0.70% 7.045 x 10° 7.118 x 10°
0.14% 1.469 x 10° 1.435 x 10°

TUD titration NaClO, iodometric titration

tr chronoamperometric NaClO,  ion chromatography
(mg/L) (mg/L)* (mg/L)

3.016 x 10° 2.55(37) x 10° 3.426(9) x 10°
7.650 x 10* 6.70(76) x 10* 1.019 x 10*
6.801 x 10° 6.972 x 10° 9.3(5) x 10°
1.341 x 10° 1.341 x 10° 1.66(5) x 10°

“wt % of NaClO, in the solution based on the mass of 100% (w/w) NaClO, (SI: Sample Calculation 1) bCalculated through the use of a

cahbratlon curve relating the mg/L to the fractional wt % of the solution. (SI: Sample Calculation 4) cNaClOZ
titration (Materials and Methods section: General Titration Procedure, and SI: Sample Calculation 2). NaClOZ
wt % determined using the Palintest ChlordioX Plus chronoamperometric method (see SI Sample Calculation 3). Numbers in
% determined using ion chromatography. Numbers in parentheses represent the

titration. “NaClO, wt
brackets are the standard deviation from two runs. fNaCIOZ wt
standard deviation from two runs.

wt % determined by TUD back-
wt % determined by iodometric

added (relative to 13 equiv TUD) consistent with a 13:6 TUD:
[MnO,~] stoichiometry.

To identify the reaction products, a solution of KMnO, and
TUD was prepared in acidified D,O. The resulting solution
mixture was probed via "*C{'"H} NMR, which revealed a single
peak (163.3 ppm), indicating the presence of urea. It is worth
noting that the strength of the signal is likely dampened due to
the low pH of the solution, as well as the presence of
potassium, manganese, and oxygen-containing salts, as the
ability of the probe to precisely tune to NMR active nuclei is
adversely affected by the increased ionic strength of a solution.
The exact mechanism of the reaction between TUD and
KMnO, is not known, and the observed stoichiometry could
be complicated by the potential reactivities, rates, and
degradative properties of the initial products of TUD and
KMnO,.

Back-titration using KMnO, to oxidize the excess TUD
remaining following the quenching of a sample of chlorite gave
reproducible results. An important observation was that the
solution pH and the addition rate of KMnO, must both be
kept low enough to prevent brown discoloration indicative of
MnO, formation, which can hamper the visualization of a
sharp endpoint otherwise observed in the form of the onset of
a pink color. Solutions of a series of initial concentrations of
NaClO, were prepared, targeting 25, 7.5, 0.70, and 0.14 wt %.
The titration procedure was performed using solutions of
recrystallized solid NaClO, (Table 1) and as-received 80% (w/
w) NaClO, (Table 2), which revealed a determination
dependence on the initial solution concentration. When
using more concentrated solutions, the titration-derived
concentration was below the expected value calculated from
the initial mass of the analyte and water of the solution using
either recrystallized or as-received NaClO,. For example,
solutions of 25 and 7.5 wt % vyielded experimentally
determined concentrations ~14—21% lower than the calcu-
lated value for solutions of recrystallized/as-received NaClO,
(Tables 1—2 and S2—S3). The relative difference between the
calculated and experimental values is smaller for more dilute
solutions (A, /1 experimental/calculated X 100% = +1.0%
(0.70 wt %), —2.3% (0.14 wt %) using recrystallized NaClO,;
—0.4% (0.70 wt %), +2.6% (0.14 wt %) using as-received
NaClO,). We note that higher concentration 25 and 7.5 wt %
solutions require a dilution step to be titratable, whereas lower
concentration solutions do not. Thus, restricting the
concentration range of test solutions sufficiently so as not to
require a pre-dilution step could obviate a potential source of
experimental error. A graphical description of the results in
Tables 1—2 (and Tables $S2—S3) is shown in Figure 6.

Table 2. Comparison of NaClO, Concentrations
Determined for Solutions of As-Received 80% w/w NaClO,
Using Different Analytical Techniques

TUD titration

chronoamperometric
NaClO, (mg/L)“

target calc. concentration
NaClO, (mg/L)d

wt % NaClO, (mg/L)b

25% 3.03 x 10° 2.38(5) x 10° 2.17(8) x 10°
7.50% 7.9 x 10* 6.2(2) x 10* 5.0(5) x 10*
0.70% 7.9 X 10° 7.83(15) x 10° 5.6(4) x 10°
0.14% 1.603 x 10° 1.645(3) x 10° 1.1(2) x 10

“wt % of NaClO, in the solution based on the mass of 80% (w/w)
NaClO, (SI: Sample Calculation 1) bCalculated through the use of a
calibration curve relating the mg/L to the fractional wt % of the
solution. (SI: Sample Calculation 4) “NaClO, wt % determined by
TUD back-titration (Materials and Methods section: General
Titration Procedure, and SI: Sample Calculation 2) Numbers in
brackets are the standard deviation from two runs. “NaClO, wt %
determined using the Palintest ChlordioX Plus chronoamperometric
method (see SI Sample Calculation 3). Numbers in brackets are the
standard deviation from two runs.

We next compared our titration-based methodology to
results from other commonly employed analytical techniques.
Using the same solutions analyzed above, the concentration of
chlorite was also determined using iodometric titration,
commercially available chronoamperometry, and ion chroma-
tography. Comparing experimentally determined NaClO,
concentration using iodometric titration to the calculated
values, the deviation is minimal (—0.5%) for ~25 wt %
solutions but gradually increases to —8.7% for ~0.14 wt %
solutions. Chronoamperometric analysis using commercially
available analytical equipment consistently under-reported the
concentration compared to the calculated value (—15.1 to
—1.0%, recrystallized NaClO,; —28.6 to —36.6%, as-received
NaClO,). Ion chromatography consistently over-reported the
concentration when compared to the calculated values (+12.7
to +31.3%) at all solution concentrations. Ion chromatography
was performed off-site, and while solutions were shipped in
sealed vials, the possibility of solvent evaporation (leading to
increased sample concentration) cannot be excluded.

B CONCLUSIONS

In pursuit of a simple, titration-based method for the
standardization of aqueous sodium chlorite solutions, a series
of experiments were carried out to verify the utility of thiourea
dioxide (TUD) as a titrant and to probe elements of the
mechanism of the process. TUD undergoes first-order
decomposition in acidified aqueous solutions; however, this
process is slow enough to allow relatively long term storage in
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Figure 6. Comparison of % deviation against the calculated NaClO, concentration based on the measured mass of (a) recrystallized NaClO, and

(b) as-received 80% (w/w) NaClO, using different analytical techniques.

cool, dark settings. From the initial rates of TUD degradation
at different temperatures, the activation energy of TUD
decomposition was determined to be 79.31 kJ/mol.

UV—vis spectrophotometric analysis of the reaction between
TUD and NaClO, is consistent with a 1:1 stoichiometry, and
the analysis of the "“C{'H} NMR spectrum containing a
representative solution of TUD and NaClO, showed a single
peak associated with the production of urea. Similar analysis of
mixtures of TUD and KMnO, indicate a 13:6 stoichiometry
operates in the back-titration, with *C{'H} NMR spectro-
scopic analysis again showing the production of urea. Overall,
the TUD-KMnO, back-titration method for the analytical
determination of chlorite concentration in aqueous media
provides reproducible results with deviations comparable to
those of industrially standard methods (iodometric titration)
while outperforming others. The method performs best when
using lower concentrations of initial solutions and provides
determined concentration values considerably lower than
expected when using high-concentration initial solutions.
This method uses inexpensive, commercially available reagents
and provides a cost-effective alternative to methods that may
require expensive instrumentation such as electrochemical
sensing or ion chromatography.
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