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Abstract

Sanitizing solutions against bacterial and viral pathogens are of utmost importance in general and, in particular, in these times of
pandemic due to Sars-Cov2. They frequently consist of chlorine-based solutions, or in the direct input of a certain amount of
chlorine in water supply systems and swimming pools. Colorimetry is one of the techniques used to measure the crucial
persistence of chlorine in water, including household chlorine test kits commonly based on colorimetric indicators. Here, we
show a simple and cheap colorimetric method based on 3,3',5,5'-tetramethylbenzidine (TMB), commonly used as chromogenic
reagent for enzyme-linked immunosorbent assays. TMB is converted by chlorine to a colored molecule through a pH-dependent
multi-step oxidation process where the chromaticity of TMB is directly proportional to chlorine content. This molecule offers
several advantages over other commonly used reagents in terms of safety, sensitivity, and, peculiarly, hue modulation, giving rise
to the detection of chlorine in water with a multi-color change of the indicator solution (transparent/blue/green/yellow).
Moreover, through the appropriate setting of reaction conditions, such coloration is finely tunable to cover the range of chlorine
concentration recommended by international health agencies for treatment of drinking water and swimming pools and to test
homemade solutions prepared by dilution of household bleach during health emergency events such as during the current
pandemic.
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Sanitizing solution

Abbreviations Introduction

TMB 3,3",5,5"-Tetramethylbenzidine

HRP Horseradish peroxidase Chlorine and chlorine-based compounds are widely used for
DPD N,N-Diethyl-p-phenylenediamine oxidative inactivation of several disease-causing viruses and
OTO o-Tolidine bacteria in water treatments, for food preservation, and during

EPA United States Environmental Protection Agency
WHO  World Health Organization
ELISA  Enzyme-linked immunosorbent assay

other cleaning procedures [1, 2]. In all cases, the presence of
chlorine residual is required to ensure the protection from
recontamination. The range of chlorine concentrations recom-
mended by international health or environmental agencies de-
pends on the application, spanning several orders of magni-
tude from drinking water to sanitizing or disinfecting solu-
tions. In detail, chlorine can be added to drinking water or
swimming pools to achieve a minimum level of 0.2—
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0.5 mg L! (expressed as Cl,) for effective disinfection and
residual concentration but should stay below 4-5 mg L™ to
avoid eye/nose irritation and stomach discomfort [3, 4],
whereas sanitizing solutions applied to reduce germs for ex-
ample on food contact surfaces or mouthed toys are obtained
by dilution of concentrated chlorine bleach to 50-200 mg L.
Finally, disinfecting concentration for toilet or diapering areas
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should be larger than 2400 mg L™'. The standard analytical
methods for the determination of chlorine in natural and treat-
ed waters are based on electrochemical techniques, iodometry,
and absorption spectrophotometry [5—10], usually requiring
devices for signal transduction or UV lamp for fluorescence
emission. However, several kits for household chlorine test
are present in the market for colorimetric quantification of
chlorine concentration based on monochromatic indicators.
Here, we introduce a peculiar use of 3,3',5,5'-
tetramethylbenzidine (TMB) as multi-colorimetric indicator
for determination of chlorine in aqueous solution. TMB is still
one of the most commonly used chromogenic reagents for
enzyme-linked immunosorbent assays (ELISAs) 46 years af-
ter its first synthesis as a safer substitute for carcinogenic ben-
zidine in the detection of occult blood [11-14]. This molecule
gives rise to non-colored solution in a reduced state that be-
comes blue upon oxidation (diamine). Further oxidation leads
to a green stage, which is a mixture of the blue stage and the
yellow endpoint (diimine). Notably, the blue-colored product
has been characterized as the diamine/diimine charge-transfer
complex in equilibrium with the cation-radical and diamine/
diamine mixture, as reported in Fig. 1 [15, 16]. This reaction
sequence is sensitive to several factors, like pH [16], solvent,
temperature [17, 18], and catalyst[14, 19, 20]. The application
of TMB as an analytical reagent outside the field of clinical
chemistry started a long time ago thanks to good stability of
the reaction product and high sensitivity and selectivity of
such analytical methods [21-24]. Notably, thanks to ion-
masking salts, TMB-based assays, either based on the
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Fig. 1 The reaction sequence of TMB oxidation by chlorine (this work)
[24, 25], or by H,0, in presence of peroxidase catalyst (HRP) [15, 16, 18,
19], as elsewhere identified by means of optical spectroscopy, electron
spin resonance spectroscopy, and resonance Raman scattering spectros-
copy [15, 16, 18, 19, 24, 25]. A Non-colored reduced state (diamine). B
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detection of yellow diamine or blue diamine/diimine charge-
transfer complex, have shown a high tolerance for potential
interfering species in drinking water (including C1', I, NO5,
SO4*7, CO5*, H,PO, , P,O,*", Na*, K¥, Mg?*, Ca**, Zn*",
Fe**, and H,0,) being the common and permitted concentra-
tions of these molecules below the respective limits of inter-
ference elsewhere described (see Table S1 in Electronic
Supplementary Material, ESM) [21-24]. Consequently, the
reactions reported in Fig. 1 have been used for quantitative
measurements of chlorine in water [21-25], under organic
matter—rich conditions [26], or generated by myeloperoxidase
of neutrophils [27-29], reaching an enhanced degree of auto-
mation and reduced reagent consumption and waste produc-
tion [23]. All the species reported in Fig.1, obtained in water
and other solvents, by enzymatic, chemical, or electrochemi-
cal oxidation, have been detected and characterized elsewhere
by optical spectroscopy, electron spin resonance spectrosco-
py, and resonance Raman scattering spectroscopy [15, 16, 18,
19, 24, 25]. Although a rigorous control of pH is not neces-
sary, the pH range determines the color development. In de-
tail, pH 1-2 allows to follow the yellow TMB-diimine forma-
tion only (Fig. 1C) [21-23, 25], whereas pH 4-6 has been
used to track the blue TMB charge-transfer complex forma-
tion (Fig. 1B) [24]. In both conditions, the color intensity is
directly proportional to the total amount of the chlorine pres-
ent in the solution, reporting a limit of detection as low as
2ugL 'atpH 1.5and 4 ug L " at pH 4.5 [22]. TMB presents
several advantages in terms of sensitivity, selectivity and safe-
ty over the other reagents used for colorimetric analysis of

T T

Diamine (non-colored)
Diamine/diimine (blue),
370 nm 450 nm —— Diimine (yellow)

280 nm
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Blue charge-transfer complex (diamine/diimine). C Yellow two-electron
oxidation product (diimine). D One-electron oxidation product (cation-
radical). The most representative UV-Vis spectra for the TMB species
upon oxidation by chlorine (this work) are reported on the right
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chlorine in water like o-tolidine (OTO), syringaldazine, N,N-
diethyl-p-phenylenediamine (DPD), and dopamine [9, 10, 21,
22, 30]. Here, we report the experimental tuning of TMB
concentration, according to one-to-one stoichiometry for
oxidant/substrate system [15], to achieve the visual and spec-
troscopic detection of chlorine by means of the color change
of the solution from blue to yellow (Fig. 1) like a universal
indicator that covers the entire range of chlorine concentra-
tions recommended for drinking water and swimming pool
treatment [3, 4]. This method appears superior to common
household chlorine test kits for drinking water and swimming
pools, which are based on monochromatic indicators, and
could offer a useful tool to check home-made chlorine-based
sanitizing solutions, which become rare during public health
emergency events due to large demand.

Materials and method
Reagents and materials

Disposable low-binding 96 microplates were purchased from
Sarstedt (Germany). Absorption suprasil® quartz cuvettes of
10-mm pathlength and 1400-uL chamber volume were pro-
vided by Hellma GmbH & Co. KG (Germany). Sodium hy-
pochlorite solution was purchased from Merck KGaA
(Germany) (Lot number: K50436114, originally containing
120 g L™" of active chlorine as calculated from iodometric
titration) and used to prepare stock solutions based on the
intrinsic UV absorbance of CIO™ [31]. DPDI free chlorine test
kit was purchased from Powehaus24® GmbH & Co. KG
(Germany). TMB and other chemicals were purchased from
Sigma Aldrich (Milan, Italy). A stock solution of about 1 mM
TMB has been prepared in ethanol/H,O 1:1 v/v and left over-
night at room temperature (RT) until completely dissolved
before storing it at 4 °C in a dark bottle. All reagents were
used as received without any further purification. MilliQ water
with a resistivity of 18.2 M2 cm at 25.0 °C was degassed and
used in preparation of all the solutions (Merck Millipore,
Italy).

UV-Vis spectroscopy

Optical measurements have been performed on a UV-visible
spectrophotometer Evolution 201 from Thermo Scientific at
25.0 °C, by using quartz cells also for determination of hypo-
chlorite concentration of the stock solution, and on a micro-
plate absorbance visible reader iMark™ from Bio-Rad at
room temperature, by using 96-well polystyrene microplates.
Acetic acid/sodium acetate 200.0 mM in the presence of
tetrasodium diphosphate 40.0 mM (NayP,0O-), referred to
hereinafter as buffer 1, or disodium dihydrogen diphosphate
20.0 mM (Na,H,P,0-), referred to hercinafter as buffer 2,

have been chosen to stabilize TMB solution around pH 4.5.
Spectrophotometric measurements have been carried out by
filling the quartz cuvette with 700 uL of TMB 42.3 x 10°° M
plus 700 pL of freshly prepared H,O or tap water samples
containing chlorine in the range 0.25-5.00 mg L™ with three
replicas for each chlorine concentration. After the analysis of
each chlorine concentration, the cuvette has been emptied and
thoroughly washed. Analogously, microplate experiments
have been performed adding 150 pL of freshly prepared
H,O or tap water samples to each well containing chlorine
in the range 0.25-5.00 mg L™" with 4 replicas for each chlo-
rine concentration. All the wells have been preloaded with
150 uL of TMB 42.3 x 10°° M, which is equimolar to
3.00 mg L' of active chlorine for drinking water or swim-
ming pool simulation. Finally, a DPD1 chlorine test kit has
been used following the manufacturer’s instructions. Data
were analyzed with OriginLab Corporation software.

Results and discussion
Chlorine titration experiments

Titration curve of TMB with H,O, (50 x 10 ° M at pH 5.0) in
presence of horseradish peroxidase catalyst (HRP) has been
elsewhere reported [15], showing that the blue charge-transfer
complex formation and subsequent destruction is nearly sym-
metrical about the midpoint. The endpoint has been found to
correspond to about equimolar peroxide and TMB, obtaining
the full conversion to diimine and thus confirming a one-to-
one stoichiometry for this catalyzed TMB/oxidant reaction.
Analogously, here we follow spectrophotometrically all the
stages of reaction in Fig. 1 exploiting the full potential of the
catalyst-free TMB reaction with active chlorine by titration, in
polystyrene plates or quartz cuvettes, in a mild acidic buffer
that controls chlorine speciation and TMB reactivity.

In detail, molecular chlorine (Cl,) is mostly present at pH <
2, hypochlorous acid (HOCI) dominates the equilibrium at 4
<pH <6, and hypochlorite (Cl1O") is predominant at pH > 8
[29, 31]. Buffering the sample solutions in one of these pH
ranges can limit the variability of results due to different reac-
tivity of chlorine species. However, a mild acidic buffer guar-
antees the best conditions to measure the chlorine content in
real samples by tracking all the non-catalytic oxidation stages
of TMB (Fig. 1). In fact, it has been demonstrated that a pH
below 2 prevents the formation of the blue TMB charge-
transfer complex formation (Fig. 1B) in favor of yellow
TMB-diimine formation only (Fig. 1C). Analogously, it has
been reported that the charge-transfer complex formation is
significantly reduced at pH above 6. Therefore, we have per-
formed experiments stabilizing TMB solution at pH 4.5 with
diphosphate salts (see Materials and method), thus preventing
interference from redox-active ions like Fe(Ill) potentially
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present in water supply systems, as elsewhere demonstrated
by extensive interference studies [21-24]. Differently from
previously reported single-color intensity estimation with
TMB (either yellow or blue) or DPD (magenta) [21-26, 29],
this method allows the naked-eye quantification of chlorine by
multi-color changes of TMB solution. This approach for the
first time proposes TMB as a universal indicator for the se-
lected range of chlorine concentrations, from a minimum blue
level for effective disinfection, through an optimal green level,
up to the safe yellow guideline level corresponding to equi-
molar chlorine and TMB (see below).

TMB reaction with active chlorine in H,0 and tap
water

Figure 2a shows preliminary experiments of color develop-
ment for TMB test solution in buffer 1 (pH 4.5, see “Materials
and method”) with chlorine samples in H,O in quartz cu-
vettes. The main representative absorbances selected from
UV-visible spectra at 25.0 °C have been acquired in a kinetic
rate mode and reported in Fig. 2b. In detail, after 30 s of
incubation necessary for sample preparation, absorbances at
three fixed wavelengths (280 nm, 450 nm and 655 nm) have
been recorded every 10 s for a total accumulation time of
300 s. The solution of a fixed amount of TMB 42.3 x

107° M is initially transparent due to UV absorbance only of
diamine (A, 280 nm, Fig. 1A) that decreases along with
chlorine accumulation (Fig. 2b). Simultaneously, the solution
develops a blue color of increasing intensity in the presence of
chlorine from 0.25 to 1.00 mg L™". This visible band corre-
sponds to the blue diamine/diimine charge-transfer complex
(Amax 655 nm, Fig. 1b). The titration curve at 655 nm shows

the formation and subsequent disappearance of the blue prod-
uct (Fig. 2b). Higher concentrations of chlorine lead to the
appearance of green color, due to blue/yellow absorbance
mixing. A yellow solution due to the yellow diimine form of
TMB (Apax 450 nm, Fig. 1C) is obtained at higher chlorine
concentration up to 3.00 mg L™ of Cl,. Finally, the solution
becomes orange when chlorine reaches the 5.00 mg L™
(70.5 x 10® M), which is the guideline value that could lead
to potential health effects from long-term exposure [3, 4]. Data
show good reproducibility, obtaining a mean coefficient of
variation of 4.72% for absorbance values at 280 nm, 3.91%
at 450 nm, and 3.52% at 655 nm over the entire range of
chlorine concentrations after 0 s, for example (Table 1). All
the reactions appear complete within 1 min in agreement with
previous observations of blue color development obtained in
similar conditions but with a large excess of TMB [24]. The
time evolution plots of main absorbance bands are reported in
Fig. 2¢ showing quite stable colors at 25.0 °C. Similar results
were obtained in buffer 2; however, absorbance values appear
less stable after 15 min (data not shown). The same experi-
ments performed by using tap water for chlorine dilutions
instead of H,O have been reported in Fig. 3, showing a limited
matrix effect (likely due to foreign ions) on color ap-
pearance and intensity along with chlorine titration with
respect to H,O alone, confirming the good reproducibil-
ity, obtaining, for example, a mean coefficient of varia-
tion of 3.18% for absorbance values at 280 nm, 3.23%
at 450 nm, and 2.66% at 655 nm after 0 s (Table 1).
The complete dataset for experiments in H,O or tap
water, in dependence of time, chlorine concentration,
and A, shown in Figs. 2, 3, and 4 is available as
ESM.
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Table 1 Coefficient of variation

(%CV) for Absorbance values vs Time 0 (s) Absorbance in H,O (%CV) Absorbance in tap water (%CV)

[CL,] from Fig. 2 (H,0) and Fig. 3

(tap water) [CL,] mg L™ 280 nm 450 nm 655 nm 280 nm 450 nm 655 nm
0.00 0.92 4.89 1.55 0.29 8.25 1.06
0.25 1.00 3.73 234 3.51 0.50 7.58
0.50 0.71 4.80 2.50 0.88 3.11 423
1.00 1.00 9.58 8.08 2.02 4.16 472
1.50 4.86 5.77 1.69 1.11 9.99 3.93
2.00 6.02 2.86 1.06 5.03 0.69 2.69
2.50 1.72 9.18 1.07 0.47 0.77 0.62
3.00 14.5 3.35 191 1.27 2.51 0.05
3.50 2.37 0.49 2.70 1.07 2.58 1.98
4.00 1.44 1.00 3.39 5.85 3.15 1.39
4.50 15.9 0.77 5.60 13.8 242 3.31
5.00 6.17 0.54 10.3 2.87 0.60 0.30
%0 CV mean 4.72 391 3.52 3.18 3.23 2.66

Comparison of TMB method with a DPD1 chlorine test
kit

96-well polystyrene microplates have been used for the opti-
mization of the method, enabling the experimental procedure
described for quartz cuvettes to be carried out on 96 samples
simultaneously, with minor volume consumption and thus
more replicates for each chlorine concentration.
Furthermore, taking the advantage of distinct visible A, ab-
sorbances for TMB oxidation products by reaction with chlo-
rine, we have used a filter-based plate reader instead of a
spectrophotometer preliminarily used for greater flexibility
due to wavelength scanning capability from UV to visible.

In detail, DPD-containing tablets from a commercial test kit
have been compared with the TMB solution in buffer 1 here
formulated for the naked-eye sensing of chlorine concentra-
tion in water samples. Figure 4a shows a polystyrene micro-
plate containing Cl, in H,O, including the range of concen-
trations recommended for drinking water treatment, about
0.25-3.00 mg L! [3, 4], in presence of a fixed amount of
DPD or TMB. DPD solutions have been prepared mimicking
a swimming pool test; i.e., using one DPD tablet for 13 mL of
water, which is the volume of the commercial test tube. Such
chlorine solutions present a magenta color with intensity de-
pending on chlorine content and here ideally representing the
color reference scale for a chlorine sample test with DPD.
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in buffer 1 (pH 4.5) with active a I - c (mg L™)
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. . BESE008048008000058058808800008
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wavelengths after reaction with o 450 nm o E15T ~ccocooac>;?bﬂo;?gftcz;>{:§;c>§f§ Z ;
chlorine. The absorbances are 15 655nm 1 S0l T o163
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o
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2 05F ece 8 oo e . ;
L] - o ol
s ? L R 4 % o1l o 1e 3
00L eoe ¢ Tt e e 8 40 f ' > 2
00  presspyspsspssasssssssspsspsssy |
0 1 2 3 4 5 0 100 200 300
1 i
[CI] (mg L™) Time (s)

@ Springer



7866

Palladino P. et al.

Fig. 4 TMB prepared in buffer 1
versus DPD test kit for chlorine
detection by microplate visible

reader. Chlorine concentration | = ==
ranges from 0.25 t0 5.00 mg L™ ( )
with four replicas for each

chlorine solution in H,O (a) or tap \
water (b). Each well of a 96-well >

polystyrene microplate contains o /‘ \ \\ :
300 pL of sample solution with a a e
final concentration of 1 tablet of NIEDO!L

DPD for 13 mL of water, as re-
quired by original commercial
test, or TMB equimolar to

3.00 mg L' of C, in buffer. The
absorbances at 450 nm and

655 nm (TMB), and 555 nm
(DPD) for chlorine in H,O (¢) or
tap water (d) are reported as mean
value of four replicates for each
chlorine concentration

However, it seems difficult to distinguish the analyte concen-
tration solely by naked-eye comparison of color intensities.
On the contrary, the same chlorine solutions give different
colors in presence of TMB, from light blue to bright yellow
through green hues, depicting the color reference scale for a
chlorine test with this TMB formulation, which allows an
easier visual sensing and estimation of chlorine content, be-
having like a universal indicator within the chosen range of
chlorine concentration. The same results have been obtained
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by using tap water for chlorine dilutions (Fig. 4b). The repre-
sentative absorbances of the main molecular species and
colors are reported in Fig. 4c and d for H,O and tap water
solutions, respectively. As expected, the absorbances of TMB
solution recorded at 450 nm (yellow) and 655 nm (blue) fol-
low the trend observed in quartz cuvettes with optimal results
in terms of reproducibility expressed as percent coefficient of
variation (%CV in Table 2). In particular, the titration curve at
655 nm shows the formation and subsequent disappearance of

Table 2 Coefficient of variation

(%CV) for Absorbance values vs Time 0 (s) Absorbance in H,O (%CV) Absorbance in Tap water (%CV)

[Cl,] from Fig. 4c (H,O) and Fig.

4d (tap water) DPD TMB DPD TMB
[Cl,] mg L' 555 nm 450 nm 655 nm 555 nm 450 nm 655 nm
0.00 5.89 5.29 5.41 14.7 7.64 2.56
0.25 11.0 17.9 1.11 16.9 17.5 6.54
0.50 18.4 6.05 4.07 16.2 9.79 1.78
1.00 11.1 10.7 2.66 153 9.43 1.57
1.50 10.9 0.48 0.71 10.2 3.77 2.53
2.00 8.86 0.81 1.83 7.94 221 1.45
2.50 8.19 1.28 4.58 7.83 7.62 12.0
3.00 2.57 1.25 13.1 8.46 0.75 8.25
3.50 6.20 0.93 16.6 2.84 1.38 9.59
4.00 3.92 0.97 18.0 1.32 2.44 29.2
4.50 5.68 1.81 4.88 4.84 0.64 2.92
5.00 3.60 0.66 10.3 3.44 1.38 17.9
9%CV mean 8.03 4.01 6.94 9.16 5.38 8.02
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Table 3

Comparison of the proposed (TMB) and commercial (DPD) methods at # 0 s. The analytical parameters have been obtained on three chlorine

concentration ranges by using the piecewise linear fitting implemented in the Originlab software (ESM Fig. S1)

Calibration curve: Aymax = A0 + 7 X [Cl; AS,is the intercept at [CLy] = 0,and m is the slope

T™B

DPD

[CL] (mg LY Analytical parameters H,0

Amax 450 nm (yellow)

Tap water

H,0 Tap water H,O
Amax 655 nm (blue)

Tap water
Amax 355 nm (magenta)

0.00-1.50 AR ax 0.03 +0.02 0.03 +0.01 0.05+0.01 0.04 £0.01 0.08+£0.01  0.10+0.02
m (mg 'L) 0.12 £0.01 0.08 +0.02 0.15+0.01 0.17 £0.01 0.11+£001  0.11+0.03
BCV mean (1=4) 8.08 9.62 2.79 3.00 1147 14.64
LOD (mg L") 0.05 0.11 0.04 0.02 0.13 0.42

1.50-3.00 A ~087+007  —1.0140.06  0.48+0.02 0.53 £ 0.02 0.05+0.03  0.07+0.07
m (mg 'L) 0.71+0.04 0.77 £0.03 —0.14+£001  -0.16+001  0.13+£0.01  0.13+0.03
BCV ean (1=4) 0.95 3.59 5.06 6.05 7.63 8.60

3.00-5.00 AY 1.46 +£0.19 148 +0.12 0.11+0.05 0.10 £ 0.04 0.17+0.03  0.16+0.09
m (mg 'L) —0.06+0.05  —0.05+003  -0.01+001  -001+001  0.09+001  0.10+0.22
BCV mean (1=4) 112 1.32 12.57 9.48 4.40 4.18

R 0.99 0.99 0.98 0.98 1.00 0.98

the blue product with a bell-shaped trend symmetrical about
the midpoint corresponding to 0.50 mol chlorine/mol of TMB,
i, 1.50 mg L' (Fig. 4¢), as theoretically expected and pre-
viously shown for another oxidant system [15]. The yellow
diimine absorbance (Ap.x 450 nm) reaches the maximum
when the oxidant concentration is equimolar with TMB, i.e.,
3.00mg L' of Cl, chosen as maximum safe concentration for
active chlorine in water, whereas at same chlorine concentra-
tion the blue color contribution from charge-transfer complex
returns to the minimum level and the green color disappears
from the plate with it (Fig. 4a and b). Conversely, the

absorbance of DPD solutions recorded at 555 nm (magenta)
shows a monotone increase with chlorine concentration, as
expected (Fig. 4c and d), presenting also a reproducibility
worse than TMB (Table 2). Finally, in agreement with previ-
ous studies describing the better precision, sensitivity, and
safety of TMB over the other reagents used for colorimetric
analysis of chlorine [21, 22], here, we report a comparison at
0 s of the proposed method based on TMB, and commercial
method based on DPD. The analytical parameters have been
obtained on three chlorine concentration ranges by using the
piecewise linear fitting implemented in the Originlab software

Table 4 Comparison of up-to-date colorimetric methods for determination of free chlorine in tap water and swimming pool water samples

Reference Dou et al. [9]

Device Smartphone-based colorimeter

Schwenke et al. [10]
Barcode color reader

This work
Colorimeter or naked eye®

Commercial kit*

Colorimeter or naked eye®

Stained substrate None 3D-printed material None None

LOD (mg L") 0.016 0.05 0.42 0.02

Working range (mg L") 0.00-1.00 0.00-1.00 0.00-5.00 0.00-5.00
Indicator DPD DPD DPD TMB

Color range Magenta Magenta Magenta Blue-Green-Yellow
Masking agent EDTA None None Phosphate salts
Redox selectivity Low® Low®d Low® High®

Sample manipulation Yes (Dilution)® Yes (Dilution)® None None

DPDI free chlorine test kit used in this work (see Table 3)

® By using a monochromatic reference scale for DPD and multi-color reference scale for TMB

¢ As an example, DPD is readily oxidized by H,O, whereas TMB requires the presence of peroxidases for efficient oxidation by H,O, [15]. For ion
tolerance of TMB oxidation by chlorine please see ESM Table S1 and reference herein

9 Several printed substrates are reported to be redox sensitive [10]

¢To cover the range recommended by international health agencies for tap water and swimming pools [3, 4]
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(ESM Fig. S1). In detail, Table 3 shows the best detection
limit (LOD) for the linear fitting of TMB blue color develop-
ment (Apnax 655 nm) for lower chlorine concentrations (0.00—
1.50 mg Lfl) in H,O and tap water. Moreover, the sensitivity
represented by the slope (m) of the calibration curve and the
reproducibility reported as %CV e, appear both superior for
TMB (both at A\ ,,x 655 nm and 450 nm) over DPD method, in
H,O and tap water, within the working range for chlorine
determination (0.00-3.00 mg L "). Notably, although the im-
provement of the current detection limit of chlorine concen-
tration in water is out of the scope of this paper, our LOD in
tap water (0.02 mg Lfl) is close to, or below, the values re-
cently reported for other up-to-date and smart colorimetric
methods based on DPD (Table 4) [9, 10].

Conclusion

This work contributes to the field of the colorimetric determi-
nation of free chlorine in water by using TMB, which is the
safer chromogenic substitute of benzidine in clinical chemis-
try assays, already shown to have a precision and sensitivity
higher than other common colorimetric methods and offering
the further advantage of hue modulation upon oxidation. The
latter feature of TMB solutions have been exploited here for
spectroscopic detection of chlorine in water, and even naked-
eye sensing appears possible through the recognition of typi-
cal color of each oxidation stage of TMB in diphosphate-
based buffer at pH 4.5, which is also able to mask potential
redox active ions, e.g., Fe(Ill), commonly present in drinking
water and swimming pools. The key novelty of this work lies
in the appropriate setting of reaction conditions, showing for
the first time that it is possible to finely tune the TMB colors
change to cover exactly the range of chlorine concentration
recommended by international health agencies for treatment
of drinking water and swimming pools. The assay relies on the
simple tuning of TMB final concentration to be equimolar to
chlorine concentration value with limited potential health ef-
fects from long-term exposure. Therefore, obtaining a multi-
colorimetric indicator of chlorine in water working between
minimum value, to achieve effective disinfection, and maxi-
mum health guideline value, to avoid irritations or discomfort.
Consequently, the improvement of the current detection limit
of chlorine concentration in water, well below guideline con-
centrations, is clearly out of the scope of this paper. In detail,
TMB solutions produce a yellow color at the maximum safe
concentration of chlorine, a green color at intermediate and
recommended optimal chlorine values, and a blue color at the
prescribed lower end concentration of chlorine in water. The
method has been also successfully applied in tap water and
appears superior to a commercial test kit for visual sensing and
quantification of chlorine in swimming pools that are instead
based on monochromatic chromophores like DPD. Finally,

@ Springer

this analytical method could offer a practical tool to test
home-made sanitizing solutions, and their “shelf life,” neces-
sarily prepared by serial dilution of household chlorine bleach
during supply shortage for public health emergency events
such as pandemic influenza, as we did here to prepare a stock
solution from concentrated chlorine bleach bottle, pointing out
the significance of this work in human healthcare. A different
modulation of TMB assay for a direct measure of higher chlo-
rine concentration will be the subject of future work.
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