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Abstract

This paper presents voltammetric studies on carbon electrodes (linear-sweep cyclic voltammetry
and differencial pulse voltammetry) on the electrooxidation of methylisothiazolinone (MIT),
Chloromethylisothiazolinone (CMIT) and 4,5-dichloro-2-octyl-4-isothiazolin-3-one (DCOIT). The
oxidation products have been identified after electrolysis of the compounds using liquid-liquid
extraction and gas chromatography coupled to mass spectrophotometry. The identified compounds
for the three biocides correspond in all cases to two-electron processes, with opening of the ring.
Adsorption processes were observed for CMIT. From the differential pulse voltammetric results a
general reaction pathway is proposed in which the rate-determining step is a chemical reaction
placed after the first partially irreversible electron transfer. The interaction of cysteine with MIT
and CMIT was studied by differential pulse voltammetry in order to quantify them and the 1:3
mixture. The specificity of the interaction with cysteine and the low values of the peak potentials
minimize the interferences. The quantification is made from the decrease of the oxidation signal of
cysteine as the biocide concentration increases, being the method adequate for the study of usual

cosmetic and household products.
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1. Introduction

A biocide is a substance (from chemical and/or biological origin) able to destroy, inhibit,
make harmless, or control harmful organisms. Derivatives of isothiazolinone as
methylisothiazolinone (MIT), chloromethylisothiazolinone (CMIT) and 4,5-dichloro-2-octyl-4-
isothiazolin-3-one (DCOIT) are widely used as biocidal active ingredients to prevent growth of
bacteria in cosmetics (eye shadows, moisturizers and make-up removers) and toiletry [1-4], hair
and skin care products, water-desalination reverse osmosis plants [5], adhesives [6,7], biodiesels
[8], cooling water treatment [9-11], hydraulic fracturing fluids [12, 13], laundry detergents [14],

water-based paints [15], paper for food packaging [16], etc.

MIT: R1=H, R>=H, R3=H CMIT: Ri=H, R=Cl, R3=H DCOIT: Ri=Heptyl-, R.=Cl, R3=Cl

The wide use of biocides can originate health problems because these chemicals are known

contact allergens that cause skin irritation [5, 6, 17, 18] and both oral and inhalation toxicity [13].

The mechanism of action of isothiazolinones is two-step, consisting in a rapid inhibition
occurring in minutes of growth and metabolism, followed by a slow irreversible cell damage, which
can occur in several hours [19]. The reactivity of MIT and CMIT against glutathione [20] and thiols
in general [21, 22] has been reported. At physiological pH the biocides interacted oxidatively with
thiols to form disulphides, the following step being the opening of the ring [21]. Chlorinated
derivatives do not react with thiols, but their reaction with thiolates is fast [22], this implying that
the pH of the medium is essential for the reaction. 5-chloroisothiazolones and isothiazolones inhibit
thiol containing enzymes and makes them excellent candidates for activity-based protein profiling

of these enzymes [22-24].



HPLC/MS analysis has been used to establish the levels of MIT, CMIT, DCOIT and other
biocides [25, 26]. A simple method for measuring DCOIT in marine sediments to very low
concentration level has been developed. It consists of a focused ultrasound assisted extraction
(FUSE) followed by a solid phase extraction (SPE) clean-up and a stir bar sorptive extraction
(SBSE) preconcentration step using thermal desorption system (TD) coupled to GC-MS/MS and

provides good recovery [27].

Han et al. used an PbO; anode supported on a titanium plate to oxidize wastewater polluted
with isothiazolinone biocides [28]. The voltammetric behaviour of isothiazolin-3-ones at boron-
doped diamond electrodes (BDD) was reported [29]. In this study it was concluded that the hydroxyl
radicals generated at BDD surface were responsible for the degradation of the biocides, being the
rate of degradation virtually independent of pH. No other electrochemical studies on these biocides

can be found in the literature.

The aim of this work was, first, to establish the mechanisms of the electrochemical oxidation
of the isothiazolinone biocides MIT, CMIT and DCOIT on carbon electrodes and, second, to
explore the use the interaction with cysteine to quantify these biocides. To achieve these goals,
voltammetric measurements, in cyclic and differential pulse modes, together bulk electrolyses are
made in buffered solutions, and Liquid-liquid extraction coupled with Gas chromatography is used

for the product identification.

2. Experimental

2.1. Reagents

All chemicals used were of Merck analytical grade reagents, with the exception of (R)-2-

amino-3-mercaptopropionic (L-cysteine), acid 2-methyl-4-isothiazolin-3-one (MIT) and 4,5-



dichloro-2-octyl-isothiazolone (DCOIT) that were from Sigma-Aldrich and 5-chloro-2-methyl-4-

isothiazolin-3-one (CMIT) that was from Cymit, and were used without further purification.
2.2. Electrochemical measurements

As supporting electrolytes, solutions containing 0.1 M in phosphoric acid were used except
in the experiences in which cysteine was present. In this case, phosphate buffer solutions containing
0.05 M in both KH>PO4 and K;HPO4 were used. Due to the low solubility of DCOIT in water, the

stock solution was prepared in ethanol, with 30% ethanol needed in the cell to avoid its precipitation.

The aqueous solutions were prepared using ultrapure water type I (resistivity 18.2 MQ.cm
at 298 K) obtained from an ultrapure water Millipore system. Ionic strength was adjusted to 0.3 M
with KNOs. Stock solutions of MIT, CMIT, DCOIT and cysteine were stored in the dark at 277 K
to avoid decomposition. For DCOIT stock solution was prepared in ethanol due to its low water
solubility. pH measurements were made prior each experiment with a Crison BasiC 20 pH-meter,
calibrated daily with the corresponding pH standards (Crison). The pH adjustment was made with

solid NaOH.

The electrochemical measurements were made on a CHI650A electrochemical workstation
from [JCambria. A three-electrode cell equipped with a Pt wire counter electrode BAS MF-2079, a
BAS MF-2079 Ag|AgClKCl (3M) reference electrode and a glassy carbon electrode (GCE) from
IJCambria (7.5mm? area) working electrode was used. The surface of the electrode was treated with
diamond (0.25 pm) and alumina (0.3 and 0.05 pm) slurries. Residual material was removed from
the electrode surface by sonication in a pure water bath for 30 min after each polishing. Solutions
were purged with purified N> for at least 15 min to avoid the presence of oxygen that could originate
undesired redox reactions on the electrode. The working concentration was 1 mM for MIT and
DCOIT and 3mM for CMIT, with the evident exception of experiments in which the effect of the

concentration was studied. All tests were performed at 298 K.



The parameters for differential pulse voltammetry (DPV) were: pulse amplitude 0.05 V,

pulse width 0.05 s and pulse period 0.1 s.

The controlled-potential electrolysis was made on a working electrode consisting of a high-
density graphite rod of 99.995% purity (Aldrich, CAS number 7782-42-5 C) protected with a
silicone tube, which allow to use a cylinder with an area of 75.4 mm2. The electrode was polished
with a silicon carbide paper, followed by alumina (0.3um) slurry. Residual polishing material was
removed from the surface by sonication of the electrode in an ultrapure water bath for 20 minutes
after each polishing. The counter electrode was a stainless-steel rod and the reference electrode a

BAS MF-2079 Ag|AgCIKCI (3M).

The electrolyses were made under continuous stirring with volumes of 10 mL of 1mM
biocides (for DCOIT 4% ethanol in cell was necessary for dissolution) and recording the cyclic
voltammograms along the electrolysis to check the evolution of biocide. High density graphite rods
(GRE) of 99.995% purity form of 6 mm diameter protected with a silicone tube Aldrich (CAS
number 7782-42-5 C) were used. The electrode was polished with a silicon carbide paper, followed
by alumina (0.3 pm) slurry. Residual polishing material was removed from the surface by sonication
of the electrode in a water bath for 10 minutes. Electrolyses were performed until at least 80% of

the initial biocide was lost.

2.3. Liquid-liquid extraction and Gas chromatography
An aliquot (300 pL) of the electrolysis solution was placed in a 2 mL vial and extracted by
shaking vigorously with 200 pL chloroform for 5 min. The organic phase was dried with anhydrous

sodium sulphate. The organic layer was transferred into a new vial.

Aliquots (1 pL) of extracts were injected into a Shimadzu GC-MS (GCMS-TQ8030)
equipped with an Agilent HP-5MS fused silica capillary column (30m x 0.25mm i.d., 0.25 mm film
thickness). The gas chromatograph system was equipped with a split/splitless injection port
operating in splitless mode. The oven temperature program was as follows: The column was kept
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at 50 °C for 3 min, ramped at 20 °C min ™! to 200 °C, held for 5 min and then increased at 40 ‘C
min ! to 280 °C and held for 10 min. Helium at a constant flow rate of 1 mL min ' was used as the
carrier gas. The temperatures of the injector, transfer line and ion source were maintained at 250,
280 and 230 °C, respectively. A solvent delay of 3 min was selected. The carrier gas was helium
with a constant flow of 1 mLmin™' (mean velocity 36, cms™). The mass spectrometer was performed
with electron ionization (EI) at 70 eV, operating in scan mode (50-300 amu). Identification of
compounds after electrolysis and DCOIT standard was achieved using the mass spectra. MIT and

CMIT standard mass spectra were compared with the data system library (NIST 11).

3. Results and discussion

In linear-sweep cyclic voltammetry (LSCV) on a glassy carbon electrode, MIT exhibits one
oxidation peak at potentials very close to the discharge of the supporting electrolyte. The influence
of the concentration of MIT was studied at two pH values in order to evaluate what is the appropriate
working concentration. As it is shows in Figure 1, the peak is deformed at potentials beyond the
peak potential due to the overlapping with the discharge of the supporting electrolyte. In differential
pulse voltammetry (DPV), the peak appears well defined at the highest concentrations used. For
this reason, differential pulse voltammetry is selected as study technique, and 1:10~ M as working

concentration for MIT.
-- Figure 1 --

DP voltammograms of CMIT at pH 7.00 show an oxidation peak preceded by a shoulder at
potentials lower than the peak potential (Figure 2). The DPV obtained at different concentrations
lead us to choose a working concentration of 3-10° M. At this concentration the peak appears

defined enough to allow its analysis.

-- Figure 2 --



DCOIT is not soluble in water but it is soluble in ethanol. A 30% ethanol in the medium
allows us to use concentrations of 1-10~> M. In these conditions, the DPV peaks are very close to
the discharge of the supporting electrolyte. Attempts have been made to increase the concentration
by increasing the percentage of ethanol in cell, but the voltammograms are poorly defined.

Therefore, the chosen working concentration was 11073 M.

The oxidation of MIT was studied in the range of pH 2-11, although at pH> 8.5 the
differential pulse voltammograms are difficult to measure, due to the appearance of wide peaks of
and low intensities at potentials immediately lower than the oxidation peak potential, which make
difficult the measurement of the peak parameters (Figures S1 and S2 in the Supplementary

material).

As previously said, differential pulse voltammetry was revealed as the most reliable
technique for the study of the oxidation process, because the well definition and low distortion of
the signal. The equation 1, corresponding to first-order processes, was used for the analysis of the

DP voltammograms [30]:
I=4Ip[LA1 + L) (1)

where L = exp[—(E—Ep)/b], Ir and Ep being the peak intensity and the peak potential, respectively,
and b is a parameter which has the same value and meaning as the slope of the dc logarithmic

analysis [30, 31].

This equation corresponds to a symmetrical peak, which area is proportional to both the

number of electrons involved in the process and the reactant concentration.

The variations of peak area and peak potential with pH below pH 8.5 are shown in Figure
3. The areas shown in this figure have been normalized with respect to concentration, because
different concentrations are used for MIT and CMIT; so, the comparison between both behaviors

can be made more straightly. As can be seen, for MIT the peak area remains roughly constant



throughout the pH range studied. The peak potential remains practically constant up to pH 6 and

above this pH value decreases slightly with a slope of —18.7 mV per pH unit.

-- Figure 3 --

For CMIT, the oxidation was studied also in the range of pH 2-11, the differential pulse
voltammograms showing two overlapped peaks (Figures S3 and S4 in the Supplementary material).
The analysis of the differential pulse voltammograms with equation 1 leads to the appearance of
two peaks (named peak 1 and peak 2 attending the potentials at which they appear). The evolution
of peak potentials and peak areas with pH corresponding to these peaks can be seen in Figure 3.
Again, and for both peaks, the peak area remains practically independent of pH, while the peak
potentials remain constant at pH <6, decreasing very slowly at higher pH values with slopes of —
13.7 mV per pH unit, for peak 1, and —7.9 mV per pH unit for peak 2. Moreover, peak 2 has a
normalized area similar to that of MIT, whereas the normalized area of peak 1 is c.a. one half than

the area of peak 2.

Figure 4A shows the comparison of the voltammograms corresponding to MIT, CMIT and
a mixture of both at pH 7.10. As can be seen, the oxidation peak of MIT appears at the same
potentials as the peak 1 of CMIT. When comparing the CMIT voltammogram with that of the
mixture of both compounds, an intensity increase is observed at potentials corresponding to peak 1
of CMIT. From this behavior it could be concluded that both peaks correspond to the same type of
electrochemical process for both compounds, though other explanations can be given, as will be

made in the following discussion.

-- Figure 4 --

DCOIT cannot be studied in neutral and basic media. Under these conditions, the -COOH
group is dissociated and a colloid is formed, which is observed experimentally, with the -COO~

groups disposed towards the interior. The voltammograms appear deformed at potentials



immediately above the peak potential and its analysis is not possible at pH > 6.0. At pH < 6.0, a
single peak appears whose peak potential and peak area practically do not vary with pH. Figure 4B

shows the comparison of the peaks obtained for MIT, CMIT and DCOIT at pH 6.0.

Figure 5 shows the curve-fitting of equation 1 to the experimental DP voltammograms for
MIT, CMIT and a mixture of both compounds. The fitting between theoretical and experimental
data is good in the first part of the curve, but the end part is distorted by the discharge of the
supporting electrolyte. The b values were obtained from the fitting of the experimental results to
equation 1 in the first part of the DPV peak. Such b values were of 75-80 mV for the only MIT peak
also for peak 1 and peak 2 of CMIT, somewhat higher than that corresponding to a two-electron
process of ECE type, where the r.d.s. is a chemical step after the first reversible electron transfer
(60 mV), but much lower than that corresponding to an irreversible one-electron transfer (120 mV)
[29, 30]. This behaviour can be attributed to the quasi-reversibility of the transfer, which increases
the b values. In the case of the mixture, the same peaks appear as for CMIT, but peak 1 has a higher
intensity due to the presence of MIT. For DCOIT the b value was 60 mV at 2.00<pH<6.00, this
indicating that the process is of ECE type and the reversibility of the transfer is higher than for the

other biocides.

-- Figure 5 —

To identify the oxidation products, electrolyses were made at 1.65 V (that is, at potentials
higher than those of the oxidation peaks) and in the conditions given in the experimental section.
The results of the analyses are given in Figure 6 to 8. Figures S5 to S8 in supplementary material

show the gas chromatograms corresponding to the biocides and the oxidation products.

MIT mass spectrum showed molecular ion at m/z=115 [M] and a fragmentation pattern
corresponding to MIT (Figure 6A). In the case of MIT electrolysis product (Figure 6B), the

identified compound was the following:
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This compound has a molecular weight (m/z=133), and the spectrum showed the peaks at

m/z=7,1 [M-CNSH4] ion, m/z=61, [CNSH4] ion and m/z=54, [-C3H>O] (Figure 6b).

-- Figure 6 —

CMIT mass spectrum (Figure 7A) showed a molecular ion peak at m/z=149 [M] and a
fragmentation pattern corresponding to CMIT. For CMIT electrolysis compound the identified

compound was the following:

This molecule has a molecular weight of m/z=167. The fragmentation pattern is shown in
Figure 7B. Peaks were observed at m/z=105, [M-C3CIH,OH] ion, m/z=61, [CNSH4] ion, m/z=97

[CCINSH4] ion, and m/z=54 [-C3CIHOY.

-- Figure 7 —

DCOIT mass spectrum showed three ions (between 60 and 100 % of relative abundance), at
m/z 169 [M-CsHis] ion, m/z 246 [M-C1] ion and m/z 182 [MC7H;s] ion. The m/z 281 molecular ion

had a low abundance (15 %) (Figure 8A). The identified electrolysis compound for DCOIT was:
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The above molecule has a molecular weight (m/z) of 297. DCOIT electrolysis compound

showed also signals at m/z=280, [M-CH34] ion, and m/z=186, [-C3H2CI,NO,S] ion (Figure 8B).
-- Figure 8 —

The oxidation products of the three biocides correspond in all cases to two-electron
processes. So, in the case of CMIT, for which two peaks are observed, the overall process must be
two-electron and, the peak 1 apparently corresponds to a one-electronic process. Nevertheless, the
behaviour of the peak intensities with the reactant concentration shows that peak 1 corresponds to
an adsorption process. In effect, as it can be seen in Figure 9, the area of peak 2 is proportional to
the concentration of CMIT, whereas that of peak 1 tends to a constant value at high concentrations,

this indicating that in these conditions the current is controlled by superficial processes.
-- Figure 9 --

Based on the experimental results, the following reaction scheme can be proposed for the

oxidation of the three compounds studied:

S\C/R2
— R;—CH,—N [l +e” (1)
¢’ TR,
I
o)
S R S— A2
? il s C + (2)
R;—CH,—N I —> R,—CH=N I + H
+
ﬁ/ SR, ﬁ/ SR,
o} o}
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Ri—CH=N ||  + H0 —— R—CH=N" || + H (4)
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I 3 1] °
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Reaction (1) can occur in a single step, as is formulated, or in two steps, namely, the
homolytic ring aperture followed by the release of an electron. If this reaction were the rate-

determining step, r.d.s., a value of c.a. 120 mV (at 298 K) must be obtained for the b parameter.

Reaction (2) consists in the release of an H' ion. If this reaction were the r.d.s., the expected
b value is c.a. 60 mV (at 298 K). Moreover, the peak potential must vary c.a. 60 mV per pH decade.
The experimental findings indicate that the rate of the process is controlled mainly by reaction 2,
though reaction 1 is not fully reversible, and this reaction contribute in part to the kinetics. The

slightly decrease in b values at high pH indicates that reaction 2 becomes faster in these conditions.

The commercial formulations of biocides contain MIT and CMIT in the ratio 1:3. Because
the occurrence of the peak 1 of CMIT, no linear dependences between the peak peaks (or areas)
with concentration are found, and deconvolution of the signal is mandatory. Even in these
conditions, the analytical method based on DPV measurements is poor because the high potentials
used at which many other species present in the medium are oxidized and interfere the
measurements, making it impossible. This implies that another approach must be taken to analyse
these biocides. To overcome these problems, it is necessary to decrease the measurement potentials
and also to make the determination more specific. This can be achieved by taking advantage of the

interaction of the isothiazolinones with mercapto-derivatives commented in the introduction.
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Different —SH containing compounds have been tested and finally cysteine (Cys) was
selected attending to the potentials measured, solubility and cost. The pH of measurement was near

to 7, but the behaviour at other pH values is similar to that will be described below.

Figure 10 shows the effect of the addition of increasing concentrations of biocides to Cys
solutions. The oxidation signal of Cys decreases as the biocide concentration increases. This signal
is suppressed at biocide concentrations c.a. one half of the Cys concentration used. This agrees with
the interaction mechanism proposed by Collier et al. [21] in which two Cys molecules react with

one biocide to give the end product.
-- Figure 10 --

As it is shown in Figure 10, this effect occurs irrespective the Cys concentration used. So,
the decrease could be used to quantify the biocides as it is presented in Figurell and Figure S8 of

the supplementary material.

-- Figure 11 --

By varying the Cys concentration, different ranges of biocide concentration can be achieved.
As it has been pointed out in the introduction, the main use of these biocides is in 1:3 mixtures of

MIT and CMIT,

This MIX is used in different doses for different uses. So, in cosmetic and household
products, the doses can reach until 15 ppm [4, 32]. For example, shampoos contain 1.5-14.1 ppm
of MIX, baby liquid soap 4.7-6.8 ppm, detergents around 6 ppm and wood surface cleaners c.a. 11
ppm [4]. All these contents are in the range of application of the electrochemical measurements
shown in Figure 11. It is true that for other applications as the treatment of biofilms the doses are
lower, below 1.2 ppm [33], this meaning that the parameters of the electrochemical method must

be optimized for these cases.
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4. Conclusions

The voltammetric study on carbon electrodes of the oxidation of biocides MIT, CMIT and
DCOIT allowed to propose a reaction scheme for these processes. From the electrolysis of the
biocides, oxidation products have been determined by liquid-liquid extraction and gas
chromatography coupled to mass spectrometry. In all cases the oxidation leads to the opening of
the ring and the identified compounds correspond to bielectronic processes. At the scheme, the rate-
determining step is a chemical reaction placed after the first electron transfer. This transfer is not
completely reversible and contributes in part to the kinetics. The study in differential pulse
voltammetry of the interaction of cysteine with MIT, CMIT and the mixture of both, allows the
quantification of these compounds. The low oxidation values at which the peaks appear and the
specificity of the interaction with cysteine minimize the interferences. The cosmetic and household
products have mixture contents in the range of validity of the proposed method, but the parameters

of the electrochemical method could be optimized to quantify lower values.
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Figure headings

Figure 1. Voltammograms of MIT at different concentrations. (A) Cyclic voltammograms at pH
5.0,v=0.1 V.s!. (B) Cyclic voltammograms at pH 7.47, v=0.1 V.s"!. (C) DP voltammograms at pH

5.0. (D) DP voltammograms at pH 7.47.
Figure 2. DP voltammograms of CMIT at different concentrations. pH=7.00.

Figure 3. DP voltammetry. Variation of peak area with pH. The areas have been normalized with

respect to concentration. (o) MIT; (@) CMIT, peak 1; (m) CMIT, peak 2

Figure 4. A) Comparison of the DP voltammograms of MIT, CMIT and a 1:3 mixture of both

biocides. pH7.10. (B) Comparison of the DP voltammograms of MIT, CMIT and DCOIT. pH=6.00.

Figure 5. Curve-fitting of equation 1 to experimental DP voltammograms for: (from top to bottom)

9.1x10™*M MIT; 2.73x10* M CMIT; a mixture of 2.73x10* M CMIT and 9.1x10~*M MIT.
Figure 6. Mass spectra. (A) MIT; (B) MIT electrolysis product.

Figure 7. Mass spectra. (A) CMIT; (B) CMIT electrolysis product.

Figure 8. Mass spectra. (A) DCOIT; (B) DCOIT electrolysis product.

Figure 9. Variation of the peak area with the CMIT concentration. pH = 7.00.

Figure 10. Interaction of biocides with cysteine in 0.5 M KH,PO4+ 0.5 M K;HPO4 buffer. Black
continuous line: DP voltammograms of cysteine. (A) DP voltammograms of 1 mM cysteine with
different concentrations of MIT. (B) DP voltammograms of 5 mM cysteine with different
concentrations of CMIT. (C) DP voltammograms of 1 mM cysteine with mixtures of both MIT and

CMIT in the ratio 1:3. Biocide concentrations are indicated in the figures.

Figure 11. Differences between the currents measured at 0.54 V and that obtained for cysteine in

the absence of biocide. Biocide concentrations corresponding to Figure 10C.
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