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Herein we report the modulating effect of sodium dodecyl sulphate (SDS), hexadecyl-pyridinium chloride
(HDPC) and octylphenol ethoxylate (Triton X100) on the degradation of indigo carmine (IC) and crystal violet
(CV) in bicarbonate-activated peroxide (BAP) system. Upon the addition of surfactant/BAP “surfoxidant”, the
decolourization degrees of both dyes were above 60% after 5min, and the total organic carbon removal after
15 min varied within 44-50%. While SDS has shown rather an inhibitory effect during the oxidation of CV,
HDPC and Triton promoted the oxidation of both CV and IC, particularly HDPC when a 10-fold increase of the

decolourization rate was obtained. This behaviour suggests the formation of active entities —kinetic micelles-
acting as nano-reactors by “enclosing” reactants in small-sized aggregates with volumes ranging from 30 to

720 nm®.

1. Introduction

Synthetic and natural dyes used at industrial scale, though they
display significant structural diversity, can be divided in several main
classes: azo, indigoid, anthraquinone, sulphur, triphenylmethyl (trityl)
and phthalocyanine [1]. Most of them are highly toxic and resistant to
microbial attack and present high stability to light, heating, and oxi-
dation [2]. The current technologies for colour removal include ad-
sorption on inorganic/organic matrices, photocatalysis, oxidation [3]
and enzymatic decomposition [4]. The advanced oxidation/reduction
processes (AO/RPs), which primarily involve the formation of hydroxyl
radical "OH, as the oxidizing species and hydrated electron/ hydrogen
atom as the reducing species, may yield complete mineralization of
oxidation-recalcitrant xenobiotics and pharmaceutics at ambient tem-
perature [5-7]. 'OH+is the second highest powerful oxidant after
fluorine, attacking most of the organic molecules at near diffusion-
limited rates [8], but is not particularly selective. Most AO/RPs rely on
generation of ‘OH from hydrogen peroxide through electron transfer to
iron ions, which act as homogenous catalysts [2]. A major issue of AO/
RPs is the presence of the bicarbonate anion (HCO3 ™) in surface and
wastewater; bicarbonate scavenges ‘OH yielding another ROS, less re-
active than OH, the carbonate radical ‘CO3;~ [9]. The pre-treatment
procedures for bicarbonate removal are costly and technically
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demanding. On the other hand, the generation of multiple ROS through
the reaction of HCO3~ and H,O, in ambient conditions may be a
convenient method to overcome AOP limitations in destructing oxida-
tion-resistant pollutants in aqueous environment (Egs. (1)-(9)) [10].
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-OH + -OH - H,0, C)

It was found that bicarbonate-activated peroxide system (BAP) is
able to efficiently degrade chlorophenols [11], alkenes [12] and aryl-
sulphides [13], relying mostly on the formation of the carbonate ra-
dical. "CO5~ is a strong one-electron oxidant (E® = 1.78 V vs NHE, pH
7.0, and though less powerful than "OH (E° = 2.3V vs NHE, pH 7.0),
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acts by both electron transfer and hydrogen abstraction to produce free
radicals from reducing substrates [14]. However, to ensure steady
concentrations of ‘CO3~ and other ROS, large amounts of BAP may be
required (a molar ratio dye/BAP of 1/10* has been found effective for
the removal of several nitrophenolic compounds from aqueous solu-
tions [19]). On the other hand, the BAP system may become efficient
for dye degradation, provided that the oxidation rate could be increased
in the presence of biodegradable, non-toxic compounds, such as sur-
factants. Besides dyes, effluents form carpet manufacturing, paint,
textile and tannery often contain surfactants [1,15]. Colloidal surfac-
tants are amphiphilic species, able to form small aggregates (micelles)
in solutions [16]. These aggregates contain both hydrophobic and hy-
drophilic regions and may function as nano-reactors by “enclosing”
reactants in small volumes ranging from 30 to 720 nm?>, depending of
the nature of the surfactant [17,18]. Thus, the reaction rates in micellar
environment can differ significantly from those observed in aqueous
media, due to solubilization of the reactants, decrease of their effective
concentrations, partition of reactants in different ‘compartments’ within
the bulk solution, and changes in the polarity of the different regions of
the system [19]. Kinetic laws for reactions occurring in micelles have
overall similarities to enzymatic catalysis [16,20]. Micellar kinetic ef-
fects are strictly related to the characteristics of the surfactants, their
hydrophilic and hydrophobic groups, and to the particular counter-ion
[16]. Micellar modulation was often encountered in the degradative
processes of synthetic dyes in alkaline media, especially for the tri-
phenylmethyl dyes, malachite green and crystal violet (CV, IUPAC
name N-[4-[bis[4-dimethylamino)-phenyl]-methylene]-2,5-cyclohex-
adien-1-ylidine]-N-methylmethan aminium chloride) [19,21,22], but
was less found in the oxidation of indigoid dyes such as indigo carmine
(IC, TUPAC name disodium (2E)-3-0x0-2-(3-0x0-5-sulfonato-1,3-di-
hydro-2H-indol-2-ylidene)-5-indolinesulfonate) [23].

There are no previous papers reporting BAP oxidation of CV or IC,
possibly due to the high BAP oxidant/dye molar ratios needed for the
BAP system to operate at reasonable oxidation rates. Moreover, BAP
oxidation in micellar media was reported only for the oxidation of aryl-
sulphides, with cetyltrimethylammonium bicarbonate as a cationic
“surfoxidant” (resulted from the combination of an ionic surfactant
with a counter-ion that is itself an oxidant or activates an oxidant from
the bulk solution to form an oxidant counter-ion) [13]. In this work we
attempted to exploit the possible promoting effects of three biode-
gradable surfactants: sodium dodecyl sulphate, SDS (anionic), hex-
adecyl-pyridinium chloride, HDPC (cationic) and octylphenol ethox-
ylate, Triton X100 (non-ionic) on BAP oxidation of IC and CV. We
provided a realistic kinetic model for this type of reaction network, in
agreement with the reported micellar catalytic models for composite
reactions [22,24].

2. Materials and methods
2.1. Materials

Crystal violet ACS reagent, Indigo carmine of analytical standard
grade, sodium bicarbonate (99.5%) sodium dodecyl sulphate (98%),
hexadecyl-pyridinium chloride monohydrate (99%) and Triton X100
laboratory grade were purchased from Sigma-Aldrich. Hydrogen per-
oxide was obtained as a 30% solution from Merck. After dilution with
bi-distilled water the concentrations of H,O, solutions were determined
spectrophotometrically, using the molar extinction coefficient €40
am = 43.6 M~ *em ™. Stock solutions of 1mM CV, 1mM IC, 0.02M
SDS, 20 mM HDPC, 1 mM Triton X100, 1 M H,0, and 0.1 M NaHCOs3
were also prepared in bi-distilled water. HPLC grade acetonitrile (ACN)
and LC-MS grade formic acid were also acquired from Sigma-Aldrich.
Water for chromatography was obtained within the laboratory, by
means of a MilliQ instrument. Working standard solutions with a con-
centration of 20 ug/mL were prepared using water as final diluent from
the stock standard solutions by appropriate dilutions. These standard
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solutions were used to identify the chromatographic peaks of the two
dyes using retention time, MS spectra and UV-Vis spectra. All standard
solutions and degraded samples were kept protected from light at 4 °C
until injection in the LC-MS system.

2.2. Spectrophotometric assays

The ultraviolet—visible (UV-VIS) measurements of CV and IC solu-
tions in the presence of surfactants and during the degradation with the
BAP system were performed with a JASCO V-530 spectrophotometer
equipped with a Peltier cell for temperature and stirring control.

2.3. Liquid chromatography-mass spectrometry (LC-MS) analysis

Experiments were run using an Agilent 1260 series LC system
(Agilent, Waldbronn, Germany) consisting of: binary pump, degasser,
thermostated autosampler, thermostated column compartment and
diode array detector (DAD) which was coupled with an Agilent 6410B
triple-quadrupole mass analyzer with electrospray ionization source
(ESI). Data acquisition and analysis were performed using Agilent Mass
Hunter software, revision B.07.05. All chromatographic runs were
carried out on a Hypersil GOLD (100 X 2.1 mm, 3.0 um) column from
Thermo Scientific. The chromatographic column was thermostated at
35 °C. Isocratic elution was performed with a mobile phase composition
of aq. 0.2% formic acid and acetonitrile in the volumetric ratio 60/40.
A low mobile phase flow-rate of 0.20 mL/min was chosen to enhance
ESI ionization and sensitivity. Chromatograms were recorded for
12 min. Injection volume of 10 pL was used. MS detection of the sub-
strates and their oxidation products was done in full scan mode (MS
Scan) in the range 50-400Da for Crystal Violet and 40-500 Da for
Indigo Carmine. Both positive and negative spectra were acquired to
observe degradation products for both polarities. ESI ionization source
parameters were: drying gas temperature 300 °C, drying gas flow-rate
6.0 L/min, nebulizer pressure 45 psi. Sampling capillary voltage was set
to 2500V for negative mode and 3500V for positive mode. Skimmer
(fragmentor) voltage was set to 90 V and the Cell Accelerator Voltage
(Q2) was set to 4 V. UV-VIS detector (DAD) was placed in series before
the Triple Quadrupole Mass spectrometer. Detection wavelengths were
set at 580, 302, 270 and 240 nm and UV-VIS spectral data was also
obtained simultaneously (220-620 nm). Retention time difference of
about 0.2 min between UV-VIS and MS chromatograms are due to ca-
pillary length between the 2 detectors.

2.4. Degradation experiments

The oxidations were conducted directly in a 3.5mL spectro-
photometer cuvette trough temperature (25°C) and stirring control.
The reaction progress was monitored through the absorbance changes
of the dye/surfactant/BAP mixtures at specific wavelengths: 590 nm for
CV and 610nm for IC. The absorbance decrease was used further to
estimate the time-evolution of the total conversion. In order to ensure
pseudo-first kinetics and to settle the pH at a constant value, in all
degradation experiments the concentrations of H,O, and bicarbonate
exceeded at least 25-fold the dye concentrations, as it follows:

— the optimized initial concentrations for CV oxidation were
[CV]O = 0.4 HIM, [HzOz]o = 20 mM and [NaHCO3]O =20 mM (CV/
HCO3; ™ /H,0, molar ratio of 1/50/50).

— the optimized initial concentrations for IC oxidation were
[IC]O =0.8 mM, [H202]0 = 200 mM and [NaHC03]0 = 20 mM (IC/
HCO5; ™ /H,0, molar ratio of 1/25/250).

The concentration of surfactants were chosen to cover both pre-
micellar and micellar regions, considering the following values for
critical micelle concentrations (CMC): CMCsps) = 8.08 mM [25],
CMCuppcy = 0.87mM [26] and CMCrriton x100) = 0.24 mM [27]. No
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pH shifting from the value of 8.5 in the reaction solutions was observed
over the reaction time span. LC-MS/UV-VIS analysis was performed
first on the bicarbonate solutions of CV and IC, then on the reaction
mixtures CV/BAP and IC/BAP after 15 min, when the decolourization
degrees exceeded 98%.

2.5. Total organic carbon (TOC) assay

TOC analysis of the dye solutions and of the final oxidation mixtures
was performed on an Apollo 900 Combustion TOC Analyzer (Teledyne
Tekmar, Mason, Ohio, USA) with a Non-dispersive Infra Red (NDIR)
detector for CO, (0-20 ppm calibration range). The total combustion of
the samples was achieved through the 680 °C combustion catalytic
oxidation method. Data processing was performed with the TOC Talk
Apollo 9000HS v. 4.2 software. TOC analysis was performed first on the
bicarbonate solutions of CV, IC, SDS, HDPC and Triton x 100, then on
the reaction mixtures CV/BAP, IC/BAP, SDS/BAP, HDPC/BAP, Triton
X100/BAP, CV/SDS/BAP, CV/HDPC/BAP, CV/Triton x 100/BAP, IC/
SDS/BAP, IC/HDPC/BAP and IC/Triton x 100/BAP after 15 min, when
the decolourization degrees exceeded 98%.

3. Results and discussion
3.1. Separation and identification of BAP oxidation products

LC-MS/UV-VIS analysis of the reaction mixtures after 15 min con-
firmed the presence of residual organic products from the degradation
of both dyes. The results of LC chromatograms, UV-VIS spectra, and
LC-ESI mass spectra are summarized in Tables 1 and 2 and in Supple-
mentary Information SI, Figs. SI-1-21.

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.seppur.2018.08.052.

Our results matched well those obtained by Fan an collab [28]
during the degradation of CV by Fenton and Fenton-like systems
(0.5 mM Fe®* /50 mM H,0, and 1 mM Fe** /50 mM H,0, for 0.15mM
CV, at pH 3). We have noticed that BAP oxidation of CV follows a si-
milar reaction pattern, through the N-de-methylation of CV (see
Scheme 1).

4-(N,N-dimethylamino)phenol was not found in the reaction mix-
ture through LC-MS analysis, possibly due to its complete mineraliza-
tion, as it was reported for the BAP oxidation of aminophenols [10].

On the other hand, the degradation products of BAP oxidation of IC
were similar to those obtained during the photocatalytic degradation of
IC by composites containing nanometric SnO, supported on Al,O3 [29]
and during the chemical degradation of IC with MnO,/ natural Fique
fiber bionanocomposite [30]. Their proposed reaction pathway in-
dicated the formation of product ions from the release of small mole-
cules as CO, CO,, and H,O (see Scheme 2).

The proposed degradation scheme involved the formation of isatin-
5-sulfonic acid via 2-hydroxy-2’ hydroperoxy-Indigo-5,5’-disulfonic
acid [31]; even if isatin-5-sulfonic acid was not identified in the final
reaction mixture; it appears that the cleavage of the di-oxo-indoline

Table 1
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ring ultimately yielded 4-aminohydroxybenzenesulfonic acid. The
electron withdrawing effect of the C-1 sulfonic group tends to stabilize
the aromatic ring and to block the formation of o-quinone imine (C-3
and C-4), a key component observed in the BAP degradation of 2-
aminophenol and 2-amino-4nitrophenol [10].

3.2. Spectral changes through the interaction of CV and IC dyes with
surfactants in pre- and micellar conditions

After investigating the UV-VIS spectra of both CV and IC, sharp and
well-defined absorption peaks at A = 590nm for CV and for IC at
A = 610 nm were observed; they were used further to build the cali-
bration lines, providing the extinction coefficients ecy =
(182095 * 37)M~'cm ™! and ¢ = (1296.4 + 6.8) M~ 'cm ™. Even
if the maximum absorbance wavelength for the aqueous solution of CV
was at 590nm, a shoulder peak was also observed; this fact is in
agreement with previous studies assigning this spectral pattern to the
presence of two isomers in equilibrium, one with a propeller structure
(D3 symmetry) for the ground state, and the other one with a pyramidal
structure (C3 symmetry), in which three bonds of the central atom are
bent [32]. The recorded spectra of CV in the presence of surfactants are
summarized in Figs. SI 21-A-C. The spectral changes following the ad-
dition of the surfactant to an aqueous solution of triphenylmethyl dye
depend on the concentrations of both dye and surfactant and on the
nature of the surfactant [33].

The addition of SDS at concentrations below CMC induced sig-
nificant variations in the absorption spectrum of CV; thus, the peak
shoulder observed at A = 532nm increases simultaneously with the
reduction of the main peak at A = 590 nm (Fig. 1-A).

The increase of SDS concentration up and above CMC, restored the
initial shape of the CV spectrum. These observations are consistent with
other studies, reporting the appearance of new absorption bands of CV
in the premicellar region (where SDS exists as monomer) due to the
formation of ion-pair complexes CV-SDS [34,35]. Above CMC, the
complex between CV and SDS became unstable, probably due to ag-
gregation of surfactants; moreover, van der Waals interaction between
the micelles and the organic moiety of dye could also change the
chromophore microenvironment [36,37]. The addition of HDPC did not
modify the form of CV spectra (Fig. SI 21-B), and the absorbance values
at A = 590 nm displayed a minimum around cmc of HDPC (Fig. 1-B),
suggesting that CV was inserted in the micellar core [37]. The addition
of Triton X100 caused an increase of absorbance at A. = 590 nm (Fig. SI
21-C and Fig. 1 —QC); this increase may be assigned to the interactions
between the dye and the non-ionic micelles, with the non-polar region
of the dye being localized in the hydrophobic core of the micelle [38].

In the case of IC, the maximum absorbance wavelength for aqueous
solution was observed at A = 610 nm (Fig. 2 A-C). The recorded spectra
of IC in the presence of surfactants are presented in Fig. SI 22-A-C. The
addition of HDPC caused the appearance of a new absorption band
located at lower wavelength (. = 560 nm) (Fig. SI 22-B).

IC in solution is in anionic form; therefore, IC may react with the
cationic surfactant. The new band observed at high HDPC

Molecular masses and characteristic m/z ions of the degradation products of CV/BAP system observed with positive MS polarity.

Compound

Characteristic MS line (m/z)  Fragment molecular mass

(Da)

Amax (nm)

Crystal violet
N, N, N’, N, N”, N”-hexamethylpararosaniline
4-(N,N-dimethylamino)-4’-(N’ ,N’-dimethylamino)benzophenone
4-(N,N-dimethylamino)-4’-(N’-methylamino)benzophenone
4-(N-methylamino)-4’-(N’-methylamino)benzophenone and d 4-(N,N-dimethylamino)-4’-
aminobenzophenone
4-(N-methylamino)-4’-aminobenzophenone
4-(N,N-dimethylamino)phenol

372.3 (not found) 371.3 (not found) 588.2 (not found)

269.3 268.3 376.4
255.2 254.2 366.6
241.2 240.2 364.4 and 358.8
227.0 226.0 357.3
138.2 137.2 309.7
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Table 2
Molecular masses, characteristic m/z ions and maximum absorbance wavelength of the degradation products of IC/BAP system observed with negative MS polarity.
Compound Characteristic MS line (m/z) Fragment molecular mass Amax (Nm)
(Da)
Indigo Carmine 421 (single charged molecular ion) 422 (sulfonic acid) 609.5 (not
Indigo-5,5"-disulfonic acid (disodium salt) 210 (double charged molecular 466 (disodium salt) found)
ion) not found
not found
Isatin-5-sulfonic acid 226 (not found) 227 260 and 302
(2-amino-5-sulfophenyl) -oxo-ethanoic acid 244 245 260 and 302
2-hydroxy-2’ hydroperoxy-Indigo-5,5’-disulfonic acid (disodium salt) 235.1 (double charged molecular 518.2 (disodium salt) 257 and 302
ion)
Product obtained through CO elimination from Isatin-5-sulfonic acid (2-amino-5- 216.1 217.1 257 and 302
sulfobenzoic acid)
Product obtained through CO elimination from 216 fragment (possibly 4-amino-3- 188 189 230

hydroxybenzenesulfonic acid

concentration could be attributed to the formation of IC-HDPC com-
plex, this effect being reported also for other cationic surfactants [39].
The addition of Triton X100 and SDS had no effect on the absorption
spectra, indicating that there were no strong interactions between IC
and the surfactant. The electrostatic repulsions between the same
charged dye and the SDS particles are stronger than the other interac-
tions, so no stable complex could be stabilized in solution. The addition
of Triton X100 caused a slight decrease of the absorption peak due to
the formation of dye-surfactant complex and to the incorporation of IC
deep into the core of micelles [15].

3.3. Catalytic action of surfactants on BAP/CV and BAP/IC systems

Oxidations of crystal violet and indigo carmine were followed by
monitoring the loss of dye absorbance at A = 590nm for CV and
A = 610nm for IC in the presence of excess hydrogen peroxide and
sodium bicarbonate. We defined the decolourization (conversion) de-
gree as:

A=A X 100
Ao 10)

where A, is the value of the absorption peak at specific wavelength for
each dye in BAP solution at the beginning of the experiment, and A is
the actual peak value. As shown in Figs. 1 and 2, the dye absorption
peaks at specific wavelength are strongly dependent on surfactant
concentration. For example, when the surfactant is at CMC, the dye is
extracted into the micelles, causing a change in the absorbance of dye.
Therefore, to accurately calculate the conversion degree in the presence
of surfactants, the initial value A, was recorded separately replacing
H,0, from BAP with H,O. Thus, the dye/bicarbonate optimized ratio
was maintained and the decolourization of dye was prevented.

While both dyes interact with surfactants via monomer dye-surfac-
tant complex and/or micellar complex, the addition of surfactant would
modify the BAP —oxidation rate of CV and IC. Reaction rates are usually
affected in the presence of surfactants, even in pre-micellar region,
suggesting that reactants may interact with small sub-micellar ag-
gregates of the surfactant (dimers, trimers, tetramers, etc.), forming
active entities (kinetic micelles) [40,41]. First, we investigated the ef-
fect of dye, H,O, and bicarbonate concentrations on the decolouriza-
tion rate (data not shown) in order to estimate the empirical partial
reaction orders with respect to each reactant and to provide the dye/
BAP molar ratios corresponding to the highest decolourization degree.
The rate equations obtained in initial conditions were not factorizable,
indicating complex kinetics, due to the intricate chemistry of the BAP
system. Therefore, we focused our work on settling the dye/H;0,/bi-
carbonate molar ratio providing the highest decolourization rate. Under
the optimized dye/BAP molar ratios, the decolourization process went
relatively fast in aqueous solution, while in the presence of surfactants
the kinetic behaviour followed different patterns, depending on the
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nature of the surfactants, the pre-micellar and micellar concentrations
(Figs. 3 and 4). The oxidation by H,O, in the absence of bicarbonate
was negligible since the dye decolourization was below 5% at the end of
each experiment.

High decolourization degrees (90-98%) were obtained after
400-900 s for both dyes. In the case of CV, it appears that the increase
of SDS concentration caused a significant decrease of conversion
(Fig. 3-A), especially above CMC, suggesting that incorporation of CV
into micelles may prevent the access of the generated ROS to the CV
substrate. This fact may be assigned to the repulsive interaction among
the negatively charged species ('CO;~ and O, ') and negatively
charged SDS. CV is positively charged under experimental conditions
and forms ion pairs with SDS. On the other hand, the positively charged
HDPC facilitates the access of the negatively charged ROS to CV and
this may explain the increase of the decolourization degree, around and
above CMC (Fig. 3-B). The non-ionic surfactant Triton X100 displayed a
similar behaviour in the absence of electrostatic repulsions for ROS; the
high conversions obtained around and above CMC suggested that in-
corporation of CV into a micellar “compartment” may increase the
number of collisions among CV molecules and ROS (the micellar cage
effect) [42] and allows the access of negatively charged radicals to the
positively charged dye (Fig. 3-C).

Indigo carmine is negatively charged in the experimental environ-
ment. The interaction with SDS seems to increase the BAP oxidation
rate, especially in the micellar region. Unlike CV, which undergoes
electrostatic attraction to SDS, IC doesn’t form ion pairs with SDS and
this may be one reason for the higher conversions obtained above CMC,
compared to the pre-micellar and aqueous conditions (Fig. 4-A and B).
On the other hand, Triton X100 may not prevent charged radicals to
reach the anionic dye, but repulsive electrostatic interactions between
negatively charged radicals and negatively charged IC may account the
moderate increase of conversion in the presence of Triton X100 com-
pared to the “jump” of conversion in the presence of HDPC (Fig. 4-B and
Q).

3.4. Testing the pseudo-phase model on BAP/CV and BAP/IC systems

One of the most used model for reaction in micellar and pre-micellar
media is the pseudo-phase model [24]. According to this model, the
distribution of surfactant between different states of aggregation is
controlled by a series of cooperative dynamic association-dissociation
equilibriums, which can be considered as global steps for the formation
of micelles. The reaction occurs both in solution and micelles, according
to the following mechanism:

nS +D & S,D an
km[ox]
S,.D "—  products (12)
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Scheme 1. Proposed degradation pathway of Crystal Violet in bicarbonate activated peroxide system, occurring through cleavage of the chromophoric core and

successive N-de-methylation steps.
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Scheme 2. Proposed degradation pathway of Indigo Carmine in bicarbonate activated peroxide system, through cleavage of the chromophoric core and of the di-oxo-

indoline ring.
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Fig. 1. Influence of surfactant concentration on the VIS absorption peaks of CV below and above CMC: (A) SDS, (B) HDPC and (C) Triton X100. [CV], = 0.4 mM,

[NaHCO3]y = 20 mM.

Ky [ox]
D = products (13)

where S is the surfactant, D is the dye (CV or IC), n represents the
number of surfactant molecules involved in the catalytic act, Km is the
dissociation constant of the catalytic micelle SnD, km is the rate con-
stant in micellar phase and kw is the rate constant in aqueous medium.
In these conditions the overall oxidation rate of the dye becomes:

_din

=H + n
dr w[ox] m|[ox]

14

One assumes that due to the large excess of bicarbonate and hy-
drogen peroxide pseudo-first order kinetics was ensured, providing the
rate equation:

Hwlox] = kw[ox] [D] (15)

For the sequence (11)-(15), the rate equation is derived assuming
that step (11) is pre-equilibrated, the micellar complex S,D is an active
intermediate and the concentration of complex S,D is negligible with
respect to the concentration of the unbound surfactant.

[SI"[D]
Kin

Tmlox] = km[ox] [SnD] = km[ox] (16)

Replacing the rate equations from (15) and (16) to Eq. (14) and
taking into account the mass balance equation for S, one obtains:

[SKD] _ ( [ox]Km)[D]

Kin
a7

km[ox] [S](r)l + kw
K + [Sh

_d[D]

dt

= kw[ox] [D] + km[ax]

or

d[D]

kops [D
i bs [D]

(18)
where [S], is the total concentration of surfactant.

According to this model, the oxidation in both aqueous and micellar
media follows a pseudo-first order kinetics. For micellar conditions the
experimental rate constant ks has the expression:

ISk

kobs = kw[ox] + km [ox] K,

19

This model was applied for other reactions with good results for
surfactants concentrations below and above CMC [13,43-45].
The integrated form of Eq. (18) is

D1

= e*kobst
[Dlo (20)
or expressed as absorbance ratio
i = e—kobsf
Ao 21

The reduced concentration value in Eq. (20) represents the deco-
lourization of dye, and therefore the experimental rate constant Kops,
(estimated through non-linear regression) is strictly limited to the de-
colourization step. We assumed that peroxide, bicarbonate and ROS do
not part preferentially into one pseudo-phase [13], due to low polarity
of micellar phase [46] and small dimensions of particles. Therefore in
was assumed that the pseudo-phase model may reasonably describe the
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[NaHCO3]p = 20 mM.

BAP oxidation of CV and IC in micellar media. According to the pseudo-
phase model, and assuming that in aqueous solution, in at least 25-fold
excess of BAP, the oxidation of both CV and IC follows a pseudo-first
order kinetics, an exponential decay equation would provide the best-fit
parameters when fitted on the experimental data absorbance vs. time.
These assumptions were validated when the non-linear regression
analysis of the experimental data provided good correlation parameters
(values of the determination coefficient r? ranging from 0.9874 to

0.9978 for o = 0.05) for the exponential decay equation:
Y — p—bx
a ¢ 22)

Thus, the kinetic parameters estimated through non-linear regres-
sion analysis were the kinetic constant ko from the progress curves
absorbance vs. time obtained in aqueous media, and k. from the
progress curves obtained in the presence of surfactants, according to the
pseudo-phase model from Eq. (21) (see the extended kinetic in Figs. SI-
23,24 A-C). Comparative plots of ks obtained in the presence of sur-
factants at CMC and ky, 0y in aqueous media demonstrate that SDS
causes a 10-fold decrease of the CV oxidation rate, while HDPC and
Triton X100 ensure around two-fold increase (Fig. 5-A). All three sur-
factants display a promoting effect on BAP oxidation of IC: 6- fold in-
creased rate for SDS, 9-fold increase for HDPC and 3-fold increase for
Triton X100 (Fig. 5-B).

The kinetic parameters of the pseudo-phase models ky;fox7, Kin and n
were estimated after fitting eq. (15) on the data points keps vs. surfac-
tant concentration (Figs. SI-25-A, B); their values are summarized in
Table 3.
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The small values of n, indicate the formation of catalytic micelles
through specific interactions. The small values of the dissociation
constants, K,,, suggested a strong association of dye within the surfac-
tant micelles that may explain the increase of the oxidation rates in
micellar environment. The kinetic constants ki ox; and kpjox; have the
same order of magnitude as in water, aside from the CV-SDS system.
Crystal violet was well incorporated into the anionic SDS micelles; the
total charge of the micelle was negative, so the approaching of ROS
anions could be restrained due to repulsive electrostatic interactions.
The other surfactants HDPC and Triton X100 allowed the access of ROS
through micelles, therefore increasing the reaction rates. Indigo car-
mine, as well, was incorporated in cationic HDPC micelles; the total
charge of these micelles being positive, the diffusion of ROS through
micelles may be favoured, yielding a significant increase of the BAP
oxidation rate.

3.5. Quantification of the mineralization level

The analysis of decolourization degrees after 15 min coupled with
the LC-MS results demonstrate that BAP system cannot achieve com-
plete mineralization for reasonable dye/BAP molar ratios. The main
concern here, as in other similar oxidative water treatments, is the
formation of toxic or less biodegradable intermediates/final products.
Aromatic compounds with low or moderate toxicity (N-methylated or
de-methylated amino-benzophenones, N, N-dimethyl-4-aminophenol)
were identified in the final reaction mixture after BAP oxidation of CV
(Table 1); similarly, low molecular weight compounds resulting from
ring-cleavage and successive elimination of the CO group were obtained
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during the IC degradation (Table 2). On the other hand, addition of
surfactants may “dissipate” the oxidant in “parasitic” oxidative pro-
cesses involving the surfactants themselves. Therefore, we performed
first TOC analysis on CV, IC, SDS, HDPC and Triton X100 in bicarbonate
solutions without H,O, (TOCy) and afterwards on reaction mixtures
(with the optimized dye/BAP, surfactant/BAP and dye/surfactant/BAP
molar ratios) after 15min (TOC..). The percentage TOC removal was
calculated as:

TOC,—TOC

% TOC, =
0 removal TO CO

100
(23)

The results (summarized in Table SI-1) suggested that all three
surfactants underwent various degrees of mineralization in the presence
of BAP: from 17.6% (SDS) to 29.5% (HDPC). TOC removals for both
dyes in the absence of surfactants were below 30%. The addition of SDS
to CV/BAP mixtures seems to inhibit CV’s mineralization (15% TOC
removal) which is in agreement with the observed effects of SDS con-
centration on the overall oxidation rate of CV (Fig. 4-A). On the other
hand, HDPC and Triton X 100 increase the mineralization degrees of
CV/surfactant mixtures to 44-45%, suggesting that these two surfac-
tants promote not only the cleavage of the chromophoric core of CV
(Fig. 4-B and C) but also the mineralization of smaller aminophenolic
fragments. In the case of IC, the addition of SDS provided the highest
TOC removal (52%), consistent with the promoting effect of SDS on IC
decolourization (Fig. 5-A). HDPC seemed efficient for IC’s decolour-
ization (Fig. 5-B) but provided similar mineralization degree (around
44%) as Triton X100, even if the former is a weaker promoter of IC’s
chromophore cleavage (Fig. 5-C). Although moderate mineralization
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degrees are achieved, it is to be noted that the degradation experiments
performed at ambient temperature and at moderate basic pH can be
used in a wastewater pre-treatment step, followed by addition of sup-
plementary amounts of hydrogen peroxide in a continuous configura-
tion. Wastewaters from textile plants or tannery already contain various
amounts of surfactants that can be used in tandem with the BAP system
for dye removal. However, residual SDS and Triton X100 might become
sources of secondary pollution, since their TOC removal does not ex-
ceed 21%. It was recently reported that several bacterial strains of
Pseudomonas are able to degrade SDS and Triton X100 [47-49] from
soil samples and drainage sediments. For example, Pseudomonas ni-
troreducens is able to degrade and grow with SDS and nitrate or oxygen
as electron acceptors [47].

4. Conclusions

The formation of kinetic micelles during the BAP degradation of
Crystal Violet and Indigo Carmine in the presence of SDS, HDPC and
Triton X100 was confirmed by the matching of the pseudo-phase pat-
tern of micellar catalysis with the obtained kinetic data. The BAP de-
colourization of Crystal Violet was significantly increased in the mi-
cellar environment provided by the cationic HDTC and non-ionic Triton
X100 surfactants. The decolourization of Indigo Carmine was ac-
celerated also in the micellar conditions for all three surfactants, but
particularly, HDPC cationic micelles displayed the highest promoting
activity. Moreover, moderate mineralization degrees of 44-45% were
achieved in CV/surfactant mixtures with HDPC and Triton X100, while
SDS practically inhibited the BAP oxidation, yielding a TOC removal of
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Table 3
Estimated kinetic parameters of BAP oxidation of CV and IC in aqueous, pre-micellar and micellar solutions.
Dye Surfactant Kuwiox 571 Kmgox (571 n K (M)
Crystal Violet SDS (2,55 = 0.11)10°3 (3.29 + 0.26) 10~ ° 1.77 += 0.16 (2.26 + 0.36) 10~°
HDPC (4.60 = 0.35) 1073 1.01 * 0.11 (1.87 = 0.13)107*
Triton X 100 (3.86 = 0.33) 1072 1.52 * 0.16 (6.73 = 0.63) 10~ *
Indigo Carmine SDS (1.232 = 0.014)1072 (5.89 + 0.45) 1072 2.85 = 0.26 (2.08 + 0.18) 10~ %
HDPC 1.75 + 0.19) 1072 1.75 = 0.15 (2.35 £ 0.21) 1074
Triton X 100 (3.43 = 0.24) 1073 2.96 *= 0.19 (8.79 = 0.72) 1073

only 15%. In the case of IC/surfactant mixtures, the mineralization
degrees were up to 52%, the highest value being achieved in the pre-
sence of SDS.

We are well aware of the limitations of BAP oxidation, because in-
creasing the dye/HCO3; /H,0, molar ratio above 1/50/50 for CV or 1/
25/250 for IC to achieve complete mineralization, may not suit en-
vironmentally realistic conditions; therefore, we assume that BAP/
surfactant tandem is rather amenable to a pre-treatment step of dye-
containing wastewater in a continuous stirred tank reactor (CSTR). In
our batch system the decolourization of both dyes was above 60% after
5min and the, so by keeping the optimized molar ratios dye/surfactant
/oxidant and using appropriate stirring and flow conditions in CSTR,
high decolourization degrees can be achieved as well. The effluent
mixtures would contain drastically decreased TOCs that can reduce
significantly the cost impact of subsequent mineralization procedures.
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