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Abstract

The degradation of the AB1 dye by electro-generaigeties using a BDD electrode
was performed. The results were explained by tmemgion of OH radical, $0s®” in
the presence of sulfate, and active halide spani¢be presence of halide salt. The
discoloration rate increases in this order: sulfg&l, KBr. In the presence of KCI, the
discoloration is affected by the current densityjtial pH, temperature, and
concentration of the supporting electrolyte; howeviee concentration of the dye and
the ionic strength showed a negligible effect. Tiermediates produced during the
discoloration are a function of the pH of the snt In the presence of sulfate, the
discoloration rate is very slow, and the mecharo$uliscoloration is different from that
in the presence of KCl. The thermodynamic paramsetdr the discoloration are
calculated.
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Introduction

Synthetic dyes are extensively used in various diras of industry: textile,
leather tanning, paper production, cosmetic pra&juand food technology.
Different chemical classes of dyes are frequenthpleyed on industrial scale,
such as azo, anthraquinone, sulfur, indigo, amhémylmethyl derivatives. Due
to large-scale production and extensive applicateynthetic dyes can cause
considerable environmental pollution, and are seribealth-risk factors [1- 4].
For this reason, there is a need to apply powenkihods to ensure the complete
discoloration and degradation of dyestuffs andrtheetabolites present in the
spent dyeing baths.

Many studies have been carried out to investigae degradation of the
triphenylmethane dyes, such as adsorption [5, @ddgradation [7, 8],
photocatalytic degradation [9-12], oxidation witbrgulfate — E133 [13], crystal
violet [14], and E131V [15]-, and finally, electlommical treatment:
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alphazurine on BDD electrode [16], crystal violet BDD [17], methyl violet
[18] and malachite green [19, 20] have been ingattd.

Advanced oxidation processes involve in situ gemaraof powerful chemical
oxidants, such as OHand SOZ for the removal of a wide range of organic
contaminants in wastewater. The generation of theddants at the BDD
electrode surface from the oxidation of an aquesmlstion occurred as follows
[21-23].

BDD(H,0) M - OH_, +H" +¢€ or in basic mediunBDD(OH ") I - OH_, +€

The generation &0, , and SO."in an aqueous solution of sulfate could be
represented as follows:

OH +S0;" M - SO, +OH~ and 290 - SO +2¢

Less powerful oxidants, such as @hd Bp, can also be produced in a solution
containing halide salt (XCI, Br):

2X -2e M - X,, X, +H,00 - HOX+H"+X~, HOX -OX +H"

The HOX/OX pair reacts with organic compounds by additiorhssitution or
oxidation.

Acid blue 1, also called sulfan blue 5 or E131 V¥a dark greenish synthetic
triphenylmethane dye (Fig. 1). It is structurallgry similar to the patent blue V
and brilliant blue (three phenyl rings with diffatesubstituted groups). The
mineralization of the mentioned dyes by persulfatied [13, 15].
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Figure 1. Structure of three triphenylmethane dyes: acict 4 (AB1), malachite green
(MG), and crystal violet (CV).

The aim of this work is to study the electrocherhiogidation of aqueous
solutions containing acid blue 1 (AB1) using a lmedwped diamond electrode.
Thus, it is of interest to study the effect of soexperimental parameters, such as
the nature of the strong electrolyte, pH, tempeeatcurrent intensity, and others,
on the indirect oxidation of the acid blue 1 onBelectrode.
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Experimental

All chemical reagents used were of analytical grade food colorant AB1 is
used as purchased from Sigma Aldrich7tG1N20sS-Na, purity: 50 %, MW:
565.67 g). Stock solution of acid blue 1 (AB1) vpaspared by dissolving 40 mg
in one liter of distilled water. The concentratioh the dye in the reactional
mixture was selected in such a way that the abscshaf the dye followed
Beer's law. Most of the electrolysis experimentgevdone at room temperature
(293 K), 2 mA for KBr, 5 mA for KCI and 20 mA for &SQs and pH ~5, in
presence of 8 mgtof AB1, 0.1 M, of the strong electrolyte. The esipents
were carried out in a single electrolytic cell.

BDD electrodes are bipolar plates (50x25x2 mm) fideoCoaT (Switzerland).
The distance between the two electrodes was 5 amdiided cell). The
electrolysis was done with a Chrono-Amperostat, etygEAMD-6, from
Taccusel. Measurements of pH were carried out ugisghott Gerate CG 819
pH-meter.

The discoloration rate of the food colorant wadowked by measuring the
absorbance at the maximum wavelength of AB1 (640. - visible spectra
were recorded on a double beam UV-visible specttgpheter, in order to
detect any shift in themax or the appearance of a new band.

Results and discussion

Nature of the supporting electrolyte

The strong electrolyte added to do the electroljass a great importance, since,
in the first step, it is oxidized at the anode, amdhe second step it probably
oxidizes the organic compounds present in the isolutTherefore, the
intermediates and the final products are a functérthe strong electrolyte
present in the medium. Four strong electrolytesugezl in this study: KCI, KBr,
KI and NaSQu. The electrolysis in the presence of Kl producesvhich is a
weak oxidant and, therefore, is not able to atfsB& dye [the absorbance at 640
nm (. may) did not vary with the electrolysis].

Electrolysisin the presence of KCI

Order with respect to AB1

In the presence of KCI, the absorbance at 640 necnedees with the time of
electrolysis (Fig. 2), but at 480 nm increases. Timee required for total
discoloration or degradation is a function of theemational parameters which
will be later discussed. A detailed discussion alibe evolution of the UV-
visible spectrum is given in the paragraph on fieceof pH. At the pH (pH~5)
of the dye solution, the reaction occurred into steps: the first one is fast and
corresponds to a color change of the solution fde®p blue to slight pink; and
in a second step total discoloration occurred (stb@p). So, the rate constant
calculated in these conditions corresponds to &te constant of the first step.
The order with respect to AB1 is not clear; in fabere is a strong competition
between order zero and one. When studying the teffietemperature and the
ionic force, the best order is zero (Fig. 2a), When studying the effect of KCI
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concentration and current intensity, the best oidet (Fig. 2b), and finally,
when studying the effect of dye concentration,&@iven concentration, the best
order is zero, and for other the best order is 1.
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Figure 2. Order with respect to AB1 in the presence of KCInZL of 40 mg/L AB1 +
10 mL of 1 M KCI, pH~5, (total volume 100 mL).(ajf&ct of temperature at 5 mA and
290 K, (b): Effect of current intensity: 293 K, B0A.

Effect of the food colorant concentration

At BDD electrode, the discoloration rate const&gtps(slope of the line Aswovs.
time), is approximately the same when the conceotraaries in the range from
2 to 8 mg L (4 different mixtures were prepared for this siydso, the rate
constant kobs(ki for order i)does not vary with AB1 concentration, but the time
needed to have total discoloration is proportidaahe concentration of AB1.

Effect of pH

The UV-visible spectrum of AB1 aqueous solutionwbldhree bands at 312 nm
(smallest one), 414 nm, and 640 nm (highest ond1 Aas an acid-base
property with pka equal to 2.2. In pH lower thantie AB1 solution is yellow
(Amax 414nm), and it is blue in pH higher than@m4< 640 nm).

In 0.1 M BbSQu: The solution is yellow. There is only one impaithand at 416
nm and a small one at 274 nm. During electrolytsiere is a decrease inA
accompanied by a progressive blue shift to 346 whereas the absorbance at
274 nm remains ~ constant. The yellow color of Hutution faded slowly.
According to the literature, the progressive blueftsis attributed to the
dealkylation of the amino groups and partial degtiath of the dye (Fig. 3a)
[24].

In 0.01 M BSQu: At the beginning, the visible spectrum shows tvamds at 414
(more intense) and 640 nm. In the first step etwblysis, the absorbance at 640
nm decreases, but at 414 nm increases; then, foebamce at 640 nm begins to
increase with a blue shift to 628 nm, and at 414comtinues to increase. At the
end, the bands at 414 and 628 nm begin to decvadsa progressive blue shift
to 604 nm (spectra not shown here).

In 10° M H,SQs: At first, the solution changes with time from greto yellow,
and then it becomes slowly transparent. Tha And A14 decrease, whereasA
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and A2 increase to reach a maximum (Fig. 3b). The iner@ag\i4 (Amax of the
acidic form) isn’t because of the decrease in tHeopthe solution, since there is
a reduction of Hon the cathode. Then, the absorbance at 640 btyginsrease
with a progressive blue shift to 604 nm, and at Bégins to decrease. There are
several isobestic points at 284, 328 and 510 nnthétend, the absorbance at
640 and 414 nm decreases, but the absorbance [3510wncreases with the
appearance of a new band at 330 nm (the specthe glecond step are removed
for clearness of the figure).

In water and in less basic medium (1M NaOH): The evolution of the UV-
visible spectrum in both mediums is approximatélg same — the spectrum
shows three bands at 314, 414, and 640 nm. A n@e laand appears with time
(350 nm — 558 nm). At first, the solution changesf deep blue to slight pink,
and then it becomes slowly transparent. Theredscaease in o and Ag14 nm,
but an increase in4#0and A74nm; the absorbance at 414 nm remains ~ constant
with time (Fig. 3c). The decrease is8nm is linear with time, so, the order
with respect to the discoloration of AB1 is zertieTrate constant decreases with
the increase in pH. There are also three isobpstits at 294, 332 and 558 nm.
After a certain time, the absorbance at 480 nmnsegd decrease, and the
absorbance at 640 nm continues to decrease, aco@mdpay the appearance of a
new band at 274 nm (Fig. 3c).

In basic mediun§103 M NaOH): The UV-visible spectrum shows three bands at
314, 414, and 640 nm. These three bands decredsg @lectrolysis (Fig. 3d).
The color of the solution passes from deep blugasparent, without passing
through the pink color. The same trend is obsermetie presence of sulfate at
the pH of the dye solution. Comparing the evolutidrthe UV-visible spectrum
of ABlduring electrolysis with that in ref. 20, vean say that total degradation
of ABloccurred in basic medium in the presence Gf.K

It is obvious that the pH of the medium is an intppt parameter which affects
the mechanism of the reaction. HPLC MS will be hdlgo determine the
mechanism of the indirect oxidation of AB1.

The comparison between the AB1 dye, crystal vif®f) and malachite green
(MG), with respect to the evolution of the UV-viglspectrum, shows different
behaviors: in the case of CV, the solution chariges pink to faded blue during
electrolysis.

The decrease in 8 is accompanied by a bathochromic shift, due to the
substitution of chlorine on the phenyl ring(s),tbe deamination of one amino
group (leading to an increase in resonance as in, M@n, degradation of the
dye (Fig. 4a)). In the case of MG, which has tware groups, the behavior is
similar to AB1; in the first step, there is an iease in the region between 430
and 500 nm, and a decrease in the band at 640 mantha absorbance at 426
remains ~ constant (Fig. 4b).

Effect of the current intensity

Current intensity is also an important parametegl@ctrolysis. The generation of
chlorine species by electrolysis was done at pH-g)bf the dye solution in the
presence of 8 mgtof AB1 and 0.1 M KCI (as final concentrations), fate
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constant currents ranging from 1 mA to 20 mA. Apeapted, the degradation rate
constant increases linearly with the increase efdinrent intensity @k»x10® =
0.688 x I(mA), R: 0.997). The increase in the degradation ratelsted to the
increase in the production rate of chlorine specs@ilar results were obtained
with other organic compounds [25, 26].
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Figure 3. Variation of the UV-visible spectrum of the mix¢uAB1/ KCI during electro
degradation. 25 mL of 40 mg/L AB1 + 10 mL 1 M K@btal volume: 100 mL), at 10
mA. a:in 0.1 M HSQ, b:in 10° M H.SQy, c: in 10 M NaOH, d: in 1¢ M NaOH.
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Figure 4. UV-visible spectra of the mixture CV/KCI (a) and &I (b) during the
electrodegradation. (800 s), 5 mA and at 293 K.

Effect of KCI concentration

The effect of KCI concentration on the degradatiate was undertaken in the
following conditions: 0 M< [KCI] <0.2 M (KCl added), 8 mgLof AB1, pH~

5, 293 K, with 5 mA. The rate constant increasesakly with the increase in
KCI concentration (kobsx10% 0.87x [KCI|(M)+ 2.5, R: 0.986)(k obs Slope of
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the line InA vs. time). The reason is that a highamount of
chlorine/hypochlorite will be generated, while ieasing the chloride
concentration, due to the increased mass transpattloride ions to the anode
surface [25]. This result confirms the discoloratiand the degradation of the
organic compounds via the electro-generated cldosggdecies [26, 27]. The
discoloration of the rate constant is not negligiwhen the volume of KCl added
iIs zero, since the powder of AB1 contains alreadifate and chloride as
impurities.

Effect of theionic force

In the presence of a constant concentration of (@l M), the rate constantoK
remains approximately constant with the increasthefionic force by addition
of several volumes of 1 M N8Oy (7 different mixtures were prepared for this
study). Maybe this is because the powder of thel fomlorant already contains
50 % of inorganic salts (sulfate and chloride).

Effect of temperature

In general, any increase in temperature decreagsesdubility of C} in water
and, therefore, decreases the discoloration ratstant of the dyes [28]. The
effect of the temperature on the degradation ra#s wmvestigated with the
conditions mentioned in the caption of Fig. 5a.

For the range of temperature between 280 and 303 #ecreases linearly with
the increase of temperature.40°= -0.2xT(K) + 67.5, R0.989).
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Figure 5. Effect of the temperature on the electrodegradanf AB1 by KCI (a), and
by NaSQs (b). 20 mL of 40 mL/I AB1 + 10 mL of 1 M KCI at @A (total volume 100
mL). 20 mL of 40 mL /| AB1 + 10 mL of 1 M N&Qy at 20 mA (total volume 100 mL).

In the presence of KBr
In the presence of KBr, the decrease in the & four times faster than in the
presence of KCI.
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Figure 6. Variation of the UV-visible spectrum of the mixtudd1/KBr (a), variation
of the absorbance at 640 and 480 nm (b) duringrelgsis. 20 mL of 40 mg/L of AB1
+ 10 mL of 1 M KBr, 2 mA (total volume 100 mL).

At pH (pH~ 5) of the dye solution, the general shapthe spectrum vs. time is
similar to that in the presence of KCI: there degrease in the absorbance at 640
nm (\may), accompanied with an important increase in theodiance in the zone
from 414 to 560 nm (new banthax 480 nm) (Fig. 6a). The discoloration passes
by two steps: the first one is fast and correspdads change of color from blue
to brown pink; the second one is slower and comegp to total discoloration. In
the first step, the absorbance at 480 nm incrdasssly with time. By varying
the concentration of KBr in the medium, the ordethe first step with respect to
AB1 remains zero (Fig. 6b), and the rate constambains ~ constant (five
different mixtures were prepared for this study)the absence of KBr, the rate
constant is not zero, since the sample alreadyacmia strong electrolyte as
impurities (50 %).
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Figure 7. (a) Variation of the UV-visible spectrum of the mixe AB1/ sulfate during
1.4 h. (b) Order with respect to AB1 in the preseatsulfate. 20 mL of 40 mg/L AB1
+ 20 mL NaSQy + 20 mA (total volume 100 mL).

In the presence of sulfate

The discoloration in the presence of sulfate isyMew with 5 mA; for this
reason, the discoloration is done with 20 mA (mibian 2 h are needed to have
total discoloration, with 20 mA, Fig. 7). In tharse conditions, the rate constant
is 40 times lower than in the presence of KCI. Dedavior in the presence of
sulfate is completely different, with no new bandsmbestic point observed, but
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with a decrease in the whole spectrum with timg.(FFa). The blue color faded
progressively; no intermediate color is observednduthe reaction, as was the
case with KCI and KBr, where the blue color of ARtns pink to brown with
time, and then becomes transparent. The best wsitterespect to AB1 is order
1 (Fig. 7b) (similar order is observed with malaehyreen [20]). According to
the literature, in the presence of sulfate, ABlargdes total discoloration [17].
With a constant concentration of sulfate (0.05 g increase in the food color
concentration leads to a negligible decrease inkie rate constant. The
increase in the concentration of sulfate in theiomadrom 0.05 to 0.4 M has no
effect on the Kopsrate constant. The increase in pH from 1 to 4 caasslight
increase in the rate constant, from 1.35%1® 2.08x1¢" (four different mixtures
were prepared to study every parameter). Similaulte are obtained with the
electrodegradation of CV on the BDD electrode [IFipally, the increase in
temperature increases the degradation rate of ABJ. 6b). Similar effect is
observed with other organic compounds on BDD ebeleti{29, 30].

The activation parameters associated with the Hisziion are calculated as
follows: the plot of In kobsVvs. 1/T gives the value of the activation enenrgg)(
according to Arrhenius equation:

InK,,, =-E,/RT +cte  withR :83J.K *mol ™
The AH?, AS* andAG*values can be calculated from the two equations:

AS* . AH?
+ ) — ,

R RxT
The activation energy and the other kinetic paransetin the range of
temperature studied (P& - 34°C) are listed in Table 1.

|n(—KT°bS) :(Ink—ﬁ AG* =AH" -TAS', 'n(k_r?) = 2376

Table 1. Activation thermodynamic parameters of the etmt#gradation of AB1 by
sulfate. 8 mg I} AB1, 0.05 M sulfate, 20 mA, pH ~5.

KCl

290 K (9.25x16)

297 K (8.19x16)

303 K (6.79x16)

307 K (5.87x16)

sulfate

291 K(1.31x10)

297 K(1.58x10)

303 K(1.73x10)

307 K(2x107)

sulfate

Ea (kJ.motY)

AH#*(kJ.molY)

AS (kJ.moll.KY)

Anggf (kJ . moll)

18.5

16.1

-0.263

90.58

The values between parenthesis correspond to ttheaastant.

Conclusions

At BDD electrode, the discoloration of AB1 in theepence of sulfate is too
much slower than in the presence of KCl and KBre Tiicrease in the current
intensity, the dye concentration, and the ionicéofollow identical behaviors in
both kind of salts, but the same does not happémnespect to the temperature.
Total degradation occurred in the presence of ®ulad in the presence of KCI
in a basic medium. In the presence of KCI, the pehe medium strongly affects
the reaction mechanism; HPLC MS will help us have idea about the
intermediates of the reaction at different pH arahfem if there is total
degradation.
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