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Abstract

The experimental degradation of a water soluble dye, potassium indigo tetrasulfonate salt, has
been studied using stand-alone ozonation and photocatalytic oxidation process. Progress of the
dye oxidation was followed by UV-VIS spectrophotometric measurements at controlled operating
conditions. The organic content of reaction samples was measured to verify the process efficiency
in dye mineralization. According to current results, almost complete color removal was obtained
for ozonation within about 1 h reaction time. The reduction of the organic load was almost 80%
from its original while initial sulphur content decreased to 32.5%. Dye conversion of 100% was
obtained by means of a photocatalytic process using TiO; as catalyst at 294 nm irradiated UV light.
This complete color removal for the catalytic process was observed within 7 min of reaction time.
The calculated initial rate of reaction of photocatalysis treatment was 8 times faster than that of
ozonolysis. However, the remaining organic load of photocatalysis was almost 88% from its origi-
nal while the final sulphur content was 27.3%. This contrasting behavior of the performance of the
type of oxidation process stressed importance of physicochemical phenomena and intermediates
molecules present during dye degradation. An insightful and mechanistic aspect of the dye oxida-
tion was developed by performing quantumchemical calculations.
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1. Introduction

Nowadays, water pollution is the main concern of both research and governmental groups due to the increasing
scarcity of drinking-water underground reserves and to the type and concentration of pollutant present in indus-
trial wastewater. Textile industry represents one of the major environmental problems because it uses a large
volume of the liquid and because the chemical compounds present in waste show resistance to elimination either
by a biological or by chemical manner. For instance, dyeing of 1 kilogram of cloth needs at least 150 litter of
water [1]. The presence of dye in water may have other environmental negative effects such as reflection of sun-
light that impedes aquatic organisms to live and grow, affection to industrial plants economy due to the necessi-
ty of more numerous and effective water treatment plants, low quality of the treated water since the presence of
residuals affect water properties such as pH, hardness, etc., non-soluble salts that cause partial or complete
blocking of process tube lines which, in some cases, forces the plant to be stopped for hours or days for repara-
tion [2]. In Mexico, for instances, governmental policies are becoming more strict concerning water treatment of
textile industry wastes because water from these plants must be used for farming and cattle rising without further
pollution problems. Nevertheless, some refractory aromatic compounds such as aniline and phenol are present in
these effluents but in rather low concentration [3].

During extraction of the dye, irrespective of the technique(s) used, intermediaries, which, under ideal condi-
tion should be mineralized. Moreover, some of these organic intermediates could have a toxic effect on the bac-
teria used for wastewater purification, thereby affecting their ability to degrade [4] [5].

Recently, advanced oxidation processes (AOPs), in which oxygen-based radicals (*OH, HO,¢, and O; ¢) are
generated in situ from water and O,, have been applied to dye degradation. These species take part in different
reactions to degrade dye molecules completely. The processes are cleaner because dyes totally decompose to
low-molecular-weight compounds (e.g., small aldehydes, carboxylic acids or small inorganic compounds), CO,,
and H,O, and no significant or solid secondary pollution is generated. Most applied techniques in AOPs are UV
photolytic technique, Fenton process, photo-Fenton process, 0zonation, sonolysis, photocatalysis, biodegrada-
tion and radiation-induced degradation of dyes as it is depicted in Figure 1 [6].

Other oxidizing reagents such as persulfate (S,02"), chlorine (Cl,), etc. may also be used in this way. AOPs
are used either combined with each other or applied with different sorts of catalysts and photocatalysts homoge-
neously and heterogeneously. Therefore, a wide range of possible combinations could be introduced and eva-
luated for the oxidation of target pollutant molecules. The purpose of such combinations is the effective genera-
tion of hydroxyl radicals as non-selective oxidants which can highly oxidize almost all categories of chemical
compounds. Mechanisms of the radical «OH formation in different AOP systems have been sufficiently de-
scribed in many works [7] [8]. Due to the high energy costs involved in handling AOPs (ozone generation, light
sources, pumps, etc.), they are still categorized as expensive processes in practice. Therefore, besides investi-
gating the technical feasibility of these technologies in solving environmental problems [9], an economic feasi-
bility study must be involved in each case of treatment. This important aspect, which can promote the commer-
cialization of AOPs, is often neglected.

This paper deals with the mechanistic nature of the chemical degradation of commercial indigoid dye (potas-
sium indigo tetrasulfonate salt) by performing both experimental work and theoretical calculations. Experimen-
tal dye oxidation is performed using oxidative techniques, namely, ozonation and photocatalysis, at controlled
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Figure 1. General scheme of advanced oxidation processes (AOPs).



V. Camargo et al.

and comparative reaction conditions. Comparison of effectiveness of the aforementioned techniques is reported
based on a detailed analysis of results. In order to gain insight of the reaction mechanism and to support our
current experimental results, theoretical calculations of the chemical stability for dye molecule were performed
and results were discussed. Reaction products, regardless of the oxidative process, were analyzed with FTIR.
Kinetics, as an empirical reaction law, was also performed using experimental data that led to a model equation.

2. Experimental Procedures
2.1. Reagents and Materials

The PITS (Aldrich Cat. 340596) was used with no further purification. Standard aqueous solution with 100 ppm
of this compound was prepared and used in all experimental tests. Spectrophotometric analysis was performed
using a Shimadzu Pharm Spec UV-VIS spectrometer. The UV-VIS spectrum is depicted in Figure 2 as well as
the calibration curve of the absorbance at 591 nm wavelength that is the maximal absorbance for the indigo dye
aqueous solution. The linear behavior of the absorbance within the range of the operational dye concentration is
also depicted in Figure 2. Quartz cells were used for these measurements to avoid interferences in absorbance
lectures. The chemical oxygen demand (COD) analysis was that described in the HACH® manual using a stan-
dard kit of oxidant reagent within the range from 20 - 150 mg O,/Il. All the samples were treated similarly and
the COD analyses were performed in a calibrated HACH® spectrometer model DRDL2400. Sulphur, as sul-
phates, was similarly determined with calibrated HACH® spectrometer. IR analysis of the reaction residuum was
performed in a Cole-Parmer IR model.

2.2. 0zonation Procedure

Ozone was generated from pure oxygen using an Ozone O Residual® Device for the current experimental work.
The volumetric oxygen flow rate was kept constant and set in 0.40 liter per minute. This means that a total
amount of ozone formed reaches 0.654 mol/h, which is more than that stoichiometrically required according to
the amount of dye present in the reaction mixture. The simplified scheme and the actual experimental reactor are
depicted in Figure 3. Glass reactor was provided of a gas inlet and purge to avoid pressure increases in the sys-
tem since an accumulation of gas could occur. The gas-liquid reaction mixture was magnetically stirred to re-
duce the effect of reactant transport limitation, especially for ozone. Also, the continuous gas bubbling provokes
turbulence in reaction mixture, which enhances proximity between the two phases. Room reaction temperature
was used in experimentation. Sampling reaction was performed every 5 minutes to measure the amount of re-
maining dye by spectrophotometric analyses. The chemical oxygen demand (COD), pH and sulphur (as suphates)
were also measured for each sample.
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Figure 2. (a) UV-VIS spectrum of a 100 ppm aqueous solution of PITS; (b) Calibration curve of PITS at 591 nm.
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Figure 3. Experimental device for ozonolysis of PITS.

2.3. Photocatalysis Procedure

The catalytic reactor was a quartz cell that was treated in a dark chamber provided of a dual 254/365 nm UV
lamp (Cole-Parmer, 8n watts, 115 V/60Hz and 0.16 A), see Figure 4. The amount of catalyst (TiO,) was eva-
luated within the range of 10 - 30 mg (difference of 5 mg among experiments) using 10 ml of dye aqueous solu-
tion. The catalyst was pretreated similarly to a method reported elsewhere [10]. Basically, the catalyst was ther-
mal treated to ensure that the rutile phase is obtained since it is the most stable polymorph of TiO, due to its
lower total free energy than metastable phases of anatase or brookite. Reaction mixture was violently stirred
under dark condition to reach the adsorption equilibrium during 10 minutes after that, UV-lamp was turn on and
reaction. The amount of the catalyst was set in 30 mg from preliminary experimentation. It is necessary to stress
that the experimental set-up was isolated with black paper to avoid influence of external light that could affect
the reaction performance. Current experimental conditions were compared to those literatures reported by means
of two runs at 254 nm and 365 nm for a qualitative evaluation of our reactor performance [11]. Advance of the
photocatalytic reaction was followed by means of UV-VIS analysis; samples were taken at different times and
the particles catalysts were removed by centrifugation. At current conditions reaction time was set at 7.5 minutes
taking samples almost every minute or as soon as it was possible. The remaining dye concentration by UV-VIS
spectrophotometry as well as the total organic load (COD).

2.4. Theoretical Calculations Procedure

The computational modelling of the different conformers were completely optimized by the local functional
method (M05-2X), while for the transitions states and adducts, the calculations were carried out under unre-
stricted scheme (UMO05-2X/6-31G (d, p)), developed by Truhlar group [12] [13], by using the 6-31G (d, p) basis
set, implement in the Gaussian 09 package [14]. The complete set of electron for every atom was considered in
our calculations, this is the so called all electron calculation. Has to be mention that all the theoretical results
presented here were carried out taking into account the solvent effect by PCM solvent model. Calculation of
frequencies for free molecules as well as for transition states was performed to verify these are minimal or
maximum in potential energy surface (PES), respectively. From these results, the zero point energy corrections
and standard Gibb’s free energies (AG®) were considered. The molecular emission energy (UV spectrum) has
been calculated as vertical transition energy of the ten lowest singlet vertical excitation energies and oscillator
strengths by means the time-depending DFT (TDDFT) with the same functional and basis set as it is previously
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Figure 4. Experimental dark chamber and quartz tubular reac-
tor for photocatalysis of PITS.

described.

3. Results and Discussion
3.1. Experimental Results

Preliminary run tests were performed before presenting current results. By means of these experiments, it was
observed that no significant degradation of the dyes is obtained with only the catalyst in the dark or with only
UV irradiation without the catalyst. Hence, the degradation of the dye can be attributed to the catalytic effect,
which results in the generation of charge carriers, viz., valence band holes and conduction band electrons, when
TiO, is irradiated by UV light. The holes and electrons participate in the photocatalysis pathway resulting in the
generation of hydroxyl (OHe) radicals, which are the precursors of decomposition of any organic substrate.

Figure 5 shows the comparative dye oxidation progress by means of the photocolorimetric curve at 591 nm
for both ozonation and photocatalytic processes. It can be observed that the complete color removal is obtained
for the catalytic process while a maximum 93.1% color removal is obtained for the ozonation one. The steep line
of the catalytic treatment indicates that reaction rate is much higher than that of ozonation of which the line is
rather smooth. Regression of these curves led to an empiric kinetic law from which initial reaction rate can be
calculated. Doing so, the rate of the catalytic reaction was 18.3 mg-I"*-min™* while for ozonolysis was 2.13
mg-I"*-min"*. Hence, the rate of the reaction by photocatalysis is almost eight times faster than that by ozonoly-
sis. It is well known that ozonolysis is a transport limited process since 0zone must shift from gas to liquid phase
for the reaction to take place. Not only the operating conditions, such as temperature and pressure, are important
for this gas mass transport, but also the level of turbulence present in the reaction mixture. Care must be taken of
ensuring that ozone is available at the liquid phase and that is the role of stirring and bubbling to provide enough
molecular movement between heterogeneous phases. The linearity of the reaction progress indicates that, even if
the reaction is transport limited, this effect is constant during our complete experiment.

Concerning the residual organic molecules, Table 1 shows the result of the chemical oxygen demand and
sulphur content of the product of both ozonation and photocatalysis processes. Mechanistically, hydroxyl spe-
cies oxidize the dye through the formation of colorless intermediates, which on prolonged exposure to the active
oxidant agent should lead to CO,, H,O, N, and other inorganic ions such as ammonium ( NHj ), nitrate (NO3)
and sulphate (SO;™) species. Although a complete color removal is observed for the catalytic process in a rather
short time, only a partial degradation of the dye molecule is obtained as it can be inferred from the result of the
remaining organic load. On the other hand, the residual organic load for the ozonolysis is lower than that of
photocatalysis which indicates that the dye molecule undergoes further degradation due to the presence of ozone
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Figure 5. Dye oxidation progress for both photocatalysis and ozonation

processes at similar reaction conditions. TiO, as catalyst and UV light (295

nm wavelength) were used in photocatalysis while ozone was produced in
situ.

Table 1. Residual organic load and sulphur content of the experimental degradation of PITS using two AOP’s.

AOP Reaction time [min] Remaining % organic load, as COD Remaining % S, as sulphates
Photocatalysis 75 87.8 27.3
Ozonolysis 50 20.1 325

and, more important, due to the longer reaction time.

It is well known that the initial step in the sulphonated dye degradation involves the formation of harmless
sulfate ions (SO;™ ). These are formed by the cleavage of C-S bond to form SO; e, followed by the reaction
with hydroxyl anions (OH"). The reactions can be represented as follows [15]:

R -SO; +OH+®R —OH +S0;
SO; » + OH ®OHs +S0?"

where R corresponds to any alkyl or aryl group. Hence, the relative ease with which these sulfate ions are
formed in the initial step is detrimental to the further breakdown of the dye structure due to other reactions like
hydroxylation, oxidation and decarboxylation. In this regard, the point of attachment of the sulfo group in the
dye plays a major role. Therefore, since the S content is similar for both oxidation techniques, it can be con-
cluded that reactivity of sulphonic group is relatively higher that the rest of the functional groups, except for the
double bond scission that occurs in a rather higher reaction rate.

3.2. Theoretical Calculations Results

The optimized geometry of the structural isomers of tetrasulphonated indigo molecule was calculated and de-
picted in Figure 6. Two possible structural isomers were considered, the first where the pyrrole groups are lo-
cated at different side of a horizontal plane in the molecule, named transNN (a); and the other with these func-
tional groups at the same side of the horizontal plane in molecule, named cisNN (b). There is a third possible
structural isomer and that is the one with central double bond shifted to one side of the molecule. This means
that nitrogen forms an imino group that is located to one side of the molecule, see Figure 6(c) and Figure 6(d).
Actually, the latter molecule is a resonance structure around the central double bond. The result of this electron
movement is a rupture in the molecular symmetry, which makes it to gain certain degree of mobility (rotation)
around the central bond.

According to the Gibbs free energy of the three possible structures, the most stable structure was transNN, i.e.,
with pyrrole groups on the opposite side of the horizontal molecular plane. TransNN corresponds to the refer-
ence in energy value. This means that the energy value of cisNN is 27.4 kJ-mol * higher than that from reference,
which is the value, indicated in Figure 6. Concerning the resonance structure (c) and (d), the energy value
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Figure 6. Structural isomers used for quantumchemical calculations. (a) TransNN; (b) CisNN;
(c) Cis molecule with imino group; and (d) Trans molecule with imino group.

reaches 563 and 569 kJ-mol ™, respectively. This is an indication that formation and stability of an imino group
requires high energy, which obviously depends on operating conditions. Nevertheless, the lower energy value of
the transNN is owing to resonance through the whole molecule that is also observed from the orbital total con-
jugation, Figure 7. The electronic movement within the molecule is best described with HOMO-LUMO distri-
bution. According to the HOMO electronic distribution for both trans and cis molecule, resonance of double
bond describes a dorsal spine through the whole molecule regardless the location of the nitrogen atom. Also, it
can be inferred from the HOMO distribution that interaction between the carbonyl group and the amino group
stabilizes the molecule in the case of the transNN while for cisNN this interaction does not occur.

The electrostatic potential (EP) for most stable transNN depicted in Figure 8 confirms the uniformity of the
electronic distribution that provokes stability within the molecule. This result indicates that the molecule is sus-
ceptible to react through any of its functional groups with no preference to one, even to the double bond, that
could be expected to be the most reactive one. It is important to mention that, even in undergraduate textbooks,
Ozonation is the route of reaction of aliphatic double bond, which produces two carbonyl groups by dividing the
molecule [16].

Together with the electronic distribution through the whole molecule, the UV-VIS spectrum was also calcu-
lated and explained according to the obtained bands. From Figure 8, the green color relates the @ conjugation
system. The excitations that are responsible of blue color of indigo present a n-n" character with a large oscilla-
tor strength. Then the ten lowest singlet vertical excitation energies and oscillator strengths from the TD-DFT
calculations were used to predict the UV-VIS spectrum for the indigo tetrasulphonate molecule through the fit-
ting of a Gaussian (with the GaussView default parameters for half-width) centered at the computed excitation
energies. The predicted UV-VIS spectrum with the PCM solvent model was plotted and the A values in each
case are summarized in Table 2.

The reported Ay« CoOrresponds to the transition energy from the ground electronic state to the first dipole-al-
lowed excited state in this case HOMO — LUMO excitation, see Table 2. In addition, the other contribution
obtained from the calculated spectra, but those signals are outside of the visible electromagnetic field. According
to the calculated spectrum (Figure 9) for the transNN isomer, it can be observed that the blue shift occurs at 508
nm which is shifted from that experimentally obtained (591 nm).

4. Conclusion

The color removal of a model textile wastewater in which indigo tetrasulphonated dye is dissolved occurs faster
by means of a catalytic oxidation process than using ozone as oxidant agent. However, the remaining carbon
load is considerable which indicates that only the chromophore group has reacted but still organic intermediate
molecules have not reacted. The sulphonic group appears as the most prompt functional group for oxidation
since the remaining sulphur is similar for both processes, even though the catalytic process has been stopped in
less than 10 minutes of reaction time while ozonolysis reached 50 minutes. The theoretical calculation indicated
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Table 2. Calculated UV-VIS bands of indigo tetrasulphonated molecule.

. Oscillator Energies and Experimental

Species  Method TD-DFT/PCM Amax [nm] Strength Oscillator Strengths Reported [1] Amax [NM]
. 148 149 Singlet

Indigo 508.51 0.4369 (HOMO—>LUMO) 501

147 149 Singlet
(HOMO-1-5LUMO)
146 149 Singlet
(HOMO-2—5LUMO)
282,51 1.0137 145 149 Singlet
(HOMO-3-5LUMO)
144 149 Singlet
(HOMO-4-5LUMO)

144 149 Singlet

(HOMO—LUMO)

251.32 0.5974 148 151 Singlet
(HOMO—LUMO +2)

320

250
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Figure 9. Calculated UV-VIS spectrum of indigo tetrasulphonate molecule.

that regardless of the structural configuration of the dye molecule, it reacts through the same pathway since the
complete set of functional groups is susceptible to be oxidized.
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