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Real-time in situ monitoring as a tool for
comparison of electrochemical advanced oxidation
processes for the decolourisation of azo and
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The widespread use of synthetic dyes has led to the release of substantial amounts of dye-contaminated
wastewater, posing significant environmental and health concerns. This study focuses on the use of
anodic and electrochemically activated persulfate oxidation for the degradation of organic contaminants.
Specifically, the structural variations of nine dyes in the indigoid and azo families, and their impact on the
efficiency of electrochemical oxidation were analysed. An in situ continuous monitoring apparatus with
a UV-visible detector was employed to collect data in real-time. The electrochemically activated
persulfate system demonstrated higher efficiency compared to the anodic oxidation approach. In both
systems the efficiency of decolourisation was highly dependent on the structure of the pollutant.
Electron-withdrawing substituents in direct conjugation with the chromophore, bulky auxochromes, and
extended aromatic systems significantly decreased the decolourisation efficiency. Conversely, changing
the location of electron-withdrawing groups and adding electron-donating substituents increased the

decolourisation efficiency, even overcoming the detrimental effects of bulky groups and extended
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interconnected nature of pollutant structure and degradation speed so that efficient electrochemical
oxidation systems can be designed for the treatment of genuine wastewater effluent containing more
than one pollutant.
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capability for automation. They work by generating reactive
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Bright colours are a staple of modern society, where nearly every
industry relies on synthetic dyes to enhance the appearance of
their products.*” This is particularly the case in the textile
industry, which releases 250000 tons of dye-contaminated
wastewater every year.®> Approximately 80% of this effluent is
discharged directly into watersheds where it can be used for
irrigating farmland without treatment.** Major concerns arise
as most dyes are resistant to traditional water treatment
methods,*” and their mutagenic and genotoxic properties can
devastate entire ecosystems, reduce crop yields, and bio-
accumulate in all living things.*’

Electrochemical advanced oxidation processes (EAOPs) have
emerged as one of the most innovative alternative wastewater
treatment methods.>**?® EAOPs are promising due to their
high efficiency, small physical footprint, simple operation, and
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oxygen species (ROS) in situ, which eliminates the need for
chemical additives."*'** The ROS can break recalcitrant
pollutants into smaller organic components like small carbox-
ylic acids, or mineralise them into carbon dioxide and water."**

The simplest EAOP is anodic oxidation (AO) which generates
hydroxyl radicals from water at the anode (Fig. 1). Organic
contaminants can be degraded through interactions with these
highly oxidising hydroxyl radicals (E° 2.8 V vs. SHE) or direct
electron transfer with the anode.'»**™** This process is
controlled by mass transfer, and the efficiency is limited by the
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Fig. 1 Anodic oxidation.
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oxygen evolution potential (OEP) of the anode.'**® Active
anodes like graphite, platinum, IrO,, and RuO, have a low OEP,
and generate chemisorbed hydroxyl radicals. Inactive anodes
like boron-doped diamond (BDD), PbO,, and Ti,O, have
a higher OEP, leading to physiosorbed hydroxyl radicals that are
more reactive due to the greater distance from the electrode
surface.”*"” Of the inactive anodes, BDD has the highest
stability, corrosion resistance, and operable pH range, as well as
the widest electrochemical window, and superior catalytic
activity.* When combined with sulfate-, chloride-, carbonate-, or
phosphate-based electrolytes, BDD anodes can generate highly
oxidising species from the electrolyte in the bulk solution.
These species can react with and degrade pollutants more effi-
ciently than hydroxyl radicals because they are not limited to the
area around the anode.*'>"” Fortunately, textile effluent is often
high in both chloride and sulfate ions, obviating the need for
additional reagents. Electrolytes with chloride are the most
studied but can lead to toxic halogenated intermediates that are
more difficult to remove than the original pollutant.'**** As
such, an electrochemically activated persulfate (EAP) indirect
oxidation system, like the one depicted in Fig. 2, is more
desired.*®'7*?> Besides anode material, EAOPs can be influ-
enced by a large number of variables, one of the most important
being the identity of the pollutant.

It is very common for literature methods to report the use of
a single dye as a model pollutant to investigate an EAOP.
However, this leaves the impact of dye structure on the effi-
ciency of EAOPs largely unknown."** With over 10 000 different
dyes, it is essential to understand how pollutant structure
impacts the efficiency of oxidation.® All dyes have a chromo-
phore that determines their color, and auxochromes that
control the intensity of the color and its solubility. Two of the
most commonly used dye types are azo and indigoid (Fig. 3).
Over 70% of dyes used are azo dyes. Coveted for their diverse
colors and ease of use, they contain a -N=N- moiety in their
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Fig. 2 Electrochemically activated persulfate.
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Fig. 4 Real-time in situ continuous UV-vis monitoring apparatus for
monitoring electrochemical reactions.

chromophore, with sulfate, nitro, and amine auxochromes
being common. Indigoid dyes have a polymethine chromo-
phore and are most commonly used to dye jeans."*”° The dose
that causes death in 50% (LDs,) of mice for both dye types is
well within the concentration found in some wastewater.?

Our group has previously developed an apparatus for real-
time in situ continuous monitoring of electrochemical decol-
ourisation processes (Fig. 4). This system utilises a 3D-printed
vessel holder to block excess light from entering the electro-
chemical cell and assuring the appropriate alignment of other
components. The apparatus contains an LED light source on
one side, aligned with an optical fiber that connects to a UV-
visible (UV-vis) spectrophotometer on the other side. The
design enables highly reproducible absorbance measurements
to be taken in situ, eliminating the need for time-consuming
sample collection and machine operation. Decolourisation in
EAOPs has been shown to continue for several hours after the
electricity is turned off, so any delay between sample prepara-
tion and analysis could potentially inflate values. As a result,
continuous monitoring systems like the one utilized in these
studies are essential.”*** Related approaches in the literature
include an automated UV-vis system that pumps solution out of
an electrochemical cell to fill a cuvette,?® as well as online HPLC
systems to detect intermediates.>’>* However, our system has
the key advantage of being capable of taking real-time
measurements in situ.

Results and discussion

In this work, we have employed our apparatus and previously
optimised reaction conditions to study the performance of two

© 2024 The Author(s). Published by the Royal Society of Chemistry
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different EAOPs; namely AO and EAP.**** These two systems
have been used in the decolourisation of nine different textile
dyes of the azo and indigoid families with the objective of
determining how overall dye structure, number of carbons
atoms, steric hindrance, and electron-withdrawing groups
impact the rate and extent of decolourisation. The dyes selected
for the study are shown in Fig. 5. From the indigoid class, we
chose indigo carmine (IC) and potassium indigotrisulfonate
(KIT). Due to their wide structural variation, the azo dye class
was split into two families, phenyl- and naphthyl-based exam-
ples. From the phenyl-azo family, we selected food yellow, 6
(FY6), methyl orange (MO), ethyl orange (EO), and acid yellow 36
(AY36). From the naphthyl-azo family, we chose acid red 29
(AR29), acid red 176 (AR176), and sulfanilic acid azochromotrop
(SPADNS).

First-order rate constants at 20 min are presented in Fig. 6,
and further graphical visualisation is provided in the ESLf
Overall, FY6, with a first-order rate constant of 4.44 x 107>
was the easiest to decolourise, and SPADNS, with a first-order
rate constant of 1.43 x 107> s™!, was the hardest to decolou-
rise. Both AO and EAP showed the same overall trend in
decolourisation speed, where phenyl-azo dyes are decolourised
the fastest, followed by indigoid dyes, and naphthyl-azo dyes
were the slowest. For all dyes studied, the rate of decolourisa-
tion with EAP was faster than decolourisation with AO. This was
expected, as EAP uses a BDD anode to generate reactive species
in the bulk solution, whereas AO relies on pollutants interacting
with the anode to initiate decolourisation.**

In the indigoid category, the structure of IC and KIT differ in
the number and location of sulfonate groups, but show similar
decolourisation trends (Fig. 7). In both systems, KIT (AO: 2.04 X
107 s, EAP: 3.48 x 10 ® s7') decolourised slightly more
slowly than IC (AO: 2.38 x 10> s™', EAP: 3.65 x 10> s 1),
indicating that the more electron-deficient a pollutant is, the
slower it decolourises. Of the dyes included in this study, the
indigoid class show a larger difference between the first-order
rate constants of AO and EAP than any of the azo dyes.
Previous literature reports show that EAP is significantly more
efficient at decolourising electron deficient pollutants than AO
because of the nucleophilic nature of the sulfate radical
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Fig. 5 Structures of indigoid and azo dyes compared in this study.
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Fig. 6 First order rate constants of nine dyes under AO and EAP
conditions.
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Fig.7 Dye remaining vs. time for the AO and EAP decolourisation of IC
and KIT.

compared to the hydroxyl radical.*® Within the phenyl-azo
category, the structure of FY6, MO, and EO differs by the
nature of the groups attached to the amine functionality. FY6
contains a simple NH, moiety, MO has two methyl groups, and
EO has two ethyl groups. For these three dyes, the rate of
decolourisation is directly proportional to the length of the
carbon chain where FY6 is fastest (AO: 3.58 x 107% s, EAP:
4.44 x 107 s7") and EO is slowest (AO: 2.30 x 107% s™*, EAP:
2.89 x 10 % s~ ") (Fig. 8 and 9). This suggests that increasing the
number of carbon atoms on the amine auxochrome increases
the time needed for electrochemical oxidation. Following this
logic, AY36, which contains an N-phenyl group, should have the
slowest decolourisation rate of the dyes studied in this category.
However, it shows an intermediate rate (AO: 3.00 x 107> s},
EAP: 3.48 x 107> s 1), likely due to the location of the electron-
withdrawing sulfonate group. FY6, MO, and EO have a sulfonate
group in the para position, while AY36 has a sulfonate group in
the meta position, meaning it is not directly conjugated to the
azo bond. The secondary amine of AY36 is also more electron-
donating than the tertiary amine functionalities of MO and
EO. This means that the azo bond of AY36 to has a higher
electron density than the other dyes in this category; an
important feature as azo dye degradation occurs by cleavage of

RSC Adv, 2024, 14, 38385-38390 | 38387
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the azo bond.** Consequently, both the number of carbon
atoms on the amine group and the overall electronic nature of
the dye play significant and interconnected roles in the effi-
ciency of EAOP.

Analysis of the first-order rate constants of the selected
naphthyl-azo dyes indicates that they are harder to decolourise
than the phenyl-azo examples, likely due to their more extensive
aromatic systems. AR29, AR176, and SPADNS differ by the
identity of a para electron-withdrawing group. AR29 does not
have a substituent, AR176 bears a nitro group, and SPADNS has
a sulfonate group. The first-order rate constants at 20 min
suggest that this structural change has little impact on the rate.
However, a plot of the percent dye remaining vs. time provides
more information about their long-term behavior (Fig. 10). The
extent of decolourisation of AR29, AR176, and SPADNS was
97%, 98%, and 97%, respectively after 90 min AO. However,
better efficiency of >99%, 98%, and >99% decolourisation was
achieved using EAP in half the time. Since extended aromatic
systems are more difficult to decolourise, the oxidising effect of
the longer-lived (30-40 ps) nucleophilic sulfate radical
compared to the shorter (1 ps) lifetime of the unselective
hydroxyl radical is more apparent.* As a consequence, the effi-
ciency of EAP for highly electron-deficient extended aromatic
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systems is much higher than that of AO for the same
compounds.

Experimental section

General considerations

An IKA ElectraSyn 2.0 with a standard 10 mL vial was interfaced
with an Ocean Insight SR-2UVV400-25 spectrophotometer with
arange of 183-909 nm, optical resolution of 1.33 nm, and signal
to noise ratio of 380 : 1. The spectrophotometer was attached to
an Ocean Insight P400-1-SR 400 pm diameter optical fiber
(200 nm to 1.1 um) with a 74-UV collimating lens (185 nm to 2.5
pm). A diffuse white LED with a range of 420-700 nm was
employed as the light source. Data was collected using Ocean-
View 2.0 from Ocean Insight. Graphite and boron-doped dia-
mond electrodes were obtained from IKA. The 3D-printed
interface (STL file available in the ESI}) was fabricated from
black polylactic acid using an Encina Tina2S 3D-printer.

Chemicals

Potassium indigotrisulfonate, methyl orange, acid yellow 36,
acid red 29, acid red 176, and sulfanilic acid azochromotrop
were purchased from Sigma-Aldrich. Ethyl orange was
purchased from Thermo Fisher Scientific. Food yellow 6 was
purchased from TCI America. Indigo carmine was purchased
from Spectrum Chemical. Sodium persulfate was purchased
from Oakwood Chemicals.

General procedure

The 3D-printed sleeve was placed on the stage of the IKA Elec-
traSyn 2.0 single-vial holder. An optical fiber was attached to the
front cavity in the 3D-printed sleeve by means of a collimating
lens. The other end of the optical fiber was attached to the
spectrophotometer. A standard 5 mm diffuse white LED was
placed in the slot at the back of the 3D-printed sleeve and
connected to a bench power supply using alligator clips. The
power supply was set to 2.7 V and allowed to warm up for 10 min
until the absorbance spectrum of the LED remained at
a constant intensity. To calibrate the spectrophotometer,
a standard 10 mL capacity ElectraSyn 2.0 vial containing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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deionised water (8 mL) was placed inside of the assembled
electrochemical/spectrophotometer interface, and the resulting
absorbance spectrum was set to zero.

To prepare a reaction, an ElectraSyn 2.0 vial cap was equip-
ped with the desired anode and cathode, a 10 mL capacity vial
was charged with 8 mL of a 100 pM dye solution in deionised
water, sodium persulfate (14 mM), and a magnetic stir bar. For
AO conditions, a graphite anode and cathode were used while
EAP processes employed a BDD anode and graphite cathode.
The reaction vessel was placed inside the assembled
electrochemical/spectrophotometer interface, and the contents
electrolysed at a constant current of 5 mA while stirring the
reaction mixture at 1000 rpm. Absorbance spectra were
collected every minute with an automated clicker until the
oxidation was deemed complete by in situ UV-visible spectro-
photometer detection. Cartesian points of absorbance vs. time
at the Aax were transferred to a Microsoft Excel workbook. All
reactions were performed in triplicate, absorbances were aver-
aged and then converted to pM values by employing a calibra-
tion curve. Finally, uM values were converted to percentage dye
remaining and plotted as a function of time.

To clean the boron-doped diamond electrodes between
trials, they were rinsed with water, then acetone, and then dried
with lab air; the graphite electrodes were rinsed with water and
acetone then polished on 2000 grit sandpaper.

Conclusions

In summary, we have investigated the significant role that
pollutant structure has on the decolourisation efficiency of AO
and EAP using real-time in situ UV-vis monitoring. We screened
two indigoid dyes and seven azo dyes. EAP proves to be more
efficient than AO for all the dyes studied, especially when they
comprise of extended aromatic systems and highly electron
deficient substituents. As a result, phenyl functionalised azo
dyes exhibit faster decolourisation as compared to indigoid and
naphthyl-based azo dyes. Electron-deficient dyes decolourise
slower than their more electron-rich counterparts. Increasing
the number of carbon atoms attached to the amine function-
ality of azo dyes has a detrimental effect on decolourisation
efficiency. However, the slowing effect of increasing chain
length can be ameliorated by the electronic properties of the
pollutant. Overall, our findings highlight the importance of
considering both the chemical structure and electronic prop-
erties of dyes when designing efficient electrochemical oxida-
tion systems for wastewater treatment. The results of this study
will aid the design and understanding of how EAOP would
operate in wastewater where multiple pollutants are present.
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