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ARTICLE INFO ABSTRACT

Keywords: The chemical oxygen demand (COD) is a widely used parameter to evaluate the quality of water for industrial

COD analysis applications. Currently, the standardized method for COD analysis employs expensive and harmful reagents that

E:"an“t"‘:e ) require a special treatment for disposal upon use. The photoelectrocatalytic COD detection, based on the pho-
otocatalysis

tocatalytic activity of a reduced TiO3 nanotube array photoanode (Ti|NT-TiO3) under supply of a low bias po-
tential, represents a fast, cheap and eco-friendly alternative to the standard COD method (CODstp). Here, Ti|NT-
TiO, was synthesized by the anodization method followed by heat treatment and electrochemical reduction.
Potassium hydrogen phthalate, glucose and acetic acid were used as model organic compounds. The photo-
electrocatalytic detection of COD (CODpgc) is based on the photoelectrocatalytic oxidation of target compounds
on the surface of the reduced Ti|NT-TiO, under UV illumination. Photocurrent transients were recorded using
chronocoulometry, and the net charge (Aq) was plotted as a function of the theoretical COD (CODry). A linear
relationship was found between these two parameters regardless of the model compound. That relationship was
used to determine the CODpg( for acetylsalicylic acid and Terasil Blue dye solutions at concentrations within the
range of 0-15 mg L LA good agreement between CODpgc and CODgrp was achieved. The limit of detection of
the method was 3.6 mg L™! COD, with the linear range established from 0 to 50 mg L™*.

Photoelectrocatalysis
TiO, nanotubes

1. Introduction

The global population reached 8.0 billion in mid-November 2022,
and it is expected to increase in the next years. This will entail a much
higher energy demand to produce all the necessary goods, with the
simultaneous need of advanced technology for treating a large volume of
wastewater and monitoring the quality of regenerated water. As part of
one of the most polluting sectors, textile companies have negative im-
pacts on the environment and health due to the potential hazard of
synthetic dyes and their reaction by-products.

The level of pollution caused by organic compounds present in water
bodies can be measured by a varied set of techniques [1,2], such as total
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organic carbon (TOC), biological oxygen demand (BOD), and chemical
oxygen demand (COD) analysis, which are ubiquitously employed to
assess general water quality [3]. Some disadvantages of BOD analysis
include the long time needed, the difficulty to be standardized, and its
poor precision and reproducibility [4]. On the other hand, the most
reliable TOC analyzers are expensive and usually non-portable [5,6].
COD determination involves the measurement of the amount of oxygen
consumed during organic matter oxidation reaction using a strong
oxidant in acidic solution [7,8]. COD is most typically determined
through a standardized method, which has a few disadvantages that
limit its wider application: strong chemical oxidants like potassium
permanganate (KMnOy) or potassium dichromate (K2Cry07), along with
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corrosive (H2SO4), expensive (Ag) and toxic (Hg) chemical reagents, are
required. Moreover, a long reflux time is needed, and detection sensi-
tivity is rather low [9-11]. To address these problems, several research
groups have proposed alternative methods that are cheaper, faster,
easier to operate and environmentally friendly. The determination of
COD by electrochemical techniques, which are based on the use of
electrodes with high catalytic activity, rapid response and
cost-effectiveness [12], has been established to provide an alternative to
the standardized method. Several catalytic working electrodes based on
carbon [12], boron-doped diamond [13,14], cobalt oxide [15], copper
[10,16], nickel [17], Pt modified with PbO5 [18] and Al/SnO»-TiO5 [19]
have been successfully used for this purpose. TiOy is also an ideal
candidate for this application at industrial scale due to its chemical
stability, non-toxicity, wide bandgap, high catalytic activity, easy syn-
thesis, and low cost [20-22]. Nevertheless, TiOy undergoes a fast
electron-hole pair recombination. Therefore, several scholars have tried
to minimize the charge carrier recombination by: (i) Modifying the
bandgap through doping with metals [23-26]; (ii) applying a bias po-
tential to the supported photocatalyst, operating under the so-called
photoelectrocatalytic (PEC) conditions [24,27]; and (iii) through elec-
trochemical partial reduction of Ti*" to Ti®* [28], among other strate-
gies. This might eventually bring about a faster, more efficient and
accurate alternative to conventional analysis [29].

Following these concepts, COD analysis has been carried out by
employing different TiO, nanostructures, such as highly-ordered titania
nanotube arrays [30,31], CupO-loaded titania nanotube arrays [32],
chalcogenide Te/TiO,/Ti nanotube arrays [33], titania nanorod arrays
[34], TiO2 nanoporous electrodes [3] and TiO, nanoparticle film elec-
trodes [35]. For example, Zhang et al. [3] used a reduced TiO; nano-
porous electrode as a sensor for the determination of COD by PEC
method with a bias potential of +1.5 V (vs Ag/AgCl reference electrode).
They reported a considerable improvement in PEC activity, which can
be attributed to the nanoporous structure, the increase in Ti(II)/Ti
(Il1)/oxygen vacancies, and a significant improvement in donor density
[36]. The PEC determination of COD using TiO3 nanotube arrays using a
thin-cell reactor was reported as well [30,31]. Zheng et al. [30]
compared the COD performance of a TiO3 nanotube array and a coated
TiO, nanofilm, reporting a higher photoactivity with the former; in
addition, a proportional relationship between the net charge and the
COD value obtained by the standard method was reported. Zhang et al.
[31] examined different parameters (i.e., CI” and NHj concentration,
anodic potential, anodic time, solution pH, calcination temperature)
that have influence on the performance of the PEC determination. That
study showed a strong decrease in the COD value obtained using a TiO5
nanotube array sensor when the solution pH was below 4 or above 10,
and at chloride ion concentration above 2500 mg L~!. Moreover,
Cuy0-loaded titania nanotube arrays [32] were employed for the
determination of COD under visible light. The photocurrent response of
this composite was higher than that observed for pristine TiO, nanotube
array under visible light. A COD detection limit of 15 mg L' was re-
ported within a COD range between 20-300 mg L™*; the authors found
the anodic photocorrosion of CupO-loaded TiO5 nanotube arrays. Nurdin
et al. [33] studied the effect of Te doping on TiO,/Ti nanotube arrays,
finding an improvement of the PEC properties. This was attributed to a
decrease in the recombination of electron-hole pairs during photo-
activation, promoting a massive surface reaction with organic com-
pounds and improving the detection sensitivity. Titania nanorod arrays
[34] and TiO, nanoparticle film electrodes [35] have also been syn-
thetized to generate COD sensors. Using the former material, Wang et al.
studied the effects of parameters such as applied potential, light in-
tensity and pH, reporting that the pH range suitable for the COD
determination was between pH 4 and 10. Additionally, the COD deter-
mination method showed a limit of detection (LOD) of 18.3 mg L landa
linear range between 20-280 mg L. Finally, Zhao and collaborators
[35] reported that their PEC method was sensitive and capable of
detecting a COD as low as 0.2 mg L1,
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Considering all these studies, herein, the photoelectrocatalytic
detection of COD (CODpgc), based on the photoelectrocatalytic activity
of reduced Ti|TiO, nanotube array (i.e., Ti|NT-TiO3) photoanode with
supply of a low bias potential is reported. A net charge (Aq), calculated
from the area under the chronocoulometric photocurrent vs time curve,
was obtained for three model compounds (potassium phthalate mono-
basic, glucose and acetic acid) with known theoretical COD. The
resulting calibration curves served to determine CODpg¢ from aqueous
solutions of acetylsalicylic acid (ASA) and Terasil Blue (TB) textile dye
solutions.

2. Materials and methods
2.1. Reagents

Ethylene glycol (98% purity), ammonium fluoride, sodium sulphate,
sodium hydroxide, ammonium hydroxide, sulfuric acid, ethanol,
acetone, potassium phthalate monobasic (KHP), glucose (G) and acetic
acid (AA) were purchased from Sigma-Aldrich and used as received.
Acetylsalicylic acid (ASA, 500 mg Aspirin tablets) was purchased from a
local pharmacy and a local textile company from Mexico provided
Terasil Blue 3RL (TB, C;4HgBrN2Oy4) textile dye. Titanium foil (99.6%
purity, 0.2 mm thickness) was acquired from Sigma Aldrich. CODgrp
values were determined using standard reagents and a standard pro-
cedure (Hach). All the analytical solutions were prepared with distilled
water (J.T. Baker).

2.2. Synthesis of the TiO, nanotubes

The synthesis of TiO, nanotubes was carried out by conventional
anodization in a two-electrode cell (40 mL capacity) containing 0.5 wt.%
NH4F and 10 wt.% water in ethylene glycol. A constant potential dif-
ference of 50 V was applied between a titanium foil (2 cm x 1 cm) and a
platinum mesh for 60 min to form the TiO, nanotube array. The anod-
ized titanium foil was rinsed with distilled water and placed in a 0.1 M
NaOH solution for 30 min. Subsequently, it was washed with distilled
water, dried at room temperature, and finally annealed at 600 °C for 120
min [37]. After heat treatment, the material was electrochemically
reduced, causing the transition from Ti*" to Ti>*, eventually yielding the
reduced Ti|TiO2 nanotube array photoanode (i.e., Ti|NT-TiO). The
electrochemical reduction was performed in a three-electrode cell using
the nanotube array as the anode, a Pt mesh as the counter electrode, and
Ag|AgCl as reference electrode, all of them connected to a BASi Epsilon
model E2 potentiostat interfaced with a computer to register the current.
A negative current (-5 mA) was applied to the working electrode for 10
min in an aqueous electrolyte containing 20 mL of 0.1 M H3SO4 at room
temperature [3] followed by rinsing with distilled water. A set of Ti|
NT-TiO; electrodes was synthesized to be used as photoanodes.

2.3. Characterization of Ti|NT-TiOz

The morphology of Ti|NT-TiO; was analysed by scanning electron
microscopy (JEOL JSM-6010LA microscope). The crystal structures
were evaluated in an X-ray diffractometer (Bruker D2 PHASER, ond
generation) recording the spectra within the 2¢-range of 20-70° with a
grazing incidence angle of 0.5°. The photoelectrochemical character-
ization of each Ti|NT-TiO; photoanode was carried out by means of
linear sweep voltammetry. For this, a three-electrode quartz electro-
chemical cell that contained a 50 mM NaySO4 electrolyte was used. The
Ti|NT-TiO; photoanode (working electrode), a Pt mesh (counter elec-
trode) and Ag|AgCl (3 M KCl reference electrode) were connected to the
aforementioned potentiostat to record the current (in the dark) and
photocurrent (under UV illumination) as a function of the applied po-
tential (positive scan from -0.5 V up to 1.0 V vs Ag|AgCl, at a scan rate of
10 mV s~ 1). The UV light came from a quartz-jacketed mercury Pen-Ray
lamp (A = 254 nm, intensity 2 W em ™2, model 11SC-1, from Analytik
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Jena), which was placed in front of the Ti|[NT-TiO, array photoanode
separated 0.5 cm from the electrochemical cell and with a lighting area
equivalent to 1 cm?. All experiments were carried out inside a black box
to avoid interference from external lighting.

2.4. Photoelectrocatalytic detection of COD

Photoelectrocatalytic detection of COD (i.e., CODpgc) is based on a
non-exhaustive photocatalytic oxidation mode to keep the concentra-
tion of the target compound almost constant before and after the
photocurrent flow, so that the photocurrent remains stable during that
period. Photocurrent transients are recorded upon photocatalytic
oxidation of the organic compounds on the surface of Ti|NT-TiOz, which
is fed with a bias potential and exposed to UV illumination from the
same lamp mentioned above. Transient photocurrent responses of the
Ti|NT-TiO; anode were obtained by the chronocoulometric technique
using the aforementioned potentiostat and counter and reference elec-
trodes. A three-electrode cell containing 20 mL of aqueous 50 mM
NaySO4 solution with or without a target organic compound (such as
KHP, G and AA) was used. A positive bias potential (+1.0 V vs Ag/AgCl)
was applied to the Ti|NT-TiO3 electrode for 60 s at room temperature in
the absence or presence of target compounds with known theoretical
COD (i.e., CODry). Concentrations of KHP, G and AA within the range 0-
70 mg L' were used. For each tested concentration of each target
compound, a net charge (Aq = qrarget compound — Gelectrolyte) Was obtained
from the area under the chronocoulometric photocurrent vs time curve.
A calibration curve was then constructed by plotting the Ag values,
obtained from tested concentrations of all target compounds, against the
known theoretical COD values (i.e., CODyy) corresponding to the
different concentrations of each model compound. Said calibration
curve was used to obtain the CODpgc of aqueous solutions of ASA and TB
at concentrations ranging from 0 to 15 mg L™*. The stock solution of ASA
(100 mg L' in 50 mM NayS0,) was prepared with hot distilled water
(70 °C) to dissolve the required concentration of aspirin; when it reached

20 40
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room temperature, Na;SO4 was added before diluting the solution to the
desired volume. Finally, the stability of the Ti|[NT-TiO, electrode was
tested by recording a linear voltammogram (as shown in Fig. 2) before
using the reduced TiO2 nanotube array electrode to determine COD.

3. Results and discussion
3.1. Characterization of the nanotube array photoanode

Fig. 1 shows the SEM micrograph and the XRD pattern of the Ti|NT-
TiO2 nanotube array after annealing at 600 °C followed by electro-
chemical reduction. Well-defined and uniformly distributed nanotubes
(Fig. 1a), with an internal diameter ranging from 47 to 55 nm, can be
observed throughout the whole surface, whereas characteristic Ti and
TiO4 diffraction peaks are identified in the X-ray diffractogram (Fig. 1b).
The peaks correspond to anatase phase as the predominant crystal
structure of the TiO2 nanotube array, with minor presence of rutile
phase, in good agreement with the selected annealing temperature.

The photoelectrochemical characterization of the photoanodes was
carried out by recording transient photocurrent responses from linear
sweep voltammetry tests performed in a three-electrode cell configura-
tion under UV illumination, as shown in Fig. 2. The photoanodes (TiO>
nanotubes obtained after annealing, and Ti|NT-TiO2 resulting from
subsequent electrochemical reduction process) were tested in a solution
containing 50 mM NaySO4 at neutral pH. The quartz cell was placed
inside an in-house-built black box containing a UV lamp. Transient
photocurrent responses were recorded from -0.5 V to 1.0 V at a scan rate
of 10 mV s~'. The photocurrent flows upon irradiation with UV light,
owing to the generation of photoinduced charge carriers (electrons in
the conduction band (egg) and holes in the valence band (hyp)), with the
subsequent generation of hydroxyl radicals (*OH) stimulated by the
oxidation of H,0/0OH™ by hy [38-40]. Transient saturation photocur-
rents at potentials above +0.4 V can be observed for the annealed TiO2
nanotubes and electrochemically-reduced Ti|NT-TiO; photoanodes,

(b)

60 80
26 (°)

Fig. 1. (a) SEM micrograph and (b) XRD pattern of the synthesized Ti|NT-TiO,. The materials were subjected to heat treatment at 600 °C (A: anatase; R: rutile;

Ti: titanium).
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Fig. 2. Linear voltammograms with annealed TiO, nanotubes (red curve) and
reduced Ti|NT-TiO, (blue curve) electrodes under UV illumination, along with
Ti|NT-TiO; electrode in the dark (black curve). Conditions: 50 mM NaySO4
electrolyte at pH 7, and scan rate of 10 mV s™..

with the latter exhibiting higher photocurrent flux. This superiority can
be attributed to the partial reduction of Ti*" to Ti>*, which increases the
adsorption of water on the TiO, surface and the generation of oxygen
vacancies that enhance the carrier density, thereby stimulating a better
separation efficiency and a higher production of hydroxyl radicals [28].
Note that, in the absence of UV radiation, a low transient current flow
between 0.15 V and 0.7 V was obtained, which increases at a potential
greater than 0.7 V due to the direct electro-oxidation of water to oxygen.

3.2. Photoelectrocatalytic analysis (PEC) of chemical oxygen demand
using a reduced photoanode (Ti|NT-TiO2)

PEC method quantifies the net electric charge based on the photo-
current transients recorded by the chronocoulometric method from the
oxidation of water (gelectrolyte) and the photocatalytic oxidation of target
organic compounds such as KHP, G and AA (qarget compound), Using the
reduced Ti|NT-TiO; photoanode, which is exposed to UV light and fed
with a low bias potential (+1.0 V vs Ag/AgCl). According to the litera-
ture [41], the electric potential prevents the recombination of h™ /e~ and
increases the efficiency of photocatalytic oxidation. In addition, it allows
determining the electrons generated during the oxidation reaction and,
finally, the concentration of the organic compound in the sample. A
sufficiently positive bias potential is needed to ensure the maximum PEC
efficiency and, based on the profiles shown in Fig. 2, the photocurrent
saturation is found between +0.4 V and +1.0 V. Therefore, the value
chosen as bias potential for COD analysis in the samples was +1.0 V.

The net charge transferred during the photoelectrocatalytic degra-
dation of the organic compounds was obtained by the integration of the
current-time transients according to the Faraday’s law. The photocur-
rent or net charge corresponds to a direct quantification of the stoi-
chiometric degradation of the organic compounds at the Ti|NT-TiO,
anode by PEC, according to reactions (1) to (3):

KHP : CsHs0; + 12H,0—8CO; + 29H™ + 30e™~ (€D)]
G: C¢H206 + 6H,0—6CO; + 24H* + 24e~ 2)
AA : CH,0; + 2H,0-2CO, + 8H" + 8¢~ 3)

The responses when using KHP as probe are shown in Fig. 3,
evidencing a photocurrent increase as the KHP concentration is risen;
similar photocurrent transients performed in triplicate were recorded
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Fig. 3. Photocurrent over time obtained by chronocoulometry for the oxidation
of potassium hydrogen phthalate (KHP) as model organic compound at
different concentrations in 50 mM NaSO4 with Ti|NT-TiO, photoelectrode at
pH 7. The inset shows the dependence of photocurrent with KHP concentration
at 60 s for each pH value.

for each concentration of organic compounds G and AA (not shown).
Furthermore, the inset of Fig. 3 shows a linear behavior between 0 and
50 mg L' KHP at pH 3 and pH 7, obtaining higher photocurrents at pH
7. Under neutral conditions, the anode surface is at its point of zero
charge (pzc), that is, without a net charge (TiOH) when the pH of the
solution is equal to pzc. At pH < pzc, the adsorption sites on the anode
surface become positively charged (TiOH3) due to proton adsorption
and negatively charged (TiO") at pH > pzc upon proton desorption. The
pzc for TiO; has been reported at pH between 6.3 and 7.1 [42-45]. The
adsorption sites on the Ti|NT-TiO, anode surface, having no net charge,
were more favorable for the adsorption of phthalate anion, P2

(pK, (Ig%) = 5.4), which justifies its enhanced oxidation at pH 7.

Fig. 4 shows the correlation of the net charges (Aq) of KHP, G and AA
at pH 3 and 7 against the concentration of the three target compounds
(Fig. 4a), and against their theoretical COD values (CODrty) (Fig. 4b). It
can be observed that the charges increase proportionally as the con-
centrations and theoretical COD of all compounds are enhanced.
Moreover, Fig. 4a shows that a steeper curve slope was obtained as the
molar mass of the compound became higher, which is consistent with
the larger number of electrons involved in reactions (1) to (3) for the
degradation of the organic compounds (30, 24 and 8 e” for KHP, G and
AA, respectively). Furthermore, higher net charges and slope values
were obtained at pH 7, as depicted in Fig. 4a. Based on the ionization
(acidity) constants (K,) of KHP, G and AA, and the mole fraction dis-
tribution as a function of pH, at pH 7, there is 97.5 % phthalate anion,

P* (pK, (1) = 5.4), 9.4 % acetate anion, Ac” (pK, (14<) = 4.75), and

100% glucose, G (first pK, (&) = 12.18). Therefore, the absence of
electrostatic repulsion between the P%, Ac, or G species, with negative
or zero charge, and the zero charge adsorption sites on the anode surface
facilitated the oxidation of these species due to better adsorption. The K,
and type of compounds (Table 1) is thus a relevant parameter that in-
forms about the chemical nature of the molecules with acid-base prop-
erties. This can determine their tendency to become oxidized, producing
structural changes in the molecules upon UV irradiation and applied
bias potential.

Moreover, the recorded photocurrents for each target compound are
virtually independent of their structure when photoelectrocatalytically
oxidized under similar conditions, as shown in Fig. 4b. This figure shows
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Fig. 4. Correlation between Aq and: (a) concentration of target compounds (AA: acetic acid; G: glucose; KHP: potassium hydrogen phthalate) at pH 3 and pH 7, and
(b) theoretical chemical oxygen demand (CODry) for any compound at Ti|NT-TiO; anode at pH 7.

Table 1
Chemical parameters of the organic compounds used for photoelectrocatalytic
COD determination, along with acidity constants for the TiO, catalyst.

Substance Molecular weight  Ionization (acidity) Reference
(g mol™) constant (pKy)
Hydrogen phthalate 204.22 HP~/P%" :5.40 1471
anion (HP")
Glucose (G) 180.156 G/G™ :12.18
G~ /G* :13.90 18l
[49]
Acetic acid (AA, HAc) 60.05 HAc/Ac™ : 4.75 (501
Aspirin (Acetylsalicylic 180.16 ASA/ASA™ : 3.50 [51]
acid, ASA)
Terasil Blue dye (TB) 349.13 TB/TB~ : 5.68 [52]

TiO, catalyst: TIOH} /TiOH (pK,, = 5.4); TiOH /TiO™ (pK,, = 7.6)

that all target compounds follow a linear relationship between Aq and
CODty. The data of Fig. 4b were fitted very well with the following
linear equation: Aq = 1.4857 x 10~3COD7y, with a correlation coeffi-
cient R? = 0.9942. Therefore, the photoelectrocatalytic quantification of

chemical oxygen demand (CODpgc) of organic matter can be made using
this linear equation as calibration curve: CODpgc = Aq/1.4857 x 107°.
This linear correlation was used to determine the CODpgc of two organic
compounds: ASA, purchased at a local pharmacy, and TB from a local
textile. These compounds were photoelectrocatalytically oxidized under
similar conditions in water with 50 mM NaySO4 at pH 7, employing
different concentrations of ASA (1, 2, 4 and 5 mg LY and TB (3.6, 7.2,
10.8 and 14.4 mg L™1). At each concentration tested in triplicate, the Aq
value was obtained from the recorded photocurrent transients at the Ti|
NT-TiO5 anode. Then, the CODpgc values for ASA and TB were calcu-
lated using the linear correlation above mentioned. Fig. 5a shows a plot
of the CODpgc values, for all tested organic compounds (KHP, G, AA,
ASA and TB), against their theoretical COD (CODty) values. A linear
relationship is observed between both parameters, showing a slope close
to one (1.0469) for the best linear fit, with a correlation coefficient R?=
0.9931 that corroborates the very good agreement between the data.
Such behavior confirms that the recorded photocurrents are indepen-
dent of the compound structure when they are photoelectrocatalytically
oxidized under analogous conditions. These results show that COD can
be reliably detected by the photoelectrocatalytic method using the Ti|
NT-TiO; photoanode. In addition, a plot of CODpg( versus the concen-
tration of KHP, G, AA, ASA and TB shows a proportional increase with
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Fig. 5. Relationship between COD values (KHP, G, AA, ASA and TB) deter-
mined by photoelectrocatalysis and: (a) theoretical COD values with Ti|NT-
TiO, electrode at pH 7, (b) concentration of organics.

the molecular weight of each organic compound, as depicted in Fig. 5b.
Steeper curve slopes are obtained as the molar mass of the compound
becomes higher, which is again consistent with the larger number of
electrons involved when comparing reactions (3) to (1) (i.e., from 8 to
30 electrons), as well as (4) to (5) (28 and 66 electrons, respectively) for
the photoelectrocatalytic degradation of the organic compounds.

ASA : C;H¢O; + 11H,0—7CO; + 28H" 4 28¢™ “4)

TB : C4HoBrN,O, + 30H,0—14CO, + Br™ +2NO; + 69H" + 66¢”
)
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Fig. 6. Relationship between COD values determined for KHP, G, AA, ASA and
TB by photoelectrocatalysis with Ti|[NT-TiO, electrode at pH 7 and COD values
analyzed by the standard method.

Fig. 6 shows a comparison between the standard chemical oxygen
demand (CODgrp) analysis for all the target compounds, including ASA
and TB, obtained using standard reagents and the standard procedure,
and the COD detected by the proposed photoelectrocatalytic method. A
good linear correlation was obtained, with a slope of 1.0217 and R? =
0.9871, showing good agreement with the standard method. These re-
sults validate the proposed method for COD analysis, since they
demonstrate the validity of the PEC technique regardless of the analyte
studied. Furthermore, a descriptive statistics method, known as box plot
[46], has been applied to compare the distribution of the CODpgc and
CODgrp data sets, as shown in Fig. 7. It can be seen that CODpgc and
CODgrp present left-skewed data, so the data may not be normally
distributed. However, there are no outliers. The CODpgc data showed
greater dispersion than the CODgrp. The median value of CODpgc is
slightly higher than that of CODgrp.

The limit of detection (LOD) of the photoelectrocatalytic method was
calculated using the following equation: LOD = 335E where SE is the
standard deviation of the y-intercept of the regression curve, and S is the
slope value of the linear best fitting of the correlation between Aq and
CODqy. This resulted in LOD = 3.6 mg L™ for the developed photo-
electrocatalytic method. This method can be applied at concentrations
of organic pollutants between 0-50 mg L™}, where its response is linear.
In addition, Table 2 shows a comparison between the experimental and
statistical parameters reported in the literature with the results obtained
in the present work. It can be observed that the implemented method-
ology has a competitive performance, and in some cases is even superior,
since the validation carried out using statistical parameters is within the
reported intervals despite having diverse experimental variables.
Regarding the LOD, this work has the second lowest value and hence,
this analytical methodology is reliable for the detection of COD at low
concentrations.
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standard method.

Table 2
Comparative results of CODpgc determination under UV light.

Reference  Electrode Chemical compounds Electrolyte Linear correlation LOD

analyzed” (R orR) (mg
LY

[35] ITO-TiO, KHP, GGA and OECD 2 mol L™ NaNO3 y=0.9987x - 0.3932; R = 0.995 0.2
Real samples y= 1.004x - 0.0384; R = 0.987

[31 Ti|NT-TiO, reduced KHP, G, LA, PH, AA 0.1 mol L™! Na,SO,4, pH y=0.9989x; R% = 0.9928 8

7.9
[53] Ti|NT-TiO5 KHP 0.1 mol L™! Na,SO4, pH8  y= 1.0095x; R= 0.9895 16
[32] CuO,-TNTAs KPH, G, GL, S, and 0.1 mol L™ Na,SO0,4 y=0.997x - 0.418; R* = 0.9873 15
LA
[34] Rutile TiO, nanorod KPH, G, GL, S, and LA 0.1 mol L! NaySO4, pH 7 y = 0.9339x + 5.7058; R = 0.9901 18.3
arrays

[31] NT-TiO, G, KHP, OA, GA and 0.1 mol L1 NaHPO4 y = (0.000187 + 0.0000027)x - (0.010240 + 0.00125); R%Z= 13
NAReal samples, 0.9872
mixtures

[10] NT-TiO, An, RhB, KHP 0.1 mol L™! Na,SO4 y = 0.59x + 14.31; R? = 0.991 5

y = 0.53x + 11.50; R? = 0.996
y = 0.49x + 7.90; R? = 0.996
[30] NT-TiO, G, KHP, GA, AC, NaH,PO4 y = 0.01142x+7.3606 x 1075 R? = 0.9959
[54] Sulfurized R120, R140, B160 0.1 mol L~ ! NaNO4 -
NT-TiO,
This work  Ti|NT-TiO, reduced KHP, G, AA, ASA and TB 0.05 mol L ™! Na,S0,, pH y = 1.0217x; R? = 0.9871 3.6

7

# Organic compounds analyzed: Acetic acid (AA), acetone (AC), acetyl salicylic acid (ASA), aniline (An), glycine (GL), glucose (G), glucose + glutamic acid (GGA),
glutamic acid (GA), lactic acid (LA), nicotinic acid (NA), oxalic acid (OA), peptone + beef extract + urea (OECD), phenol (PH), potassium hydrogen phthalate (KHP),
Reactive Blue 160 (B160), Reactive Red 120 (R120), Reactive Red 140 (R140), Rhodamine B (RhB), sucrose (S).

4. Conclusions

The main advantages of the electrochemical determination of solu-
tion COD by the photoelectrocatalytic method are the simplicity of the
Ti|NT-TiO3 photoanode synthesis methodology, the simplicity and short
analysis time of the photoelectrocatalytic method, and the non-toxicity
due to the absence of hazardous reagents. The photoelectrocatalytic
method using the Ti|NT-TiO, photoanode under UV light represents a
simple, economical and environmentally-friendly alternative to the
standard method for measuring water quality.

The COD values obtained by the photoelectrocatalytic method were
comparable with those from the standard method. This method was
successfully applied to determine COD for different initial concentra-
tions of two commonly used compounds, such as aspirin and Terasil Blue
dye, yielding good results compared to the standard method. The pro-
posed method shows an LOD of 3.6 mg L' and linearity within the

concentration range of 0-50 mg L™}, as has been verified for hydrogen
phthalate, glucose and acetic acid as model compounds.
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