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a b s t r a c t

A portable, cost-effective, environmental friendly and miniature thin-layer photoelectrochemical sys-
tem in conjunction with an ultraviolet light emitting diode (UV-LED) is developed for determination
of chemical oxygen demand (COD), namely UV-LED PeCOD. The COD value is directly quantified by
measuring the amount of electrons captured at a nanostructured TiO2 electrode during the exhaus-
tive photoelectrocatalytic degradation of organic species in the thin-layer cell. The key parameters of
eywords:
V-LED
hemical oxygen demand
hin-layer cell
hotoelectrochemical
iO2

the photoelectrochemical system, such as applied potential bias, light intensity and solution pH, were
investigated and optimized. Combined with a microelectrochemical system and a laptop computer, the
UV-LED PeCOD system enables end-users to perform on-site COD analysis in a simple, rapid, sensitive
and accurate manner. Under the optimal conditions, the system can achieve a practical detection limit
of 0.2 ppm COD with a linear range of 0–300 ppm COD. The proposed UV-LED PeCOD technology can
potentially make a revolutionary improvement to the conventional COD analysis and may be widely used

ng in
in water quality monitori

. Introduction

Serious global fresh water shortage problems force us to use
lternative water sources, such as storm water and recycled water.
his is leading to more and more rigorous environmental protection

egislation being introduced to monitor and safeguard the quality
f our water supply. In this regard, an advanced portable field-
ased analytical system can play an important role in reinforcing
he implementation of this legislation.

Determination of chemical oxygen demand (COD) in waters and
astewaters is crucial for water quality assessment and pollution

ontrol as it can be used to collectively represent the organic pol-
ution level. Standard dichromate method is often used to measure
OD [1]. It is a preferred method to biochemical oxygen demand
BOD) for assessing the oxygen demand of organic pollutants in
eavily polluted water bodies. This is because it needs less anal-
sis time than the standard BOD method (i.e., 5 days) and it is
mmune from organic and inorganic poisons. However, this method
as several drawbacks. The method involves a time-consuming

egradation process (2–4 h) in highly acidic medium under high
emperature and high pressure to allow complete oxidation of
he organic material. It also requires expensive (e.g., Ag2SO4), cor-
osive (e.g., concentrated H2SO4) and highly toxic reagents (e.g.,

∗ Corresponding author. Tel.: +61 7 5552 8155; fax: +61 7 5552 8067.
E-mail address: s.zhang@griffith.edu.au (S. Zhang).
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Hg(II) and Cr(VI)). The latter is of particular environmental con-
cern because of the secondary pollution. The inherent problems of
long analysis time and high demanding experimental conditions
make the method unsuitable for rapid and on-site monitoring of
COD.

Electrocatalytic determination of COD using PbO2 [2–4], Pt/PbO2
[5], CuO electrode [6], graphite–polystyrene composite electrode
[7] were proposed to satisfy this demand. Although these meth-
ods have demonstrated many advantages over the traditional COD
methods, such as their rapidity, simplicity and low cost, the relia-
bility of these new methods is often not satisfactory for practical
applications. This is mainly due to the fact that these methods
are incapable of oxidizing a wide spectrum of organic compounds
indiscriminately in a short period of time. This is due to the limited
oxidation power of the electrochemical method.

TiO2 photocatalytic oxidation approach was also used to deter-
mine COD in water samples [8–11]. This method utilized TiO2
nanoparticles as a photocatalyst to oxidize organic compounds
under UV illumination, replacing the chemical oxidants in the stan-
dard method, such as dichromate. In this process, oxygen molecules
act as electron acceptors to remove electrons produced during the
photocatalytic oxidation reaction. The depletion of O2 concentra-

tion in water is correlated with standard COD methods. Because the
low solubility of oxygen in water (<10 ppm at 25 ◦C) limits the TiO2
photocatalytic oxidation reaction, this approach suffers from the
low fraction of degradation, unsatisfactory reproducibility, insuffi-
cient sensitivity, and limited dynamic working range.

ghts reserved.
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The problems associated with low O2 concentration in water in
he TiO2 photocatalytic oxidation process can overcome effectively
y electrochemical means. A photoelectrochemical system for the
etermination of chemical oxygen demand (PeCOD), was developed
ased on this TiO2 photocatalytic oxidation process [12–16]. Under
V illumination in a thin-layer cell, organic compounds can be stoi-
hiometrically mineralized at a TiO2 nanostructured electrode. This
rocess can be represented as:

CyHmOjNkXq + (2y − j)H2O → yCO2 + qX− + kNH3

+ (4y − 2j + m − 3k)H+ + (4y − 2j + m − 3k − q)e− (1)

here N and X represent nitrogen and halogen atoms, respectively.
he number of carbon, hydrogen, oxygen, nitrogen and halogen
toms in the organic compound is represented by y, m, j, k and
, respectively.

The total amount of electrons transferred (Qnet) at a TiO2
anoporous thin-film electrode can be monitored and measured
uring the degradation process. According to the definition of COD
nd Faraday’s Law, the measured Qnet value is converted into an
quivalent O2 concentration (or oxygen demand) [12,13]. The equiv-
lent COD value can therefore be represented as:

OD (ppm) = Qnet

FV
× 8000 (2)

This means that the COD value of a sample can be readily
btained by simply measuring the net charge. The method is an
bsolute method and requires no calibration. Other advantageous
eatures include simplicity, rapidity, sensitivity, accuracy, limited
eagent consumption (supporting electrolyte only) and no sec-
ndary pollution.

In practice, however, the previous reported system has very poor
ortability because the system employs a 150 W Xenon light source
nd a commercial potentiostat (PAR 363). The apparatus is large,
eavy and consumes significant amounts of electricity. Besides
his, the application of Xenon light into the sensing application
ntroduces several practical drawbacks, such as high cost (both the
enon lamp and the high voltage ignition electrical power source
re very expensive), short lifetime (only a few thousand hours),
igh running cost, and the requirement of excellent ventilation
nd a dry environment. High humidity in an outdoor environ-
ent may destroy the system. These characteristics are not ideal

or a portable field-based monitoring device. In order to convert
he PeCOD technology into a truly portable and on-site technology
or COD measurement, both the Xenon light and the conventional
lectrochemical station need to be replaced. The ultraviolet light
mitting diode (UV-LED) is certainly a promising candidate. After
careful screening of all commercially available UV-LEDs, a UV-

ED (NCCU033 from Nichia) is chosen because of its ample light
ntensity and suitable wavelength (250 mW/cm2 at 365 nm).

In principle, the suitability of the UV-LED for the application in
eCOD needs to be validated, because the optical characteristics of
he UV light from UV-LED and Xenon light are dramatically different
rom each other. Xenon light consists of continuous UV wavelength
17], i.e., UVA (320 nm < � < 380 nm), UVB (280 nm < � < 320 nm) and
VC (� < 280 nm), while the chosen UV-LED light is located in the
VA zone with a wavelength range of 365 ± 5 nm. Though ther-
odynamically, the photoelectrocatalytic reaction (i.e., Eq. (1)) can

ake place under any light with a wavelength <387 nm, kinetically,
hether reaction rate under the UV-LED light is appropriate for

eCOD application has not been investigated. It was reported that

he rates of the photocatalytic oxidation of organic compounds can
e significantly different under different wavelengths of light. Li
uma et al. reported that the degradation and mineralization of
-chlorophenol were significantly faster with UV-ABC radiation
ompared to the use of UVA radiation alone [18]. Matthew and
tors B 141 (2009) 634–640 635

McEvoy also reported that the shorter wavelength 254 nm radiation
is considerably more effective in promoting degradation than the
radiation centred at 350 nm for TiO2-based photocatalytic degra-
dation of phenols [17].

In this work, the UV-LED is incorporated into a specially
designed thin-layer photoelectrochemical cell for the determi-
nation of COD, namely UV-LED PeCOD. A microelectrochemical
system (�ECS) with a size of a common USB memory stick (i.e.,
66 mm × 25 mm × 8 mm) was used as the electrochemical system
instead of the large-size conventional electrochemical station. A
laptop computer is used to power the UV-LED via a USB port. At
the same time it controls the �ECS to process the data and report
the result in terms of COD. To optimize the system performance,
the effects of important experimental parameters, such as light
intensity, applied potential, and pH on the analytical signal genera-
tion were also systematically investigated. The detection principle
is experimentally validated with the model compounds, synthetic
samples and real samples.

2. Experimental

2.1. Chemicals and materials

Indium tin oxide (ITO) conducting glass slides (8 �/sq) were
commercially supplied by Delta Technologies Limited. Titanium
butoxide (97%) and analytical grade potassium hydrogen phtha-
late (KHP), hydroquinone, sucrose, maleic acid, galactose, xylose,
glycine, and l-ascorbic acid were purchased from Aldrich without
further treatment prior to use. All other chemicals were of analytical
grade and purchased from Aldrich unless otherwise stated. All solu-
tions were prepared with high purity deionised water (Millipore
Corp., 18 M� cm).

2.2. Sample preparation

The real samples used in this study were collected within
the state of Queensland, Australia from various industrial sites
including bakeries, sugar plants, breweries, canneries and dairy
production plants. All samples were filtered with 0.45 �m filter
paper and preserved according to the guidelines of the standard
method. When necessary, the samples were diluted to a suitable
concentration prior to the analysis. After dilution, the same sam-
ple was subject to the analysis by both standard COD method and
the UV-LED PeCOD analyzer. To the real samples and blank for pho-
toelectrochemical determination, NaNO3 solid equivalent to 2.0 M
was added as the supporting electrolyte.

2.3. Preparation of TiO2 film electrodes

The details of the electrode preparation were published in our
previous work [19]. Briefly, aqueous TiO2 colloid was prepared by
hydrolysis of titanium butoxide according to the method described
by Nazeeruddin et al. [20]. The resultant colloidal solution contains
60 g/L of TiO2 solid with particle sizes ranging from 8 to 10 nm.
As the electrode substrate for TiO2 thin-film, the ITO slide was cut
into a rectangular shape with dimensions of 15 mm × 40 mm and
pretreated to assure its cleanliness. After pretreatment, the ITO slide
was dip-coated in the TiO2 colloidal solution and air-dried in a clean
room. The coated electrodes were then calcined at 700 ◦C in a muffle
furnace. The thickness of TiO2 porous film (∼0.5 �m) was measured
with a surface profilometer (Alpha-step 200, Tencor Instrument).
2.4. Apparatus and methods

All photoelectrochemical experiments were performed at 23 ◦C
in a thin-layer electrochemical cell with a quartz window for illu-
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ig. 1. Schematic diagram of the design of the UV-LED thin-layer photoelectrochem-
cal cell.

ination (see Fig. 1). A thin metal plate was installed as a shutter
etween the UV-LED and quartz window to control the ON/OFF of
he illumination. The thickness of the layer is 0.10 mm, the exposed
iO2 electrode area for UV radiation irradiation is 0.2 cm2 and
he volume of the anodic compartment is ca. 2.0 �L. A saturated
g/AgCl electrode and a platinum mesh were used as the refer-
nce and counter electrodes, respectively. In Fig. 1, the distance
etween the reference electrode and working electrode is 3 mm,
hile the distance between the reference electrode and counter

lectrode is 4 mm. A microelectrochemical system (�ECS, PLAB,
hangchun Institute of Applied Chemistry, China, see Fig. 2) pow-
red and controlled by a DELL laptop was used for application of
otential bias, current signal recording and data processing in the
eCOD measurement. Standard COD value (dichromate method) of
ll the samples was measured using an EPA approved COD analyzer
NOVA 30, Merck).

. Results and discussion
.1. Photoelectrocatalytic oxidation under UV illumination

UV-LED has attracted more and more attention regarding TiO2
hotocatalysis [21,22] and sensing application [23–26] due to its

ig. 2. Typical photocurrent responses of a blank solution containing 2.0 M NaNO3

solid line) and a sample containing organic compounds and 2.0 M NaNO3 solution
dash line). The shaded area indicates the charge originated from the complete oxi-
ation of organic compounds in the thin-layer cell. The insert shows the images and
imensions of the UV-LED and �ECS system.
tors B 141 (2009) 634–640

low cost, simplicity, low power consumption, and long lifetime.
However, the practical barrier for UV-LED application in effec-
tive photocatalytic oxidation was that UV-LED on the market did
not have sufficient intensity (<1 mW/cm2) with sufficiently short
wavelengths (<380 nm). The recently developed UV-LED, by Nichia,
is able to emit true UV light with sufficient light intensity, i.e.,
250 mW/cm2 at 365 nm. This provides an ideal alternative UV light
source for the PeCOD technology. Fig. 1 shows that the incorpo-
ration of the UV-LED into a photoelectrochemical thin-layer cell
results in a portable miniature UV-LED PeCOD detector.

In the early version of PeCOD system, a fragile and expensive
UV band pass filter (UG 5) was used to block the substantial heat
from Xenon light to prevent solution heating up. In strong contrast,
because the UV light from the UV-LED has a narrow bandwidth
wavelength width of 10 nm (i.e., from 360 to 370 nm) with no emis-
sion of visible and infra-red light, the reaction solution heating up is
no longer a problem. Besides this, as a UV light source, UV-LED has
several inherent advantages over the Xenon light illumination sys-
tem: (1) it is small in size (6.8 mm × 6.8 mm × 2.1 mm) and light in
weight (ca. 10 g), which makes it readily able to be incorporated into
a compact device (see Fig. 1); (2) it operates at low voltage (4.5 V)
and has low power consumption (<2 W), it can be powered by a
laptop computer via a USB port and has better stability and safety,
which makes it user-friendly; (3) it has a much longer lifetime (ca.
100,000 h, >20 times of Xenon lamp) with cheaper building cost (ca.
2% of the Xenon lamp system) and operational cost (ca. 1% of the
Xenon lamp), making it economically more viable. All these merits
mean the proposed UV-LED PeCOD technology possesses tremen-
dous commercial potential as a portable sensing instrument, as well
as a lab instrument.

When a TiO2 semiconductor is irradiated using UV light with
a wavelength <387 nm, i.e., higher energy than the TiO2 band gap
(3.1 eV), electrons are promoted from the valence band to the con-
duction band, leaving the positively charged photohole (h+) in the
valence band. In a photoelectrocatalytic system, the photoholes are
forced to the interface of TiO2 and aqueous solution, while the pho-
toelectrons are transferred to the counter electrode via the external
circuit. The photohole is a very powerful oxidizing agent (+3.1 V)
that can readily capture an electron from any reductive species in
aqueous solution, such as organic compounds and water. Organic
compounds are normally more favourably oxidized as shown in Eq.
(1), though the oxidation of water is also supported thermodynam-
ically.

2H2O + 4h+ → O2 + 4H+ (3)

Fig. 2 shows the determination principle of the UV-PeCOD
measurement. Under a constant applied potential of +0.30 V (vs
Ag/AgCl), when the light is switched off, the residual current
(so-called dark current) is approximately zero, indicating that no
significant electrochemical redox reaction takes place. Upon illu-
mination, photocurrent from the blank (i.e., iblank, solid line) and
photocurrent from the organic-containing sample (i.e., itotal, dash
line) increased rapidly before decaying to a common steady cur-
rent. The blank photocurrent resulted from the oxidation of water
(Eq. (3)) while the photocurrent for the sample (dash line), resulted
from the overall oxidation reaction of water (Eq. (3)) and organic
compounds (Eq. (1)) [27]. The attainment of the common steady
current of the blank and sample suggests that all the organic com-

pounds had been exhaustively oxidized. This is an indication of the
degradation reaction endpoint and is used as the principle for the
determination of the degradation time (t) in this work.

After the degradation is determined, using Eqs. (4) and (5), Qblank
and Qtotal can be obtained by integration of photocurrents, iblank and
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total, with time, respectively. i.e.,

total =
∫

itotal dt (4)

blank =
∫

iblank dt (5)

The net charge, Qnet, originated from the oxidation of organic
ompounds can be obtained by subtracting Qblank from Qtotal (see
ig. 2):

net = Qtotal − Qblank (6)

net can then be used to quantify the COD value of a sample accord-
ng to Eq. (2).

.2. Optimization of experimental conditions

.2.1. Light intensity
The UV light intensity illuminated on the thin-layer reactor can

e regulated from 0 to 250 mW/cm2 by controlling the forward cur-
ent of the UV-LED and/or by adjusting relative distance between
he UV-LED and the thin-layer reactor. Because the UV-LED is small
n size, it can be readily inserted into the thin-layer cell. In order
o keep the reactor compact in size and maintain sufficient light
ntensity, the UV-LED is fixed at a position only 1 mm away from
he quartz lens (see Fig. 1). The UV light intensity was therefore
ully controlled by the forward current in this work.

Preliminary results indicated that Qnet and Qblank remained con-
tant when the light intensity increased from 4 to 12 mW/cm2 (see
ig. 3). In other words, Qnet and Qblank are independent of the light
ntensity in this intensity range. This is expected because Qnet orig-
nates from the oxidation of the organic compounds while Qblank
tems from oxidation of water in the same reaction time. In the
resence of sufficient TiO2 catalyst, the increase of UV light inten-
ity leads to more photoholes being generated and therefore fast
xidation rate can be anticipated [28]. In the UV-LED PeCOD sys-
em, light intensity is directly proportional to the oxidation reaction
ate of organic compounds (see Eq. (1)). In other words, stronger UV
ight intensity normally will result in shorter exhaustive degrada-
ion reaction time. The reaction time, measured from the beginning
f UV illumination to the time when photocurrent reaches steady

tate (see Fig. 2), was found to be inversely proportional to the light
ntensity. For instance, the reaction time for a UV-LED PeCOD essay
f a sample containing 100 �M KHP can be varied from 1.5 min
t 3.0 mW/cm2 to 0.5 min at 9 mW/cm2. From this point of view,
igher light intensity means shorter reaction time.

ig. 3. Effect of light intensity on Qnet and Qblank for the photoelectrochemical oxi-
ation of 100 �M KHP and its blank solution.
Fig. 4. Effect of potential bias on Qnet and Qblank for the photoelectrochemical oxida-
tion of 100 �M KHP and its blank solution.

However, in practice, too high a light intensity, e.g.,
>9.0 mW/cm2, is often associated with signal stability problems
that are caused either by photocorrosion of the semiconductor
electrode [29] or generation of O2 bubbles from the enhanced
water oxidation reaction (see Eq. (3)). The bubbles are detrimental
to any thin-layer cell analyzers, because they will change the
cell volume dramatically and lead to faulty measurement. It was
observed that the production of bubbles became more notable
when UV light intensity was over 9.0 mW/cm2. It even interrupted
COD measurement frequently when the light intensity was over
12 mW/cm2. Therefore, practically, the light intensity needs to be
carefully controlled at a value smaller than 9.0 mW/cm2. Consider-
ing the above factors, a relatively low light intensity (9.0 mW/cm2)
was chosen for subsequent experiments in this work.

3.2.2. Applied potential bias
Applying potential bias on the working electrode can seize pho-

togenerated electrons from the conduction band. It serves two
purposes in this photoelectrocatalytic analytical system: one is to
suppress the recombination of the photo-induced holes and elec-
trons and therefore achieve high photocatalytic oxidation efficiency
[12]; the other is to quantify the extent of the photoelectrocat-
alytic oxidation reaction by quantifying the amount of electrons
originating from the oxidation reaction and subsequently deter-
mine the amount of organic compounds in the sample, using Eq.
(2). The effect of applied potential bias on the Qnet and Qblank was
therefore investigated (see Fig. 4). The electrical field applied to the
working electrode is directly proportional to the applied potential.
Fig. 4 reveals that both Qnet and Qblank increase when the potential
bias is increased from −0.3 to +0.2 V, which suggests that the elec-
tron collection in this potential region is the limiting step in the
overall photoelectrocatalytic oxidation process. More importantly,
the obtained Qnet value for 2.0 �L of 100 �M KHP was significantly
lower than the theoretical charge (i.e., 0.58 mC, estimated using the
thin-layer cell volume). This implies that the electrical field applied
in this potential region was not sufficient to completely capture the
electrons originating from the oxidation reaction (Eq. (1)). In other
words, the applied potential bias needs to be further increased.
With the further potential bias increase from +0.3 to +0.8 V, both
Qnet and Qblank levelled off. Qnet was reaching 100% of the theoreti-
cal value. This indicates that all photoelectrons generated from the

photocatalytic oxidation of organics can be quantitatively collected
and counted by the microelectrochemical system. In this potential
range (+0.3 to +0.8 V), the overall photoelectrocatalytic oxidation
process is controlled by the interfacial oxidation reaction, but not
the transport of photoelectrons within the semiconductor film. In
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ractice, high potentials have more chance of attracting electrical
nd electrochemical interferences. Consequently, the potential bias
f +0.3 V (vs Ag/AgCl) was chosen for subsequent experiments.

.2.3. Solution pH
The TiO2 electrode has different electrochemical characteristics

t different pH. This is because the solution pH affects the flat band
otential of the TiO2 semiconductor and speciation of the func-
ional groups of TiO2 semiconductors [19]. Thus, pH may influence
he photocatalytic oxidation efficiency at the TiO2 electrode in the
V-LED PeCOD system. The effect of solution pH on the analytical
erformance was then investigated.

Fig. 5 shows the effect of solution pH on Qnet and Qblank for
he detection of 100 �M KHP. It is observed that ITO can be seri-
usly damaged when the pH is below 2, which is evidenced by
he conductivity loss of the ITO glass. Even when the solution pH
as between 2 and 4, TiO2 and ITO are still not chemically stable

nough for reproducible measurements. This might explain why
he measurement of Qnet and Qblank involved dramatic fluctuation
n this pH range. Additionally, the Qnet value obtained was lower
han the theoretical charge value (i.e., 0.58 mC), which suggests that
he measurement of COD with the UV-LED PeCOD cell should not
e conducted in this pH range. Within the pH range of 4.0–10.0,
oth Qnet and Qblank were independent of pH variations and, most

mportantly, Qnet values obtained were very close to the theoretical
harge value. When the pH was above 10, a sharp increase in Qblank
nd a following sharp decrease in Qnet was observed, suggesting the
hotocatalytic oxidation is more favourable towards water [30]. The
ubstantial deviation from the theoretical value implies that it is not
ppropriate to determine COD with the UV-LED PeCOD cell in such
pH range. To summarise the investigation of pH effect, the suitable
H range for this proposed analytical application is between 4 and
0. The pH of a sample needs to be regulated if its pH falls outside
f this pH range.

.3. Analytical performance in analyzing synthetic samples

The theoretical applicability of the UV-LED PeCOD method was
rst examined using different varieties of pure organic compounds
ith known oxidation numbers (n) and theoretical COD values,

ncluding hydroquinone (n = 26), sucrose (n = 48), KHP (n = 30),

aleic acid (n = 12), galactose (n = 24), xylose (n = 20), glycine (n = 6),

-ascorbic acid (n = 20) and the mixture of these compounds with
qual COD concentration. Fig. 6 shows a group of typical photocur-
ent profiles for the analysis of 2.88–96 ppm COD KHP while the
nsert within is the calibration curve of the responses. From low

ig. 5. Effect of pH on Qnet and Qblank for the photoelectrochemical oxidation of
00 �M KHP and its blank solution.
Fig. 6. Typical photocurrent responses at various KHP concentrations: from bottom
to the top: 0 (blank), 2.88, 4.8, 9.6, 14.4, 19.2, 24 48 and 96 ppm COD KHP. The insert
figure is the correlation between Qnet and theoretical COD values.

to high COD concentration of KHP, achievement of common well-
defined steady state currents designates the reaction endpoint of
the photocatalytic degradation of KHP. In low KHP concentration
range (from 2.88 to 19.2 ppm COD), the photocurrents declined
monotonically after the UV illumination began. In strong contrast,
the photocurrent at 24 and 48 ppm COD increased at first and then
declined. The contrast of current profiles became more remarkable
at higher organic concentration. Photocurrents at higher KHP con-
centration (e.g., >96 ppm COD) declined for ca. 25 s, increased for
60 s and subsequently declined until a steady state was reached,
resulting in a shoulder peak-like profile. This was very likely due
to accumulation, polymerization and degradation of intermediates
during the oxidation of aromatic compounds present in high con-
centrations. KHP is an aromatic compound with a chemically stable
benzene ring. During the degradation reaction, aromatic and other
organic fragments and free radicals can be formed. The uprising por-
tion of the photocurrent profiles at 24 and 48 ppm COD were due to
accumulation of these fragments and radicals. For the photocur-
rent profile at 96 ppm COD, the initial decrease in photocurrent
was possibly due to formation of polymer networks caused by the
polymerization of the fragments and free radicals at the electrode
surface. These polymer networks may diminish the mobility of the
intermediates and reduce the access of the rest of the organic com-
pounds to the electrode surface for the degradation reaction in the
thin-layer cell. With the continuation of the degradation reaction,
the photoholes tear off the polymer network and oxidize the result-
ing smaller and less stable intermediates, giving rise to the obvious
increase in photocurrent. The subsequent photocurrent decrease
and the attainment of the steady state apparently corresponded to
the decline in residue organic compounds and their intermediates
and completion of the degradation reaction, respectively. It is nec-
essary to note that the proposed polymerization reaction may take
place only when high concentrations of stable organic intermedi-
ates are available. Most importantly, this process does not affect the
accuracy of COD measurement, since the net reaction ultimately fol-
lows Eq. (1). This is evidenced by the calibration curve shown in the
insert of Fig. 6, where a good linearity with an R2 value of 0.9985 was
obtained. The experimental slope (0.0242 mC/ppm COD) is closely
correspondent to the theoretical slope (0.0241 mC/ppm COD) esti-

mated from the cell volume (2.0 �L).

In Fig. 7, PeCOD values are plotted against theoretical COD val-
ues of the selected organic compounds and their mixtures. The
trend line of best fit has a slope of 1.0427 with R2 value of 0.9955,
which verifies the applicability of the proposed UV-LED PeCOD
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ethod. This demonstrates that the miniature UV-LED PeCOD cell
an mineralize different organic compounds indiscriminately. In
ther words, it possessed exactly the same characteristics as the
enon light-based PeCOD cell, where all organic compounds inves-

igated were stoichiometrically oxidized to CO2 and water (see Eq.
1)).

A detection limit of 0.2 ppm COD KHP and a linear range up to
00 ppm COD KHP was obtained under the optimum experimen-
al conditions. It should be noted that the practical linear range
an be extended by a simple dilution with 2.0 M NaNO3 solution.
he reproducibility is represented by a RSD of 1.55%, obtained from
6 replicated injections of 48 ppm COD KHP. In the stability inves-
igation, electrode fouling caused by organic contamination and
acteria growth was not observed during a storage period of 60
ays. This was due to the well-known self-cleaning ability of TiO2.
ecause of the use of mixed-phase electrode [31], any adsorbing
rganic compounds on the TiO2 electrode after a long storage period
from days to months), can be demolished by the UV illumination
nd simultaneous injection of the blank (i.e., 2.0 M NaNO3). No sig-
ificant performance change for Qnet was observed from injections
f 48 ppm COD KHP over a period of 60 days.

.4. Analytical performance in analyzing real samples

The practical applicability of the method can be best demon-
trated by comparing the results from real sample analysis. This was
one using the UV-LED PeCOD detection and standard dichromate
OD measurement with EPA approved protocols and instru-
ents.

Chloride ion commonly exists in real samples and affects the
easurement of COD with the standard method. The investigation

f effect of chloride on the UV-LED PeCOD measurement was con-
ucted and the results showed that the chloride interference was

nsignificant when chloride concentration is lower than 26.6 ppm.
he COD value of such a sample can be directly determined by the
V-LED PeCOD method without compromising its accuracy and
onvenience. The chloride concentrations of the real samples can
e controlled below 26.6 ppm by appropriate dilutions with 2 M
aNO3 solution when the chloride concentration is greater than
6.6 ppm. The analysis accuracy can be maintained due to the high
ensitivity of the UV-LED PeCOD method.
During the real sample analysis, it was observed that the colour
f the samples had insignificant effect on the PeCOD measurement.
his could be due to two reasons: (a), the use of the thin-layer cell
i.e., with a thickness of 0.1 mm) results in very small light path for

ig. 7. The correlation between the PeCOD and the theoretical COD values of differ-
nt organic compounds and synthetic samples.
Fig. 8. The correlation between the PeCOD and the standard COD value of real
samples.

UV light absorption, (b) the absorption of UV light becomes less
considerable with the progress of the photoelectrocatalytic miner-
alization process.

The pH of the real samples tested in this work was adjusted
within the range of pH 4–10 (within the aforementioned pH-
independent region) with diluted HNO3 or NaOH when the solution
pH was outside the range. Fig. 8 shows the correlation between
the COD values obtained by both methods. The Pearson correlation
coefficient was used as a measure of the intensity of associa-
tion between the two methods. A highly significant correlation
(r = 0.997, p = 0.000, n = 24) between the two methods was obtained,
indicating the two methods agreed very well. More importantly,
the slope of the principal axis of the correlation ellipse of 0.989 was
obtained. The almost identical slope values suggest both methods
were accurately measuring the same COD value. Given a 95% confi-
dence interval, this slope was between 0.960 and 1.024. This implies
that we can be 95% confident that the true slope lies between these
two values. Consider that there are analytical errors associated with
measurements performed by both methods and that these errors
contribute to scatter on both axes. The strong correlation and almost
unity in slope obtained demonstrate the applicability of the UV-LED
thin-layer photoelectrochemical cell for determination of chemical
oxygen demand.

4. Conclusion

The validation experiments using pure organic compounds, arti-
ficial mixtures and real samples demonstrate that the UV-LED
thin-layer photoelectrochemical cell can be used to determine COD
in wastewaters in a rapid, sensitive and accurate fashion.

The UV-LED PeCOD system gathers the advantages of the mod-
ern LED technology (long life, low power consumption and low
cost), the microelectrochemical system, and merits of the orig-
inal PeCOD technology, while eradicating the drawbacks of the
traditional Xenon light optical system and conventional photoelec-
trochemical station. This makes the technology portable and more
user-friendly.
The successful incorporation of UV-LED into the miniature pho-
toelectrochemical thin-layer cell makes the commercialization of
the PeCOD technology possible. The proposed UV-LED PeCOD tech-
nology will very likely make a revolutionary improvement for the
conventional COD analysis and may be widely used in water quality
monitoring industry.
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