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A novel kinetic spectrophotometric method was developed for determination of pyrocatechol, resorcin,
hydroquinone and phenol based on their inhibitory effect on the oxidation of Rhodamine B (RhB) in acid
medium at pH=3.0. A linear relationship was observed between the inhibitory effect and the concen-
trations of the compounds. The absorbance associated with the kinetic reactions was monitored at the
maximum wavelength of 557 nm. The effects of different parameters such as pH, concentration of RhB and
KBrOs, and temperature of the reaction were investigated and optimum conditions were established. The

ﬁ?wa)rds" linear ranges were 0.22-3.30, 0.108-0.828, 0.36-3.96 and 1.52-19.76 wg mL~" for pyrocatechol, resorcin,
inetic spectrophotometry . . . . R ..

Rhodamine B hydroquinone and phenol, respectively, and their corresponding detection limits were 0.15, 0.044, 0.16
Phenols and 0.60 pg mL-'. The measured data were processed by several chemometrics methods, such as princi-

pal component regression (PCR), partial least squares (PLS) and artificial neural network (ANN), and a set
of synthetic mixtures of these compounds was used to verify the established models. It was found that
the prediction ability of PLS, PCR and RBF-ANN was similar, however, the RBF-ANN model did perform
somewhat better than the other methods. The proposed method was also applied satisfactorily for the
simultaneous determination of pyrocatechol, resorcin, hydroquinone and phenol in real water samples.

Chemometrics
Water samples

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The determination of phenol and its derivative compounds
is of environmental significance, since these species are impor-
tant organic contaminants, which occur frequently in ground and
surface waters. Due to their toxicity and persistence in the environ-
ment, phenols are considered to be priority pollutants. In drinking
water, even at low concentration, they give off strong, unusual
taste and odor. Also, some of them are thought to be mutagenic
[1,2]. Numerous phenolic compounds show toxic effects in animals
and plants since they easily penetrate into skin and cellular mem-
brane. Because different phenolic compounds behave differently
and have different ecological effects and toxicity, the determina-
tion of individual phenolic compounds is particularly important
and useful.

There are four common phenolic compounds - hydroquinone,
pyrocatechol, resorcin and phenol. The major uses of phenol involve
its conversion to plastics or related materials. For example it is com-
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monly used to make bisphenol-A, polycarbonates, and phenolic
resins. Phenol is also used in the preparation of cosmetics includ-
ing sunscreens, hair dyes, and skin lightening preparations [3].
Similarly, resorcin, hydroquinone and pyrocatechol are important
industrial substances, and are widely used in polymers, cosmetics,
tanning, pesticides, flavoring agents, medicines, and photographic
chemicals. Even more significantly, they are generally present
in the waste water from oil, paint, polymer and pharmaceutical
industries. In addition, they are found in the marine food chain
and ultimately, in fish. Thus, the development of reliable and
readily accessible procedures for the determination of pyrocat-
echol, resorcin, hydroquinone and phenol in natural and waste
water is currently a topical problem in environmental analysis
[4-8].

Several different analytical methods have been proposed for the
determination of phenol and its derivatives. The methods widely
used are gas chromatography-mass spectrometry (GC-MS) [9],
high performance liquid chromatography (HPLC) [10,11], capillary
electrophoresis [12], electrochemical methods [4,13], and spec-
trophotometry [14,15]. However, these methods are sometimes
complicated and difficult to reproduce. They are also rather haz-
ardous because they involve some toxic materials and reagents,
which can be quite costly.
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Table 1
Chemical structures of phenol and its derivatives.

Material Molecular Molecular Chemical structures
formula weight
OH
OH
Pyrocatechol CegHgO2 110.11
OH
Resorcin C6Hg0, 110.11 OH
OH
Hydroquinone CsHeO2 110.11 HO
OH
Phenol CsHsO 94.11

Kinetic methods, including the single point method, the pro-
portional equation model, multivariate calibration, and artificial
neural network, is a simple and sensitive analytical technique that
can be used for the simultaneous determination of different com-
pounds in various fields [16]. Recently, Fan et al. [5] reported a
spectrofluorimetric kinetic method for the determination of trace
resorcin, based on the inhibitory effect of resorcin in the oxida-
tion of Rhodamine B (RhB) by potassium bromate in dilute sulfuric
acid.

In this study, a rapid, simple and sensitive kinetic spectropho-
tometric method for the simultaneous determination of traces of
phenol and its derivatives (Table 1) in waste water samples was
researched and developed. It was based on the inhibitory effect of
these trace compounds on the redox reaction between RhB and
potassium bromate. This novel method was then applied for the
determination of trace phenols in different water samples, and
these results were compared with those obtained by the reference
HPLC method [17].

2. Theory method
2.1. Different kinetic methods for multicomponent analysis

Consider that a reagent A (here the deep red RhB) reacts with a
common reagent R (potassium bromate), under certain conditions
to give a decrease in absorbance, A. The reaction of A with R in the
absence of any additional analytes such as phenols, can be written
as:

A+REL Py 4 Qg (1)

where Py and Qg are the corresponding reaction products of A
and R, respectively. If cg > ca, the cg is basically unchanged before
and after the reaction, and the reaction rate is only a function
of ca. Thus, the above reaction can be assumed to have pseudo

first-order kinetics with respect to concentration A, and the rate
equation is:
d[A]

= klA] (2)

Integration of Eq. (2) yields:
A[A], = [Alp — [Al; = [Alo(1 — exp(—kqt)) 3)

where [A]g is the initial concentration of A, [A]; is the concentration
of the product of A at a time, t, A[A]; is the change in A, and k; is
the rate constant for reaction (1).

If there are some other compounds present in the solution
(except reaction (1)) such as the phenols (D;, i=1, 2, ..., I), the
following reaction will also apply:

k; 3
Di+R—5Pp, +Qr (i=1,2,..,1) (4)

where the Pp, is the oxidized product of compound D; and k; is its
rate constant for reaction (4).

If cg > cp, it can also be assumed that reaction (4) follows pseudo
first-order kinetics with respect to the concentration of the ana-
lytes, and the rate equation for D; is:

d[D;]
T odt

=k[D;] (i=1,2,..,1) (5)

Integration of Eq. (5) yields:
A[D;l; p, = [Dilo — [Dil; = [Dilo(1 — exp(—k;t)) (6)

where [D;]o is the initial concentration of D;, [D;]; is the concentra-
tion of D; at time ¢, A[D;];p; is the concentration change at time, ¢,
and k; is the rate constant for D; in reaction (5). Reactions (1) and (4)
are competitive, and reaction (1) can be inhibited by D;. Thus, A is
oxidized and its concentration decreases much more as compared
to that in the absence of D;. Moreover, A[A] is proportional to the
concentration of D; [18]:

AlAl,1 — A[A] 2 = KA[Dj]; p, (7)

where A[A];; and A[A];, are the concentration changes of A as
the reaction progress without and with D;, respectively, and K is
the proportional coefficient of the inhibition effect of the D;.

Combining the Eq. (7) with Egs. (3) and (6), the following equa-
tion is obtained:

[Alo(1 — exp(—k1t)); — [Alo(1 — exp(—k1t)),
= K[D;]o(1 — exp(—k;t)) (8)

Assuming that only the absorbance of reagent A can be observed,
according to Beer’s law, the absorbance (Abs) of A at any wavelength
and any time, t, is

AAbs =Ki[Djl, (i=1,2,....1) (9)

where K; is the proportionality coefficient of D;, and AAbs is the
difference in absorbance A between the reactions without and with
the analyte, D;. Eq. (9) can be further simplified for I analytes:

1
AAbs = ZK,-CDi (10)
i=1

For a set of M standard calibration samples (Cy,;), and their
absorbance A values measured at a fixed wavelength at time, T,
points (t=1, 2, ..., T), the AAbs relationship (Eq. (10)) can be
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expanded into a matrix form:

Ann Az - Arr 1 €12 - Cg
Ay A - Al €21 € - Cy
AAbs = =
Ami Am2 - Aumr Cm1 Cm2 - Cwmi
(11)
K1 Kz - KT
Ky1 Koy -+ Kt
x| . | = CuxaKixr
K Kp - K

where K matrix is the proportional coefficient. Consequently, Eq.
(11) allows one to resolve the kinetic system by suitable chemo-
metrics methods without the knowledge of the detailed reaction
mechanism.

2.2. Chemometrics methods

2.2.1. Multivariate calibration (PCR and PLS)

For multicomponent analysis, the calibration is carried out
using known mixtures rather than individual analytes as in time-
independent chemical systems, which has usually been used in
kinetic methods [19,20]. As described above (Section 2.1), the
application of multivariate calibration for multicomponent kinetic
analyses involves the preparation of a set of mixtures of known
compositions and the measurement of their absorbance at different
time. Analytical relevant quantitative information of the system can
be obtained with the use of one or the other of the two well known
multivariate calibration methods, principal component regression
(PCR) [21] and partial least squares regression (PLS) [22]; these
methods use statistically significant orthogonal factors to build cal-
ibration models to estimate the linear relationship between the
dependent (Cy;,;) and independent (AAbsy;, 1) variables. The the-
ory and principles of PCR and PLS are widely documented in the
literature [23]. For this study, in PCR and PLS regression model-
ing, the first step involves the construction of calibrations for the
quarternary mixture of hydroquinone, pyrocatechol, resorcin and
phenol. The established models are then verified by predicting the
composition of another set of unknown samples. Both PCR and PLS
assume that there is a linear relationship between the absorbance
measured and the concentrations of the components. The meth-
ods are flexible, and can account for some non-linearity and reduce
interference problems or background noise.

In PCR[21], the absorbance data matrix Abs = CK is broken down
as:

Abs =TP" + E (12)

where Abs is the absorbance intensity data matrix; the superscript
‘T denotes the transpose of the matrix, T and PT are the score and
loading matrices which correspond with the absorbance matrix,
and E is the residual matrix of Abs. Here the T and C can be related
with the coefficient matrix G:

C=TG (13)

Once the model has been fully developed, it can be used for the
determination of the analyte concentrations by simply using the
absorbance data set for the mixtures of the unknown concentration,
and PCR to resolve the equation:

Crew = AbSpew PG (14)

where the Cpew and Abs;e,, are the concentration and absorbance
matrices of unknown mixtures, respectively.

For the PLS model [22], the concentration matrix is broken down
into:

C=UQ" +E (15)

where Uand QT are the score and loading matrices of concentration
matrix C, and E is the residual matrix of C.
Abs and C are mutually related by:

U=TR (16)

where R is a diagonal regression matrix called the ‘inner relation-
ship’.

If the model is fully developed, it can be used for the determina-
tion of the analyte concentration by simply using the absorbance
data set for unknown mixtures according to the equation:

Chew = AbsnewPRQT (17)

The major difference between the PCR and PLS is that, for the
PCR method, only the information in the response matrix (here
absorbance) is used in the data matrix decomposition; for the PLS
method, the concentration data matrix is also used in the calibra-
tion model step.

2.2.2. Radial basis function artificial neural network (ANN)

Artificial neural network (ANN) is a powerful chemometric
method because it does not need any model structure specifica-
tion, and can process multivariate problems of nonlinear systems.
ANN has been often applied for simultaneous determination of ana-
lytes in multicomponent problems [20,24]. With proper training,
ANN can accurately model the presence of synergistic effects and
avoid the potential loss of kinetic data for mixtures resulting from
very short periods [25]. There are two main ANN methods - the
radial basis function artificial neural network (RBF-ANN) and back
propagation artificial neural network (BP-ANN); these have differ-
ent transfer functions to solve complex systems. A kernel or basis
function is classified as a local activation function compared to
a sigmoid function. The main difference is that the latter defines
an ellipsoid in the input space between the transfer function in
the BP networks and the kernel function in the RBF networks. For
successful implementation, it is important to find suitable cen-
ters for the RBF Gaussian function, which is characterized by two
parameters - the center and peak width (¢; and o;). The output
from the jth Gaussian neuron for an input object, x; can be calcu-
lated by 0j(x)=exp(—|Ix; — ¢l \2/0]-). where ||X; — ;|| is the calculated
Euclidean distance between x;.

In this work, the kinetic data obtained from the reaction were
resolved by the RBF-ANN model, which has three types of layers:
input, hidden and output [23]. The first layer has input nodes that
transmit unweighted inputs to each node in the hidden layer; each
hidden node contains a RBF as the transfer function, and the out-
puts of these nodes are weighted and summed to produce the final
output.

The output nodes, which compute the weighted sum of the hid-
den node outputs, are

yi= ZWjin(X) (18)
i1

where wj; represents the weights of the connection between the
hidden layer, i, and output layer, j, and 0;(x) is obtained from above.

3. Experimental
3.1. Apparatus

The spectrophotometric analysis of phenolic components was
carried out on an Agilent 8453 UV-visible spectrophotometer with
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Fig. 1. UV-vis absorption spectra. (a) NaAc-HCl+RhB; (b) NaAc-HCl+ RhB+
KBrOs3; (c) NaAc-HCI+RhB+KBrOs +pyrocatechol (0.4(gmL-1); (d) NaAc-HCl+
RhB +KBrOs + hydroquinone (0.4(gmL-'); (e) NaAc-HCI+RhB+KBrOs +phenol
(0.4(gmL-1); (f) NaAc-HCl+RhB +KBrOs +resorcin (0.4(gmL-!). Optimal exper-
imental conditions: T=25°C, cgnp=6.80'10"6 molL~!, ckgro, = 23410 %mol L7,
and pH =3.0 (NaAc-HCl).

a 1.0 cm quartz cell. All measurements were performed with a ther-
mostat cell compartment at 254 0.5°C with the aid of a Model
ZC-10 (Ningbo Tianheng Instruments Factory, China) temperature
control accessory. An Orion SA 720 digital pH-meter was used
for pH adjustment; it was equipped with an Ag-AgCl glass com-
bination pH electrode. All the solution volumes which were less
than 1.0 mL were delivered with micropipettes (Finnpipette, Lab-
systems, Finland), and a stop watch was used to monitor the cell
heating time.

The HPLC measurements were performed on an Agilent 1100
series HPLC-DAD system equipped with a vacuum degasser, qua-
ternary pump, autosampler, injector with a 20 L loop, an Agilent
Zorbax eclipse XDB-C18 column (4.6 mm x 250 mm, 5 pm) with an
Agilent Zorbax high pressure reliance cartridge guard-column (C18,
12.5mm x 4.6 mm, 5pum) and a DAD detector. The HPLC system
was operated at 254+ 0.5°C.

The obtained chromatograms and kinetic curves were recorded
and processed by a computer with programs written in MATLAB
6.5 (Mathworks).

3.2. Solution and reagents

The stock solutions (1.10 g L=1) of pyrocatechol, resorcin, hydro-
quinone and phenol were prepared by dissolving 0.1100 g of each of
these compounds with water in a 100 mL volumetric flask, and stor-
ing themin the dark at4°C.The UV spectra of these solutions (Fig. 1)
show that for mixtures of these compounds, the spectra would seri-
ously overlap, and the sensitivity for some compounds is quite low.
The RhB stock solution (1.0 x 10~4 mol L-1) was obtained by dis-
solving 0.0048 g RhB (M =479.02 gmol~ 1) in water and diluted to
the mark. The potassium bromate stock solution of 0.01 molL-!
was prepared by dissolving 0.1607 g of the compound in water and
diluting to the mark in a 100 mL volumetric flask. The HCI-NaAc
buffer solution (pH = 3.0) was prepared by adding a suitable amount
of 0.3 mol L-1 HClinto 0.1 mol L~ NaAc solution; the pH was mon-
itored by an SA-720 (Orion) digital pH-meter.

All chemicals and reagents used were of Analytical Reagent
grade, and double distilled water was used throughout the experi-
ments.

3.3. General procedure

For all spectrophotometric analysis, the analytes and any other
reagents were added directly into the 1.0cm cell with the use of
micropipettes. A suitable amount of pyrocatechol, resorcin, hydro-
quinone or phenol solution (or their mixtures) was transferred into
the cell, then in sequence, 0.170 mL of 1.0 x 10~4 mol L~'. RhB solu-
tion, 0.50 mL NaAc-HCI buffer and an amount of distilled water
as required, were added to give a total volume of 1.915 mL. The
sample was kept on the cell stand for 1.5min at 254 0.5°C, and
0.585 mL of potassium bromate solution was added to the cell to a
total volume of 2.50 mL. The sample was then stirred and the UV-vis
spectra were recorded from 190 to 900 nm, every 1 nm (total 711
wavelengths), at 2 s intervals during 300 s (total 151 time points).

3.4. Determination of pyrocatechol, resorcin, hydroquinone and
phenol in real water samples

Four real water samples, including tap water, lake-water, lab-
oratory effluent, and industrial waste water, were collected and
analysed in this work. All water samples were treated as follows
[26]: a 500 mL sample was collected and acidified with phosphoric
acid (1-2 drops), and a 1 mL 0.1 mol L~! FeSO, solution was used
to eliminate the free chlorine and other oxidants. The pH of the
samples was adjusted to 4.0 with H3POy4, then 1 mL CuSO4 solu-
tion (0.1 molL~1) was added to inhibit microbial oxidation. The
collected water samples were stored at 4°C.

The samples were then prepared by using a standard distilla-
tion method [26]. A water sample (150 mL) and distilled water
(50 mL) were placed into a distillation flask (250 mL) and a few zeo-
lite chips were added to prevent bumping. This sample was then
distilled until 150 mL of the distillate was collected. The distillate
was treated as described in the general procedure.

3.5. HPLC procedure

20 L of each sample (solution from Section 3.4) were injected
and the concentrations were calculated on the basis of the peak
area ratios of the standard solutions. HPLC analysis was carried out
at a flow rate of 1.0mLmin~! using a mobile phase of methanol
and water (55:45, v/v); the detector was set at 277 nm. The mobile
phase was prepared daily, filtered through a 0.45 pm membrane
and sonicated before use. The retention time employed were
2.8 min for pyrocatechol, 3.2 min for resorcin, 2.5 min for hydro-
quinone and 4.4 min for phenol.

4. Results and discussion
4.1. Spectral characteristics and reaction kinetics

The UV-vis absorption spectra of pyrocatechol, resorcin, hydro-
quinone and phenol were collected with the use of an Agilent 8453
UV-visible spectrophotometer. The basic dye, RhB, displayed a
broad and relatively intense spectrum when dissolved in the some-
what acidic buffer medium (Fig. 1a). However, when potassium
bromate oxidizing agent was added to the RhB/buffer sample, the
absorbance of the RhB spectrum decreased markedly because of the
reaction of the dye and the oxidant [27]. Furthermore, in the pres-
ence of trace amounts of each of the compounds - pyrocatechol,
resorcin, hydroquinone or phenol, the reaction rates decreased
depending on the added substances (spectral curves b-e, Fig. 1).
Also, the spectrophotometric kinetic data of the separate reactions
for pyrocatechol, resorcin, hydroquinone and phenol were obtained
at 557 nm overtime the time range of 0-300s (see Fig. 2). Qual-
itative analysis of the absorbance vs time curves suggested that
the highest reaction rate was with phenol and the slowest with
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Fig. 2. Kinetic curves of pyrocatechol, resorcin, hydroquinone and phenol vs. time
at 557 nm. Experimental conditions were as in Fig. 1.

resorcin, while hydroquinone and pyrocatechol were between the
rate curves associated with the two former reagents. Arguably, the
resorcin rate curve exhibited longer linear reaction rate behaviour
(~50-3005s), while Phenol showed linear tendency approximately
between 25 and 175s.

4.2. Chemical reaction mechanism

The above spectral observations (Figs. 1 and 2) suggest that
pyrocatechol, resorcin, hydroquinone and phenol have significant
inhibitory effects on the redox reaction between RhB and potassium
bromate. A possible suggested reaction mechanism is [28]:

BrO3~ + RhB(Red) +H"— Br + RhB(ox) +H,0 (19)

BrOs~ + phenolic componentgeq)+H* — Br~
+ phenolic componentyy + Hy0 (20)

where the RhBoy) and phenolic component;qy) are the products of
RhB and original phenolic component, respectively. The structures
of the phenols were changed to benzoquinone when they were
oxidized by potassium bromate [29,30].

4.3. The reaction conditions

For taking full advantage of the experimental procedure, various
experimental conditions, such as the concentration of potassium
bromate and RhB, the pH of the buffer and the reaction temperature,
have been investigated.

The effect of pH on the analytical signal was studied in range of
1.5-5.0. The results showed that the response signal increases with
increasing pH up to 3.0 and decreases at higher pH (>3.0). Therefore,
pH 3.0 was selected for further study.

The influence of RhB or the KBrO3 concentrations on the kinetic
behaviour was investigated in the ranges of 0.4-1.6 x 10-6 mol L-!
for RhB, and 1.2-3.6 x 10~3 molL~! for KBrOs. In the reaction, the
amount of KBrO3 was in excess, and the kinetics were assumed to
follow the pseudo-first-order reaction model. It was found that the
absorbance increased quickly with the increasing concentrations
of RhB and potassium bromate, and maximum absorbance was
found at 6.8 x 10 molL-! RhB and 2.34 x 10~3 molL~! KBrOs;
However, at higher concentrations, the signal intensity decreased
with increasing concentrations.

The effect of temperature on the analytical signal was studied in
the range of 20-60°C with the optimum of reagent concentrations
described above. The signal increased with temperature up to 25 °C,
and almost no change was observed at higher temperatures. Thus,
25°C was selected as the optimum.

4.4. Calibration of individual analyte

Under the above optimum conditions, the kinetic curves
(Fig. 3) were recorded at the analytical wavelength, 557 nm, for
pyrocatechol, resorcin, hydroquinone and phenol at different con-
centrations, respectively. The figures of merit for calibrations
of each analyte are summarized in Fig. 3 (see insert plots).
Kinetic data were collected between 0 and 300s reaction time,
and the correlation coefficients suggested good linearity within
the concentration range of 0.22-3.30wgmL~! for pyrocatechol,
0.108-0.828 wgmL-! for resorcin, 0.36-3.96 pgmL~! for hydro-
quinone, and 1.52-19.76 ug mL~! for phenol.

4.5. Calibration and prediction sets

In order to extract maximum quantitative information about
the samples with the use of minimum experimental trials, the
orthogonal array design was applied for the construction of the
calibration set. A set of samples was prepared according to a
four-level orthogonal array design, denoted by OA15(44) [31]. The
ranges of concentration were 0.264-1.584 pgmL~! for pyrocate-
chol, 0.115-0.547 pgmL~! for resorcin, 0.432-2.592 wgmL~! for
hydroquinone, and 1.824-10.944 g mL~! for phenol (see Table 2).
The absorbance of these samples was measured by the kinetic
spectrophotometric method described above, and the kinetic
absorbance response matrix, Abs (16 x 301), and concentration
matrix, C (16 x 4), were then recorded and processed by suitable
multivariate calibration (PCR and PLS) and artificial neural net
works (RBF-ANN) methods to establish the calibration models.

Another set of sixteen quarternary mixtures was prepared with
different analyte concentrations from the samples employed in the
calibration set in order to verify the calibration models. A full fac-
torial design was applied, and the selected concentrations for this
set were similar to those of the calibration set. The composition of
the prediction samples is also shown in Table 2. Estimates of uncer-
tainty of each analyte from the prediction set were made with the
use of the relative prediction errors (RPE) according to Egs. (15) and
(16) below [32].

The RPEg, for a single component in mixtures is

o ,105
Z. (Cijtfound) — Cijadded))
RPEs = =1 (21)
2
Z‘ (Cijtadded))
L i=1
and the RPE7 for all components can be formulated as:
[ —n m 2705
RDE > im12j—1(Cijtfound) — Cij(added)) (22)
T=
S Ciaddeay)”

where Cjjadded) indicates the concentration of jth component in jth
mixtures and Cjj(found) IS its estimate found from the analysis.

The prediction results for the verification data found with the aid
of the different chemometric methods are summarized in Table 3.
The RPEt values from the application of the PCR, PLS and RBF-ANN
calibrations are very similar, but the RBF-ANN model performs
slightly better than the PLS one with the PCR performing rela-
tively poorly. Most likely, RBF-ANN performed better because it
can accommodate well any non-linear contributions in the calibra-
tion data modeling [33]. Thus, the RBF-ANN calibration model was
chosen for the simultaneous determination of the four phenols in
the various water samples.

4.6. Interference study

To investigate the selectivity of the proposed method, the
effect of various substances on the determination of the analytes,
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Fig. 3. Kinetic curves of pyrocatechol, resorcin, hydroquinone and phenol with different concentrations ((g mL-!); spectral data were collected at Anmax =557 nm. Experimental

conditions were as in Fig. 1.

a mixture containing 0.20 wgmL~! of resorcin and phenol, and
0.40 wg mL~! of pyrocatechol and hydroquinone was tested under
the optimum conditions, and the concentration of the phenolic ana-
lytes were predicted by the RBF-ANN model. Several representative
potential interferents such as inorganic cations, anions and molec-
ular compounds were investigated individually for their effect on

Table 2

the phenols’ mixture and the subsequent spectra. The concentra-
tion of the tested interferent was increased until an RPEt of 10% was

reached for the determination of a mixt
maximum concentration of interfering

ure of the four phenols. The
species that could be toler-

ated was selected as that which produced an RPE of just below
10% as defined above, and the tolerance levels were expressed

Composition of calibration and predication sets of pyrocatechol, resorcin, hydroquinone and phenol (g mL-1).

No. Calibration set (gmL~1) Predication set (ngmL~")
Pyrocatechol Resorcin Hydroquinone Phenol Pyrocatechol Resorcin Hydroquinone Phenol
1 0.264 0.115 0.423 1.824 0.352 0.122 0.576 2432
2 1.584 0.547 1.872 1.824 1.474 0.511 1.800 2.432
3 0.704 0.115 1.152 4.864 0.726 0.122 1.188 5.016
4 1.144 0.547 2.597 4.864 1.100 0.511 2412 5.016
5 1.144 0.115 1.872 7.904 1.100 0.122 1.800 7.600
6 0.704 0.547 0.432 7.904 0.726 0.511 0.576 7.600
7 1.584 0.115 2.597 10.944 1.474 0.122 2412 10.184
8 0.264 0.547 1.152 10.944 0.352 0.511 1.188 10.184
9 0.264 0.259 1.872 4.864 0.352 0.252 1.800 5.016
10 1.584 0.403 0.432 4.864 1.474 0.382 0.576 5.016
11 0.704 0.259 2.592 1.824 0.726 0.252 2412 2432
12 1.144 0.403 1.152 1.824 1.100 0.382 1.188 2432
13 1.144 0.259 0.432 10.944 1.100 0.252 0.576 10.184
14 0.704 0.403 1.872 10.944 0.726 0.382 1.800 10.184
15 1.584 0.259 1.152 7.904 1.474 0.252 1.188 7.600
16 0.264 0.403 2.592 7.904 0.352 0.382 2412 7.600
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Table 3

Prediction results of synthetic samples by different chemometric methods.
Chemometrics %RPEg %RPET

Pyrocatechol Resorcin Hydroquinone Phenol

PLS (4)? 10.45 (105)P 8.41(104) 1136 (114) 6.35(104) 6.8
PCR (4)? 8.95(106) 8.48 (103) 11.44 (114) 7.11(105) 7.4
RBF-ANN (6, 480)° 8.50 (106) 9.48 (105) 8.29(111) 6.5 (103) 6.7
@ Values in the parentheses correspond to the number of factors used for PCR and PLS models.
b Values in the parentheses are mean Recoveries (%).
¢ Values in parentheses correspond to nodes in the hidden layer and the spread coefficient (SC), respectively.

Table 4

Results of phenolic compounds in water samples by the proposed method (g mL-1).
Samples? Found Added Found after addition Recovery (%)

ANN HPLC ANN HPLC ANN HPLC

1. Lake water®
Pyrocatechol -b - 0.60 0.65 £ 0.02¢ 0.57 £ 0.01 108 95
Resorcin - - 0.60 0.58 + 0.01 0.58 + 0.01 97 97
Hydroquinone - - 0.55 0.51 £ 0.01 0.60 + 0.03 93 109
Phenol - - 7.00 6.99 + 0.04 7.20 £ 0.18 100 103
2. Tap water®
Pyrocatechol - - 0.60 0.59 + 0.01 0.59 + 0.01 98 98
Resorcin - - 0.80 0.77 £+ 0.01 0.76 + 0.01 96 95
Hydroquinone - - 0.50 0.40 + 0.01 0.56 + 0.02 80 112
Phenol - - 4.00 3.60 £+ 0.03 3.70 £+ 0.06 90 93
3. Industrial waste water
Pyrocatechol 0.45+0.02 0.41+0.01 0.30 0.71 £ 0.01 0.74 £ 0.02 95 104
Resorcin 0.5140.02 0.52+0.01 0.20 0.75 £ 0.02 0.70 £ 0.02 105 97
Hydroquinone 0.24+0.01 0.294+0.01 0.20 0.40 + 0.01 0.52 + 0.01 91 106
Phenol 4.76 £0.04 4.80+0.02 3.00 8.47 £+ 0.04 8.21 £ 0.07 109 105
4. Laboratory effluents
Pyrocatechol 0.49+0.01 0.44+0.01 0.20 0.64 + 0.01 0.62 + 0.02 93 97
Resorcin 0.64+0.02 0.65+0.02 0.10 0.83 £+ 0.01 0.78 + 0.02 112 104
Hydroquinone 0.36+0.03 0.41+0.01 0.20 0.51 £ 0.02 0.54 £ 0.01 91 89
Phenol 2.64+0.05 2.50+0.02 2.00 4.49 + 0.08 4.37 £ 0.07 97 97

2 Lake water was taken from the ‘Dragon Lake’ on the Nanchang University campus; Industrial waste water was collected from a paper mill in Nanchang city.

b Not detected.
¢ Mean value of three determinations +standard deviations.

as tolerance ratios (TL), i.e. mg of interferent per mL of phenols
(Winterf/WResorcin Was used here, and resorcin was selected as a ref-
erence). The TL results were: 750 — NH4*, ZnZ*, Fe3*, Cl-, SO42-,
NO3~; 400 - K*, Na*, Co?*, Br—, As3*, methanol, ethanol; 50 - Mg?2",
Ca2*, Pb2*, Cr3*, AI?*, tartrate, sorbate; 20 - Mn2*, Hg2* I~; 5 -
ascorbic acid, glucose.

The TL values suggest that common ions such as K*, Na*, NH,"*,
S042~, CI- were least intrusive (TL~ 750-400), while ascorbic acid
and glucose (TL~ 5), were the most strong interferents. There are
other compounds, which may be present in the samples and could
be expected to interfere with the analysis; they include bisphe-
nol A, chlorophenol and nonylphenol, but these are insoluble in
water, and xylenol is practically insoluble in acid and will be decom-
posed when heated. Thus, for real water samples, most of these
potentially interfering substances could be removed during the dis-
tillation step in the procedure (Section 3.4) and their interferences
eliminated.

4.7. Analysis of water samples

In order to evaluate the applicability of the proposed method,
the four phenols were analysed simultaneously in various water
samples with the aid of the RBF-ANN calibration model. Since the
level of these compounds is generally low in water samples, the
analyte samples were spiked appropriately. The results (Table 4)
indicated that relatively high amounts of these compounds were
found in the industrial effluents and laboratory waste water but not

in the lakes and tap water. Also, the performance of the method was
compared with the results from the reference HPLC procedure with
the use of the %Recovery criterion. The results were very similar
with both methods performing satisfactorily.

5. Conclusion

In this work, a novel and sensitive kinetic - spectrophotomet-
ric method, based on the inhibition of the oxidative reaction of
RhB by potassium bromate by phenols, was successfully applied for
the simultaneous determination of pyrocatechol, resorcin, hydro-
quinone and phenol in mixtures. Multivariate calibrations with the
use of PCR, PLS and RBF-ANN methods were compared, and the
prediction performance based on the %RPEr criterion (7.4-6.7%),
was found to be quite similar between models although the RBF-
ANN one was slightly better than the other two. This model was
then used to analyse the four phenol analytes in four different
types of water sample, and the analytical performance was found
to be satisfactory when compared with the results from the refer-
ence HPLC procedure. Thus, the proposed method is a convenient
and inexpensive alternative analytical method for the simultaneous
determination of phenolic compounds in various types of waters.
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