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A CRITICAL VIEW ON THE PHENOL INDEX AS A MEASURE
OF PHENOL COMPOUNDS CONTENT IN WATERS.
APPLICATION OF A BIOSENSOR

KRYTYCZNA OCENA PRZYDATNOSCI INDEKSU FENOLOWEGO JAKO
MIARY ZAWARTOSCI ZWIAZKOW FENOLOWYCH W WODZIE.
ZASTOSOWANIE BIOSENSORA

Abstract: Phenol index is considered as an important indicator of water purity and quality. Usually phenol index
is determined by a spectrophotometric method the calibration being based on phenol standards. Unfortunately, the
absorptivities of different phenols compounds differ from each other. This leads to significant uncertainty
concerning content of phenols in water. It is shown that the same shortage of the phenol index appears also if it is
determined using an amperometric biosensor based on tyrosinase. The sensitivity of the biosensor response to four
phenol compounds: phenol, catechol, 3-cresol and 4-chlorophenol was examined, as well as possible interactions
between phenols, according to 2* factorial experiment. It was proved that individual phenols affect phenol index
independently from each other, ie no significant interaction between phenols was detected. However, sensitivity
of the biosensor to different phenols is not the same. Relationship between phenol index and concentrations of
phenols in water is discussed.
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Phenolic compounds belong to organic pollutants, which are widely distributed in the
environment. They may be present in waste waters and natural environmental waters.
Phenols are introduced to the environment in variety of ways like wastes from paper
manufacturing, agriculture, petrochemical industry, coal processing or as municipal wastes
[1]. The phenolic micropollutants generally include chloro-, bromo-, nitro- and alkylphenols
[2]. Due to their toxicity and persistence in the environment, numerous phenolic compounds
are considered priority pollutants and they appear in a list of dangerous substances of the
US Environmental Protection Agency (EPA) [3]. According to the EU directive maximum
concentration of total phenols in drinking water is 0.5 pg/dm’, while individual
concentrations should be under 0.1 pg/dm’ [4]. Because phenolic compounds can easily
penetrate into skin and trough cellular membrane, some of them show toxic effects in
animals and plants. In drinking water, even at low concentration, phenolic compounds give
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off strong taste and odor. Moreover, during chlorination process, various chlorophenols and
chlorinated p-benzoquinones are produced, some of them thought to be mutagenic [1].
Therefore, an easily applied, sensitive and selective method is required for monitoring of
phenolic compounds concentration in environmental waters.

In the past decade a variety of analytical methods were proposed for determination of
phenol and its derivatives in natural environmental waters and waste waters. The most
widely used are gas chromatography [5-7], high performance liquid chromatography [8-10]
and electrochemical methods [11-13]. These methods allow to detect invidual phenolic
compounds, however they often include complicated sample pretreatment, involve
complicated and time consuming procedures, and require expensive equipment. Moreover,
they are inadequate for in-situ monitoring. Therefore, analytical methods for determination
of the total concentration of phenols are preferred.

Phenol index is supposed to be an indicator of water pollution with phenols. According
to the international standard ISO 6439 (Water quality. Determination of phenol index.
4-aminoantipyrine  spectrometric method after distillation) it is determined
spectrophotometrically (A = 460 nm) using 4-aminoantipyrine, 4-AAP, as a color making
agent, after distillation [14]. 4-AAP was chosen as the photometric reagent for phenols due
to the highest rate of colored compound formation and the rather high values of its molar
absorption coefficient [15]. However, not all phenol derivatives form color products with
4-aminoantipyrine, eg 4-alkylo- and 4-nitrophenols. Moreover, absorptivities of color
products are not the same for different phenol derivatives. It is important because in
determination of phenol index the calibration is based on phenol standards only. Then the
total concentration of phenols cannot be deduced from the phenol index.

Many efforts have been made to develop the simple and effective methods for
determination of phenols [3, 16]. Electrochemical biosensors, in particular those based on
polyphenol oxidases, are regarded as promising tools for determination of phenols because
of their effectiveness and simplicity [17-21]. The biosensors most sensitive to phenols are
those based on tyrosinase, a copper-containing polyphenol oxidase. It catalyses the
oxidation of monophenols by molecular oxygen to form o-biphenols, which are
subsequently oxidized to o-quinones. Quinones can be electrochemically reduced to enable
convenient low-potential detection of phenolic compounds:

OH OH o
tyrosinase, 0, L/ 0
—_—
W
+2e, 2H'

An amperometric biosensor based on tyrosinase immobilized in titania sol-gel has been
proposed [22]. The developed biosensor shows high sensitivity towards phenolic
compounds (catechol, phenol, p-cresol, p-chlorophenol and p-methylcatechol), low limit of
detection (0.012 mg/dm’ for phenol) and satisfying linear range (0.04+1.03 mg/dm?).
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In the present paper the influence of composition of phenols mixture on phenol index
determined with the use of the biosensor was examined. The following phenols were taken
into account in the examination which differ in substituents and their positions in benzene
ring: phenol, catechol, 3-cresol and 4-chlorophenol. Studies were carried out according to
2* factorial experimental designs [23-25]. The relationship between total concentration of
phenols and phenol index was examined and discussed.

Experimental
Chemicals

Tyrosinase (E.C. 1.14.18.1, 5370 U/mg) from mushrooms was from Sigma-Aldrich;
graphite electrodes were from ZEW Raciborz (Poland); the precursor: titanium
isopropoxide was from Fluka Chimie (Switzerland); paraffin (used for impregnation of
electrodes), disodium hydrogen phosphate dehydrate, potassium dihydrogen phosphate,
acetone, phenol, 4-chlorophenol and 3-cresol were obtained from Merck; ethanol and
L-(+)-ascorbic acid were purchased from POCh (PL), nitric acid and ammonia were from
Lach-Ner (PL), catechol was obtained from BDH Chemicals (UK). All chemicals were
analytical grade and were used as received. Solutions were prepared in ultra-pure water.

Apparatus and measurements

Voltammetric and amperometric measurements were performed using an EMU/O
mulitmeter (Poland) in thermostatic cabinet Pol-Eko-Aparatura (Poland). Experimental
conditions such as: enzyme loading, pH of supporting electrolyte, potential of working
electrode and temperature of analysis were optimised and reported in our previous paper
[22]. A conventional tree-electrodes system was employed consisting of the enzyme
electrode as a working electrode, a platinum wire as a counter electrode and Ag/AgCl (3 M)
reference electrode. Phosphate buffer solution (pH = 6; 0.1 M) was used as supporting
electrolyte. Cleanness of electrode surface was checked in deaerated 0.1 M phosphate
buffer solution (pH 7.0) by recording voltammetric curve; for these measurements the
buffer solution was purged from oxygen by bubbling with laboratory-grade nitrogen
(99.99%). Amperometric experiments were performed under constant stirring with magnetic
bar and under free access of air. The enzyme electrode worked at a potential 0.0 V vs.
Ag/AgCl (based on earlier research [22, 26]). It was not necessary to activate the sensor
before measurements, additional voltammetric cycles were not performed. All experiments
were performed at 25°C.

Construction of the biosensor

A graphite rod was impregnated in paraffin and placed into a Teflon holder with
stainless steel wire as a current lead. The working surface of electrode was polished with
emery paper, then with a-alumina powder and finally rinsed with ultra-pure water. Next, the
electrode was successively sonicated in the following media: ultra-pure water, ethanol, nitric
acid (1:1), ammonia water, saturated solution of ascorbic acid and acetone. Electrodes were
rinsed with ultra-pure water after each sonification and finally dried at room temperature.

In order to prepare titania sol, titanium isopropoxide (250 mm®) was added to
propan-2-ol (2.5 cm3) and stirred with addition of concentrated acids: HCI (10 mm3) and
CH;COOH (20 mm’). The prepared solution of precursor was then slowly instilled into cold
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water (3 cm’), under constant intensive stirring. The solution of tyrosinase in phosphate
buffer (pH = 7; 0.1 M) was prepared, and shaken with titania sol (1:1 v/v). The volume of
20 mm’ of so prepared mixture was deposited on the surface of a pretreated electrode in
portions of 10 mm”. After each portion of sol had been added, the surface of electrode was
dried in air for ca 10 min. Finally the electrode was allowed to dry over saturated disodium
phosphate solution for 20 h at 4°C. Loading of enzyme was 50 pg of tyrosinase per
electrode.

The biosensors were stored at 4°C in phosphate buffer, their active surface touching the
surface of solution. Before measurements electrodes were immersed in buffer at room
temperature for 15 min.

Phenol index determination

The biosensor calibration was performed using standard solutions of phenol. Then
amperometric measurements were carried out in solutions containing phenolic compounds
which concentrations corresponded to 2 factorials (see below: Experimental plans applied).
Phenol index was determined from the calibration graph as a formal concentration of phenol
corresponding to the biosensor signal measured in a solution tested.

Methodology

Experimental design applied

Experiments, aimed at determination of influence of the tested phenols on the phenol
index, were carried out according to 2* factorial experimental designs. While elaborating
experimental results, 2*! fractional factorials (with contrasts “+” and “—*) and
Plackett-Burman plans were extracted from 2* factorial. The plans are presented in Table 1.
Concentrations of phenols tested were assumed as controlled factors: phenol (X;), catechol
(X3;), 4-chlorophenol (X3) and 3-cresol (X,). For all phenolic compounds the lower
concentration level (-1) equaled to 0 pmol/dm’ and the upper level (+1) was assumed to be
1 umol/dm’. The latter concentration level (+1) corresponded to 0.094, 0.110, 0.129 and
0.108 mg/dm’ for phenol, catechol, 4-chlorophenol and cresol, respectively.

Effects of factors

The main and interaction effects of factors X;, X,, X5 and X, (concentrations of
phenols tested) were considered as coefficients B; (i # 0) in the following statistical models
(Y denotes phenol index):

from 2* factorial:

? =By + B X + BoX, + B3X;3 + B,X, + B X X, + Bi3X X5 + By X X, + B3 Xo X5 +
B2yXoXy + B3 XXy + Bis X XoXs + B12a X1 Xo Xy + B 13X XXy + By XXX+
B 234X XoX5Xy
from 2*" factorials:
Y =By + B X + BX; + B3 X3 + B, X, + B;oX X5 + B13X X5 + By XXy
from Plackett-Burman plan:
Y =By + B X + BX; + B3X;5 + B4Xy + (B1pX X5 + BosXo X5 + BosXpXy).
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Table 1

24 (points 1-16), 2% fractional factorials with contrast “© (points 1-8) and contrast “®@” (points 9-16),

and the appropriate fragment of the Plackett-Burman plan (points 5-12, as presented within bold frame);
experimental conditions see Experimental design applied

No Xi X2 X3 Xy X1 X X1 X3 X1 Xy X2 X3 X2 X4 X3 Xy
1 -1 -1 -1 1 1 1 -1 1 -1 -1
2 1 -1 -1 -1 -1 -1 -1 1 1 1
3 -1 -1 1 -1 1 -1 1 -1 1 -1
4 a1l _Ld_vL_]_a1a_1 2 1 1 -1 -1 1
5 1 1 1 -1 1 1 -1 1 -1 -1
6 -1 1 1 1 -1 -1 -1 1 1 1
7 -1 1 -1 -1 I 4 1 1 -1 -1 1
8 1 1 -1 1 1 1 -1 1 -1 1 -1
9 -1 -1 1 1 1 -1 -1 -1 -1 1
10 1 -1 -1 1 -1 -1 1 1 -1 -1
11 1 -1 1 -1 5 -1 1 -1 -1 1 -1
12 -1 -1 -1 -1 1 1 1 1 1 1
13 O T T a T[T A 1 -1 -1 -1 -1 1
14 -1 1 -1 1 -1 1 -1 -1 1 -1
15 1 1 1 1 1 1 1 1 1 1
16 -1 1 1 -1 -1 -1 1 1 -1 -1

XX | XiXe | XiXs | Xa X5 | X Xa total conc. of | phenol index | total conc. of | phenol index

No X X, X X Xs X, phenols found phenols found

3 4 4 3 [umol/dm®] | [umol/dm?®] | [mg/dm®] [mg/dm?]
1 -1 1 1 1 -1 1.00 0.58 0.108 0.054
2 1 1 1 -1 -1 1.00 1.10 0.094 0.104
3 1 -1 1 1 -1 1.00 0.64 0.129 0.060
4 -1 -1 1 -1 -1 3.00 1.75 0.331 0.165
5 1 -1 -1 -1 -1 3.00 2.28 0.333 0.215
6 -1 -1 -1 1 -1 3.00 1.86 0.347 0.175
7 1 1 -1 1 -1 1.00 1.13 0.110 0.106
8 -1 1 -1 -1 -1 3.00 2.23 0.312 0.210
9 1 1 -1 -1 1 2.00 0.78 0.237 0.073
10 1 -1 -1 1 1 2.00 1.39 0.202 0.131
11 -1 1 -1 1 1 2.00 1.26 0.223 0.119
12 -1 -1 -1 -1 1 0.00 0.00 0.000 0.000
13 -1 -1 1 1 1 2.00 2.03 0.204 0.191
14 1 -1 1 -1 1 2.00 1.37 0.218 0.129
15 1 1 1 1 1 4.00 2.62 0.441 0.247
16 -1 1 1 -1 1 2.00 1.28 0.239 0.120

In case of Plackett-Burman design, because only 4 factors (concentrations: X;, X;, X3
and X,) were considered in the present investigation, there are still 3 degrees of freedom
which enables estimation of the following second order interaction effects: By,, B,3 and Boy
(see equation above). The latter coefficients are not confounded with the main effects of

factors (B, B,, B3 and By).
A coefficient B; in the above models was determined by scalar multiplication of the

column vector of the appropriate design matrix, C;, and the column vector of responses
measured at the points of the corresponding experimental plan, y (phenol index found in
Table 1): B; = CiT-y.
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Significance of the effects
The significance of the effects B was tested according to the Students’ t-test:
t—ﬂ where s, = al
= 5=
Sp N
In the above equations sy denotes standard error of response Y determination, N is the
number of experimental points in the corresponding design: N = 16 in case of 2* factorial,
N = 8 in case of 2*' fractional factorials and the Plackett-Burman plan. sy = 0.087 was
determined on the basis of the results of twofold measurements made at 16 experimental
points of 2* factorial (homogeneity of variance was assumed).

Results and conclusions

In Table 2 the main and interaction effects of factors are presented, the significant
effects (o = 0.01) being distinguished in bold. It is seen that only main effects, B, B,, B;
and B, are significant at o = 0.01 and the corresponding effects obtained according to
different experimental designs appear similar.

Table 2
Comparison of factors’ effects obtained according to different experimental designs
Design
Effect 24 2*1e 2o Plackett-Burman
By 1.394 1.446 1.341 1.366
B 0.439 0.394 0.484 0.424
B, 0.456 0.429 0.484 0.509
B3 0.165 0.186 0.144 0.179
By 0.179 0.159 0.199 0.199
Bz 0.001 -0.014 0.016 -0.044
Bi3 —-0.020 —-0.011 —-0.029 -
B4 -0.014 —-0.009 -0.019 -
B3 —0.005 - - 0.016
B4 —-0.009 - - —-0.029
Ba4 0.015 - - -
Bis 0.020 - - -
B2 -0.021 - - -
B34 0.028 - - -
B234 0.045 - - -
Bi234 —0.053 - - -

Indices: 1, 2, 3 and 4 at B’s correspond to phenol, catechol, 4-chlorophenol and 3-cresol, respectively.

From Table 2 it is seen that sensitivity of the biosensor to phenol (B;) and catechol (B,)
are similar and it is about two times higher than sensitivity of the sensor to 4-chlorophenol
(B3) and 3-cresol (B,). It is why one can predict that the standard way of phenol index
determination will lead to significant systematic difference between total concentration of
phenols and phenol index as the index is obtained from the calibration graph based on
phenol only. The difference just mentioned depends on phenols content in a water sample



A critical view on the phenol index as a measure phenol compounds content in waters.... 389

tested. This can easily be seen by inspecting data in Table 1 where found phenol index
values and total concentrations of phenols are presented.

It is worthwhile to add that catalytic activity of polyphenol oxidizes varies depending
on the source of enzyme [13]. Generally, the highest sensitivity of mushroom tyrosinase is
usually observed for catechol [9, 13]. Substituted phenols showed lower response than
phenol, low sensitivity toward chlorophenols may be explained by the deactivating
influence of Cl substituent on benzene ring. Above statements are in good agreement with
calculated values of B’s coefficients presented in Table 2.

The above observations concerning discrepancy between phenol index and total
concentration of phenols in water are intrinsic characteristic of the method of phenol index
determination in waters. This results from different sensitivity of the biosensor to different
phenols. This is true not only when biosensor is applied but also if photometric method with
4-aminoantipyrine is used in determination of phenol index. It is because the absorptivities
of the phenols differ, eg 0.98, 0.64 and 0.41 dm’/(mg cm) for phenol, 3-cresol
and 4-chlorophenol, at A = 460 nm, respectively [27].

An interesting and important result of the present investigation is that different phenols
influence the biosensor response independently from each other; their influence has additive
character. Then it was also proved that Plackett-Burman plan is sufficient in such
investigations which minimize the number of necessary experiments. The final
conclusion is that neither method of phenol index determination, spectrophotometric nor
electroanalytical, gives certain information on the total amount of phenols in waters,
however, the proposed biosensor enables much easier and direct determination of the index.
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KRYTYCZNA OCENA PRZYDATNOSCI INDEKSU FENOLOWEGO
JAKO MIARY ZAWARTOSCI ZWIAZKOW FENOLOWYCH W WODZIE.
ZASTOSOWANIE BIOSENSORA

Zaktad Chemii Analitycznej, Uniwersytet Jagiellonski, Krakéw

Abstrakt: Indeks fenolowy jest waznym wskaznikiem czystosci i jako$ci wody. Oznacza si¢ go zwykle metodami
spektrofotometrycznymi z 4-aminoantypiryna, stosujac fenol jako wzorzec. Poniewaz wspdtczynniki absorpcji
réznych zwigzkéw fenolowych réznig si¢, wyznaczona warto$¢ indeksu fenolowego obarczona jest znaczna
niepewno$cia. Podobny efekt wystgpuje, gdy indeks fenolowy oznaczany jest przy uzyciu biosensora
amperometrycznego opartego na tyrozynazie. W pracy wyznaczono czuto$ci biosensora w stosunku do czterech
zwiazkéw fenolowych: fenolu, katecholu, 3-krezolu oraz 4-chlorofenolu oraz zbadano mozliwe interakcje
pomiedzy fenolami. Doswiadczenia prowadzono wedtug planéw czynnikowych 2*. Wykazano, ze poszczegdlne
fenole wptywaja na indeks fenolowy niezaleznie od siebie, tzn. nie stwierdzono istotnych interakcji pomigdzy
fenolami. Jednak czuto$¢ biosensora jest ré6zna w stosunku do réznych fenoli. Przedyskutowano zalezno$é
pomie¢dzy indeksem fenolowym a st¢Zeniami fenoli w wodzie.

Stowa kluczowe: indeks fenolowy, tyrozynaza, biosensor, plan czynnikowy



