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Abstract

The reduction of 4-nitrophenol (4-NP) has been carried out on a modified glassy carbon electrode using cyclic and differential pulse
voltammetry (DPV). The sensor was prepared by modifying the electrode with lithium tetracyanoethylenide (LITCNE) andlypivig-
(PLL) film. With this modified electrode 4-NP was reduced-#.7 V versus SCE. The sensor presented better performance in 0:£mol |
acetate buffer at pH 4.0. The other experimental parameters, such as concentration of LITCNE and PLL, pulse amplitude and scan rate were
optimized. Under optimized operational conditions, a linear response range from 27 up to 23200 was! bbtained with a sensitivity
of 3.057 nAlnmot* cm2. The detection limit for 4-NP determination was 7.5 nmél [The proposed sensor presented good repeatability,
evaluated in term of relative standard deviationg®. = 4.4%) forn = 10 and was applied for 4-NP determination in water samples. The
average recovery for these samples was 108.0.7)%.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction chromatography with mass spectromd#y6], spectropho-
tometry[7—11] and electrochemical methofl2—15].

The determinations of phenol compounds in environmen-  The use of DPV has proved to be very sensitive for de-
tal samples have been of high interest due to their toxic ef- tection of organic moleculed6-20]. The use of modified
fect on human, animals and plants. In this sense, many ofelectrodes also improves the sensitivity in the oxidation or
these compounds were included in the US Environmental reduction processes of the compoy@ad].

Protection Agency List of Priority Pollutanfd]. Phenols The chemical modification of the electrodes is a field of
are generated by a number of pollutants processes includinggrowing interest in analytical chemistry. In electrochemistry,
those in the petroleum, paper industries and the synthesisit has been demonstrated that chemically modified electrodes
of plastics and pharmaceuti¢®,3]. 4-Nitrophenol (4-NP) (CMESs) possess distinct advantages over conventional elec-
is one of the nitrophenols highly hazardous and toxic which trodes in many application areas including electrocatalysis
can cause significantive damages to the health and the enviand electrochemical sensd22—26].

ronment. One of the most important properties of the CMEs, which

The interest in the phenols determination in the envi- have been a subject of considerable study, is their ability to
ronmental samples has proportionated the developmentcatalyze the oxidation or reduction of some compounds.
of a several methods for their quantification. In this way, = The main goal of this modification is the establishment
different analytical methods have been developed such as:and the control of the physico-chemical properties of the

electrode-solution interface. In this sense the modification
mspondmg author. Tel+55-19-3788-3127: of tht_—z _electrode sur_fa}ce can be used to promote a better
fax: +55-19-3788-3023. reactivity and selectivity to the base sensor, leading to the

E-mail addresskubota@igm.unicamp.br (L.T. Kubota). development of electrodes for some specific applications,
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such as the catalysis of organic and inorganics reactions2. Experimental
[27].
A variety of efficient catalysts have been developed to 2.1. Chemical and solutions
induce the reduction of some organics compouj2@s29]
because these catalysts promote a better electron transfer All used chemical were analytical grade reagent. Lithium
between the electrode surface and electroactive species intetracyanoethylenide (LITCNE) was obtained by synthesis

solution. of TCNE (Aldrich, Steinheim, Germany) and Lil (Merck,
In this context, was recently reported that a catalytic ef- Darmstadt, Germany), according to literat{48a].
fect of tetracyanoethylene (TCNE3O0], it is an electron ac- Poly-L-lysine hydrochloride (PLL) and citric acid were

ceptor because the presence of the four cyano groups on thacquired from Sigma, St. Louis, USA. 4-Nitrophenol was
molecule and the relatively large conjugation system (re-  purchased from Merck, Darmstadt-Germany. Monopotas-
duction to the radical anion occurs very easily between threesium phosphate (KEPOs) and disodium phosphate
oxidation states: 01, and—2) [31], accelerates reactions (NapHPO;) were acquired from Synth, Sdo Paulo, Brazil
of some organics compounds. and sodium acetate and acetic acid were supplied from

Electron-donor and electron-acceptor molecules have Nuclear, Sdo Paulo, Brazil.
become key compounds in molecular materials chemistry, The solutions were prepared with water purified in Milli-Q
where they are used as electroactive building blocks. Tetra-Millipore system and the actual pH of the buffer solutions
cyanoethylene (TCNE]32] compound is one of the most were determined with a Corning pH/lon Analyser model
powerful organic electron acceptors, and it can be considered350.
as the prototype of cyano-based acceptors exhibiting sim-
ilar properties to the 7,7,8,8-tetracyano-p-quinodimethane 2.2. Construction of the sensor
(TCNQ)[33], which are able to adsorb electroactive species.

In the attempt to combine the advantages of CMEs with A glassy carbon (GC) electrode acquired from Metrohm-
the catalytic properties of TCNE, the construction of the Switzerland, with geometrical area of 0.071%r(8 mm
TCNE modified electrode was proposed. However, sev- diam) was used for sensor construction. Prior to the modi-
eral redox catalysts have leached out from the electrodefication, the electrode surface was treated, according to the
surfaces, when directly adsorbed on the electrfi2il. procedure described by Zhu and Na-Qidad].

In this sense, polyelectrolytes have received particular at- After cleaning the electrode, 20 of an acetonitrile so-
tention as one way of attaching charged catalysts to thelution LiITCNE of a determined concentration was put onto
electrode surfaces in an extremely simple, efficient and a surface of the GC electrode and after drying at room tem-
rapid procedurg34,35]. In addition to the ability in prepar-  perature, 2@l of a PLL solution in a determined concen-
ing modified electrodes with thin films of ion-exchanger tration was added. The addition of PLL gave film with good
polymers, it has proportionate an excellent method to ex- adherence to the surface.

amine the kinetics of self-exchange redox reactif86y. In order to evaluate the influence of LITCNE concentra-
In this way, poly-L-lysine has been used due to the ability tion on the sensor response, seven different concentrations
to form films containing electrostatically bound complexes were investigated: 0.95, 1.20, 1.45, 1.95, 2.90, 3.86 and
[37]. 4.85mmol 1, using a fixed PLL solution 24.50mol =1,

Film coating of PLL is quite stable and they provide a Finally, to verify the influence of PLL concentration
surface coating that remains polycationic at pH values ason the sensor response, seven solutions containing the
high as 10. This characteristic has been exploited to the poly-L-lysine in concentration of 20.40, 24.60, 28.60, 34.70,
incorporation of stable redox couples in PLL polyelectrolyte 40.80, 51.00 and 61.30mol =1 were tested in the presence
coatings[38—41]. of 1.95 mmol I of LITCNE.

Protonated PLL undergoes a very extensive swelling in
aqueous electrolytes to produce films with relatively large 2.3. Voltammetric measurements
separations between the polymer chains. This feature accen-
tuates the role of the reactants that are dissolved in the so- The voltammetric measurements using differential pulse
lution occupying the empty spaces within the swollen film. voltammetry were carried out with a potentiostat PGSTAT10
However, the presence of two phases in the PLL film assureModel from Autolab Echo Chemie (Utrecht, Netherlands),
a minor contact between the supporting electrolyte in the using an electrochemical cell with three electrodes: a sat-
film and the electroactive compound present in the “Donnan urated calomel electrode (SCE) as reference, a Pt wire as
domain”[42]. auxiliary and the modified GC with 3 mm diam as working

Based on these aspects, the development of a sensoelectrode. The measurements were carried out without stir-
for 4-nitrophenol determinations incorporating LITCNE ring, using 5.0 ml of buffer solution. Oxygen in the system
at glassy carbon electrode using a poly-L-lysine film is was removed by bubbling nitrogen through the solution.
discussed. The performance of the modified electrode for The optimized parameters in DPV were set up as follow:
practical purpose was also investigated. scan rate: 0.1Vs; pulse amplitude: 0.05V and for all
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measurements were used, a pulse period of 0.5 s, except foifable 1

the scan rate study. Influence of the [LITCNE] used on the preparation film on the peak current
density obtained with the sensor foruoll~1 4-NP in Mackllvaine
buffer solution (pH4.5) and 24,8mol I=1 PLL

3. Results and discussion [LITCNE/(mmol I7%) ip/(wACm™)
0.95 1.042
3.1. Imobilization of LITCNE on the electrode surface 1.20 1.268
1.45 1.479
" . 1.95 1.521
Initially, LITCNE was adsorbed on the electrode surface. 5 o, 1479
After this step, successive cyclic voltammograms were per- 3.86 1.465
formed in a potential range between 0 and V. After 4.85 1.451

twenty cycles, a decrease of about 50% in the peak currentg__ . oovd.
was observed, indicating that LITCNE leaches out from the
electrode surface. In this sense, in order to graft LITCNE on

the electrode surface in a stable way, a PLL polyelectrolyte that metal tetracyanoethylenide anion-radical (TC\NEs
was used. quite sensitive to oxygen and, in a much lesser degree, to

Therefore, an experiment was also performed in order Water[43]. Based on these aspects, it can be affirmed that
to test the response of the GC electrode modified with the PLL act as a protective membrane to LITCNE. In this
LITCNE/PLL film and PLL only (Fig. 1). As can be ob- sense, the reaction of LITCNE with the water in the modified

served, for a PLL modified electrode, only a charging electrode is extremely I_ow, and it is possible to use this
current always flows, since the potential is continuously €lectrode for long time, i.e., at least three months.
changing. This result is attributed to the electrical double
layer present in electrode-solution interface. On the other 3.3. Influence of the amount of LITCNE and PLL in the
hand, when the PLL film was doped with LITCNE com- sensor response
pound an irreversible wave was observed in a cathodic
sweep. This irreversible wave show a beginning around the As far as the electrode conditions are concerned, the
same potential that the 4-NP reduction on the bare electrodeamount of LITCNE and PLL is a control factor of great
importance. InTable 1, are listed the response for 4-NP ob-
3.2. Stability of LITCNE/PLL modified electrode tained for different concentration of the LITCNE used in the
sensor preparation. The results shownTable 1indicate
LITCNE/PLL modified electrode stability was checked that the best response was obtained using 1.95mrhol |
performing successive cyclic voltamograms. The variation Of lithium tetracyanoethylenide concentration solution.
of the peak current was evaluated as the relative standardlhe membrane with a LITCNE concentration lower than
deviation (R.S.D.). After twenty cycles was observed an 1.95mmolt presented a lower response, probably due
R.S.D. lower than 2%, suggesting a good stability, probably t0 the lower amount of lithium tetracyanoethylenide com-
due to the ability of PLL in fixing LITCNE on the electrode  Pound on the electrode surface. On the other hand, for

surface. On the other hand, have been related in the literatureconcentration higher than 1.95 mmotlof the compound,
the sensor response was diminished due to a poor adher-
ence of the poly-L-lysine film on the electrode surface.

] Additionally, the membrane obtained was not uniform and
281 the response was not stable. Based on these aspects, the
0_0_' membrane prepared with concentration of 1u®%oll~1
o ] was chosen as giving the best sensor performance, assuring
§ gl that the compound is homogeneously dispersed on the film.
< ] The influence of the PLL concentration on the sensor re-
= -5.6-1 sponse was also investigatethble 2). The results clearly
1 show that the best response is obtained with the electrode
-8.51 modified with a 28.gumol I~ PLL solution. The peak cur-
1 3_‘ rent values incre_ase with_ the PLL sqlution from 20.4 up to
] 28.6pmol =1, This behavior was attributed to the leach out

— T T T of the LITCNE compound of the electrode surface due to
- e the PLL concentration used is insufficient to complex im-
E/V mobilization. However, the use of PLL concentration larger

Fig. 1. Cyclic voltammograms of the LITCNE/PLL modified electrode than 28'6"“m0| I+ result in a lower responsg, probably due
(—) and bare GC (...) in 0.1 mott Mackllvaine buffer pH 4.5. Scan 10 the barrier generated by the polymer film between the
rate: 0.05V s1; [LITCNE] = 1.20 mmol ! and [PLL] = 24.50umol |1, LITCNE in the electrode surface and 4-NP in a bulk solution.



938 R. de Cassia Silva Luz et al./Talanta 64 (2004) 935-942

Table 2 2764
Influence of the PLL concentration used on the preparation film on the '
peak current density. [LITCNEE 1.95mmol ! in the same conditions

of Table 1 2561 Slope=3.256 pA/ (V 512
[PLLY/(mol 171) jp/(nAcm™2) 937
20.40 0.958 £

24.50 1.535 i 21.74
28.60 2.085 = '
34.70 1.958 o

40.80 1.338 19.74
51.00 1.197

61.20 1.225 17.7-

L . . 0.15 0.20 0.25 0.30 0.35
The sensors prepared in this way allowed to obtain uniform "

films, good signals, repeatability and stability. V(v ST

) ) ) Fig. 3. Relation between peak current density and scan rate fomb8l—*
3.4. Voltammetric behavior of 4-Nitrophenol 4-NP obtained by cyclic voltammetry at modified electrode in 0.1 mbl|
Mackllvaine buffer pH 4.5. Scan rate: 0.025, 0.05, 0.075, 0.100, and

As can be seen in thEig. 2, a significant increasing in ~ 0-125Vs™*; [LITCNE] = 1.20mmol* and [PLL] = 24.50umol I"*.
of the cathodic current peak was observed at the modified
electrode due to the modifier film act as promoter to en- range. Using the slope of this plot was possible to determine
hance the electrochemical reaction. The increasing peak curthe number of electrons (n) involved in the reduction of
rent was about four times as the peak current measured a#-NP at the modified electrode. As can be seeffrion 2
bare GC electrode. This result can be explained that whencyclic voltammetry of 4-NP presents only cathodic peak in
R—-NHOH is formed on the modified electrode it remains the investigated potential range. This behavior is typical of
fixed in LITCNE/PLL film, whereas it diffuse away from totally irreversible systemft3]. Assuming an irreversible
the bare GJ21]. A well-defined differential cathodic peak reduction of 4-NP on the modified electrode the following
placed at-0.7 V versus SCE, corresponding to the reduction equation was usefd5]:
process of 4-nitrophenol on the LITCNE/PLL modified elec-
trode. This behavior suggests that the LITCNE compound /P = (299 x 10°) n (ana)*/2Co"Do™ /2012 (1)
is working as catalyst to reduce 4-NP on the sensor surface.yherej, is the peak current density, the number of total

More detailed studies of peak current were made by cyclic electrons involved in the reaction, is the electron trans-
voltammetry to obtain new insights to the 4-NP reduction fer coefficient,n, the number of electrons involved in the
on the sensor surface. In a first step, the plot of peak currentrate-determining step, “® is the diffusion coefficient of
density (j) versus square root of the potential scan rat&jv the electroactive species (ésTL), Co* (molcnr3) is the
(Fig. 3), results in a straight line, suggesting that the processconcentration of the electroactive specieis the potential
is similar to those controlled by diffusion in the studied gcan rate.

Values ofang were calculated for the irreversible reduc-
tion of 4-NP, according t&q. (2)ana = 47.7/(E — Ep)2)

5'6'_ [45]. The value ofvn, at the modified electrode was obtained
0.0 as 0.95, utilizing a concentration of 4-NP of 6ol I~1
] and diffusion coefficient of 9.1% 108 cnm?s~1 [46]. The
e 567 number of total electrons calculated was about 3.93, sug-
% ” 3_‘ gesting an electron transfer mechanism of four electrons for
Ny o the electrocatalytic reduction of 4-NP. This value is accord-
" 1609 ing to these determined by others reseafdiis-49].
] After that, in order to verify the chemical order of pro-
-22.51 tons of the electro-reduction of 4-NP an analysis of the de-
T pendence oEp (peak potential) versus pH was performed
-28.21 (Fig. 4).
10 08 -06 04 -02 00 This applied method is based on previous studies on the
E/V electrochemical proprieties of nitro-substituted compounds

and it demonstrated that in moderately acidic media, the
Fig. 2. Cyclic voltammetry response of fuBnol I~* 4-NP at modified elec- nitro-aromatic compounds are reduced in a four electron and

trode (—) and bare GC (...) in 0.1 molt Mackllvaine buffer at pH 4.5. four proton process to the hydroxylami[ié)].
Scan rate: 0.1Vg'; [4-NP] = 13pmol |1, [LITCNE] = 1.20 mmol 2,

and [PLL] = 24.50pmol -1, R-NG, + ¢~ — R-NG;™ (slow) (2)
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Fig. 5. Influence of pH on the sensor response fan®ll~1 4-NP
obtained by DPV measurements carried out in 0.1 mblVackllvaine
buffer (pH4.5). Scan rate: 0.02V%, [LITCNE] = 1.20mmolt?! and
[PLL] = 24.50pmol 11,

Fig. 4. Influence of pH on the peak potentials fopoll~1 4-NP
obtained by DPV in Mackllvaine buffer solution 0.1 moll Scan rate:
0.02Vs!; [LITCNE] = 1.20mmol ! and [PLL] = 24.50pmol I=1.

R—N ~ 4+ 4H" — R-NHOH+ H,O (fast
Q+3e + - OH+Hz0 (fast) 3 observed when the solution pH is higher than 4.0. Thus, the

According to the second step, the concentration of the hy- optimum pH for further studies was fix in 4.0.

drogen ion (proton) will affect the rate of the reaction. ~ The influence of the buffer solution on the sensor re-

The hydroxyl group gradually dissociates and shifts the sponse was tested in four different buffer solutions (Mack-

peak potential to ward more negative value increasing pH llvaine, acetate, citrate and succinate) with concentrations

[49]. of 0.1 mol?! and indicated that acetate buffer solutions
Usually in water the transference of proton from or to- gives the best responses, according to the results showed in

ward organic molecule is considered fast, meaning that Table 3.

protons are in equilibrium in solution near to the elec-  Finally, Table 4shows the results obtained for the mea-

trode [50] justifying this investigation. The linear correla- surements carried out in different concentrations of acetate.

tion obtained in the pH3,5 up to 5,0 showed a slope of Acetate buffer concentrations of 0.10, 0.25 and 0.50 mol |

0.0588 V/pH (Fig. 4). This slope is close to that expected for presented almost constant current density. In this sense, was

a monoelectronic/monoprotonic electrode reaction which chosen the concentration of 0.1 motl

is 0.0592 V/pH at 25C. On the other hand the number of

electrons determined in the reduction of 4-nitrophenol in .. 3

this work was four electrons. In this sense, there is only influence of the 0.1mof buffer solution in the sensor current density

one possibility for pH between 3.5 and 5.0. The number of obtained by DPV for umoll~1 4-NP

proton involved in this process should be four, or 0.0592 g e, ip/(pACm2)
(np/ne) VIpH where ny and ne involved in the electrode _
process (g = ne = 4) [51,52]. In order to use the modified i(‘:‘ggt‘ste i'g;g
electrode to 4-NP determination the optimization of the iy ate 1179
analytical procedure a systematic study of the experimental mackilvaine 1.282
parameters that affect the DPV response, namely, the pH ofScan ate. 002vS. [LTONE] = L20mmolt®  [PLL]
the medium, type of buffer, the concentration of the buffer — 24_50um0|'|_1_ ' ' o ’
solution, scan rate (v) and amplitude (a) was made.

Table 4

3.5. Influences of pH, buffer solution and buffer
concentration

Influence of the acetate buffer concentration on the peak current density
obtained by DPV with the sensor forygnol I=1 4-NP

) Buffer/(mol I-1) jpl(Acm™2)
In a first step, the effect of pH on electrode response was
investigatedFig. 5shows the influence of the solution pH in 025 iéé:le
the electrochemical response of 4-NP using the Mackllvaine 1, 1384
buffer. The current and potential of the peak depend on theg.2s 1.389
solution pH. The peak current density increased with pH in 0.50 1.423

the range from 3.0 up to 4.0. and in pH 4.0, the peak currentg . " ... 0 o2 vd. [LITCNE] = 1.20mmol I'%: [PLL] = 24.50umol
density gives a maximum peak. A decrease in the current is|-1.
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Fig. 7. DPV for the electro-reduction of 4-NP obtained in optimized
conditions for concentration range between 27 and 2170 nrh¢H) and
4490-23200 nmoH(b). Scan rate 0.1V and potential amplitude 0.05 V.

Fig. 6. Dependence of the peak current density/peak half width ratio
with the DPV scan rate for experiments carried out under the following
conditions: [4-NP]=2.5umol 1 in acetate buffer (pH 4.0); [LITCNE]

= 1.95mmol 1, [PLL] = 28.60umol =1,

o
3.6. Influence of the potential scan rate (v) and potential nA 25(13)+ 3.057(+0001)

pulse amplitude (a) x[4 — Nitrophenol] petnmol/™1) (4)

The effect of the scan rate on the differential pulse with a correlation coefficient of 0.999 (for = 12) and
voltammetric response of the glassy carbon electrode mod-petter sensitivity than those reported by others researches
ified with LITCNE and PLL in acetate buffer solution is [21,50,53]. Such good sensitivity can be attributed to the
shown inFig. 6. The peak current/peak half width ratigs (j  efficiency of electron transfer between the LITCNE and the
Wl/[l/pLAcm*ZV*l) values presented a linear increase phenol compound.
with the scan rate from 0.02 up to 0.1 V'sas observed in A detection limit of 7.5nmolt! was determined using
this figure. On the other hand, when the scan rate is highera 35/slope ratio and quantification limit was 25.0 nmot)
than 0.1Vs, the increase of the peak current value was where s is the standard deviation of the mean value for
accompanied by broadening and distortion of the peaks.ten voltammograms of the blank, calculated, according to
From these results, scan rate of 0.1 svas chosen, as it  the IUPAC[53] recommendations. The response range and
led to the best voltammetric profile with higher sensitivity detection limit presented by this sensor for 4-NP deter-
and subsequently used throughout the present study. Themination was better than those reported in the literature
current values of peak was also found to vary with pulse [54-61].
amplitude (0.01-0.15V) applied in the DPV voltammetry  Constructing ten sensors and determining the peak current
at a scan rate of 0.1V'$ for a glassy carbon electrode obtained for each one, the repeatability in the construction
modified with LITCNE/PLL. However, the use of potential  of sensor was evaluated. The repeatability expressed as the
pulse amplitude larger than 0.05V led to an increase in relative standard deviation (R.S.D.) was 4.4% fio= 10.
the values of capacitive current. In this sense, the better This result indicates a good repeatability in the sensor con-

voltammetric sensitivity was obtained for a potential pulse struction possibly due to strong adsorption of the LITCNE
amplitude of 0.05V and, therefore, this value was chosen and PLL in the electrode surface.
for furthers studies.

3.8. Application to samples
3.7. Analytical characterization
This method was applied for 4-NP determination in three

In order to obtain an analytical curve for the developed water samples (A, B and C). No signal for 4-NP was ob-
sensor were carried out differential pulse voltammograms for served when the samples B was analyzed, probably the 4-NP
reduction of 4-NP at different concentrations in 0.1 nTéII level was below of the detection limit, however, for sam-
acetate buffer at pH 4.0 after the optimization of the experi- ples A and C was determined a value of 1.27 @:01) x
mental parameters (Fig. 7). Under optimized conditions the 10-7 and 6.86 (+0.02) x 10-8mol |1, rescpectively. The
proposed sensor showed a typical linear response range frongoncentration of 4-NP were determined using the standard
27 up to 23200 nmott*, which can be expressed according addition method. Results suggest that the method is very ef-
to the following equation: fective for the determination of very low levels of 4-NP.
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Table 5
Addition and recovery of 4-nitrophenol in three water samples-(3)

941

Samples 4-NP added (moH?) 4-NP expected (motit) 4-NP found (molt?1) Recovery (%)
A 0.0 - 1.27 (£0.01) x 107 -

1.0 x 107 2.27 x 1077 2.23 (£0.03) x 1077 101.1 (£0.7)
B 0.0 - nc? -

10 x 1077 1.0 x 107 1.20 (£0.01) x 107 103.0 (+1.0)
C 0.0 - 6.86 (+0.02) x 108 -

1.0 x 107 1.69 x 1077 1.77 (£0.01) x 107 105.0 (+0.3)

2 Non detected.

3.9. Recovery tests

For an additional check on the accuracy of the devel-
oped method and the interference of the matrices, analyti-
cal recovery experiments were performed by adding known
amounts of 4-nitrophenol in three water samples in triplicate.

[6] C. Brage, K.J. Sjostrom, Chromatography 538 (1991) 303.

[7] E. Emerson, J. Org. Chem. 8 (1943) 417.

[8] E. Emerson, K. Kelly, J. Org. Chem. 13 (1948) 532.

[9] M. Ettinger, C. Ruchhoft, R. Lishka, Anal. Chem. 23 (1951)
1783.

[10] Y.C. Fiamegos, C.D. Stalikas, G.A. Pilidis, M.I. Karayannis, Anal.
Chim. Acta 403 (2000) 315.

The percentage of the recovery values were calculated by[ll] Y.C. Fiamegos, C.D. Stalikas, G.A. Pilidis, M.l. Karayannis, Anal.

comparing the concentration obtained from the samples with

actual and added concentrations. The recoveries for the water

samples are shown ifable 5. It can be clearly observed that

Chim. Acta 356 (1997) 165.
[12] Y. Fiamegos, C. Stalikas, G. Pilidis, Anal. Chim. Acta 467 (2002)
105.
[13] J. Janata, J. Ruzicka, Anal. Chim. Acta 139 (1982) 105.

there is no influence of the matrices on the developed sensorl14] I.N. Rodriguez, J.A. Mufioz, J.L. Cisneros, Analyst 122 (1997)

4. Conclusions

This work demonstrated that glassy carbon electrode
modified with Litcne/PLL is a feasible alternative for the
analytical determination of 4-NP. The reduction of this com-
pound on the modified electrode occurs in an irreversible
manner. Optimization of the experimental conditions for
differential pulse voltammetry yielded a detection limit for
4-NP of 7.5nmolt! much better than that described in

the literature and this sensor showed a wide linear response,

range, good sensitivity and repeatability. The sensor was
successfully applied in water samples from lake and river.
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