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Chemically surface-modified (tosyl-functionalized) carbon nanoparticles (Emperor 2000
from Cabot Corp.) are employed for the extraction and electrochemical determination
of phenolic impurities such as benzophenone-3 (2-hydroxy-4-methoxybenzophenone) or
triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol). The hydrophilic carbon nanoparticles
are readily suspended and separated by centrifugation prior to deposition onto suitable
electrode surfaces and voltammetric analysis. Voltammetric peaks provide concentration
information over a 10-100 M range and an estimated limit of detection of ca. 10 pM (or

Keywords: 2.3ppm) for benzophenone-3 and ca. 20 pM (or 5.8 ppm) for triclosan.
Carbon nanoparticle Alternatively, analyte-free carbon nanoparticles immobilized at a graphite or glassy car-
Voltammetry bon electrode surface and directly immersed in analyte solution bind benzophenone-3 and
Sensor triclosan (both with an estimated Langmuirian binding constants of K~ 6000 mol~! dm? at
Extraction PpH 9.5) and they also give characteristic voltammetric responses (anodic for triclosan and
Benzophenone-3 cathodic for benzophenone-3) with a linear range of ca. 1-120 pM. The estimated limit of
UV filter detection is improved to ca.5 pM (or 1.2 ppm) for benzophenone-3 and ca. 10 M (or 2.3 ppm)
Triclosan for triclosan. Surface functionalization is discussed as the key to further improvements in
Fungicide extraction and detection efficiency.
Biocide © 2008 Elsevier B.V. All rights reserved.
1. Introduction polycyclic aromatic hydrocarbons, polychlorinated biphenyls,
etc.) the release and transportation pathways of pharmaceu-
The recently increased interest in the analysis of ingredients tical and PCP ingredients into the aquatic environment has

in pharmaceutical and personal care products (PCP) entering attracted particular attention [2,3]. The occurrence of pharma-
the environment is due to the need to monitor the build up of ceutical residues in the environment was recognized in 1976
detectable and potentially harmful concentrations [1]. In addi- [4] and confirmed in untreated sewage [5], surface water [6,7],
tion to the well-recognized “priority” pollutants (pesticides, groundwater, and in drinking water [3,8].
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E-mail address: f. marken@bath.ac.uk (F. Marken).
0003-2670/$ - see front matter © 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.aca.2008.04.011



ANALYTICA CHIMICA ACTA 616 (2008) 28-35 29

Active ingredients of sunscreens in particular UV fil-
ters (which help to reduce skin damage from sunlight [9]
and which are now part of many everyday products such
as face creams, after shave products, shampoos, lipsticks,
makeup formulations, etc.) are potentially toxic [10,11] and
now widely found in the environment. Toxicity studies car-
ried out in vitro or in vivo seem to indicate that some UV
filters have significant estrogenic and/or antiandrogenic activ-
ity [12-14]. However, a study on changes in hormonal levels
of human volunteers after applying certain sunscreen prod-
ucts seems to indicate that these are only minor effects
[15]. Benzophenone-3 (BZ3), also known as oxybenzone or 2-
hydroxy-4-methoxybenzophenone (see Fig. 1), is by far the
most commonly used UV filter in cosmetic formulations
worldwide [16].

Anti-microbial agents, which are used in many PCP
products, can also be found in the environment. Triclosan, 5-
chloro-2-(2,4-dichlorophenoxy)phenol (see Fig. 1), is an active
ingredient in many household disinfectants and has been
used extensively in improving environmental hygiene [17].
This chemical can also be found as an antiseptic compo-
nent in medical products such as hand disinfecting soaps,
medical skin creams, dental products, as well as in cosmetic
products, deodorants, etc. As a consumer product ingredient,
the majority of triclosan enters sewer systems and is trans-
ported to wastewater sewage treatment plants. Triclosan has
been detected in sewage sludge, discharge effluent, receiv-
ing surface waters and sediments [16,18]. This compound has
also been found in rivers, lakes and the open sea at ngL™?!
levels [19-21]. The toxicity of triclosan on humans has been
investigated for many years. The adverse effects include only
mild itching and allergic redness on sensitive skins. Thus,
triclosan is generally regarded as a low toxicity chemical
[22,23]. However, under some conditions photodegradation of
triclosan may lead to the formation of dioxin-type derivatives,
chlorophenols, and chloroform [24,25], which may require
monitoring.

This study focuses on the determination of the widely
used ingredients benzophenone-3 and triclosan. The extrac-
tion and determination in water samples is the main aim of

OH 0

\ o
Benzophenone-3
OH Cl
0
Cl Cl
Triclosan

Fig. 1 - Chemical structures of benzophenone-3 and
triclosan.

this work. Previously, extraction and determination of these
substances in water samples has been attempted by solid
phase microextraction (SPME) [26-28], solid phase extraction
(SPE) [24,29], ad-vesicle solid phase dispersion (ASPD) [30], stir-
bar sorptive extraction (SBSE) [31], semi-permeable membrane
devices (SPMDs) [32,33], liquid-liquid extraction (LLE) [34,35]
and cloud point extraction (CPE) [36] coupled to chromatogra-
phy, and by electrochemical methods [37-39].

A range of carbon materials, such as nanotubes and
nanofibers have been used in solid phase extraction [40]
and solid phase microextraction [41-43] usually as extrac-
tant phases for organic compounds. Carbon nanoparticles
(or chemically surface functionalized carbon black) repre-
sent a very interesting carbon material which offers all the
advantages of nanocarbons (extremely high surface area,
adsorption sites, reactive surface sites, conductivity, etc.). Here
a hydrophilic type of carbon nanoparticles with a tosyl func-
tionalized surface is employed. These carbon nanoparticles
are shown to provide a new pre-concentration or extraction
tool/material for benzophenone-3 and for triclosan analytes
in water samples. Two approaches are employed based on
(i) the addition of carbon nanoparticles to the analyte solu-
tion, centrifugation, separation and transfer to an electrode
surface and voltammetric determination and (ii) the immobi-
lization of carbon nanoparticles at carbon electrode surfaces
and direct voltammetric determination. The effectiveness of
the two methods is compared and an estimate of the binding
constant of the pollutants to the carbon nanoparticle surface
is obtained.

2, Experimental

2.1.  Chemical reagents

Benzophenone-3 (2-hydroxy-4-methoxybenzophenone,
oxybenzone or BZ3) 98% was obtained from Aldrich
(Steinheim, Germany). Triclosan (Irgasan, 5-chloro-2-(2,4-
dichlorophenoxy)phenol) 97% was obtained from Fluka
(Buchs, Switzerland). Carbon nanoparticles (ca.7.8nm mean
diameter, Emperor 2000) were obtained from Cabot Cor-
poration (Dukinfield, United Kingdom). De-ionized water
(resistivity not less than 18 MQcm) was obtained from a
water purification system (Milli-Q Biocel A10) supplied by
Millipore (Billerica, MA, USA). Potassium phosphate dibasic
salt (98%) and potassium hydroxide pellets (85%) from Aldrich
were used to prepare phosphate buffer solutions. Argon
(Pureshield, BOC) was employed for de-aeration of electrolyte
solutions. Experiments were conducted at 22 +2°C.

2.2. Instrumentation

A three-electrode micro-Autolab III potentiostat system (Eco
Chemie, NL) was employed to control the potential at the
working electrode. The counter electrode was a platinum wire
(0.5mm diameter, 2cm long) and a KCl saturated calomel
electrode (SCE, Radiometer) was the reference electrode. The
working electrode consisted of a 4.9-mm-diameter basal
plane pyrolytic graphite inlaid disc (‘Pyrocarbon’, LeCarbone
Ltd., Sussex, UK) or 3mm diameter glassy carbon inlaid
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disc (BAS Analytical). Working electrodes were polished on
microcloth (Buehler) with 1pum alumina abrasive after mea-
surements and prior to surface modification. A Hydrus 300
pH meter and FB 11012 ultrasonic bath (Fisher, UK) were used
for the pH measurements and sample sonication, respec-
tively. An Eppendorf (Hamburg, Germany) 5415D centrifuge
was used to separate carbon nanoparticles from the analyte
solution.

BET isotherm data were recorded on a Micrometrics ASAP
2010 BET V5.02 using a 5-point method. The sample was care-
fully dried at 150°C under vacuum before analysis. Scanning
electron microscopy images were obtained with a Leo 1530
Field Emission Gun Scanning Electron Microscope (FEGSEM)
system after gold sputter coating of the sample. A SAXS/WAXS
(simultaneous small-angle X-ray scattering and wide-angle X-
ray scattering) pattern of the colloidal carbon nanoparticle
solution (6 wt.% in water) was obtained on a SAXSess system
using a PW3830 X-ray generator, and the X-ray image plates
were observed using a PerkinElmer cyclone storage phosphor
system. A colloidal solution in a capillary was employed and
the patterns recorded in transmission mode with Cu Ka radia-
tion (11 =1.5406 A) at 40kV and 50 mA with an exposure time of
20min. A background pattern from a clean capillary was sub-
tracted and the data corrected for slit smearing before fitting
the SAXS data (employing the package from the SANS group
at NIST [44]). Spherical graphite particles of 1.9 gcm 3 density
were assumed.

2.3. Procedures

2.3.1. Extraction with carbon nanoparticles and
voltammetric determination

For the extraction process employing carbon nanoparticles in
the analyte solution, 1mg of the nanoparticles were added
to 4mL of the analyte solution (0.1 M phosphate buffer pH 9.5
containing either triclosan with pKa ~ 8 [45] or benzophenone-
3 with pKa ~9.5 [46]; the buffer pH was selected to provide
sufficient solubility for both systems and there is currently
no systematic data available on the effect of the pH on
the extraction process) and sonicated for 10 min. Next, 1 mL
of this solution was centrifuged for 20min at 8000rpm.
Once the nanoparticles with adsorbed analyte were sepa-
rated from the suspension, 600 uL of de-ionized water were
added and the carbon nanoparticles were re-suspended with
ultrasound. Finally, 40 pL of the latter suspension (with 17 ng
carbon nanoparticles) were deposited onto the electrode sur-
face and dried in an oven at 90°C. Once the evaporation
was completed, the electrode was introduced into the elec-
trochemical cell (containing an aqueous 0.1M phosphate
buffer solution at pH 9.5) for voltammetric measurement.
In some cases the extraction process was repeated (adding
again 1mg carbon nanoparticles into the remaining ana-
lyte solution) to explore the effectiveness of the extraction
process.

2.3.2. Immobilization of carbon nanoparticles and direct
voltammetric determination

For the second process based on the in situ pre-concentration
and measurement, films of carbon nanoparticles on the elec-
trode surface were prepared by depositing 40 uL drop of a

suspension, which contained 3mg of carbon nanoparticles
in 10mL of de-ionized water (suspended by sonicating for
30min). This electrode (with 12 ng carbon nanoparticles) is
then employed directly by immersion into a solution of ana-
lyte in aqueous 0.1M phosphate buffer at pH 9.5, a 5-min
pre-concentration at open circuit, and direct voltammetric
measurement.

3. Results and discussion

3.1. Extraction of benzophenone-3 from aqueous
media onto surface-modified carbon nanoparticles

Hydrophilic carbon nanoparticles offer an interesting adsor-
bent material for impurities in water and in particular for
traces of aromatic compounds. The intrinsic electrical conduc-
tivity of carbon also provides the basis for the electrochemical
detection of adsorbed species at the carbon nanoparticle

(A)
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Fig. 2 - (A) SEM image of carbon nanoparticles (gold sputter
coated prior to imaging). (B) SAXS data (with error bars
shown) for a 6% (w/v) carbon nanoparticle solution in
water. The black line shows the theoretical fit assuming
spherical particles with a mean radius of 38+2A and a
polydispersity of 0.57. (C) Schultz distribution calculated by
fitting SAXS data.
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surface. Due to the surface functionalization of these nanopar-
ticles with anionic tosyl groups they are readily dispersed
(with ultrasound) and they offer a considerable surface area
for extraction purposes.

Analysis of the surface area of the dry carbon nanoparti-
cle powder gives a BET isotherm area of 346m?g~! (5-point
BET, see Section 2). When assuming spherical carbon parti-
cles with the density of graphite a radius of ca. 3.9nm can be
predicted based on this BET surface area. Scanning electron
micrographs (see Fig. 2A) of the carbon nanoparticle material
confirm a particle size in the order of 5 nm radius. Next, small-
angle X-ray scattering experiments were carried out with a
colloidal solution of 6% (w/v) carbon nanoparticles in water
in order to further quantify the particle radius (see Fig. 2B).
The mean particle radius 3.8 nm obtained by fitting the model
of spherical particles is in excellent agreement with the BET
prediction and the Schultz distribution shown in Fig. 2C rep-
resents a measure of the range of particle sizes encountered
in this material.

Extraction experiments were first carried out in solution of
analyte (benzophenone-3) in aqueous 0.1 M phosphate buffer
pH 9.5. After addition of carbon nanoparticles, sonication,
and centrifugation (see Section 2), a solid carbon nanoparti-
cle residue is obtained with the analyte bound to the surface.
A small amount of the re-suspended carbon nanoparticles
(17 pg) are then deposited onto an electrode surface and used
for voltammetric analysis. Fig. 3A and B shows typical voltam-
metric responses observed at glassy carbon and at basal plane
pyrolytic graphite electrodes.

Results obtained with the basal plane pyrolytic graphite
electrode are slightly better probably due to the higher surface
area and better adhesion of the carbon nanoparticles. It can
be seen that with a scan rate of 0.1Vs~! a well-defined reduc-
tion peak response occurs at a potential of —1.48 V versus SCE.
This reduction response is consistent with literature reports

<
=
e
200
2.0 ' L0 ) 0.0
E/Vvs. SCE
(B)
0
Py
-500
2.0 10 0.0
E/V vs. SCE

[47,48] and it can be identified as the two-electron reduction
of benzophenone-3 (see eq. (1)).

OH o OH
+2e H\ OH
JOUO* JU
—
o ~o ()

Both, the peak current and the peak charge (see Fig. 3C
and D) are dependent on the concentration of benzophenone-
3. The approximately linear dependence suggests that under
conditions chosen in this experiment, the surface of the car-
bon nanoparticles is far from saturated. The limit of detection
is governed by the considerable capacitive background cur-
rent and can be estimated from the plot in Fig. 3D as 10 pM (or
2.3ppm).

During the extraction process the solution is depleted of
benzophenone-3. A repeat extraction employing the same
analyte solution (adding another 1 mg into 4 mL) shows only
very low signals (see Fig. 3A and B) consistent with only
traces of benzophenone-3 remaining in solution after the first
extraction. In fact the ratio of the peak currents observed
in the first and the second extraction can be employed to
derive an approximate value for the binding constant (vide
infra).

3.2.  Extraction of triclosan from aqueous media onto
surface-modified carbon nanoparticles

Next, extraction experiments with triclosan (5-chloro-2-(2,4-
dichloro-phenoxy)-phenol) are reported. Triclosan is soluble
in alkaline aqueous media and used here in 0.1 M phosphate
buffer solution at pH 9.5. Carbon nanoparticles added into the
solution, sonicated for 10 min, and then extracted by centrifu-

g
a

[BZ-3]/ uM

-120

« glassy carbon

= pyrolytic graphite e
+ glassy carbon -

= pyrolytic graphite

(D)

120

0,

Ipeak / nA
8 &
ol 0 [ S S TP,

[BZ-3] / uM

Fig. 3 - (A) Cyclic voltammograms (scan rate 0.1V s~1) obtained at a 3-mm-diameter glassy carbon electrode for the reduction
of benzophenone-3 immobilized at carbon nanoparticles (17 ng immobilized at the electrode surface) after extraction from a
solution of 109 pM benzophenone-3 in aqueous 0.1 M phosphate buffer pH 9.5. Scan (i) shows the voltammetric response
after the first extraction and scan (ii) shows the response after a consecutive second extraction. (B) Voltammetric data for
the same experiment carried out with a 4.9-mm-diameter basal plane pyrolytic graphite electrode. (C) Plot of the cathodic
peak current for the reduction of benzophenone-3 versus the starting concentration in the analyte solution. (D) Plot of the
cathodic peak charge for the reduction of benzophenone-3 versus the starting concentration in the analyte solution.
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Fig. 4 - (A) Cyclic voltammograms (scan rate 0.1V s~?) for the oxidation of triclosan adsorbed onto carbon nanoparticles
(1 mg of carbon nanoparticles in 4mL of 113 pM triclosan in 0.1 M phosphate buffer pH 9.5) and immobilized onto a
3-mm-diameter glassy carbon electrode (17 .g carbon nanoparticles were deposited by evaporation of an aqueous
suspension, see Section 2). The voltammetric responses are shown for the first extraction process (i) and for the second
extraction process (ii). (B) The same experiment conducted with a 4.9-mm-diameter basal plane pyrolytic graphite
electrode. (C) Plot of the peak current for the triclosan oxidation versus analyte concentration. (D) Plot of the charge under

the triclosan oxidation peak versus analyte concentration.

gation were deposited onto glassy carbon (Fig. 4A) and basal
plane pyrolytic graphite (Fig. 4B) electrodes.

The characteristic oxidation response for triclosan at 0.5V
versus SCE is observed and the peak current and the peak
charge (see Fig. 4C and D) are found to be proportional to the
analyte concentration. The oxidation is chemically irreversible
and has been proposed to follow a one-electron pathway [49]
(see eq. (2)).

r
(o) -

The peak observed after the second extraction (see scan
(ii) in Fig. 4A and B) is considerably lower suggesting under
the conditions of the experiment an approximately 90% effec-
tive removal of triclosan from the solution (the ratio of first
extraction peak current to second extraction peak current is
approximately 10). The limit of detection under these condi-
tions can be estimated from the plot in Fig. 4D as ca. 20 uM (or
5.8 ppm).

In both extraction experiments, for benzophenone-3 and
for triclosan, the ratio of the peak current after the first
extraction and the peak current after the second consecutive
extraction is approximately 10 suggesting similar binding abil-
ity under these conditions. It is interesting to evaluate this
parameter by introducing a simple Langmuir binding model
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Fig. 5 - (A) Plot of the surface coverage during the first extraction step assuming (i) K = 60,000 mol~! dm?3, (ii)

K =15,000 mol~ dm?3, and (iii) K=6000mol~* dm? (V=4 x 10-m?, A=0.346 m?, 'y =2.7 x 10~® molm~2 assuming a
molecular area of ca. 2 x 10-1° m?). (B) Plot of the ratio of surface coverages in extractions 1 and 2 versus the initial analyte
concentration. The grey zone is indicating the experimental value of 109 pM (see above).
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(eq. (3)).
r Kc
Fcl) -1 + Iém ®

In this equation the surface coverage, I'1, is given by the
available surface sites, I'p, the binding constant, K, and the
solution concentration after the first extraction, c1. After equi-
libration the concentration ¢; =co — (I"1A/V) will be lower than
the initial concentration ¢y due to the surface coverage 'y mul-
tiplied by the carbon nanoparticle area A and divided by the
solution volume V. The parameter c; in eq. (3) is substituted
and the expression resolved for I'1. The resulting expression
for the coverage (which is assumed to be proportional to the
peak current) as a function of the initial concentration is a
quadratic expression (see eq. (4)).

coV \% Iy oV \ Iy 2 coloV
=24 —_ 4+29)_ 0T L 420
1 (2A+2AK+2) \/<2A+2AK+2) A

Fig. 5A shows a plot of the surface coverage predicted under
the experimental conditions (V=4x10~°m3, A=0.346m?,
Ip=2.7x10"®*molm~2 assuming a molecular area of ca.
2x 107 m?) and for three different binding constants. An
expression similar to eq. (4) but for the second extraction
(using cp =co — (I'1A/V) — (I'2A/V)) can be employed similarly to
express the surface coverage I'». The plot in Fig. 5B shows the
ratio of coverage for the first and second extraction (which
is assumed to be approximately equivalent to the ratio of the
peak currents observed for the first and second extraction). As
expected, at very high analyte concentration the ratio is unity
but at very low concentration the ratio becomes constant and
proportional to the binding constant.

Based on the ratio of the peak currents for the first
and second extraction of approximately 10 for an analyte
concentration of 109pM (see Figs. 3A and B and 4A and
B), the binding constant can be estimated from Fig. 5B as
K~60,000mol~1dm?3 (curve (i)). However, this value has to be
regarded only as a higher limit due to considerable uncertainty
in the peak current data. It can be seen that plots in Figs. 4C and
D and 3C and D do not go through the origin, and therefore, low
concentration peaks are smaller than predicted from a simple
linear relationship. Also, the charge under the voltammetric
peaks is lower than that expected based on the simple Lang-
muir model. It seems, therefore, likely that after immersion
of the modified electrode into the analyte-free buffer solution
gradual loss of analyte or loss of some carbon material from
the surface occurs. In the next section an alternative approach
to quantitative analysis of analyte binding is investigated.

3.3.  Voltammetric determination of benzophenone-3 at
carbon nanoparticle modified electrodes

Next, voltammetric experiments were conducted with the
carbon nanoparticles directly immobilized at the electrode
surface which is then immersed directly into the analyte solu-
tion (see Section 2). In this way, the carbon nanoparticles act as
the adsorption medium and enhanced voltammetric signals
are observed without changing the solution. In stagnant solu-

tion, carbon nanoparticles were found to remain immobilized
atthe electrode surface and a typical set of voltammograms for
the reduction of benzophenone-3 is shown in Fig. 6A. A well-
defined chemically irreversible reduction response is observed
in the presence of 12 pg carbon nanoparticles and for concen-
trations of 5, 10, 55, and 109 uM benzophenone-3 in aqueous
0.1M phosphate buffer pH 9.5. In the absence of the carbon
nanoparticles a much smaller reduction response is detected.

The amount of carbon nanoparticles employed in these
experiments is crucial, and therefore, several sets of exper-
iments were conducted to optimize this parameter. Data in
Fig. 6B shows the normalized peak current (the peak current
divided by the capacitive current) for the benzophenone-
3 reduction. Perhaps surprisingly, this value is reduced for
higher loading which suggests an increased capacitive back-
ground with only little improvement in the faradic signal. It
seems possible that for a higher loading with carbon nanopar-
ticles the time for uptake of analyte increases significantly
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Fig. 6 - (A) Cyclic voltammograms (scan rate 0.1Vs~1)

for the reduction of benzophenone-3 at a 4.9-mm-diameter
basal plane pyrolytic graphite electrode with 12 pg carbon
nanoparticles immobilized and immersed in (i) 5 pM, (ii)

10 M, (iii) 55 uM, and (iv) 109 pM benzophenone-3 in 0.1 M
phosphate buffer pH 9.5. (B) Plot of the normalized peak
current (peak current/capacitive current) for the reduction
of 10 M benzophenone-3 in 0.1 M phosphate buffer pH 9.5
versus the amount of carbon nanoparticles deposited at the
electrode surface. (C) Plot of the normalized peak current
(peak current/capacitive current) for the oxidation of 10 pM
triclosan in 0.1 M phosphate buffer pH 9.5 versus the amount
of carbon nanoparticles deposited at the electrode surface.
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Fig. 7 - (A) Plot of the voltammetric peak current (scan rate 0.1V s~1) for the reduction of benzophenone-3 at a
3-mm-diameter glassy carbon electrode with 12 pg carbon nanoparticles versus concentration in aqueous 0.1 M phosphate
buffer pH 9.5. (B) Plot for data obtained at a 4.9-mm-diameter basal plane pyrolytic graphite electrode. The line is indicating
a Langmuir isotherm trend line with K~ 6000 mol— dm?3. (C) Plot of the voltammetric peak current (scan rate 0.1Vs~?!) for
the oxidation of triclosan at a 3-mm-diameter glassy carbon electrode with 12 pg carbon nanoparticles versus concentration
in aqueous phosphate buffer pH 9.5. (D) Plot for data obtained at a 4.9-mm-diameter basal plane pyrolytic graphite
electrode. The line is indicating a Langmuir isotherm trend line with K~ 6000 mol~* dm3.

and only the capacitive current is increased. Therefore, under
conditions of the experiment a carbon nanoparticle deposit of
12 ng was chosen as a compromise to provide good sensitivity
for both glassy carbon and basal plane pyrolytic graphite at
low concentration of analyte.

Next, the effect of the benzophenone-3 concentration on
the reduction response is investigated. Data in Fig. 7A and
B demonstrate a systematic change in the peak current with
concentration for both glassy carbon and graphite electrodes.

It is possible to obtain information about the binding
constant (at least approximate) of benzophenone-3 onto the
carbon nanoparticle substrate by fitting a Langmuir isotherm
model into the data point in Fig. 7B. For a binding constant
of K~60000mol~!dm? (vide supra) the deviation in all data
points is considerable but for K~6000mol~!dm? a reason-
able agreement between theory and experiment is achieved.
The higher binding constant obtained above with the centrifu-
gation procedure appears less accurate due to non-linearity
at low analyte concentration (vide supra), and therefore,
K ~6000mol~1 dm? appears to be the more accurate result. In
order to improve the considerable uncertainty in this estimate
a more extensive data set (over a wider concentration range
and for different carbon loadings) would be required. For ana-
lytical purposes, for this experiment the limit of detection can
be estimated from the plot in Fig. 7B as ca. 5uM (or 1.2 ppm).

3.4.  Voltammetric determination of triclosan at carbon
nanoparticle modified electrodes

The adsorption of triclosan from 0.1 M phosphate solution (pH
9.5) onto carbon nanoparticles is also observed when carbon

nanoparticles are immobilized at the electrode surface and
measurements are conducted in stagnant solution. Data in
Fig. 6C suggest that good results are obtained with a 12 pg car-
bon nanoparticle deposit for both glassy carbon and for basal
plane pyrolytic graphite electrodes. Fig. 7C and D gives concen-
tration dependent peak currents which suggest close to linear
dependence and an approximate limit of detection at 10 M
(or 2.3 ppm, estimated from the plot in Fig. 7D). The binding
constant K~ 6000 mol~! dm? is very similar for triclosan and
for benzophenone-3.

4. Summary

It has been shown that 7.8nm diameter carbon nanopar-
ticles (surface functionalized with tosyl groups) effectively
bind polyaromatic phenols from aqueous media. Two experi-
mental approaches have been investigated: (i) the extraction
of aromatic phenols onto carbon nanoparticles followed by
deposition onto electrodes and (ii) the adsorption of aromatic
phenols directly onto carbon nanoparticles immobilized at
electrodes. The extraction process has been demonstrated
to be highly effective. However, details of the adsorption
mechanism and the molecular interaction between analyte
and carbon nanoparticles are currently not fully understood.
In both cases the limit of detection is in the 5-20puM (or
2-6ppm) range, but the detection with carbon nanoparti-
cles immobilized at basal plane pyrolytic graphite is the
method of choice for both triclosan and benzophenone-3
analytes. In future, the surface functionalization of the car-
bon nanoparticles could be improved to further enhance
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the binding effects or the binding specificity. For example,
naphthylsulfonate functionalization or introducing further
cationic components could dramatically change the extrac-
tion behavior of the carbon nanoparticle material. Therefore,
surface-modified/functionalized carbon nanoparticle based
materials are promising reagents for the removal and the
detection of redox active aromatics.
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