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a  b  s  t  r  a  c  t

The  modification  of  traditional  electrodes  with  mesoporous  carbons  is  a promising  strategy  to produce
high  performance  electrodes  for  electrochemical  sensing.  The  high  surface  area  of  mesoporous  carbons
provides  a  large  number  of  electroactive  sites  for binding  analytes.  Controlling  the  pore  size  and  structure
of mesoporous  carbons  and  modifying  their  electronic  properties  via  doping  offers  additional  benefits
like  maximizing  transport  and tuning  the  electrochemical  processes  associated  with  analyte  detection.
This  work  reports  a  facile  method  to produce  sulfur-doped  ordered  mesoporous  carbon  materials  (S-
OMC)  with  uniform  pore  structure,  large  pore  volume,  high  surface  area  and  semigraphitic  structure.
ulfur-doped carbon
esoporous silica nanoparticles

lectrochemical sensor
hloramphenicol detection

The  synthesis  used  thiophenol  as  a single  source  of  carbon  and  sulfur,  and  iron  as a  catalyst  for  low
temperature  carbonization.  The  S-OMC  material  was  deposited  on  a  glassy  carbon  electrode  and  used as
a sensor  with  high  sensitivity  (11.7  A  L  mol−1)  and  selectivity  for chloramphenicol  detection  in presence
of  other  antibiotics.  As  a proof-of-concept,  the  sensor  was  applied  to  the  direct  analysis  of  the drug  in
reconstituted  powdered  milk and  in commercial  eye  drops.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Several different carbon materials are used in electroanalysis
ue to their electrical conductivity, chemical inertness, and low
ackground current [1]. Nanostructured carbons such as ordered
esoporous carbons (OMC) have the additional benefits of uniform

ore structures, large pore volumes, high specific surface areas, and
unable pore size distributions, which can maximize the interaction
ith analytes and ensure fast mass transport [2,3]. Furthermore,

ue to their fast electron transfer capacity and excellent electro-
atalytic activity, OMC  have been recently used in sensing [4],
ith excellent performance in detection of morphine, epinephrine,

cetaminophen, H2O2, nitrobenzene, and NADH [5–7]. The superb
lectrochemical behavior of OMC  may  be attributed to a large num-
er of edge plane defect sites on their accessible surface [6].

OMC are typically synthesized by infiltrating the pores of a

esoporous silica template with an appropriate carbon precursor,

ollowed by carbonization, and subsequent silica removal [8]. The
raphitic character of OMC  determines their electrical conductiv-

∗ Corresponding author.
E-mail address: islowing@iastate.edu (I.I. Slowing).

ttps://doi.org/10.1016/j.snb.2017.10.164
925-4005/© 2017 Elsevier B.V. All rights reserved.
ity, and is a key for their electrochemical applications [9]. A high
graphitic character and electrical conductivity can be achieved by
using aromatic precursors [10], carbonizing at high pressures [11],
using chemical vapor deposition [12], or adding iron as carboniza-
tion catalyst [13,14].

The electronic properties of OMC  can be controlled by incor-
porating heteroatoms into their structure. While nitrogen-doping
of OMC  has been widely explored [15], sulfur-doping is less com-
mon. S-doped OMC  (S-OMC) have been obtained by post-synthesis
treatment using melt-diffusion [16–18], or directly using sulfur-
containing molecules like p-toluenesulfonic acid or benzyl disulfide
as a source [19–21]. These S-doped materials have been used to
promote metal-support interactions in the catalytic oxygen reduc-
tion reaction [21,24,25], and in the adsorption of acetaminophen
[22,23], and dibenzothiophene [26,27].

Chloramphenicol (CAP) is a broad-spectrum antimicrobial with
remarkable antibacterial and pharmacokinetic properties. How-
ever, this drug is considered an environmental contaminant and
is forbidden for use in food-producing animals [28,29] because it

is associated with human health issues such as aplastic anemia,
hepatic dysfunction, gray syndrome, and cancer [30,31]. In spite of
this status, the Rapid Alert System for Food and Feed (RASFF) of the
European Union has reported over 500 notifications of the illegal

https://doi.org/10.1016/j.snb.2017.10.164
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.10.164&domain=pdf
mailto:islowing@iastate.edu
https://doi.org/10.1016/j.snb.2017.10.164
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se of CAP between 2004 and 2017 [32]. Therefore, detecting this
rug has financial, environmental, and public health importance.

Herein, we report the synthesis and characterization of S-OMC
ith semi-graphitic character. The materials were prepared using

hiophenol as an aromatic S-containing carbon precursor and iron
s a catalyst. Because of their adsorptive and electrochemical prop-
rties, the materials were used to assemble modified electrodes for
he direct detection and quantification of ppm levels of CAP.

. Materials and methods

.1. Preparation of S-OMC

SBA-15 type mesoporous silica nanoparticles (MSN) were syn-
hesized following previous reports [33]. Briefly, 7.0 g of Pluronic
-104 surfactant were dissolved in 164 mL  of Millipore water and
09 mL  of HCl 4.0 mol  L−1. The solution was stirred for 1 h at 52 ◦C.
hen, 10.6 g of tetramethyl orthosilicate (TMOS) were added and
he solution was stirred for further 24 h at 52 ◦C. After this, the
olution was placed in an autoclave for hydrothermal treatment
t 150 ◦C for additional 24 h. The MSN  product was then filtered,
ashed with ethanol and dried in air. The surfactant was  removed

y calcination in air at 550 ◦C for 6 h. Following a literature proce-
ure [3,10], a solution of Fe(NO3)3·9H2O in acetone (1.0 mL)  was

mpregnated into the MSN  (1.00 g), and calcined in air at 350 ◦C for
 h. Three different concentrations of iron precursor (0.382, 0.764,
r 1.145 g per mL  of acetone) were used to evaluate the effect of
he amount of iron on the synthesis of the carbon materials. Finally,
he ordered mesoporous carbon (OMC) materials were synthesized
y impregnating 1.00 g of the Fe-MSN composites with thiophenol
950 �L, 8.97 mmol), drying at 70 ◦C and carbonizing at 600 ◦C or
00 ◦C during 7 h under flowing Ar. The MSN  template was removed
y refluxing in a water:ethanol (1:1) solution of NaOH (1 mol  L−1)
vernight at 80 ◦C (twice). The resulting S-OMC material was  fil-
ered out, washed with Millipore water and dried in air at 70 ◦C.

.2. Characterization

Wide and low angle X-ray diffraction (XRD) patterns of the
aterials were acquired using a Shimadzu XRR7000 and a BRUKER

PEX II Duo, respectively. Both diffractometers used Cu K�
� = 1.5405 Å) radiation source operating at 40 kV and 30 mA.
aman spectra of the materials were acquired on a confocal Horiba
cientific T64000 Raman spectrometer using a 633 nm laser as the
xcitation source. The surface area and porosity of the materi-
ls were measured by nitrogen sorption isotherms at 196 ◦C in a
icromeritics TriStar instrument after a 6 h pre-treatment at 100 ◦C

nder N2 flow. The surface area and pore size distribution of the
aterials were calculated by the Brunauer–Emmett–Teller (BET)

nd the Barret–Joyner–Halenda (BJH) methods, respectively. Scan-

ing electron microscopy (SEM) of the materials was  performed
ith a JEOL JSM634 F equipped with Field Emission Gun (FEG).

nergy dispersive spectra (EDS) of the materials were acquired
sing a ZEISS LEO 440 electron microscope (Cambridge, England)

able 1
extural properties and chemical composition of the materials.

SABET
a (m2 g−1) VBJH

b (cm3 g−1) wBJH
c (nm) C

MSN  400 0.97 7.4 –
Fe-MSN 385 0.87 7.3 –
S-OMC600 596 0.82 4.8 7
S-OMC900 388 0.39 3.7 6

a Surface area calculated by Brunauer–Emmett–Teller method.
b Pore volume calculated by Barret–Joyner–Halenda method.
c Average pore width calculated by Barret–Joyner–Halenda method.
d Obtained from energy dispersive x-ray spectroscopy.
ators B 257 (2018) 347–353

linked with an EDX LINK ANALYTICAL (Isis System Series 300)
detector. Transmission electron microscopy (TEM) of the materials
was performed in a LIBRA120 microscope.

2.3. Electrochemical measurements

The electrochemical measurements were performed in an
AUTOLAB PGSTAT 12 system interfaced with NOVA software, using
a three-electrode cell. Ag/AgCl (3 M KCl) and Pt foil (1.0 cm2) were
used as reference and counter electrodes respectively. The working
electrode was prepared using a glassy carbon (GC) electrode (3 mm
diameter). The GC electrode was  polished with alumina and rinsed
thoroughly with doubly distilled water. Then, 10.0 �L of the respec-
tive S-OMC dispersion (2.0 ± 0.05 mg  S-OMC in 1.0 mL DMF) was
drop-casted onto the surface of the GC electrode and dried to obtain
an S-OMC/GC modified electrode. A fresh electrode was prepared
for each individual measurement. The electrolyte was  bubbled with
N2 to remove O2 before the experiments.

3. Results and discussion

3.1. S-OMC synthesis

Iron was selected as the catalyst for the polymerization of OMC
precursors based on literature reports [34,35]. Impregnation of
Fe(NO3)3·9H2O (0.382 g, 0.945 mmol) on SBA-15 type mesoporous
silica nanoparticles (MSN) (1.00 g) followed by calcination led to a
small decrease in the surface area of the material (Table 1). SEM
imaging of the composite showed no evidence of free iron oxide
nanoparticles. However, EDS analysis confirmed the presence of the
metal at 1.9 atom% (Table 1, Fig. S1) suggesting it was  located inside
the mesopores. This result was consistent with a ca. 10% decrease
in the pore volume of the material. Impregnation of the Fe-MSN
composite with thiophenol followed by carbonization at 600 ◦C
produced a black material (Fig. 1A, left). In contrast, impregnation of
iron-free MSN  with thiophenol and carbonization at 600 ◦C led to a
gray material, suggesting low carbonization efficiency in absence of
the metal (Fig. 1A, right). EDS analysis of the carbonized thiophenol-
Fe-MSN composite revealed a homogeneous distribution of C (ca.
50 atom%) and S (ca. 1 atom%) over different areas of the material
(Table S1).

Dissolution of the silica template from the composite in aque-
ous NaOH yielded a S-OMC material with well-defined mesopore
structure evidenced by TEM, indicating successful replication of the
cylindrical channels of the MSN  template (Scheme 1, Fig. 1B). Low
angle powder XRD further confirmed the structural relation to the
parent MSN  showing a sharp reflection at 0.6 2� degrees associated
to the (100) plane of the 2D hexagonal structure (Fig. 1D). Nitrogen
sorption analysis of the S-OMC indicated a type IV isotherm (Fig. 1E)
characteristic of a mesoporous material with narrow pore width

distribution [36] centered at 4.8 nm.  Interestingly, the surface area
of S-OMC was  significantly larger (ca. 150%) than the parent MSN
(Table 1), likely due to the lower density of the carbon material. Car-
bonization at higher temperature (900 ◦C) led to a drop in surface

d (at%) Od (at%) Sid (at%) Sd (at%) Fed (at%)

 67.0 ± 1.5 33.0 ± 1.5 – –
 61.0 ± 6.5 37.1 ± 6.3 – 1.9 ± 0.3
9.8 ± 2.0 15.9 ± 1.8 2.4 ± 0.9 1.5 ± 0.7 0.5 ± 0.1
7.2 ± 1.3 27.1 ± 1.3 3.8 ± 0.1 0.5 ± 0.1 1.5 ± 0.1
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Fig. 1. (A) Carbonized thiophenol-MSN composites with (left) and without (right) iron, and original MSN  (middle) for comparison: the gray color of the material without
iron  suggests incomplete carbonization as opposed to the black carbonized iron-containing material. TEM images of (B) S-OMC600 and (C) S-OMC900, (D) small-angle X-ray
diffraction patterns and (E) N2 sorption isotherms of S-OMC600 (black traces) and S-OMC900 (red traces). (For interpretation of the references to colour in this figure legend,
the  reader is referred to the web version of this article.)
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Scheme 1. Step

rea, pore volume, and pore width. Subtraction of the pore width
rom the mesopore unit cell parameter a0 (a0 = (2/

√
3)d100) revealed

hat the higher carbonization temperature produced thicker pore
alls (11.4 nm at 600 ◦C versus 13.5 nm at 900 ◦C). This result indi-

ated that the structure of the material contracted upon thermal
reatment, likely due to cross-linking of poly(phenylene sulfide)
ia formation of S-heterocycles [37]. Increasing the amount of iron
n the synthesis also led to smaller surface areas, pore volumes, and
ore widths (Table S2).

The wide angle XRD pattern of the S-OMC carbonized at 600 ◦C
S-OMC600) revealed two broad reflections at 23.5 and 44.1 2�
egrees that were indexed as the d002 and d101 interlayer spacings
f carbon planes (Fig. S2A). Both peaks were slightly shifted (26.1
nd 42.8) and better defined in the S-OMC carbonized at 900 ◦C (S-
MC900) indicating decreasing d-spacings and an increasing degree
f graphitization with carbonization temperature. The d002 inter-

ayer spacing of S-OMC900 (0.341 nm)  was between typical values
or turbostratic (0.344 nm)  and graphitic carbon (0.335 nm)  [38,39].
eflections attributable to iron oxides were only observed at higher

ron loadings, and they appeared to be related to magnetite (Fig. S3)
40]. In fact, all the S-OMCs were attracted to magnets.

Raman spectroscopy of S-OMC600 and S-OMC900 showed the
haracteristic D (1300 cm−1) and G (1590 cm−1) bands of sp2 car-
on layers (Fig. S2B) [41]. Because both materials had ID/IG ratios

arger than 1, the polycyclic aromatic layers must be largely dis-
rdered. S-OMC900 had a smaller ID/IG ratio (1.36) than S-OMC600

1.63), suggesting increasing order (i.e. graphitic character) with
arbonization temperature. This result is consistent with the XRD
ata. Increasing the amount of iron in S-OMC600 material also led to

ower ID/IG ratios (i.e. improved graphitic character, Fig. S3B,C) fur-
OMC synthesis.

ther confirming that iron promoted carbon graphitization. While
XRD and Raman data indicated a more graphitic character of S-
OMC900 than S-OMC600, the S content was  significantly lower in
the former.

3.2. Electrochemical properties of S-OMC

To study the electrochemical behavior of S-OMC, the mate-
rials were suspended in DMF, drop-casted onto clean glassy
carbon (GC) electrodes, and dried. The investigation of the mod-
ified electrode/electrolyte interface was  carried out by cyclic
voltammetry (CV) of [Fe(CN)6]3−/4− (10.0 mmol L−1) from −0.5 to
1.0 V with KCl electrolyte (0.100 mol  L−1) at a 100 mV  s−1 scan
rate (Fig. 2). The [Fe(CN)6]3−/4− redox cycle gave faster elec-
tron transfer rates and higher peak currents on the S-OMC900
(�E = 116 mV,  132 �A/−133 �A) than the S-OMC600 (�E = 144 mV,
107 �A/−114 �A) modified GC electrodes. These differences indi-
cate that in spite of its smaller surface area S-OMC900 is more
electroactive than S-OMC600, likely due to the higher conductiv-
ity resulting from the increased graphitic character and smaller
d-spacing of the former.

3.3. Application of S-OMC/GC as chloramphenicol sensors

As a proof-of-concept, the two  S-OMC/GC electrodes were used
to examine the electrochemical behavior of chloramphenicol (CAP)

solutions. The cyclic voltammograms of CAP (3.00 mmol L−1) using
the S-OMC/GC as working electrodes in 0.100 mol L−1 H2SO4 at a
100 mV  s−1 scan rate presented well-defined cathodic and anodic
peaks (Fig. 3). The peak currents obtained with the S-OMC modified
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Fe(CN)6]3−/4− in 0.100 mol  L−1 KCl using GC, S-OMC600/GC (black traces) or S-
MC900/GC (red traces) as working electrode. (For interpretation of the references to
olour in this figure legend, the reader is referred to the web version of this article.)

lectrodes were higher and appeared at lower potentials than with
he bare GC electrode. The main cathodic peak appeared at a more
egative potential for S-OMC600/GC (−343 mV)  than S-OMC900/GC
−270 mV), and was attributed to the irreversible reduction of
he nitro group to an amine via an hydroxylamine intermedi-
te (Eqs. (1) and (2)) [42–46]. The 73 mV  shift and fourfold peak
urrent enhancement observed using S-OMC900/GC compared to
-OMC600/GC indicated the former was a more efficient electro-
atalyst for the reduction of the nitro group in CAP than the latter.
his behavior is consistent with the results obtained from the cyclic
oltammetry of Fe(CN)6

−4/−3, and can therefore be attributed to the
ncreased graphitic character of S-OMC900. The voltammograms of
he reaction using S-OMC600/GC presented two additional well-
efined redox peaks (EPC = 307 mV;  EPA = 340 mV). These peaks
re associated with excess hydroxylamine intermediate that can
e reversibly oxidized to a nitroso group (Eq. (3)) [47,48]. Inter-
stingly, these peaks were significantly less evident when using
-OMC900/GC, suggesting lower adsorption of the hydroxylamine
ntermediate onto S-OMC900 than S-OMC600.

(3

The effect of scan rate on the cathodic peak current (−270 mV)

as investigated to obtain more insights into the mechanism of

he electrochemical reduction of the nitro group in CAP. The CV
ere acquired from 0 to −600 mV  in H2SO4 0.100 mol  L−1 using S-
MC900/GC as working electrode with scan rates varying from 50
ators B 257 (2018) 347–353

(1)

(2)

to 400 mV  s−1 (Fig. S4). A linear correlation (R2 = 0.999) between
the cathodic peak current (IP) and the scan rate (v) was found.
This suggested that the exponent in the equation IP = Avx should
be close to 1, indicating that the irreversible transformation should
be an adsorption-controlled process [49]. To verify the value of
x, the correlation between the logarithm of the peak current and
the logarithm of the scan rate was calculated, obtaining a linear
behavior (R2 = 0.999) with a slope (x) of 1.3. The slope was  close
to the ideal value of 1.0, as expected for adsorption-controlled
reactions [50]. This behavior indicated that the high surface area
of the S-OMC materials was critical to their electrochemical per-
formance. Furthermore, the open mesoporous structure and large
pore volume of S-OMC should be key to maximize the accessi-
bility of the analyte to the electrochemically active surface, and
allow loading large amounts of the target molecules (on the order
of mmol  g−1) [2,51]. This result suggested that including a pre-
concentration step should increase the capacity of detecting CAP
with S-OMC/GC. To explore this possibility, a linear sweep voltam-
metry (LSV) of CAP (3.0 mmol  L−1 in 0.100 mmol L−1 H2SO4) was
performed using S-OMC900/GC as the working electrode with open
circuit pre-accumulation steps of variable times. The results indi-
cated that the peak current increased with pre-accumulation time
in the range of 0–360 s, but no further increase was observed at
longer times (Fig. S5). Therefore, a 360 s pre-accumulation step was
applied to all of the following experiments.

The effect of acidity on the behavior of the electrochemical
reduction of CAP was investigated using phosphate buffered saline
(PBS) solutions at pH varying from 1.9 to 10.4 and a 100 mV s−1 scan
rate (Fig. S6). The peak potential was  strongly pH dependent and
shifted linearly to negative values with increasing pH (R2 = 0.997,
ca. −47 mV  per pH unit). This result is explained by the fact that
the electrochemical reduction of the nitro group requires 4 H+

per molecule to transform into hydroxylamine (Eq. (1)) and two
additional H+ per molecule for the full conversion to amine (Eq.
(2)). Since increasing pH implies a decrease in the concentration
of available protons, higher pH values shift the equilibrium of the
reduction to the reactants, which based on Nernst equation drives
the reduction potential to increasingly negative values. In addition,
it has been reported that the rate limiting step of the electrochem-
ical reduction of nitroaromatic compounds involves protonation
of the nitro group to form a more readily reducible intermediate

[42,52–54]. Therefore increasing pH implies lower proton concen-
tration, which directly decreases the rate of protonation.

Because of the lower potential needed in acid electrolytes, a
0.100 mol  L−1 H2SO4 solution was used to prepare a calibration
curve for the quantification of the drug (Fig. 4). The curve was con-
structed using LSV in the range 0 to −0.5 mV  at a 100 mV s−1 scan
rate with S-OMC900/GC as the working electrode. The reduction
peak current (−270 mV)  increased linearly (R2 = 0.992) with chlo-

ramphenicol concentration (0.1–1.0 �mol  L−1) with a sensitivity of
11.7 A L mol−1. It must be noted that higher concentrations of CAP
gave a lower sensitivity. The limits of detection and quantification
were calculated as 0.013 �mol  L−1 and 0.043 �mol  L−1 respectively
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LOD = 3SD/S, LOQ = 10SD/S, where SD is the standard deviation of
0 blank measurements (0.050 × 10−8 �A) and S is the sensitivity).
he obtained values were comparable or better than other elec-
rodes reported in the literature (Table S2), and highly repeatable,
ith a 2.3% relative standard deviation (RSD) for ten consecutive

easurements (Fig. S7a). The reproducibility of preparation of the

-OMC modified GC electrodes was estimated by comparing the
erformances of three freshly produced electrodes (Fig. S7b). The

ig. 4. (A) LSV of increasing concentrations of chloramphenicol (0.10, 0.15, 0.20, 0.25, 0.50,
cquired  from 0 to −0.5 V at a scan rate 100 mV s−1. (B) Plot of reduction peak current int

ig. 5. Chemical structures of (A) ampicillin (AMP), (B) florfenicol (FLF), (C) thiamphenico
HF  and CAP (1.0 mmol  L−1 each) in H2SO4 0.1 mol L−1 using S-OMC900/GC as working ele
ators B 257 (2018) 347–353 351

low RSD (1.8%) obtained for the peak reduction current measure-
ments demonstrated a highly reproducible manufacturing method.

To investigate the selectivity of the sensor, thiamphenicol (TAP)
and florfenicol (FLF), two  allowed antibiotics with structures simi-
lar to CAP (Fig. 5A–D), were analyzed as controls. Because ampicillin
(AMP) is usually administered in association with CAP, its potential
interference with the detection of the latter was also evalu-
ated. Cyclic voltammetry experiments in H2SO4 0.100 mol  L−l at
100 mV  s−1 scan rate of TAP, FLF, AMP  (1.0 mmol  L−1 each) and
combinations thereof revealed no peak in the range 0 to −600 mV,
indicating none of the functionalities in these antibiotics was
reducible in the same regime as the nitro group in CAP (Fig. 5G).
Addition of CAP (1.0 mmol  L−1) to a mixture containing all of these
antibiotics led to a dramatic increase in current, demonstrating that
the method is selective with respect to these allowed substances.

To further evaluate if the signal is specific to the reduction of
the nitro group, the method was applied to the analysis of two
pesticide molecules -fenitrothion and parathion methyl- that con-
tain this functionality (Fig. S8). The CV was  carried out in H2SO4
0.100 mol  L−l at a 100 mV  s−1 scan rate. An increase in the reduc-
tion peak of CAP was observed upon addition of each substance
(0.5 mmol  L−1 each), further suggesting the signal corresponds to
the reduction of the nitro moiety. While these substances are poten-
tial interferents to the detection of chloramphenicol, this method
can be useful as a quick and simple screen for the presence of any
of these dangerous substances and serve as a criterion to decide if
a sample merits a more thorough analysis.
900
used to quantify CAP in milk, a sample was  prepared by dis-
solving commercial powdered milk in aqueous H2SO4 (0.100 g in
10 mL,  0.100 mol  L−1) and analyzed directly, without any further

 0.60, 0.80, 0.90, 1.0 �mol L−1) using S-OMC900/GC electrode in H2SO4 0.100 mol L−1,
ensity (−270 mV)  versus chloramphenicol concentration.

l (THF), and (D) CAP. (E) Cyclic voltammetry in absence and presence of AMP, FLF,
ctrode.
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Fig. 6. (A) LSV of milk samples dissolved in H2SO4 0.100 mol  L−1 with increasing concentrations of CAP (0, 4.2, 4.6, 5.0, 5.4 and 6.2 �mol L−1) using S-OMC900/GC  electrode
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AP  in commercial eye drops via standard addition: (C) LSV plots (0 to −0.5 V, sca
orresponding plot of reduction peak current intensity (−270 mV)  versus CAP conc

rocessing. The LSV from 0 to −0.6 V (100 mV s−1 scan rate) of the
econstituted milk using the S-OMC900/GC electrode showed no
nterfering peaks at the detection potential. Upon addition of CAP
n the 4.20–6.20 �mol  L−1 concentration range, a linear analytical
esponse (R2 = 0.999, Fig. 6A, B) was obtained with good sensitiv-
ty (1.78 A L mol−1) just one order of magnitude smaller than the
ensitivity in 0.1 mmol  L−1 H2SO4, with a 0.12 �mol  L−1 LOD and

 0.39 �mol  L−1 LOQ (SD = 0.070 �A). These results indicate partial
nterference of the matrix, possibly due to adsorption of milk pro-
eins on the surface of S-OMC, and limits the application of this
nalysis to ppm concentrations of nitro-aromatics in milk.

Finally, the method was applied to the analysis of a sample of
ommercial eye drops with a reported concentration of CAP of
.0 mg  mL−1 or 12 × 10−3 mol  L−1 based on the label. The sample
as diluted 100-fold with deionized water (10.0 �L to 1.00 mL),

nd a 64.6 �L aliquot of this dilution was mixed with H2SO4
.100 mol  L−1 to a final volume of 20.0 mL  (total dilution factor:
.10 × 104). The mixture was then spiked with CAP to obtain solu-
ions with increments of 0.100, 0.200 and 0.300 �mol  L−1. The
-OMC900/GC was then used as the working electrode to perform
n LSV from 0 to −0.6 V at a 100 mV  s−1 scan rate (Fig. 6C, D). The
lot of concentration versus the peak current increased linearly
R2 = 0.985) following the relationship i = 9.23*C + 4.01 (i = current
n �A and C = concentration in �mol  L−1, Fig. 6). By extrapolation
o i = 0 the concentration of CAP in the diluted sample was calcu-
ated as 0.434 �mol  L−1, which multiplied by the dilution factor
ave 1.35 × 104 �mol  L−1 or 4.35 mg  mL−1. This implies a difference
f 8.7% with respect to the concentration indicated in the label.
. Conclusions

Thiophenol was effectively used as a new carbon source for
roducing S-doped OMC  with SBA-15 type mesoporous silica
tion peak current intensity (−340 mV)  versus CAP concentration. Quantification of
 100 mV s−1, S-OMC900/GC electrode, diluted in H2SO4 0.100 mol  L−1), and (D) the
ion.

nanoparticles as a hard template. The process required iron to
facilitate carbon formation, and the graphitic character increased
with the amount of iron employed in the synthesis. The car-
bonization temperature controlled two  properties relevant to the
electrochemical performance of the materials: increasing car-
bonization temperatures resulted in increasing graphitic character
but decreasing surface area of the carbons. The S-OMC were drop-
casted on glassy carbon electrodes, and tested in the CV of the redox
probe [Fe(CN)6]3−/4−. The S-OMC modified GC electrodes presented
small charge transfer resistance and high peak currents. The lower
potential and higher currents obtained with S-OMC900/GC than S-
OMC600/GC suggested that the higher graphitic character of the
former was  more relevant to the electrochemical performance than
the higher surface area of the latter. Further testing of the modi-
fied S-OMC/GC electrodes in voltammetric analysis of CAP revealed
dramatic differences between both electrodes, especially in the
reduction of the nitro group, which had significantly lower poten-
tial and higher currents with S-OMC900/GC. The high response of
the modified electrode to the reduction of the nitro group allowed
using it for the selective detection and quantification of the for-
bidden CAP in presence of the allowed antibiotics florfenicol and
thiamphenicol. The specificity for the nitro reduction was  con-
firmed by evaluating the response to two nitro-aromatic pesticides
(fenitrothion and parathion methyl) suggesting this method could
be useful for the simple and quick detection of dangerous chemicals
in the ppm range. The applicability of the method was success-
fully tested by the direct analysis of commercial powdered milk and
eye drops with no other preparation step than mere dilution with
0.100 mmol  L−1 H2SO4. Further improvements of the S-OMC mate-

rials such as controlling the amount of dopant and optimizing the
balance between surface area and graphitic character should lead
to modified electrodes with higher sensitivity and lower detection
and quantification limits.
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