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Abstract Highly sensitive 3,8-diaminobenzo[c]cinnoline (3,
8-DABCC) modified graphene oxide (GO) electrode was pre-
pared, and it was denoted as pGO-DABCC. The electrode
material was characterized with infrared spectroscopy (IR),
X-ray photoelectron spectroscopy (XPS), cyclic voltammetry
(CV), and electrochemical impedance spectroscopy (EIS).
pGO-DABCC on glassy carbon (GC/pGO-DABCC) elec-
trode was investigated for simultaneous determination of
Cd*" and Pb*" in aqueous media by differential pulse anodic
stripping voltammetry (DPASV). Optimum conditions of the
electrode were determined with some parameters such as con-
stant potential, incubation time, pH, and volume of suspension
on the electrode. The calibration equations for Cd*" and Pb**
determination were calculated as Ip(uA)=0.3606[Cd*"]+
0.4346 with a correlation coefficient of 0.9972 and
Ip(1A)=0.2496[Pb*"]+0.2878 with a correlation coefficient
of 0.9968 (N=5), respectively. The detection limits (LODs)
for Cd** and Pb*" were calculated as 0.12 and 0.21 pg/L,
respectively. The remarkable results, such as good selectivity,
repeatability, and reproducibility were obtained with the
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modified electrode. Application of the sensors to milk samples
produced recovery values in the range 95 to 102 %.
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Introduction

Benzo[c]cinnoline (BCC) and its derivatives are important
compounds for dyes, photoconductors, polymers, and catalyst
materials [1]. Some BCC derivatives are known for having
mutagenic and herbicidal properties [2, 3]. BCC and its deriv-
atives were electrografted on glassy carbon [4, 5], gold [6],
and platinum electrode [7]. The structures of 3,8-
diaminobenzo[c]cinnoline (3,8-DABCC) and its graphene
composite at the surface are given in Scheme 1.

Graphene is a two-dimensional structure that the carbon
atoms possess sp> hybridization [8]. It is designed as a build-
ing block for all other dimensions. Nanostructure, thermal
variation, and remarkable mechanical and electrical properties
of graphene have drawn attention continuously in material
science [9]. Graphene derivatives are used in many fields such
as bioelectronics, sensors, fuel cell, catalyst, etc. [10].
Because, it has the perfect surface area and conducting and
low cost [11]. Graphene oxide (GO) is obtained by opening a
single layer of graphite. The GO was used widely as electrode
material on bare electrodes. In an article, Pd nanoparticle at-
tached p-aminothiophenol (ATP) bridged graphene oxide was
synthesized [12] with self assemble monolayer (SAM) and
chemical methods. This electrode material was converted as
reduced GO-ATP-Pd with an electrochemical method. The
modified surface was used as material of biochemical sensor
for determination of H,O,. In the literature, GO supported
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Scheme 1 Molecular structure of
3,8-DABCC and the proposed
surface linkage in pGO-DABCC

H,N

platinum nanoclusters for methanol fuel cell application were
prepared [13]. In addition, GO’s polymers were used as elec-
trode materials [14]. The mixtures of GO and aryl diamine
compounds were polymerized together.

In this study, 3,8-DABCC was polymerized with
polycarboxylate-included GO via amidization reaction. The

Fig. 1 Cyclic voltammograms of
2-mM potassium ferrocyanide/
ferricyanide system in 0.1-M KCI
on a GC, GO and GC/pGO-
DABCC (scan rate 200 mV/s)
and b stability test of count of use
of the GC/pGO-DABCC and GC/
pGO-DABCC when it is kept in
open atmosphere for 1 week, ¢
Nyquist plots of 2-mM potassium
ferrocyanide/ferricyanide system
in 0.1-M KCl versus Ag/AgClay
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material was denoted as pGO-DABCC. It was characterized
by IR and XPS. The material was covered on glassy carbon
surface, and the surface was identified by electrochemical im-
pedance spectroscopy (EIS) and cyclic voltammetry (CV).
The electrode was used for the determination of Cd** and
Pb*" in aqueous media. The method was evaluated by
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Fig. 2 XPS core spectra of C; a
(a) and Ny (b) of pGO-DABCC
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application with the simultaneous determination of Cd*" and
Pb*>* ions in milk samples (n=6) using the standard addition
method.

Materials and Methods
Chemicals and Apparatus

All chemicals were purchased from Merck, Fluka, Sigma-
Aldrich Riedel chemical company. 3,8-DABCC was synthe-
sized by our research laboratory. MF-2012 glassy carbon
(GC) working electrode was purchased from Bioanalytical
Systems Company (USA). Bare GC electrodes were cleaned
and polished on Buehler microfiber cloth (Lake Bluff, IL,
USA) with 100 and 50 nM of the suspension of aluminum
oxide (Baikowski, USA). Cleaned GC electrodes were soni-
cated with an ultrasonic bath cleaner (SK1200H, China) for
approximately 6 min in ultrapure water (UPW, 18.2 M{2 cm,
Human Power 1+, S. Korea) and mixture of 1:1 (v/v) isopro-
pyl alcohol (IPA)/acetonitrile (MeCN) solutions.
Voltammetric and impedimetric measurements were carried
out under a high purified Ar (99.999 %) atmosphere by
Ivium CompactStat, (US) electroanalyzer at room temperature
(25+1 °C) with triple electrode system. The reference and
auxiliary electrodes were Ag/AgCl/KCl s,y and platinum wire,
respectively.

Preparation of GO, pGO-DABCC,
and GC/p-GO-DABCC

3,8-DABCC was synthesized from 2,2'-dinitrobiphenyl, as
described elsewhere [1]. It was prepared from the reduction
of 2,2'-dinitrobiphenyl with hydrazine hydrate (100 %) in the
presence of Pd—C (10 % Pd) catalyst in alkaline ethanol under
reflux.

GO was synthesized with the method of electrochemical
exfoliation of graphite as described elsewhere [15]. Platinum
foil and pristine graphite were used as cathode and anode,

ol T T
410 405 395

Binding energy, eV

respectively, in a mixture of 2.4 g H,SO4 and 11 mL of
30 % KOH in 100-mL UPW. The electrooxidation was carried
out under the constant DC (Yildirim Electronics, Turkey) po-
tential of +20 V. Exfoliated product was sonicated with a
Hermle (Z36HK, Germany) ultracentrifuge system under
12.000 rpm for 8 min and then washed with UPW. The GO
was dried at 80 °C under vacuum for 8 h.

GO (0.2 g) was activated with 10-mM 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide (EDC) [16] in 25 mL
PBS (pH=7) and stirred via magnetic stirring for 6 h. The
activated GO was participated with the centrifuge and then
washed with UPW. It was added in 1 mM 3,8-DABCC in-
cluded PBS (pH=7) solution and then stirred for 6 h. The
amidized polymer bulk was sonicated and washed three times.
It was dried at 100 °C for 2 h. One hundred milligrams of
pGO-DABCC was diluted with 10 mL MeCN as suspension.
The suspension was used for modified film on GC. The
polished bare electrode (GC) was modified with 5, 10, 15,
20, and 25 pL of sonicated 100-mg p-GO-DABCC in
10-mL MeCN suspension by microsyringe, and then dried
under an infrared lamp for 6 min [17]. The modified electrode

WGO
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Fig. 3 IR spectra of GO and pGO-DABCC
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Fig.4 DPASV curves of 25 uM Cd*" and Pb** on GG, GC/GO, and GC/
pGO-DABCC in 0.1 M NaAc/HAc (incubation time 20 min, deposition
potential —1.2 V, amplitude 25 mV, and increment potential 2 mV)

was denoted as GC/GO-IPA. The polymer film covered GC
was denoted as GC/pGO-DABCC.
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Characterization of pGO-DABCC and GC/pGO-DABCC

pGO-DABCC was characterized by infrared (IR) spec-
troscopy and X-ray photoelectron spectroscopy (XPS).
Infrared spectroscopy measurement was performed by
a Bruker (Tensor-27, Germany) Infrared spectropho-
tometer with a germanium crystal-included attenuated
total reflectance system (GATR, Harrick Scientific,
USA). A PHI 5000-Versa Probe (& ULVAC-PHI.
Inc., Japan/USA) with monochrome Al Ko radiation
(1486.6 eV) as an X-ray anode and operated with
50 W at 1077 Pa was employed for the XPS
measurements.

In addition, pGO-DABCC and GO films on GC were
characterized by cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS). Fifteen micro-
liters of 100-mg pGO-DABCC in 10-mL MeCN solu-
tion and 15 pL of 100-mg GO in 10-mL MeCN solu-
tion were dropped on bare GC surface. The modified
surface was dried under IR lamp for 6 min.
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Fig. 5 DPASV current optimum condition curves. The effect of deposition potential (a), incubation time (b), pH (¢), and volume of suspension under

other optimum conditions in 0.1-M NaAc/HAc at room temperature
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Fig. 6 DPASV curves (a) and a
their calibration curves (b) of

Cd*" and Pb*" ranging from 0.5

to 20-uM on GC/pGO-DABCC

in 0.1-M NaAc-HAc buffer

solution under optimum

parameters

Cd
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Optimization of Measurement Conditions

The optimum parameters for analysis of heavy metals at pGO-
DABCC modified GC were determined by DPASV. The con-
ditions of measurement of Cd*" and Pb>" analysis on GC/
pGO-DABCC at room temperature (25+1 °C) were deter-
mined as few parameters such as constant potential, incuba-
tion time, pH, and volume of suspension on the electrode. The
constant potential, incubation time, pH, and volume of sus-
pension were studied in the range from —1.1 to —1.40 V, 5 to
30 min, 3t0 5.5, and 5 to 25 uL, respectively, in 0.1 M sodium
acetate/acetic acid buffer solution (NaAc/HAc).

Determination of Simultaneous Cd** and Pb>" in Aqueous
Media with DPASV

Immersing of the GC/GO-DABCC electrode into the measur-
ing solution containing Cd*" and Pb*" ions led to the accumu-
lation of the ions on the electrode surface via complexation
interaction under optimum conditions. The surface was taken
off and washed with UPW. Before application the DPASV,
metal ions on the modified electrode were reduced to metallic
forms at —1.25 V under the constant potential for 20 s in a
measuring 0.1-M NaAc/HAc blank solution.

Sample Treatment

Retail packaged milk samples were gathered from a local
market in Turkey. H,O, (50 uL) (30 wt%) was added into
20-g milk sample under sonication in ultrasonic bath. The
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solution was sonicated for 20 min. HCI (2.5 mL) (37 wt%)
and 2.5-mL acetic acid (50 wt%) was added into the mixed
solution, and then the last solution was sonicated for 10 min.
The mixture was centrifuged with a Hermle Z36 HK centri-
fuge system under 10.000 rpm for 20 min. The supernatant
was collected and filtered via a micropore membrane (Millex-
FG, Ireland) with pore size of 200 nm. The filtrate was adjust-
ed to pH 4.5 by NaAc/HAc buffer solution. The measure-
ments of the samples were repeated six times (n=0).

Results and Discussion
Electrode Modification and Characterization

Electrochemical characterization of modified surface was per-
formed with CV and EIS techniques. Electrochemical behav-
ior of the 2-mM potassium ferrocyanide/ferricyanide,
K5Fe(CN)g/ K4Fe(CN)g, in 0.1-M KCl solution was carried
out with CV. The CVs are given in Fig. 1a. In the voltammo-
grams, values of peak current of the redox couple probe on
GC, GC/GO, and GC/pGO-DABCC are calculated as 42.3
+1.7,53.0£3.4,and 71.8+2.1 uA, respectively.

The stability of the pGO-DABCC film at the GC electrode
was tested by ferrocene redox probe CV voltammograms in
which the modified electrode was kept in an open atmosphere.
Count of use of the surface was checked with the redox probe
(Fig. 2b). It was observed that the surface was stable; within, it
could be used 20 times. The figure shows the voltammogram
of the redox probe in 0.1-M TBATFB in MeCN for the

Table 1 Calibration data for the

determination of Cd*" and Pb** Metals

C d2+

Pb2+

by the method (N=15)
Regression equation

R2
Lineer range (pg/L)
LOD* (ug/L)

Ip(HA)=0.3606[Cd>] +0.4346
0.9972
0.5-25

Ip(LA)=0.2496[Pb>"] +0.2878
0.9968

0.5-25

021

#Based on a signal-to-noise ratio equal to 3 (S/N=3)
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Table 2 Comparison of

electroanalytical performance of Electrode Method Linear range Detection limit Ref.

some modified electrodes for (ngL™ (ngL™

Cd?" and Pb*" Cd* Pb2* cd P2t
GCE/NA-Graphene/BiF DPASV 1.5-30 0.5-50 0.02 0.02 [20]
MWCNTs/NA/Bi/SPE DPASV ~ 0.5-80 0.05-100 0.1 0.01 [21]
GCE/SbF DPASV 11.5-72.4  16.8-626 3.4 5.0 [22]
Bi/Nafion/ERGO-TH-MES/GCE =~ SWASV 140 1-40 0.1 0.05 [23]
Bi/Au-GN-Cys/GCE SWASV ~ 0.50-40 0.50-40 0.10 0.05 [24]
Nafion/Bi/NMC/GCE DPASV  2-100 0.5-100 1.5 0.05 [25]
MWCNTs-Nafion/GCE DPASV ~ 0.08-100  0.05-100 0.04 0.025 [26]
GC/pGO-DABCC DPASV ~ 0.5-25 0.5-25 0.12 0.21 This work

Abbreviation of the electrode materials were used as original name

GCE glassy carbon electrode, CILE carbon ionic liquid electrode, BiF bismuth film, NA Nafion, DPASV difter-
ential pulse anodic stripping voltammetry, SPE screen-printed electrode, nitrogen doped microporous carbon,
MNCNTs multiwalled carbon nanotubes, ERGO electrochemically reduced graphene oxide, MES 2-

mercaptoethanesulfonate, TH thionine

modified electrode when it was kept in an open atmosphere
for 1 week.

Charge transfer resistance of the redox couple on GC, GC/
GO, and GC/pGO-DABCC was investigated with EIS. The
Nyquist plots of the redox couple on GC, GC/GO, and GC/
pGO-DABCC are illustrated in Fig. lc. EIS measurements
were recorded between 100 kHz and 0.2 Hz at 10 mV wave
amplitude and at an electrode potential of 0.02 V of
ferrocyanide/ferricyanide redox couple on bare and modified
electrodes. Each plot was fitted as “CPE with diffusion”
(Warburg effected CPE) equivalent electrical circuit. Charge
transfer resistances of the redox couple on GC, GC/GO, and
GC/pGO-DABCC were calculated as 401.8+39.4, 255
+4.97, and 131.0£7.1 Q, respectively. It is obvious from
the charge transfer values that the electron transfer rate of
redox probe was accelerated in the case of GC/pGO-DABCC.

Spectroscopic characterization of the modified surface was
carried out by infrared and X-ray photoelectron spectroscopy.
XPS measurements were carried out only for pGO-DABCC.
The Cy; core spectrum for pPGO-DABCC is given in Fig. 2a.
As can be seen from the figure, broad XPS bands appeared
between 284-290 eV in the C,  high-resolution spectrum.
When the Cj region is curve fitted, the peaks appeared as
C-C/C=C component at 285.7 eV, N-C=0 group at
287.0 eV and -COOH peak at 287.9 eV. In Fig. 2b, two dif-
ferent N peaks in the core spectrum for pGO-DABCC were
observed at about 400.0 and 401.9 eV, due to the CO-NH-
and —C-N=N- groups, respectively.

FT-IR spectra of GO and pGO-DABCC are also given in
Fig. 3. The spectra of GO have C=C and C=O stretching
bands at 1620 and 1730 cm ', respectively [18, 19]. For the
covalently bonded GO and DABCC, the vibration band at
1377 cm™' could be assigned to the N—-C=0 stretching mode,
the bands of 613 and 757 cm ™' to C—H out of plane bending,

@ Springer

and the vibration band of 1466 cm ' to C—N=N- ring defor-
mation. The band at 1150 and 1225 cm ™' are assigned to the
stretching vibrations of C—O and C-N, respectively [1].

Optimization Results of the Measurements

DPASVs for determination of Cd** and Pb>" on GC, GC/GO,
and GC/pGO-DABCC celectrode surface are depicted in
Fig. 4. It can easily be seen that the oxidation peak current
of Cd and Pb on GC/pGO-DABCC was larger than the other
electrode. The anodic stripping potentials of Cd and Pb on
GC/pGO-DABCC were determined as —0.805 and
—0.567 V, respectively.

Some optimization parameters such as the constant poten-
tial, incubation time, pH, and volume of suspension of the
electrochemical response of the GC/pGO-DABCC was inves-
tigated. Figure 5a—d shows the effect of constant potential
values, optimum incubation time, pH, and volume of suspen-
sion, respectively.

Table 3 Interference

effect of some ions Interfering ions

Signal change (%)

cd*t Pb>*
Na" +0.2 +0.1
K" +0.2 +0.3
Cca** +0.6 +0.4
Mg +0.5 +0.3
Mn?* -18 -12
Fe?* 22 -2.6
Co** -23 -32
NiZ* 2.7 -23
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Table 4  Precision and accuracy results of the methods

Day® Values Tons Added (Cd**, Pb*")
3 pg/L 7 ug/L
Intraday ~ Found Value cd*  3.10+£0.02  6.98+0.03
Pb>* 3.05+0.01 7.04+0.04
Accuracy (%) cd* 333 -0.29
Pb>* 1.67 0.57
Precision (%) cd* 0.65 0.43
Pb>* 0.33 0.57
Interday Found value cd** 2.97+0.02 7.03+0.05
Pb>* 3.00+0.04 6.98+0.03
Accuracy (%) cd** 1.00 0.43
Pb** 0.00 -0.29
Precision (%) cd** 0.67 0.71
Pb** 133 0.43

Five independent series on the same day for intraday precision and five
consecutive days for interday precision from five measurements of every
series

The stripping peak currents of both ions increased by in-
creasing constant or deposition potential in the range —1.4 to
—1.25 V and decreased at higher potentials at room tempera-
ture, 15 pL of suspension volume, incubation time of 20 min,
and pH under 4.5. Before recording the stripping currents,
metal ions complexed on the GC/pGO-DABCC electrode sur-
face were reduced at —1.25 V for 20 s in a measuring blank
solution. The optimum potential was chosen as —1.25 V
(Fig. 5a). Similarly, incubation time (Fig. 5b), pH (Fig. 5¢c),
and volume of suspension (Fig. 5d) were detected as 20 min,

4.5, and 15 pL, respectively, at —1.25 V and under other op-
timum conditions.

Calibration Studies of Cd*" and Pb** on the GC/GO

The calibration curves was obtained with DPASV measure-
ment of various concentrations of Cd** and Pb*" ranging from
0.5 to 20 uM in 0.1-M NaAc/HAc in 0.1-M NaAc/HAc at
room temperature under the optimized conditions (15 pL of
suspension volume, incubation time of 20 min, and pH under
4.5).

DPASV voltammograms of Cd** and Pb*" ranging from
0.5 to 20 uM on GC/pGO-DABCC in 0.1-M NaAc-HAc
buffer solution and their calibration curves are given in
Fig. 6. The calibration data for the simultaneous determination
of metals by developed method is illustrated in Table 1.
Comparison of the modified electrode and other electrodes
for determination of Cd** and Pb*" is given in Table 2.

The detection limits (LODs) for Cd*" and Pb*" were deter-
mined as 0.12 and 0.21 pg/L, respectively. Under the opti-
mum conditions, a linear relationship existed between the cur-
rents and the concentrations of the ions in the range between
0.50 and 25 pg/L. LOD results in the range of the developed
method especially for Cd*" are not bad according to many
studies [20-29].

Interference Effect of Some Metals
Interference effect of the methods was performed with possi-

ble interferences of some ions such as Na*, K*, Ca**, Mg*",
Mn?", Fe**, Co?", and Ni**. Cd*" and Pb*" (25 pg/L) with

Table 5 Simultaneous

determination of Cd>* and Pb?>"in ~ Sample  Added, ug/kg®  DPASV, ug/kg ICP-OES, ug/kg Recovery (%)
milk samples and their recovery
values (1=6) cd®t Pb2* cd*r Pb%+ oh Pb%+ cd?r Pb2"
S-1 - - 1.27+0.11 341+0.33 - 335+0.32 - -
5 5 6.32+0.72 8.63+0.78 6.40+0.77 8.47+0.62 99.2 97.4
10 10 11.19+£096  1336+0.85 11.27+0.82 13.51+093 100.7 100.4
S-2 - - 1.13+£0.17 5.05+0.45 - 4.92+0.51 - -
5 5 6.19+£0.88 10.07+0.51  6.22+0.71 9.63+0.66 99.0 99.8
10 10 11.27+0.73 1491+1.87 11.41+£080 1511+1.93 987 100.9
S-3 - - 2.53+£0.28 2.04+0.20 - 2.11+0.25 - -
5 5 7.44+0.75 7.14+0.79 7.38+£0.59 7.01+£0.84 1012 98.6
10 10 13.08+1.06 1197092 1295+0.92 1229+1.20 956 100.6
S-4 - - 1.86+0.21 7.61+0.58 - 7.49+0.67 - -
5 5 6.75+£0.55 1249+1.24 6.71+0.41 12.58£0.93 101.6 101.0
10 10 12.06+1.22  17.92+1.41 1221+0.84 17.71+1.68 983 98.3
S-5 - - 1.95+0.26 2.27+0.25 - 2.33+£0.32 - -
5 5 7.04+0.67 745+0.33 7.13+£0.58 7.38+0.73 98.7 97.5
10 10 11.80+0.93 12.15£0.54  11.94+0.87 1242+141 101.3  101.0

* ug/L was converted to pg/kg
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other metal ions in a 300-fold mass ratio of interference to
analyte were investigated at the GC/pGO-DABCC surface.
The analysis results are given in Table 3. The data shows that
the signal deviation of 25 pg/L Cd*" and Pb*" do not rise
larger than 4 %.

Precision and Accuracy of the Methods

Two different concentrations of Cd*" and Pb*" in the linear
range were analyzed in five independent series on the intraday
and interday. The results as percent data are listed in Table 4.
The RSD (precision) % values varied from 0.33 to 1.33 for
intraday and interday precision of Cd*" and Pb>*. Accuracy of
the investigated method was calculated as the percent relative
error. Both of the results obtained for intraday and interday
accuracy were <4.00 %.

Analysis of Milk Samples

To evaluate, the accuracy of developed sensor was employed
to determine Cd*" and Pb®" in milk sample extracts.
Recoveries of Cd*" and Pb*" response of the method were
up to 95 %. The analysis results were checked by ICP-OES.
The recovery values of Cd* and Pb*" in real samples (n=06)
are given in Table 5. The values of analysis were given as pg/
kg with [Csample (Hg/kg)] = [Cextracted solution (Hg/L)] x40 mL/
40 g [30]. The value of [Cextracted solution] Was calculated with
the method proposed in this study.

Conclusion

Diamine-included 3,8-DABCC was polymerized with GO.
The material was characterized with IR and XPS. It was at-
tached on GC. The modified electrode was characterized by
using CV and EIS techniques. A novel sensitive method with
the modified electrode was investigated for simultaneous de-
termination of Cd*" and Pb*" in aqueous media. The calibra-
tion equations were acquired as Ip(nA)=0.3606[Cd**]+
0.4346 with a high correlation coefficient of 0.9972 for Cd**
and Ip(LA)=0.2496[Pb>"]+0.2878 with a high correlation
coefficient of 0.9968 for Pb*" (N=5). The LODs for Cd**
and Pb>" were calculated as 0.12 and 0.21 pg/L, respectively.
The method was evaluated by application with the simulta-
neous determination of Cd*" and Pb*" in milk samples. The
features of nanosensor were investigated. It has good selectiv-
ity and has low LOD. Repeatability and reproducibility of the
method is good enough. The recoveries of the Cd*" and Pb*"
response of the method were up to 95 %.
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