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Preparation and characterization of self-standing and flexible CuS/rGO

composite paper

Ezgi Topgu*l/, Kader Dagc1 Kiransan

Atatiirk University, Faculty of Science, Department of Chemistry, 25240, Erzurum, Turkey

Abstract

A self-standing, durable, and flexible CuS/reduced graphene oxide (rGO) composite paper electrode was synthesized through a facile
electrochemical deposition of CuS on the surface of the rGO paper. CuS/rGO composite paper electrode was characterized by using X-
ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), scanning electron microscopy (SEM), and Raman spectroscopy. The
morphological characterization displayed that the surface of the rGO paper electrode was covered with ball-like CuS structures.
Microstructures of rGO and CuS/rGO papers and the intensity of surface defects were compared with Raman spectra. Electrochemical
studies exhibited that as-prepared flexible CuS/rGO composite paper electrode has very high electrochemical activity.

Keywords: CuS, graphene-based electrode, characterization

1. Introduction

Graphene papers are generally used to obtain flexible
electrodes [1-3]. These materials, due to possessing
cuttable, rollable, and shapeable features, have
attracted more interest in many areas such as
hydrogen-oxygen evolution reactions [4], lithium-ion
batteries [5], supercapacitors [6], and sensors [7-9].
Recent studies have shown that flexible graphene
papers display excellent chemical, mechanical, and
physical features such as high mechanical strength,
high electrical conductivity, chemical stability, and
flexibility [10,11].

Graphene papers can be modified with various
materials to prepare composite graphene-based
papers, resulting in improving mechanical, electrical,
and chemical properties of the graphene-based
papers [12,13]. In this regard, modification of the
graphene surfaces with semiconductor metal
chalcogenides attracts attention in recent years
[14,15].

Among the different semiconductors, the covellite
phase copper monosulfide (CuS) is the most
important metal chalcogenide, which is of great
interest with its modern applications ranging from
biomedical to industrial and its structural, optical,
and surface properties, which are very different from

the bulk material due to its superior chemical and
physical properties. CuS is a non-toxic p-type
semiconductor having a direct band gap [14]. The
importance of CuS in semiconductor materials is high
conductivity, and
convertibility to superconductors at about 1.6K [16].

excellent metallic properties,

CuS nanostructures have been synthesized by
various methods such as chemical co-precipitation
method [17], hydrothermal or solvothermal methods
[18,19], [20] and
sonoelectrochemical method [21] over the years.

solid-state reaction method

In this study, CuS structures synthesized through
a simple hydrothermal method were coated on the
rGO paper
electrochemical technique. The morphological and
structural analysis of CuS/rGO composite paper was
characterized by using XPS, XRD, SEM, and Raman
spectroscopy, and the electrochemical performance
of this composite paper was investigated by using CV
and EIS techniques. The results of the
characterization studies showed that self-standing
CuS/rGO composite paper was successfully prepared
and its electrochemical activity was high enough to
be used as an electrode

electrode surface by using the

Citation: E. Topcu, K. Dagc Kiransan, Preparation and
characterization of self-standing and flexible CuS/rGO composite
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2. Experimental section

2.1. Preparation of rGO paper

Modified Hummer's method was used to synthesize
GO [22]. 100 mL of the GO (1.0 mg mL-1) suspension
was filtrated through a nucleopore polycarbonate
membrane filter (Whatman; &=47 mm; pore size, 0.2
pm) by using ultrafiltration vacuum cell. To obtain
GO paper, this process is followed by washing, air
drying, and peeling off from the filter. GO paper was
immersed in a HI solution for 1 h to fabricated rGO
paper. The rGO paper was washed with copious
ethanol and distilled water and dried in air. This
conductive rGO paper, prepared with a radius of
approximately 47 mm each time, was cut into a strip
shape (25 mm x 5 mm) and directly used as an
electrode in the electrochemical studies.

2.2. Synthesis of CuS crystals

Copper (II) sulfate pentahydrate (CuSOs5H20) and
sodium sulfide nonahydrate (Na25-9H20) were used
as precursors and L-cysteine (CsH7NO:S) was used as
a surface ligand [23]. The distilled water as the
solvent was used to prepare all solutions. 5 ml of 0.1
M CuSOs4-5H20 and 20 mL of 0.1 M CsH7NO:S were
mixed. The pH of the solution was adjusted to 11 with
2 M NaOH. 5.0 ml of 0.1 M Na25-9H20 was added to
this solution. The mixture was then refluxed and
stirred at 95°C. The solution heated for 4 h before it
was cooled down to room temperature. The formed
precipitates were collected and washed with ethanol
several times before it was dried at 60°C in the air
[23].

2.3. Electrochemical fabrication of CuS/rGO
composite paper

CuS dispersion was prepared through the ultrasonic
treatment of the mixture of CuS powder, and 0.1 M
NaNOs containing dimethylformamide (DMEF:
CH/NO) and 0.05 M NaOH solutions. The
electrodeposition of CuS on the surface of rGO paper
was performed by applying cyclic voltammetry from
0to-1200 mV potentials in a suspension of 5 mM CusS.
The obtained paper was denoted as CuS/rGO.

2.4. Characterization

Scanning electron microscopy (SEM) images were
performed by using SEM, ZEISS SIGMA 300 for the
equipped to the
analysis by energy-dispersive X-ray
spectroscopy  (EDS).  The
composition was studied by X-ray photoelectron
spectroscopy (XPS) using Spect-Flex with standart Al

morphological investigations,
elemental

surface  chemical

Turk J Anal Chem, 2(1), 2020, 1-6

X-ray source. Material characterization was acquired
using the Rigaku TTR III X-ray diffractometer (XRD)
with monochromatized Cu Ka radiation (A=1.5406
A). A micro-Raman spectrometer (WITech alpha
300R) was used to record Raman spectra under
atmospheric conditions.

2.5. Electrochemical performance of
paper electrode

In the three-electrode system, a strip of rGO paper
was directly used as the working electrode, platinum
wire and Ag/AgCl (saturated KCl) (BASi) electrode
were used as counter and reference electrodes,
respectively.  Cyclic (QV),
electrochemical impedance spectroscopy (EIS) tests
were performed with Gamry (600 +) potentiostat
system. The EIS were investigated over the frequency
range from 0.1 to 1x10° Hz at the open circuit
potential by using an AC voltage of 5 mV.

composite

voltammetry and

3. Results and discussion

The schematic of the fabrication of flexible CuS/rGO
composite paper was shown in Fig. 1. rGO paper was
prepared in two steps. Firstly, GO dispersion was
filtrated through a simple vacuum filtration system to
obtain GO paper. Then, GO paper was chemically
reduced by immersing it into HI solution to provide
conductivity and converted to rGO paper. This rGO
paper was cut into a rectangular strip and directly
used as a working electrode in the electrochemical
system. rGO paper electrode
electrochemically coated with the CuS structure in
the solution containing CuS, thus self-standing and
flexible CuS/rGO paper electrode was successfully
prepared in this way (Fig. 1).

surface was

~ Vacuum filtration Peeling off
~ mc,mbranc
. . g
GO dispersion -2
Reference 2
lectrod l B=
Counter ¥ 3 = =
. W , g
electrode ~~CE RE WE— /orking gE
elektrode ‘g
=}
=
o

w Electrochemical I
CusS coated process  rGO paper cut into!
paper surface e TCCtangular strip

Figure 1. Schematic of the fabrication of flexible CuS/rGO
composite paper.

SEM technique was used for the morphological
characterization of the prepared rGO and CuS/rGO
paper electrodes. SEM image of rGO paper was
presented in Fig. 2a. The characteristic wrinkled
structure of graphene was observed on the surface of

2
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rGO paper (Fig. 2.a). SEM images of CuS/rGO paper
(Fig. 2b and c) exhibited that porous ball-like
structures of CuS covered the surface of rGO paper.

Element Weight%  Atomic%
CK 47.06 7102
OK 20.09 10.13
CuK 1296 728

SK 1891 9.56

2 3 4 5
Energy / keV

Figure 2. SEM images of (a) rGO paper, (b, c) CuS/rGO composite
paper at different magnifications. (d) EDS spectra of CuS/rGO
composite paper.

EDS profiles for surface structure analysis of
CuS/rGO composite paper was shown in Fig. 2d. It
was found that CuS/rGO composite paper contains C
(47.06%), O (20.09%), Cu (12.96%), and S (18.91%),
which attributed that the composite structure was
successfully fabricated.

(a)

Intensity ( a. u.)

100 300 500 700 900
Binding energy / eV

0ls (c) L<1s

=
s

Intensity (a.u.)
Intensity (a.u.)

527 530 533 536 539 279 283 287 291

Binding energy / eV Binding energy / eV
(d) [cor] ©[s20

S 2p3

strong Cu?*
satellite

Intensity (a.u.)

Intensity ( a. u.)

927 937 947 957 155 160 165 170 175
Binding energy / ¢V Binding energy / eV

Figure 3. XPS spectra of CuS/rGO composite paper material: (a)
survey, (b) O 1s, (c) C 1s, (d) Cu 2p, and (e) S 2p.

XPS method was used for chemical structure
analysis of as-prepared flexible CuS/rGO composite
paper. In the XPS spectrum (Fig. 3a) demonstrated

Turk J Anal Chem, 2(1), 2020, 1-6

that the CuS/rGO composite paper contains 45.37% C,
23.26% O, 17.25% Cu, and 20.35 % S atoms. The O 1s
peak of CuS/rGO exhibited the presence of three
types of O bonds, C=0, C-OH, and HO-C=0 (Fig. 3b),
while C 1s peak of CuS/rGO showed four types of C
bonds, C=C, C-H, C-O, and O-C=0 (Fig. 3¢c). In the Cu
2p high-resolution XPS spectrum of CuS/rGO (Fig.
3d), the binding energy peaks at 932 and 950 eV are
corresponding to Cu 2ps2 and Cu 2p12[24]. S 2ps2 and
S 2pi» peaks formed at 162.5 eV and 167.5 eV
attributed to the presence of S at the CuS/rGO paper
(Fig. 3e) [16]. XPS results displayed that the designed
composite paper was successfully fabricated in the
desired composition.

(@) [—cusiGOpaper  (101)
—rGO paper A
A CuS JCPDS No: 79-2321
’;‘ (IET}
=
Fury
= 3
5 (002)
E L
o
ST, S
5 15 25 35 45 55
2e/”

(b)

D band G pand

CuS/rGO paper

,‘ l| .:“i rGO paper

3200

Intensity (a. u.)

1200 2200
Wavenumber / cm!

200

Figure 4. (a) XRD patterns, (b) Raman spectra of rGO, and
CuS/rGO papers.

The XRD spectra of rGO and CuS/rGO papers were
shown in Fig. 4a. In the XRD data of rGO paper, the
diffraction peak (JCPDS 41-1487) corresponding to
the characteristic rGO (002) crystal structure was
observed at 24.8°. XRD spectrum of CuS/rGO paper,
showed the peaks at about 29.5°, and 49.8°
corresponding to (101) and (107) structure of CusS,
respectively (JCPDS 79-2321) [25]. Observation of the
diffraction peaks of both rGO and CuS$ for CuS/rGO
composite paper exhibited that this flexible
composite paper was successfully prepared.
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The Raman spectra of rGO and CuS/rGO
composite papers were presented in Fig. 4b. Raman
spectra of rGO paper showed G band, corresponding
to E2g geometry of two dimensional hexagonal C=C
sp? structure, at 1610 cm™. Besides, the D band was
observed at 1365 cm”, resulting from defects of the
graphene layers [4,9]. Raman spectrum of CuS/rGO
composite paper showed peaks corresponding to
CuS structure in the range of 200 to 1000 cm™ in
addition to D and G bands, attributing that the CuS
structure deposited onto the rGO paper surface. The
intensity of the D and G bands (In/lc) is used to
determine the surface defects of graphene-based
papers. The Ip/lc ratios of the rGO and CuS/rGO
composite papers were calculated as 1.72 and 1.32,
respectively. The Io/lc ratio of CuS/rGO composite
paper is lower than that of rGO paper. This may be
attributed to the deposition of CuS structures on
surface defects of rGO paper.

CV measurements in the electrochemical solution
containing Fe(CN)s*/* redox pair were carried out to
compare the electrochemical performance of rGO
paper and CuS/rGO (Fig. 5a). AEp values of rGO and
CuS/rGO papers were observed as 360 and 150 mV,
respectively. In Fig. 5a, the peak current density of the
CuS/rGO composite paper was about 2 times higher
than the rGO paper. These results displayed that self-
standing and flexible CuS/rGO composite paper has
a quite high electrochemical activity.

For electrochemical studies, EIS is used to
investigate the electron transfer mechanism in the
electrode-solution interface. The Nyquist curves for
rGO paper and CuS/rGO composite paper were
presented in Fig. 5b. As seen from Fig.5b inset, the
Nyquist curves were fitted according to the electrical
circuit and electron transfer resistances (Rp) at the
interface were determined for the paper electrodes.
The smaller the Rp value, the easier the electron-
transfer. Rp values of rGO paper and CuS/rGO
composite paper were calculated as 125 and 78 Q,
respectively. The results showed that electron
transfer over CuS/rGO composite paper would be
easier compared to rGO paper. The cut-off point of
the Z've-axis in the Nyguist curves is related to the
solution resistance (Ru). Ru values of both paper
electrodes were found to be very close since the same
electrochemical solution was used [26].

Fig. 6 demonstrated the N2 adsorption-desorption
isotherms and pore size distributions of rGO and
CuS/rGO papers at 77K. It was determined that due
to CuS structure on rGO surface, CuS/rGO exhibited
a typical hysteresis cycle, which was resulting in a
large number of mesoporous pore [27,28]. Isotherm

Turk J Anal Chem, 2(1), 2020, 1-6

curves were compatible with the Brunauer-Emmett-
Teller (BET) model.

(a). 30
'E —CuS/rGO paper
5] 1 —
< 20 rGO paper
=
} 10 A
£ o
g
E -10 -
&)
_20 T T T
-200 50 300 550
Potential / mV vs Ag/AgCl
(b)
20 4 —rGO paper
CPE —CuS/rGO paper
G 60 I Rp CPE
.5 40 -
N
20 A
0 T 1 T T
0 50 100 150 200 250
Z'e/Q

Figure 5. (a) CV curves, (b) Nyquist plots of rGO and CuS/rGO
paper electrodes in a solution containing 10 mM KsFe(CN)s, 10 mM
KsFe(CN)s and 0.1 M KNOs. Inset: The equivalent circuit model.
Frequency range: 0.1-10° Hz.

40 £ 0.12 — CuS/tGO paper
1= 01 11 — GO paper
e E 0.08 4 |
&0 d 5 006 {4
s >0 £ 0.04 {4/
E = LI
= s I
2 2045 o ———
3 0 20 40 60 80
=) Pore Radius (nm)
= 10 -
0 T - T T Ll
0 0.2 0.4 0.6 0.8 1

Relative Pressure (p/p,)
Figure 6. (a) N2 adsorption-desorption isotherms of rGO, and
CuS/rGO papers. Inset: BJH pore size distributions of CuS/rGO
paper.

BET surface areas and Barrett-Joyner-Halenda (BJH)
pore size distributions [29] of rGO and CuS/rGO
papers were shown in Table 1. The surface area of the
rGO and CuS/rGO papers was calculated as 40 and 62
m? g, respectively (Table 1). Table 1 exhibited that
CuS/rGO composite paper has a large surface area
and high pore size, compared to rGO paper. This
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porous property of flexible composite paper can
provide an effective surface area for electrochemical
studies [30].

Table 1. BET surface area and average pore size of rGO and
CuS/rGO papers.

BET surface area  Average pore radius

Paper Electrodes (m? &) (nm)
rGO 39 39
CuS/rGO 61 4-16

4. Conclusion
CuS structures synthesized through a simple
hydrothermal method were electrochemically coated
onto the surface of rGO paper to prepare flexible and
self-standing CuS/rGO composite paper. In the
morphological CuS/rGO
composite paper, it was observed that the surface of
the rGO was covered homogeneously with ball-like
CuS structures. Structural analysis performed with
XPS, XRD, and Raman techniques showed that the
flexible CuS/rGO paper electrode was successfully
prepared in the desired composition. Electrochemical
studies demonstrated that the electrochemical
activity of flexible CuS/rGO composite paper is high
enough to be used as an electrode.

characterization  of
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Abstract

In this study, the utilization of H2504 modified oak sawdust (Quercus L.) (HMOS) as a new and promising sorbent for the uptake of an
extremely toxic inorganic pollutant, Cr(VI), from aqueous media by batch adsorption method has been investigated. The HMOS has been
characterized by different methods such as Boehm titration, pHpz, and moisture content. Some of the process parameters including initial
solution pH, equilibrium time, initial Cr(VI) concentration, HMOS amount, and salt effect were examined in detail in order to optimize
the experimental conditions for the uptake of Cr(VI) ions onto HMOS. The maximum Cr(VI) uptake was achieved at initial solution pH
of 2.5 and at equilibrium time of 240 min. The adsorption behaviors of Cr(VI) ions onto both natural oak sawdust (NOS) and HMOS were
analyzed in terms of Langmuir and Freundlich isotherm models and the Cr(VI) adsorption was obtained to be compatible with both
isotherm models. The Cr(VI) adsorption capacities of NOS and HMOS were calculated as 48.07 and 100.00 mg g, respectively by utilizing
the Langmuir model. As a result, H2SO4 modified oak sawdust provides a strong alternative to remove Cr(VI) ions from wastewaters.

Keywords: Adsorption, chromium, heavy metal, isotherm, Oak Sawdust

1. Introduction

Heavy metals, which occur naturally in the earth’s
crust, cause serious troubles to both the environment
and all of the living organisms depending on their
types and levels [1]. Chromium, which is a major
heavy metal pollutant in aqueous media, is usually
spread into both the environment and the water
sources by virtue of several industrial activities such
as metal plating, batteries, paper production, leather
tanning, pesticides, mining and electroplating [2-4].
Although chromium is found at different oxidation
states in nature, only two of them are stable: Cr(III)
and Cr(VI). The solubility, mobility, and toxicity of
these two chromium species are different from each
other. Cr(Ill) has an important part in carbohydrate
metabolism hence it is an essential element for the
human body. Nevertheless, Cr(VI), which exists in
aqueous solutions as chromate (CrOs> or HCrOx")
and dichromate (Cr2072) depending on solution pH
and its concentration, may cause serious damages to
the living organism. Cr(VI) is a strong oxidizing

agent and easily absorbed in the human body via
digestion, respiratory system, skin, and mucous
membrane. Eventually, it may induce many health
problems such as skin irritation, lung cancer, gastric
and liver damage, ulcer formation, and nervous
system failure [5,6]. The permissible limit for Cr(VI)
in drinking water is recommended as 0.05 mg L by
World Health Organization (WHO) [7]. That is why
it is compulsory to develop economical and efficient
methods for purification of waters contaminated
with Cr(VI) ions by virtue of various industrial
activities.

Several techniques including reverse osmosis [8],
coagulation [9], ion exchange [10], advanced
oxidation [11], and adsorption [12] have been carried
out in order to remove Cr(VI) from water resources.
Adsorption method, performed without causing a
secondary waste generation, is commonly utilized in
wastewater treatment due to its high selectivity,
simplicity of design, low cost, and high efficiency
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when compared with other conventional techniques.
The choosing of adsorbents plays a significant role
during the adsorption process. Adsorbents, used in
developed processes should be inexpensive and
easily available, which are not harmful to the
environment. In addition, they should have a large
specific surface area and have functional groups that
can interact with the target pollutants [13].

The agroforestry wastes, which are the by-product
of agricultural and forestry production, substantially
composed of polyphenolic compounds and hydroxyl
groups originating from tannin and lignin. These
functional groups are known to be the active sites for
the binding of heavy metal ions. Sawdust is a timber
industry waste product and it is used as a fuel or a
packaging material. It contains lignin and cellulose,
and it is comprised of electron rich-functional groups
[14]. Acid and alkali treatment of sawdust enhances
the pollutant uptake capacity of them. Agricultural
waste by-products have been used in the adsorption
process as efficient adsorbents in the removal of both
organic and inorganic pollutants recently since they
are low cost and easily available. Until now, several
agricultural wastes have been reported in the
literature including date pit and olive stone [5],
sugarcane bagasse [15], corncob [16], rice husk [17],
Citrus limetta peel [18], peanut shell [19], and apple
peel [20], etc. to uptake Cr(VI) from aqueous media.

In this study, H2SOs modified oak (Quercus L.)
sawdust (HMOS) was prepared and applied to
remove Cr(VI) ions from aqueous solution. To our
best knowledge, no study has been reported on the
removal of any pollutant by using H250s+ modified
oak (Quercus L.) sawdust. The HMOS was
characterized by different techniques. Subsequently,
to achieve the optimum uptake conditions, the effects
of various experimental parameters including initial
solution pH, initial Cr(VI), and HMOS concentration
and contact time on the process were evaluated. The
adsorption isotherms were used to determine the
Cr(VI) adsorption capacity of HMOS and to interpret
the adsorption mechanism.

2. Materials and methods

2.1. Preparation and characterization of HMOS

For the modification of the oak sawdust with H2SOs4,
20 g of the oak sawdust was taken without grinding,
and 20 mL of concentrated H2SOs was added and
mixed well. The mixture was left on a hot plate at
200°C for 24 hours. After this period, the adsorbent
was washed with boiled distilled water for several
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times to neutralize the carbonized sample. The
adsorbent was then treated with a 1% NaHCOs
solution for 24 hours to completely neutralize the acid
residues. After the modified adsorbent was filtered, it
was washed well with distilled water and finally
dried in the oven for 24 hours at 105°C. The obtained
adsorbent (HMOS) was used in the adsorption
process after grinding to a particle size of 150 um [21,
22]. The pHpz (point of zero charge) and moisture
content of HMOS were determined according to
standard methods [23] while the surface acidic
groups of it were obtained by Boehm titration [24].

2.2. Adsorption method

Adsorption studies were performed by a batch
method using 15 mL polyethylene centrifuge tubes
which were shaken by using BOECO PSU-15i model
mechanical shaker at room temperature. The initial
pH of the Cr(VI) solution was adjusted to the desired
values by the addition of 0.1 M HNOs and NaOH
solutions using Hanna pH-2221 model digital pH
meter. The adsorption studies were performed in
duplicate, and the Cr(VI) levels in the dilute phase
were analyzed by Perkin Elmer Analyst 400 model
flame atomic absorption spectrophotometer (FAAS).
The adsorption studies were performed by mixing
Cr(VI) solutions (10 mL) in the concentration range of
100-2300 mg L' and in the pH range of 1.0-8.0 with
10-200 mg of HMOS amount. The mixtures were
shaken in the contact time range of 1-360 min at 350
rpm. After enough shaking time, the mixtures were
centrifuged at 3500 rpm for 10 min. The Cr(VI)
amounts in the aqueous phase were analyzed by
FAAS and the adsorption amount was calculated by
using the following equation;

V(Co—Cs
q. = =€) @

ms

Co (mg L) and Ce (mg L) is the initial and
equilibrium Cr(VI) concentration in aqueous
solution, respectively, V (L) is the aqueous solution
volume, ms(g) is the HMOS amount, and ge (mg g1) is
the amount of calculated Cr(VI) adsorption onto 1.0
gram of HMOS.

3. Results and discussion

3.1. Characterization of HMOS

The pHpz value of HMOS was determined as 2.6,

which indicates that the surface acidic groups are

more dominant than the basic groups. It is important
8
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to know the pHpz values of the adsorbents in order to
have an idea about the pH values, at which maximum
adsorption will occur of the species that may be
found in an anionic or cationic form in aqueous
solutions. At pH>pHp., the surface charge of
adsorbent is negative, whereas pH<pHp-c the surface
charge of adsorbent is positive. Thus, in the studies
conducted at pH lower than the pHpz value of the
adsorbent, it is thought that the anionic species in the
aqueous solution such as Cr(VI) will be better
adsorbed [25].

The values of the carboxylic and phenolic groups
on the surface of HMOS were determined as 8.72 and
7.34 mmol g, respectively, and the total acidic group
amount was obtained as 16.06 mmol g-. It is seen that
HMOS is rich in terms of total acidic groups and
especially the amounts of carboxylic groups are
higher than the phenolic groups. Besides, the
moisture content of HMOS was determined as 9.5%.

3.2. Effect of initial solution pH

The influence of initial solution pH on the adsorptive
removal of Cr(VI) ions by HMOS was investigated in
the pH range of 1.0-8.0 by using 50 mg L of initial
Cr(VI) concentration and 5.0 g L' of HMOS. From
Fig. 1, it is seen that the adsorption efficiency of
Cr(VI) ions rises from 74.0% to 99.2% when pH
increases from 1.0 to pH 2.5 and it decreases
prominently after pH 2.5. Cr(VI) ions exist in the form
of acid chromate (HCrOxs), chromate (CrO4*), and
dichromate (Cr207%) depending on the pH of the
aqueous solution. In acidic pH values, the dominant
form of Cr(VI) is HCrO«, and the surrounding of
HMOS is wrapped with H3O* ions to make the
surface functional groups positively charged. Thus at
low pH values, an increase in the adsorption
efficiency was observed because of occurring an
electrostatic interaction between the HCrOs ions and
the positively charged HMOS surface. At higher pH
values the adsorption efficiency decreases because of
the competitive effect of OH-ions with Cr207* ions,
the dominant form of Cr(VI), to adsorb the active
adsorption sites on the HMOS surface. Besides, the
electrostatic repulsion between the same charged
Cr(V]) ions and the HMOS surface decreases the
adsorption efficiency at high pH values. The pH
effect on the adsorption of Cr(VI) ions onto HMOS
can also be explained by the pHp. value of the
adsorbent. The pHpzc value of HMOS was determined
as 2.6. In the case of pH<pHyz, the net surface charge
of HMOS is positive and the adsorption efficiency of
Cr(VI) ions is expected to be high [25].
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In subsequent experimental studies, the optimum
pH value was determined as 2.5 for the adsorption of
Cr(VI) ions onto HMOS (Fig. 1).

100 1

95 1

90 4

qe (%)

85 1

80 1

75 1

70 . ‘ . . ‘ . . ‘

pH

Figure 1. Effect of initial pH on Cr(VI) adsorption onto HMOS
(initial Cr(VI) concentration: 50 mg L-;; HMOS concentration: 5.0 g
L1)

3.3. Effect of contact time

In order to investigate the sufficient equilibrium time,
the adsorption studies were carried out in the
shaking time range of 1-360 min by mixing 230 mg L-
1of initial Cr(VI) concentrations containing 5.0 g L of
HMOS at initial pH 2.5. In the first stages of the
adsorption (in the 1-30 minute time interval), the
uptake of Cr(VI) ions onto HMOS occurs very quickly
since the active adsorption sites are completely open.
Subsequently, the adsorption rate gradually
decreases due to the diffusion of Cr(VI) ions towards
HMOS pores, and finally, the equilibrium occurs due
to the saturation of the HMOS surfaces [12].

In the light of the results obtained in this
parameter, the appropriate contact time for the
adsorption of Cr(VI) ions onto HMOS was
determined as 240 minutes (Fig. 2). No notable
increases were noticed in the Cr(VI) uptake amount
after this period.

3.4. Effect of HMOS amount

The influence of HMOS amount on the adsorption of
Cr(VI) ions was investigated in the HMOS
concentration range of 1.0-20.0 g L-! by using 230 mg
L1 of injtial Cr(VI) concentration at initial pH 2.5.
When the amount of HMOS was increased from 1.0
to 20.0 g L, the removal percentage increased from
29.3 to 86.0% as a result of the increase in the active
adsorption surfaces. Conversely, the higher HMOS
amount causes a decrease in total surface area due to
the formation of agglomerates and of unsaturated
adsorption surfaces [26], and thus the adsorption
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amount decreased from 67.5 to 99 mg g’ as
increasing the amount of HMOS from 1.0 to 20.0
g L1 (Fig. 3).

20
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Figure 2. Effect of contact time on Cr(VI) uptake by HMOS (initial
Cr(VI) concentration: 230 mg L-'; HMOS concentration: 5.0 g L;
initial pH: 2.5).
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Figure 3. Effect of adsorbent amount on Cr(VI) uptake by HMOS
(initial Cr(VI) concentration: 230 mg L-; initial pH: 2.5; contact
time: 240 min).

3.5. Effect of initial Cr(VI) concentration and
adsorption isotherms

The data obtained as a result of the investigation of
the influence of initial metal concentration on the
uptake of heavy metal ions is applied to various
adsorption isotherms to have an idea about the
capacities of the adsorbents. Therefore, to examine
the change in Cr(VI) uptake capacity of oak sawdust
due to the modification with H2SOs, the effect of
increasing initial Cr(VI) concentration was evaluated
for both natural oak sawdust (NOS) and H2SOs
modified oak sawdust (HMOS).

In order to evaluate the effect of initial Cr(VI) ions
concentration on the adsorption efficiency of NOS
and HMOS, a series of Cr(VI) solution at initial
concentrations of 100-2300 mg L' were added to the
centrifuge tubes containing 0.05 g NOS or HMOS,
separately, and the mixtures were shaken until the
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equilibrium reached. After centrifugation, the Cr(VI)
concentrations remaining in the solutions were
determined by FAAS and from the obtained data the
relationship between the adsorbed Cr(VI) amounts
(ge) and the adsorption percentages (%) against initial
Cr(VI) concentrations were plotted in Fig. 4 (for NOS)
and in Fig. 5 (for HMOS).

By increasing the initial Cr(VI) concentration from
100 mg L to 2300 mg L-!; at constant NOS amount,
the amount of adsorption increased from 7.7 mg g to
40.0 mg g, the percentage of adsorption decreased
from 33.5% to 8.8% (Fig. 4) and at constant HMOS
amount, the amount of adsorption increased from
119 mg g' to 784 mg g', and the percentage of
adsorption decreased from 52.0% to 17.3% (Fig. 5). At
constant NOS and HMOS amount, the increase in
initial Cr(VI) concentration causes a driving force to
Cr(VI)
transportation between the solution and the surface
of NOS and HMOS, which increases the adsorption
amount. Conversely, at high Cr(VI) concentrations, a
saturation occurs on the active adsorption sites of
NOS and HMOS surface which makes them less
available for Cr(VI) binding thus the adsorption
percentage decreases [27].

overcome mass transfer resistance for
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Figure 4. Effect of initial Cr(VI) concentration on its uptake by NOS
(initial pH: 2.5; NOS concentration: 5.0 g L-!; contact time: 240 min).

The Langmuir and Freundlich isotherm models
were fitted to the experimental data in order to have
an opinion about the mechanism of the adsorption of
Cr(VI) ions onto NOS and HMOS. According to
Langmuir isotherm model, the adsorption process
occurs as a monolayer on homogeneous surfaces, and
all active binding sites on the adsorbent surface have
equal energy [28]. In contrast, the Freundlich
isotherm model is based on the idea that the
multilayer adsorption occurs on heterogeneous
adsorbent surfaces [29].
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Figure 5. Effect of initial Cr(VI) concentration on its uptake by
HMOS (initial pH: 2.5, HMOS concentration: 5.0 g L-1; contact time:
240 min).

The linear forms of Langmuir and Freundlich
isotherm models are given in Egs. 2 and 3,
respectively.

C, C, 1
—=—x @)
qe qmax qmax
1
lnqe=lnl(f—i-;lnC,g 3

where ge (mg g'); Cr(VI) adsorption per unit mass of
NOS and HMOS at equilibrium, Ce (mg L7);
equilibrium concentration of Cr(VI) ions in solution,
gmax (Mg g1); maximum adsorption capacity of NOS
and HMOS, b (L mg?'); adsorption energy, K
(mg g1); sorption capacity, and n; sorption intensity.

The suitability of the adsorption process can be
evaluated by using the separation factor (Rv) related
to Langmuir isotherm which is given in the following
equation [30];

1

- - 4
1+ b.Co &2

R,

where b (L mg) is the Langmuir constant and Co (mg
L) is the initial Cr(VI) concentration. Ru values
should be in the range of 0-1 for favorable adsorption.

gmax and b values belong to Langmuir isotherm
model were calculated from the slope and intercept
of the linear plot of Ce/ge versus Ce, respectively (Fig.
6(a) and (b)) and Kt and n values belong to Freundlich
isotherm model were determined from the intercept
and slope of the linear plot of Inge versus InCe,
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respectively (Fig. 7a and b). All of the isotherm
constants were given in Table 1. The correlation
coefficients calculated from the figures drawn by
applying the linear equations are compared to
determine which of the two models is more suitable
for explaining the surface structure of the adsorbents.
The correlation coefficients obtained from both the
Langmuir and Freundlich isotherm models for the
adsorption of Cr(VI) ions onto NOS and HMOS are
greater than 0.95. This indicates that the active
adsorption sites on the NOS and HMOS surface
exhibit both the homogeneous and heterogeneous
distribution [13].

y=0.0208x + 8.1914
R2=10.9973

50 A

40

30

C./q.
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Figure 6. Langmuir isotherm model plotted for a) NOS b) HMOS.

One of the most important benefits of the
Langmuir isotherm model is that it can be applied in
the calculation of the maximum adsorption capacities
of the adsorbents. By using the Langmuir isotherm
model the maximum Cr(VI) adsorption capacity of
NOS and HMOS has been calculated as 48.07 and
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100.00 mg g, respectively. As can be noticed from
these values, as a result of the modification process of
oak sawdust with H250s, Cr(VI) adsorption capacity
has increased by about 100%. The maximum Cr(VI)
adsorption capacity of NOS and HMOS has also been
compared with the adsorbents previously used in the
removal of Cr(VI) ions in the literature (Table 2). As
seen in Table 2, the maximum Cr(VI) adsorption
capacity of NOS and HMOS is better than many
adsorbents given in the literature [31-39]. This
comparison showed that NOS and HMOS can be
utilized as effective and low-cost adsorbents in the
removal of Cr(VI) ions from aqueous media.

Table 1. The isotherm parameters of Cr(VI) adsorption.

.. NOS HMOS
Langmuir isotherm model
gmax (Mg g1) 48.07 100.0
b (L mg1) 0.0025 0.0019
R? 0.9973 0.9873
Freundlich isotherm model
Ki(mg g) 0.99 1.36
n 1.98 1.81
R? 0.9514 0.9930

The Langmuir and Freundlich isotherm models
are also used to give an idea about the suitability of
the studied adsorption system. For this purpose, the
Rc values, indicating whether the adsorption process
is suitable for the adsorbent-adsorbate pair, have
been calculated using the Langmuir isotherm
constant b. By increasing the initial Cr(VI)
concentration from 100 mg L to 2300 mg L, the Ru
values for NOS and HMOS varied between 0.81-0.18
and 0.18-0.01, respectively, suggesting that the
adsorption of Cr(VI) ions onto both NOS and HMOS
is favorable. Besides, n values calculated from the
Freundlich isotherm model were determined as 1.98
and 1.81 for the adsorption of Cr(VI) ions onto NOS
and HMOS, respectively. This result also supports
the suitability of the adsorption process [40].

3.6. Effect of salt concentration

Industrial wastewaters contain various salts that
generate ionic strength as well as toxic organic or
inorganic pollutants. Such salts cause various effects
by increasing or decreasing the pollutant removal
efficiency. For this reason, it is significant to
investigate the influence of ionic strength in order to
evaluate the applicability and efficiency of the
adsorption process applied to remove the heavy
metal ions from waters and wastewaters.

The NaCl and BaCl: were chosen as model salts to
evaluate the effects of ionic strength on the uptake of
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Cr(VI) ions by HMOS. For this purpose; the Cr(VI)
solutions at an initial concentration of 230 mg L (at
initial pH of 2.5) containing 0.05 g HMOS were
treated with NaCl and BaCl: solutions in the
concentration range of 0.05-0.5 M, separately at
optimized equilibrium time.

4.0
y =0.5036x - 0.0042
R2=10.9514
[ ]
a)
8
In C,(mg L)
45
y=0.552x +0.3068 ®
R?=0.993
b
2.0 T T 1 )
4 5 6 7

nC,(mg L)

Figure 7. Freundlich isotherm model plotted for a) NOS b) HMOS

By increasing the NaCl and BaCl> concentrations
from 0.05 M to 0.50 M; the Cr(VI) adsorption
efficiency on HMOS decreased from 19.8 mg g to
10.14 mg g' and from 14.12 mg g to 7.66 mg g,
respectively (Fig. 8). Itis clearly seen that a significant
decrease in Cr(VI) adsorption amount occurs by
increasing the salt concentration. This decrease in
Cr(VI) adsorption as a result of the increase in salt
concentration is thought to be caused by two reasons:
i) The competition effect of salt anions (Cl) with
Cr(VI) ions which present in an anionic form in
aqueous solution to adhere the active adsorption

surfaces of HMOS. ii) The screening of the
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electrostatic interaction between the Cr(VI) ions and
the active adsorption sites of the HMOS due to the
presence of ions in the adsorption medium [41,42].

Table 2. Comparison of the Cr(VI) uptake capacities of the
different sorbents in the literature.

Adsorption
Adsorbent capacity Reference
(ng g?)
Cetylpyrlfilnll.lm chloride modified 43.84 31]
montmorillonite
Magnetic Phoem.x tree . 55.0 32]
leaves-derived biochar composite
Chemically modified date pits 82.63 [5]
Chemically modified olive stone 53.31 [5]
Fes04@ chitosan composite 21.04 [33]
Longan seed activated carbon 35.02 [34]
Apple peels activated carbon 36.01 [35]
Waste newspaper 59.88 [36]
Almond shell 34 [37]
HCI treated sawdust 6.34 [38]
Eucalyptus camaldulensis sawdust 35.58 [39]
Natural oak sawdust 48.07 This work
H2S04 modified oak sawdust 100.0 This work
—*—NaCl
18 1 —&—BaCl2
o~ 14
=)
80
E
= 10 1
6 T r
0.05 0.25 0.45

Salt Conc. (M)

Figure 8. Effect of salt concentration on the adsorption of Cr(VI)
ions onto HMOS (initial Cr(VI) concentration: 230 mg L-; initial
pH: 2.5; HMOS concentration: 5.0 g L1, contact time: 240 min).

4. Conclusions

In the present research, the usage of the waste
material, H2SOs modified oak sawdust (HMOS), to
remove Cr(VI) ions from waters and wastewaters has
been evaluated. Although there are some studies in
the literature that natural or modified oak sawdust
have been used as sorbents for the uptake of different
pollutants from aqueous media, the H2SOs modified
oak sawdust has been used for the first time in the
removal of Cr(VI) ions in this investigation. The
experimental results indicated that the process is
highly pH-dependent and the optimum Cr(VI)
uptake was observed at initial solution pH 2.5. The
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equilibrium was reached within 240 min of shaking
time. Although the presence of other ions (Na*, Cl,
Ba?") in aqueous solutions has remarkable effects on
Cr(VI) adsorption, approximately in the rate of 100%
of adsorption efficiency has been achieved under the
optimized conditions. The equilibrium adsorption
data have been evaluated in terms of Langmuir and
Freundlich isotherm models and both model fitted
well to the experimental data which indicating the
homogeneous and heterogeneous distribution of the
active adsorption sites on the natural oak sawdust
(NOS) and HMOS surface. The maximum adsorption
capacities of NOS and HMOS have been obtained as
48.07 and 100.0 mg g1, respectively with the
application of the Langmuir isotherm model. As a
result, it has been concluded that the HMOS appears
to be an effective, low cost and promising adsorbent
for the removal of Cr(VI) ions as compared to many
other adsorbents previously reported in the
literature.
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Abstract

This study deals with electrochemical preparation of cobalt oxide modified glassy carbon electrodes decorated with gold nanoparticles
as an effective platform for dopamine (DA) detection. The experimental parameters affecting the oxidation signal of DA by square wave
voltammetry have been evaluated. Under optimal conditions, developed sensor exhibited a linear response towards to DA in the
concentration range of 6.00x10-% to 7.15x10% M. The detection and quantification limits were calculated as 2.0x10-% and 6.0x10-% M,
respectively. The repeatability and reproducibility of the electrode were calculated as 13.2 and 16.1% for 6.5x107 M (N=5), respectively.
Finally, the sensor was successfully applied for the DA analysis in artificial cerebrospinal fluid, and the mean recovery was found as

105.8 +6.5% by the standard addition method.

Keywords: Dopamine, square wave voltammetry, cobalt oxide, Au nanoparticles

1. Introduction

Dopamine (3,4-dihydroxyphenethylamine, DA)
belongs to catecholamine and phenethylamine
families. From the chemical point of view, DA is an
amine that can be produced by decarboxylation of L-
Dopa. DA is an important neurotransmitter and
plays a number of significant roles in the human
and body [1]. It is responsible for
communications of nerve cells and plays a major
role in reward-motivated behavior [2].

brain

There are several distinct dopamine pathways in
our brain and the level and neuronal activity of DA
is increased by most reward and addictive drug
types, respectively. Other dopamine systems are
responsible for motor control and in releasing of
other important hormones [3]. On the other hand, an
abnormal level of DA has been found related to
some neurological disorders such as schizophrenia,
Parkinson's and Huntington's diseases [2]. Thus, it is
very crucial to detect and quantitate the dopamine
in biological samples such as brain fluids, plasma,
and urine.

Various analytical methods have been described
in the literature including colorimetric and
fluorometric methods [4-6], gas chromatography
with tandem mass detection [7,8], high performance
liquid chromatography coupled with various
detectors [9-11], chemiluminescence [12]. These
methods, however, have some drawbacks being
labor-intensive or time-consuming, and most of
them
Electrochemical analysis methods, on the other
hand, are very popular since very sensitive and
selective methods can be developed at a very low
cost. Amperometric [13,14] and voltammetric [15-17]
methods have been developed for DA detection in
micromolar levels in the presence of ascorbic acid.
However, the oxidation peak of the dopamine is
prone to the interference of electroactive matrix
constituents and therefore, the electrode surfaces
have been modified with conductive polymers,
carbonaceous materials, conductive polymers, metal
nanoparticles, and/or metal oxides.

require expensive instrumentation.
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Recent studies utilize square wave voltammetry
for DA detection at carbon-based electrodes
including glassy carbon disk modified with reduced
graphene oxide for human serum samples [18],
nitrogen-doped graphene modified glassy carbon
electrode (GCE) [19] or carbon-fiber microelectrodes
suitable for in-vivo analysis [20]. Carbon-based
electrodes modified with cobalt phthalocyanine
complexes have been widely used for the detection
of catecholamines but weakly adsorbed complexes
suffer from the low conductivity [21]. Carbonaceous
nanomaterials, particularly graphenes are often
employed as conducting supports on the electrode
surfaces for achieving a selective and sensitive DA
determination [22, 23].

Metal oxides, on the other hand, are becoming
more popular due to their unique electrochemical
properties, stability, low-cost.
However, some metal oxides may fail to show the
desired catalytic activity and this limitation can be

chemical and

eliminated by decorating the transition metal oxide
film with noble metallic nanoparticles. This hyper d-
hypo d element combination provides a synergistic
effect and enhances the catalytic activity [24].

Among the transition metals, cobalt and its oxide
species along with their nanomaterials have drawn a
great deal of attention due to their outstanding
electronic, optical, magnetic, and catalytic properties
[25].

Various types of cobalt oxides with different
catalytic performances have been synthesized and
used for catalysis and analytical purposes [26].

Their performance is not only dependent on the
structure of the cobalt oxide but, also depends
on its fabrication process [27, 28]. Electrochemical
deposition is probably the best solution for
controlling the catalytic properties where the
potential is either cycled between two limits suitable
for the growth of the metal oxide film or applied in
the form of pulses between the limits for certain
duration times. The latter technique, also known as
the pulsed deposition, results in a more ordered film
structure with better catalytic activity in both
directions [29].

Here we report a simple, cheap, and green
methodology for the synthesis of Au nanoparticles
decorated cobalt oxide film for dopamine detection
in trace levels. The surface morphology of the
electrode was characterized by using Field-Effect
Scanning Electron Microscopy (FESEM) and then,
the analytical performance of the electrode was
investigated. The method was applied to the
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determination of dopamine at nanomolar levels in
artificial cerebrospinal fluid.

2. Materials and method

2.1. Reagents and apparatus

Analytical grade reagents and ultrapure water
obtained from Milli Pore (with 18.2 MQ resistivity)
were used throughout the study. Cobalt (II) chloride
hexahydrate, potassium gold (III) chloride,
dopamine hydrochloride, ascorbic acid, uric acid,
sodium chloride, potassium ferricyanide, potassium
ferrocyanide, = sodium  hydrogen  carbonate,
potassium chloride, sodium dihydrogen phosphate,
magnesium chloride, glucose, calcium chloride,
acetic acid, chloroacetic acid, hydrochloric acid,
phosphoric acid, boric acid, and sodium hydroxide
were purchased from Sigma Aldrich from Germany.
Britton Robinson (BR) buffer consisted of 0.08 M
acetic, phosphoric, and boric acid each, the final pH
was adjusted with 3 M NaOH solution. Chloroacetic
acid-acetate buffer solution (CAA-Ac) was prepared
from 0.1 M CAA and 0.1 M acetic acid and pH was
adjusted to pH 4.0 with 3.0 M NaOH.

Artificial cerebrospinal fluid was prepared by
mixing 119 mM NaC(Cl, 26.2 mM NaHCOs, 2.5 mM
KCl, 1 mM NaH:POq, 1.3 mM MgClz, 10 mM glucose
and 2.5 mM CaCl: dissolved in ultrapure water and
stored at 4°C. This solution was stable for 3-4 weeks.

Electrochemical measurements were performed
by using Autolab PGSTAT101 (Metrohm,
Netherland) voltammetric analyzer with a three-
electrode system consisting of Ag/AgCl (sat. KCl) as
the reference electrode, Pt wire as the counter
electrode and GCE (BASi, 3 mm diameter and a
surface area of 0.07 cm?) as the working electrode.
The inspection of the modified surfaces was made
by using an FEI Quanta 450 FESEM that was used
for SEM analysis.

2.2. Electrode modification procedure

Prior to each experiment, the GCE was polished
with 0.3-micron alumina slurry and treated with
water and ethanol mixture in an ultrasonic bath.
After rinsing with ultrapure water, the electrode was
dipped into a 0.05 M Co(I) solution in pH 4.0
CAA/Acetate buffer. The GCE surfaces have been
modified with metal oxide film by cycling the
potential in the range of 0.5 - -1.2 V for 5 times at a
scan rate of 75 mV s-1. Then, the obtained electrode
(CoOx/GCE) was immersed into a 1x104 M Au(Il)
solution prepared in 0.1 M HClI solution and further
deposition was achieved by cycling the potential
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between 0.0 and 1.2 V at a rate of 75 mV s for 15
times. The electrode obtained by this means was
denoted as Au/CoOx/GCE.

2.3. Electrochemical measurements

The electrochemical behavior of dopamine (DA) was
tested by using voltammetric techniques in the
potential range of 0 to 1.0 V at different scan rates.
Linear Sweep Voltammetry (LSV), Differential Pulse
Voltammetry (DPV), Square Wave Voltammetry
(SWV) techniques were utilized for this purpose.
Instrumental parameters of SWV were as follows;
frequency (f) 25 Hz, pulse amplitude (AE) 20 mV,
and staircase step (AEs) 5 mV and the potential
between 0.00 and 1.00 V. Efficient Surface Area
(ESA) calculation was made from the cyclic
voltammetric measurements carried out in 2.5x10°
M Ks[Fe(CN)s] and Ks[Fe(CN)s] solution containing
0.1 M KCL

3. Results and discussion

3.1. Characterization

The inspection of the surface morphology of the
modified electrode was made by the FESEM
measurements along with the Energy Dispersive
Spectroscopy (EDAX) spectra. A smooth surface of
the bare GCE was clearly seen in Fig. 1A. After the
modification with CoOx on GCE, irregular spherical
deposits were observed in the range of 70-100 nm
and the chemical composition of the deposit was
proven with the EDAX results (Fig. 1B). Fig. 1C
depicted the closer image of Au/CoOx/GCE and the
Au nanoparticles were about 70 nm-sized and
homogenously distributed onto the CoOx/GCE
surface.

-
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0 1710
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Figure 1. SEM images of A) Bare GCE, B) CoOx /GCE, C)
Au/CoOx/GCE electrode and EDAX result of Au/CoOx/GCE
electrode.
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The electrochemical characterization of the
modified surfaces was accomplished by recording
the cyclic voltammograms. A linear correlation was
observed between anodic peak current observed for
2.5 mM KsFe(CN)s and KisFe(CN)s solution and the
square root of the scan rate, indicating the diffusion-
controlled electrode process (Supplementary Figure
1). The electroactive surface area (ESA) is calculated
by applying the data obtained above to the Randles-

Sevcik equation (Eq. 1).

I, = (269 x 105)n3/2ADV/2C " p1/2 @

Here; Ip is the anodic peak current of
ferrocyanide, n is the numbers of the electron
reaction (n=1), A is the
electroactive surface area (cm?), D is the diffusion
coefficient (6.7x10¢ c¢cm? s! at 25°C), C* is the
concentration of KsFe(CN)s (2.5 mM) and v is scan
rate of potential scan (V s?) [30]. The ESA of GCE,
CoOx/GCE, and Au/CoOx/GCE were calculated as

0.05, 0.08, 0.13 cm?, respectively.

processed in redox

3.2. Electrochemical behavior of DA

After the characterization of the Au/CoOx/GCE
electrode, well-known voltammetric techniques
have been applied for revealing the electrochemical
behavior of DA. CV, LSV, DPV, and SWV
measurements recorded in 6.52x10¢ M DA in pH
2.00 BR buffer and on the basis of the current signal,
the SWV has resulted in the most sensitive results
(Data shown). Therefore, further
experiments were performed with the SWV
technique while the CV was utilized for the
optimization studies.

The comparison of step-by-step modified
electrodes is given in Fig. 2. DA has displayed an
oxidation peak at 0.57 V with a peak current of 7.0
HA on the bare GCE surface. After the modification
with CoOx (CoOx/GCE), DA peak was shifted to
0.51 V and the peak current has arisen to 10.3 pA.
Further decoration with AuNP (Au/CoOx/GCE) has
led to a 30 mV potential shift to the negative
direction while the peak current has increased to
21.0 pA. Gold nanoparticles decorated bare GCE
(Au/GCE) were also prepared for comparison, and
this electrode has exhibited an oxidation peak at 0.53
V with a peak current of 13.0 pA. The enhancement

not have

in the peak current can be attributed to the
synergistic effect between CoOx and AuNP due to
the hyper d-hypo d attraction.
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3.3. Electrochemical characterization of DA and
optimization studies

The effects of the experimental parameters on the
DA signal were investigated by using 6.52x10¢ M
DA. The initial parameter was chosen the pH of the
electrochemical cell and this parameter was studied
in the pH range of 2.0 - 11.0 by using BR buffer.

30

a) GCE d

—— b) CoOX/GCE
20 4 ¢) Au/GCE
—— d) Au/Co0,/GCE

1/ pA

-20 T T T T T T

0,0 0,2 0,4 06 0,8 1,0
E/IV

Figure 2 The comparative CV voltammograms of step-by-step
modified electrodes for 6.52x10¢ M DA in pH 2.0 BR buffer.

The results were given in Fig. 3. The anodic peak
current of DA was increased by increasing pH up to
6.0, after this pH the anodic peak current was
diminished. The optimum pH was designated as 6.0
and used for further studies. On the other hand, the
oxidation peak potential (Eox) has shifted to a
negative direction with increasing medium pH,
meaning the hydronium ion has participated in the
electrochemical process.

a) pH 2,00
b) pH 5,00
c) pH 6,00

60 -

—— d) pH 7,00
—— e) pH 8,00
—— ) pH 9,00
—— g) pH 11,00

40 -

Ty

-20 4

0,0 02 04 0,6 0.8 1,0
E/V

Figure 3. Effect of measurement medium pH on 6.52x106 M DA
signal.

The relation between pH and Eox was found
linear with an equation of Ep = -0.063 pH + 0.6548 in
the range of 2 to 8. The slope of the pH curve is close
to the identical value of 0.059 V, indicating the equal
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number of protons and electron transferred in the
electrochemical process [31]. Further electrochemical
information for the DA oxidation mechanism was
obtained by changing the CV scan rate in the range
of 5 to 1000 mV s?. The relationship between
oxidation peak current (Ipa) of 6.52x10¢ M mol L
DA and the square root of the scan rate (v2) was
found linear with an equation of Ip== 3.657 (SR)'2 -
8.07 and correlation coefficient of (R?) 0.9901. These
results were indicating that mass transportation was
controlled by diffusion.

The thickness of the deposits grown on the
electrode is related to the cell
concentration of precursor ions, deposition cycle
numbers, Accordingly, Co(II)
concentration was varied between 0.005 - 0.5 M and
005 M was found as an optimal value
(Supplementary Figure 2). Another parameter is the
deposition scan rate applied during the CoOx
deposition. The scan rate was changed between 5 to
100 mV st and 75 mV s was given the best result
(Supplementary Figure 3). Finally, the repetitive
cycle number is another important parameter to film
growth, and therefore the thickness can be
controlled by changing this parameter. Repetitive
cycle number was started from 2 and increased up
to 40 cycles and the voltammograms have revealed
that the oxidation peak current of DA has given a
maximum at 5 cycles, after this value the oxidation
peak current has reached a plateau (Supplementary
Figure 4). Therefore, consecutive five cycles were
used for further studies. Similar parameters were
investigated for Au nanoparticle deposition and
overall results were summarized in Table 1.

generally

and scan rate.

Table 1. Optimal condition for CV deposition of CoOx and Au.

Parameter Range Optimum value
Co (II) 0.005 - 0.5 0.05
Cell Cone. M) pucle - 0.0001
CoOx 5-100 75
-1
Scan rate (mV s?) AuNP 5-100 75
CoO 2-40 5
Cycle number oVx
AuNP 2-20 15

3.4. Analytical characteristics of the method

After the characterization of the modified surface
characteristics and electrochemical process of DA,
the analytical performance of the developed surfaces
was tested. Au/CoOx/GCE electrode was exhibited
linear response in the concentration range of 6.0x108
to 7.15x10¢ M DA. The SWV voltammograms and
the calibration curve were given Fig. 4 and the linear
equation was calculated as Ip = 526258 Cpa + 0.303
with a correlation coefficient (R?) of 0.9983.
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Signal to noise (5/N) was set to three for the limit
of detection (LOD) and five for the limit of
quantification (LOQ) were
calculated as 20 and 60 nM, respectively. The
repeatability (interday, N=5) and reproducibility
(intraday, N=5) were determined as relative
standard deviation (RSD) and figured out as 13.2
and 16.1% for 6.5x107M, respectively.

and these values

3.0

2.5 1

2.0

1.5 1

I/ pA

1.0 4

0.5 1

0.0 T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

E IV vs. Ag/AgCl(sat. KCI)

T

0 2 a 6

DA conc. (uM)
Figure 4. SWV voltammograms of 6.0x10% to 7.15x106 M
dopamine and the calibration curve.

The accuracy of the calibration curve was tested
by analyzing quality control samples with a
concentration of 6.5x107 M and the recovery of the
sample was found as 107.3% for this concentration.
The possible interference of 1.0 mM of NaCl,
NaHCOs, KCI, NaH:POs, MgClz, glucose, CaCly,
50.0x10-¢ M ascorbic acid, and uric acid was tested.
No interference was observed for the 6.5x107 M DA
signal. The stability of the electrode was tested by
analyzing 6.5x107 M DA, and the electrode
developed was shown 98% of its initial activity after
50 measurements. The method developed was
applied to DA analysis in ACSF by the standard
addition method. A satisfactory recovery value
(105.8+6.5%) was obtained for 6.5x107 M DA in
ACSF.
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The developed sensor performance was
compared with the literature studies in Table 2.
According to the literature survey, the sensor
developed is a good candidate for the trace analysis
of DA. The analytical characteristics of the
developed sensor were found comparable with the
literature in terms of detection limit and linear
range.

Table 2. Comparison of AuNPs/CoOx/GCE analytical
performance with previous reported electrochemical methods.
Electrode Technique Linear Range  LOD Ref.
(uM) (uM)
BCNTs/GCE DPV 0.02 - 75.00 0.001 [32]
Gr/AuNPs/GCE/ DPV 5.0 - 1000 1.860 [33]
AuNPs/Ch/GCE/ DPV 0.2-80 0.120 [34]
Gr/Pt/GCE Amperometry 0.03-8.13 0.030 [35]
RGO-Pd/GCE LSV 1-150 0.230 [36]
Methylene blue/
MWCNT/GCE DPASV 0.4-10 0.200 [37]
AuNPs/CoOx/GCE ~ SWV 006-715 0020 LS
study
(BCNTs: Boron-doped carbon nanotubes, AuNPs: Gold

nanoparticles, Gr: Graphene, Ch: Choline, CoOx: Cobalt oxide,
MWCNT: multi-walled carbon nanotube, Pt: Platinum, RGO:
reduced graphene oxide, Pd: Palladium, DPV: Differential pulse
voltammetry, LSV: Linear scan voltammetry, DPASV: Differential
pulse anodic stripping voltammetry, SWV: Square wave
voltammetry)

4. Conclusion

The present study reported, metal/metal oxide
modified electrode for sensitive DA analysis.
Au/CoOx/GCE/ electrode was prepared via CV
technique and characterized by various methods.
Au/CoOx/GCE electrode exhibited a catalytic signal
towards DA  oxidation. Three-fold current
enhancement was obtained while the peak potential
shifted 100 mV negative to the negative direction.
The synergetic effect between CoOx and AuNP is
responsible for the current enhancement due to the
hyper-hypo d  attraction. =~ The  analytical
characteristics were found comparable with the
literature values.
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Abstract

Recently, Amberlyst A21 has attracted much attention because of its highly selective feature as well as its specific chemical and physical
structure. In the present work, Amberlyst A21 polystyrene resin was used as a new sorbent for Reactive Orange 16 dye. The experimental
conditions i.e. such solution pH, initial Reactive Orange 16 concentration, contact time, and Amberlyst A21 dosage were optimized using
by batch adsorption technique. The morphology of surface and functional groups of Amberlyst A21 was investigated by using Scanning
Electron Microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FT-IR). The adsorption isotherm data indicate that the
Langmuir isotherm model is the best fit model. The calculated maximum Reactive Orange 16 adsorption capacity of Amberlyst A21 was
175.13 mg g. The pseudo-first and second-order kinetic models are used to clarify the mechanism of adsorptive removal by Amberlyst
A21 in optimal experimental conditions were discussed. The reactive Orange 16 adsorption kinetics and equilibrium data were
successfully defined by pseudo-first-order and Langmuir models, respectively. This manuscript currently shows an uncomplicated way
of wastewater treatment and a new adsorbent for dye removal which might develop an environmental process based on the use of
Amberlyst A21 resin.

Keywords: Adsorbent, isotherms, kinetics, Reactive Orange 16, resin

1. Introduction

Due to the growth of industrialization, a large
number of wastewaters containing dyes that are used
in various industrial areas is discharged into the
environment. The organic pollutants such as
dyes, which have led to various serious health
and environmental problems, are difficult
to be treated owing to they are easily
outspreading through air or water into the ground,
long-time degradation, and high treatment cost [1,2].
So that various chemical, physical and biological
methods, including ozonation [3], advanced
oxidation [4], adsorption [5,6], membrane filtration
[7], flocculation/coagulation [8], biosorption [9], ion-
exchange [10], and photocatalytic degradation [11]
are often used to treat of wastewater including dyes
and other contaminants. Among these methods,
adsorption was so attractive because of convenience
and low-cost in application [12]. Nowadays, the
adsorption technique is most commonly applied for
wastewater purification due to its yield in the

removal of various pollutants too stable for biological
methods [13].

Azo dyes, which are characterized by the presence of
-N=N- chromophore groups in the complex chemical
structure, are widely available textile, plastic,
cosmetic, paper, leather, and food industry [14].
Reactive Orange 16 (Fig.1l), a synthetic azo
compound, is mostly used in various industrial areas.
The discharge of wastewater containing Reactive
Orange 16 causes serious biotic risk in the
environmental media [15].
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Figure 1. Chemical structure of Reactive Orange 16.

In this paper, Amberlyst A21 resin was selected as
the sorbent due to its highly selective properties as
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well as its specific chemical and physical structure so;
removal of some pollutants as palladium (II) [17],
acetic acid [18,19], butyric and oxalic acids [19] sulfate
[16], chromium (VI) [20] have been investigated by
using Amberlyst A21.

The present manuscript aims to explore the
adsorption efficiency of Amberlyst A21 polystyrene
resin for the removal of Reactive Orange 16 dye from
wastewaters. FT-IR and SEM techniques are used to
characterize the structure of Amberlyst A21 resin.
The optimal adsorption conditions were defined by
the experiments of pH, adsorption time, amount of
Amberlyst A21, and initial Reactive Orange 16
concentrations. Langmuir, Freundlich, and Temkin
isotherm were utilized to comply with equilibrium
adsorption data and evaluate the adsorption
behaviour of Reactive Orange 16. In addition, the
experimental data were tested with kinetic models to
determine the rate-controlling mechanism for the dye
adsorption process. In the literature, there are very
few studies about the removal of dyes with
Amberlyst A21. The recommended removal process
for Reactive Orange 16 has superiorities such as a
simple way of operation and high efficiency to
remove the dye in a short time.

2. Experimental

2.1. Materials

Amberlyst A21 and Reactive Orange 16 dye used for
this study were provided from Sigma-Aldrich.
Hydrogen chloride (HCl), sodium hydroxide
(NaOH), and other chemicals used were of analytical
grade from Merck and were used without further
purification. All solutions were prepared with
deionized water.

2.2. Morphological analysis of adsorbent

Fourier transform infrared spectroscopy (FT-IR) and
scanning electron microscopy (SEM) were used to
characterize Amberlyst A21. The FT-IR spectroscopy
analyses were recorded on Perkin Elmer, Spectrum
100 Model over the range of 400-4000 cm-! with ATR
technique in the range resolution of 4 cm!. Scanning
electron microscopy (Zeiss Supra 40 V device) was
used to observe the internal
morphologies of Amberlyst A21.

and surface

2.3.Batch adsorption characteristics of Reactive
Orange 16

In adsorption studies, all Reactive Orange 16
solutions were prepared by diluting the stock dye
solution (1000 mg L-1) with the appropriate volume of
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deionized water. The pH value of aqueous solutions
was set with HCI (0.1 M) or NaOH (0.1 M). All
adsorption experiments were carried out in 100 mL
Erlenmeyer flask with constant agitation at 100 rpm
and room temperature (25 °C) for batch experiments.
The effects of solution pH (2.0-10.0), Amberlyst A21
dose (0.25-2.00 g L), contact times (5-200 minutes),
and initial Reactive Orange 16 concentrations (50-300
mg L) were investigated for removal process of dye.

The concentration of the Reactive Orange 16 dye in
aqueous solutions was examined with a UV-Vis
spectrophotometer (T80 model-PG Instruments) by
measuring the molar absorbance at 494 nm [24]. The
equations (1) and (2) can be used to calculate the
adsorption capacity (qe, mg g') of adsorbent and
removal percentage (R %), respectively;

(CO - Ce) XV
m

de = €9

Removal (%) =

(C"C_—C’)xmo (2

0

where m and V are the weight of adsorbent in gram
and volume of dye solution in a liter, respectively.
Co (mg L) is the initial dye concentration and Ce (mg
L1) is the dye ion concentration in the adsorption
equilibrium state.

2.4, Isotherm and kinetics investigations

The adsorption isotherms and kinetic are crucial
investigations in the design of removal systems of
pollutants from wastewaters. For the adsorption
experiments, three isotherm models, which included
Freundlich, Langmuir, and Temkin models were
applied to fit the experimental adsorption data.
Kinetic models of pseudo-first and pseudo-second-
order model were investigated to understand the
adsorption behaviour of Reactive Orange 16 onto
Amberlyst A21 and to assess the rate of adsorption.

3. Results and discussions

3.1. Morphological analysis

To further analyze the functional groups of the
Amberlyst A21 surface, FT-IR spectra were utilized to
characterize and described in Fig. 2.

FT-IR spectra obtained from free Amberlyst A21
resin showed (Fig. 2a) specific peaks at 2935 cm™! and
2857 cm! correspond to C-H bonds stretching of
alkane. The peak at 1362 cm! present in the spectrum
(a) related to the C-N stretch in the amine group.
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There is also band corresponding to aromatic
stretching of C=C located at 1600-1400 cm. The
vibrations of =C-H bending are in the range of 1000-
675 cm™ [21]. In comparison to the spectra of
Amberlyst A21 before and after adsorption of
Reactive Orange 16, a significant shift in the spectral
peaks was observed in 3000-2850 and 1680-1600 cm™.
Also, as seen from Fig. 2, the band was shown at 1456
cm ! before adsorption but after adsorption, this band
was shifted to 1493 cm!. These shifts were occurred
owing to the binding of Reactive Orange 16 ions with
functional groups of Amberlyst A21. Thus, the
changing of wavenumber of peaks confirms the
adsorption of Reactive Orange 16 on the surface of
Amberlyst A21.

Turk J Anal Chem, 2(1), 2020, 22-28

16 sorption by Amberlyst A21, various pH values
from 2.0 to 10.0 were tested. As shown in Fig. 4, when
the pH value was 2.0, the maximum removal
efficiency (90.58%) was achieved. And with the rice
of pH value, the removal percent of Reactive Orange
16 decreases gradually to pH 8.0. This behavior can
be explained by the electrostatic interactions between
anionic Reactive Orange 16 dye and positively
charged Amberlyst A21 surface [R-NHs(Amberlyst) +
H20 < RNH4" (Amberlyst) + OH-(aqueous)] [16]. As
solution pH increased from 2.0 to 4.0, the removal
efficiency significantly reduced from 90.58% to
65.22%.
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Figure 2. FT-IR spectra of (a) naked Amberlyst A21 and (b) Reactive Orange 16-Amberlyst A21.

Figure 3. SEM images of (a) Reactive Orange 16 unloaded Amberlyst

Fig. 3 shows SEM images of Amberlyst A21 resin
before (A) and after adsorption (B), indicating that
the surface of Amberlyst A21 had a large surface area
and rough porous structure.

3.2. Effect of solution pH and contact time

The solution pH plays an important role on the
removal of dyes during the adsorption process
because pH affects ionic forms of Reactive Orange 16
molecule and Amberlyst A21 surface charge. To
reveal the optimum pH value for the Reactive Orange

A21 and (b) Reactive Orange 16 loaded Amberlyst A21 resin.

The decrease in the adsorption of Reactive Orange 16
at pH greater than 2.0 can be related to the decrease
of the positively charged sites of the Amberlyst A21
surface at a basic medium. Moreover, at higher pH
values, the lower dye adsorption onto Amberlyst A21
can be linked to the large number of hydroxyl ions
present, which compete with the negative dye groups
for the adsorption binding sites of the resin. Further
solution pH increased (4.0-10.0) removal percent of
Reactive Orange 16 did not change remarkably. It is
seen that this experimental result is consistent with
the literature [16].
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Figure 4. Effect of solution pH on the removal efficiency of
Reactive Orange 16 using by Amberlyst A21 (Co=100 mg L7,
adsorbent dosage=1.0 g L1).

An important experimental factor that vigorously
affects the adsorption of contaminants is the contact
time. The effects of contact time on the removal of
Reactive Orange 16 using by Amberlyst A21 was
investigated in the range of 5-200 minutes at 100 mg
L1 injtial Reactive Orange 16 solution at pH 2.0. The
increasing dye removal percent with increasing
contact time. After 180 minutes, curve of adsorption
percentage tended to flat and no obvious change on
the adsorption percentage of Reactive Orange 16 was
observed. Therefore, the optimal contact time for
Reactive Orange 16 adsorption on Amberlyst A21
was determined as 180 minutes for further removal
studies.

3.3. Effect of Amberlyst A21 dose
The
experimental condition for removing dyes from
wastewaters and it determines the uptake capacity of
adsorbents. The removal of Reactive Orange 16 was
studied by varying the Amberlyst A21 dose from
0.25 to 2.00 g L1 at other optimum experimental
conditions. Adsorbent dosage increased from 0.75 to
2.00 g L; the percent removal of 100 mg L
Reactive Orange 16 increased from 73.42 to 100.00 for
Amberlyst A21. This can be attributed to the
increased surface area of adsorbent and availability
of more binding sites as the adsorbent dosage
increases [22]. In this study, the Amberlyst A21 dose
was selected as 1.0 g L with the percent removal of
90.58%.

adsorbent dose is another important

3.4. Effect of the initial Reactive Orange 16
concentration

The effect of the initial Reactive Orange 16
concentration on the removal performance of
Amberlyst A21 was studied in the concentration
range from 50 to 300 mg L using by 1.00 g L
Amberlyst A21 dosage at 25 °C. The percent
adsorption decreased with an increase in initial
Reactive Orange 16 concentration. With the increase
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of the initial concentration of Reactive Orange 16
from 50 to 300 mg L, the adsorption capacity of
Amberlyst A21 was greatly increased from 46.46 to
161.44 mg g'. However, when the concentration of
dye increases further, the growth rate of adsorption
decreases.

3.5. Adsorption isotherm study

The adsorbate-adsorbent interactions can be easily
estimated by plotting the adsorption data into
equilibrium isotherm models and the isotherm
models help in understanding the designing of
adsorption systems [23]. In the present work, three
isotherm models, Langmuir, Freundlich, and Temkin
were used to define the most appropriate isotherm
model for the adsorption of Reactive Orange 16 onto
Amberlyst A21. The Langmuir isotherm model is one
of the most frequently used models in adsorption to
describe the adsorption of adsorbate onto solid
adsorbent surface. This isotherm model assumes that
the adsorption takes place on an even monolayer
surface with no layer interaction [24,25]. Also, the
maximum adsorption capacity (qm) of adsorbents
can be studied by the Langmuir adsorption
isotherms. The Langmuir isotherm equation can be
given as follows [26]:

C. C. N 1 3
qe dm quL

Freundlich isotherm supposes that adsorption
occurs on heterogeneous surfaces and according to
this model different sites having different adsorption
energies are involved during the adsorption process
[27,28]. The equation of the Freundlich isotherm
model is given as follows;

1
logq, = logKr + ZlogCe €,

The Temkin isotherm model assumes that the heat
of the adsorption of all molecules in the layer
decreases linearly with the surface of adsorbent
coverage due to adsorbate-adsorbent interactions
[29]. The Temkin isotherm model is given by the
following equation;

qge = AlnK; + A InC, 5)

In these equations; gm is the maximum adsorption
capacity (mg g"), A is the constant related to the heat
of adsorption, Kr is the Temkin isotherm equilibrium
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binding constant, K. is the Langmuir constant
(L mg1), Kris the Freundlich constant and n is a
parameter related to adsorbate-adsorbent affinity.

Equilibrium isotherm of Reactive Orange 16 on
Amberlyst A21 was obtained at pH 2.0 and 25 °C. The
Langmuir, Freundlich, and Temkin adsorption
parameters calculated for Reactive Orange 16 are
presented in Table 1 and Fig. 5.

The coefficient value (R?) for the Langmuir
isotherm model was over 0.990, as shown in Table 1,
higher than that for Freundlich and Temkin isotherm
model, suggesting the adsorption isotherm of
Reactive Orange 16 onto Amberlyst A21 fits the
Langmuir isotherm model.

1

09 | ¥=000571x + 006269 (@)
R = 0.90845

0.8 A
0.7 A
0.6
205 1
=~
0.4
03
0.2
0.1 -

0 T T T T T T T ]
0 20 40 &0 20 100 120 140 160

Ce

R? = 0.98766

y=13281761x + 6.583833
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The value of Rt is one of the most important
parameters of the Langmuir isotherm and is called a
separation factor. This
parameter of Reactive Orange 16 was obtained

dimensionless constant

according to the Equation (6);

1
R, = —/——+ (6)
L
1+ K, Cy
53
] .
43
4 y=033288x + 335207
& * R* = 0.96236
=35
3 4
23
2 .
0.5 15 25 35 45 55

InCe

Y (©

3 4 5 6
InCe

Figure 5. Isotherm models of (a) Langmuir, (b) Freundlich, and (c) Temkin for the adsorption of Reactive Orange 16 on Amberlyst A21

According to this result, during the adsorption
process, the uptake of Reactive Orange 16 occurs on
a homogenous surface by monolayer adsorption
without any interaction between adsorbed dyes
molecules [22].

Table 1. Isotherm parameters of Langmuir, Freundlich and
Temkin models for Reactive Orange 16 adsorption on Amberlyst
A21.

: R’ qm K
Langmuir
0.9985 175.13 0.09
R2 1 K
Freundlich = 1n no R
0.9624 0.3326 3.01 34.92
. R? A Kr
Temkin
0.9877 32.82 1.22

The maximum adsorption capacity qm determined
from the Langmuir isotherm defines the total
capacity of the Amberlyst A21 for the Reactive
Orange 16 as 175.13 mg g.

where Co is the initial Reactive Orange 16
concentration and Kt is a Langmuir isotherm
constant. In this regard, the dimensionless constants
were calculated as 0.035-0.099 for dye, suggesting
that the adsorption process is favorable [5] and
Amberlyst A21 can be used for dye removal.

3.6. Adsorption kinetic study

Adsorption kinetic investigations are very important
with respect to defining the adsorption rate, which is
one of the parameters used to determine adsorbent
performance and to verify the adsorption mechanism
considering a rate-limiting step.

The kinetics of Reactive Orange 16 adsorption was
investigated by pseudo-first and second-order
kinetics model according to following equations,
respectively [30].
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k
log(qe — q) = —ﬁt +log q. )
t_ 1t .1, 8
q:  k.q%  q.

where qt (mg g') and qe (mg g') are adsorption
capacity at time (t) and equilibrium adsorption
capacity, respectively. ki (min™); the rate constant of
pseudo-first-order model was calculated from the
slope of the plots of log (qe-qr) versus t. k2 is the
pseudo-second-order rate constant in (g mg’ min)
and this constant is calculated from the intercept of
the plots of t qv! versus t.

2 y=-000750x +195183
15 1 Ri=097392
16 =
14 =

(a)

gl) 1

0+ T T T T T T T
0 20 40 40 50 100 120 140 160
t

Figure 6. Adsorption kinetic graphs of Reactive Orange 16 onto Amberlyst A21 (a) pseudo first order and (b) pseudo second order kinetic

model.

The fitted curves of the experimental adsorption
data of two kinetic models were given in Fig. 6, and
the calculated kinetic parameters were tabulated in
Table 2. Kinetic parameters of Reactive Orange 16 on
Amberlyst A21 were obtained at pH 2.0 and 25 °C.

Table 2. The adsorption kinetic constants of the Amberlyst A21 to
Reactive Orange 16.

. L. Pseudo second order
Pseudo first order kinetic model

§ kinetic model

b k2

> x| ca k €cal

T o (,Ze 1-1) (mixlrl) " 4, (emg? R
_E (mg g")(mg g (mg g) dak)

< 8650 89.50 1.73x102 0.9739 119.76 1.21x10+ 0.9890

The value of correlation coefficient, R2, for the
pseudo-first-order kinetic model is relatively high
and the theoretical adsorption capacity calculated
(geca) by the kinetic equation (89.50 mg g7) is also
very close to the determined value (86.50) by
adsorption experiment (qeexp) for 100 mg L Reactive
Orange 16. The results indicate that the pseudo-first-
order model is more suitable for Amberlyst A21 resin
to adsorption of Reactive Orange 16 dye from
aqueous solutions because of consistency between
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the obtained and theoretical qe values and higher
correlation coefficients.

4. Conclusion

The adsorption properties of Amberlyst A21 resin
was studied by removal of Reactive Orange 16 azo
dye from aqueous solutions, and the solution pH
dependence of adsorption was also investigated in
this manuscript.

The experimental results indicated the optimal pH
for maximum adsorption was 2.0 at 25 "C. Under
optimal adsorption conditions pH 2.0, adsorbent
dosage 1.0 g L and 180 minutes contact time the
maximum adsorption capacity was determined as

175.13 mg g
25 4
¥ =000835x +0.57340
R? = 0.98903
2
(b)
15 *
g
1+
05
0 T T T 1
0 50 100 150 200

The adsorption isotherm studies showed that the
adsorption of Reactive Orange 16 corresponded well
with the Langmuir isotherm model. Also, the Rt
values represented that adsorption of dye onto
Amberlyst A21 was favorable. The investigation of
adsorption kinetic data indicated that the proposed
adsorption process could be described as a pseudo-
first-order kinetic model with ki and qe of
1.73x102 min! and 89.50 mg g, respectively. Also,
the results of this study show a simple way of
wastewater treatment and a new adsorbent for dye
removal which might develop an environmental
process based on the use of Amberlyst A21 resin.
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Abstract

In the present study, new Schiff base compound (Z)-4-((quinolin-2-ylmethyleneamino)methyl)phenol (3) and phthalonitrile derivative
(Z)-4-(4-((quinolin-2-ylmethyleneamino)methyl)phenoxy)phthalonitrile (4) were synthesized in the first step. Then, zinc (II) (Pc-5), cobalt
(IT) (Pc-6) and copper (II) (Pc-7) phthalocyanines containing Schiff base group including quinoline on peripheral positions were
synthesized. All new compounds were characterized by general spectroscopic techniques. Aggregation properties of the obtained
metallophthalocyanines were researched in polar and apolar solvents.

Keywords: Aggregation, metallophthalocyanine, phthalocyanine, Schiff base, quinoline

1. Introduction

Phthalocyanine complexes (Pcs) exhibit amazing
physical and chemical properties. Phthalocyanines
(Pcs) are versatile and stable aromatic macrocycles,
they can also add a large number of metallic and non-
metallic ions to the ring core. Due to the electronic
and optical properties of Pcs, they have a great
number of application areas. The most important
disadvantage of unsubstituted Pcs is their poor
solubility in prevalent polar and apolar solvents.
Therefore, the solubility properties of Pcs are
important for their usability in many applications.
The solubility properties of phthalocyanines can be
increased by adding long-chain alkyl, alkoxy,
alkylthio, and bulky groups at the peripheral
positions [1-5].

Aggregation is an important event for
phthalocyanine complexes. Two types of aggregation
are observed in the substituted phthalocyanines.
These are called H-aggregation (face-to-face) and J-
aggregation (side-to-side) [1,2]. In general, while
phthalocyanine aggregation ensues a decrease in
intensity of the Q band corresponding to the

monomeric species, a new, broader, and blue-shifted
band with increasing intensity is seen. The H-
aggregation corresponding to blue-shifted is seen as
a lower wavelength shift in Pcs. On the contrary, the
J-aggregation red-shifted is
observed as a higher wavelength shift and is rarely
seen in phthalocyanines [6-10].

Alkaloids nitrogen atoms are
compounds that exhibit natural biological activity
[11,12]. The quinolines are an important hetero-ring
alkaloid obtained from coal tar and Cinchona (Quina)
tree. Due to quinoline rings in its structures, these

corresponding  to

containing

compounds show wide biological activity such as
anti-malaria, anti-bacterial, anti-fungal, antitumor,
anti-asthma, anti-inflammatory, and HIV replication
inhibitor [13-22]. Many quinolines are ligands used in
coordination chemistry as a N or O atom donor for
chelating with metals [23-26].

Schiff base compounds formed with azo and
azomethine groups are called azo-containing Schiff
bases. These compounds are usually synthesized by
condensation of an azo aldehyde with primary amine
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[27]. Schiff bases play an important role in the
development of organic synthesis and coordination
chemistry. Their complexes in the literature are
generally formed by transition metals [28].

As seen in the literature, there are few studies on
the effect of aggregation properties of
phthalocyanines containing quinoline. In our
previous studies, we synthesized phthalocyanine
compounds peripheral tetra substituted containing a
quinoline group [29-31]. We wondered how different
quinoline groups on the Schiff base impress
aggregation properties of  phthalocyanine
compounds. In this work, we have planned to
prepare phthalocyanine
substituted  (Z)-4-((quinolin-2-ylmethyleneamino)-
methyl)phenol as on peripheral
positions and investigated their aggregation
properties. We used 2-quinolinecarboxaldehyde (1)

compounds containing

substituents

and 4-hydroxybenzylamine (2) compounds during
the synthesis of the Schiff base compound because the
long-chain and bulky groups increase the solubility
of phthalocyanine compounds. The solubility of
phthalocyanines is important for their applications.

In the ©present study, the synthesis,
characterization, spectroscopic and aggregation
properties of zinc (II) (Pc-5), cobalt (II) (Pc-6) and
copper (II) (Pc-7) phthalocyanines bearing four (Z)-4-
((quinolin-2-ylmethyleneamino)methyl)phenol
groups at the peripheral positions are investigated
(Scheme 1). These
exhibited good solubility in many organic solvents
such as diethyl ether, DCM, ethyl acetate, THF,
chloroform, DMF, and DMSO. As a result, the
influence on aggregation properties of diverse central
metal ions (zinc (II), cobalt (II), and copper (1)) in new

phthalocyanine complexes

phthalocyanine complexes was researched in many
organic solvents.

2. Experimental

2.1. Synthesis

2.1.1. (Z)-4-((quinolin-2-ylmethyleneamino)methyl)
phenol (3)

1.00 g (6.36 mmol) of 2-quinolinecarboxaldehyde (1)
and 0.78 g (6.36 mmol) of 4-hydroxybenzylamine (2)
were mixed in the methanol in a round-bottomed
flask. Then, 15 drops of glacial acetic acid was added
to the reaction mixture. This mixture was stirred
under nitrogen atmosphere at reflux temperature for
48 h. At the end of this period, the reaction mixture
was cooled and removed under vacuum. The
resulting product
water:chloroform (20:20 v/v). The organic phase was

crude was extracted with
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dried with MgSQOs, filtered and evaporated. The
purification of the product was made by
column chromatography on silica gel with
chloroform: ethanol (50:1 v/v) solvent system. In
conclusion,  (Z)-4-((quinolin-2-ylmethyleneamino)-
methyl)phenol(the Schiff base derivative) (3) was
attained as orange solid product. Yield: 0.70 g (42%),
m.p: 91-94 °C. FT-IR (ATR), vme (cm1): 3059 (O-H),
3009 (Ar-H), 2921-2850 (Aliph. C-H), 1681, 1615, 1596,
1503, 1450, 1426, 1376, 1237, 1143, 1101, 938, 827,
752 H NMR (CDCls), (0:ppm): 8.22-8.18 (m, 4H, Ar-
H), 8.04 (m, 1H, Ar-H), 7.84-7.73 (m, 3H, Ar-H), 7.55
(s, 1H, CH=N),7.00 (s, 1H, OH), 6.78(d, 1H, Ar-H), 6.63
(d, 1H, Ar-H), 3.34 (s, 2H, -N-CH2) *C NMR (CDCls),
(0:ppm):155.77 (imine carbon), 153.81,152.88, 151.05,
150.21, 149.77, 147.77, 145.81, 136.41, 136.10, 129.70,
128.44, 121.79, 120.54, 115.33, 115.08, 58.48 (N-CH>)
MS (ES*) m/z: Calculated: 262.31; Found: 263.22
[M+H]*.

2.1.2. (Z)-4-(4-((quinolin-2-ylmethyleneamino)methyl)
phenoxy)phthalonitrile (4)

The Schiff base derivative (3) (0.70 g, 2.67 mmol) and
4-nitrophthalonitrile (0.46 g, 2.67 mmol) were
dissolved in dry DMF (15 mL) in a two-necked
round-bottomed flask. After stirring for 30 min at 50
°C, anhydrous potassium carbonate (1.11g, 8.01
mmol) was added in reaction ingredient with small
portions. The reaction mixture was monitored by
TLC and stirred at 55 °C for 112 h under N:
atmosphere. At the end of this period, this mixture
was poured into ice-water and stirred at room
temperature. The obtained crude product filtered and
washed with ethyl alcohol and hexane, then dried in
a vacuum desiccator. The purification of the product
was made by column chromatography on silica gel
with chloroform:ethanol (50:5 v/v) solvent system.
Consequently, the phthalonitrile derivative (4) was
obtained as straw yellow solid product. Yield: 0.64 g
(62%), m.p: 137-140 °C. FT-IR (ATR), vma (cm™): 3044
(Ar-H), 2919-2851 (Aliph. C-H), 2231 (C=N), 1675,
1617, 1592, 1562, 1484, 1423, 1377, 1278, 1248, 1208,
1167, 1088, 1015, 950, 830, 756. 'H NMR (CDCls),
(0:ppm): 8.30-8.27 (m, 1H, Ar-H), 8.18 (d, 1H, Ar-H),
8.08 (m, 1H, Ar-H), 8.00 (m, 2H, Ar-H), 7.91-7.86 (m,
2H, Ar-H), 7.59-7.46 (m, 2H, Ar-H and CH=N), 7.05
(m, 3H, Ar-H), 6.72 (d, 2H, Ar-H), 3.45 (s, 2H, N-CH>)
13C NMR (CDCls), (0:ppm): 161.71, 158.02, 152.10,
147.82, 140.41, 136.89, 136.07, 135.26, 134.96, 129.96,
129.56, 129.37, 129.18, 127.20, 126.96, 125.75, 123.83,
121.71, 120.29-120.21 (C=N), 117.50, 115.35, 114.96,
108.64, 58.49 (N-CH2) MS (ES*) m/z: Calculated:
388.42; Found: 388.08 [M]*.
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2.1.3. General synthesis of metallophthalocyanines (Pc 5-
7)

The phthalonitrile compound (4) (0.15 g, 0.386 mmol)
and anhydrous metal salts [Zn(OAc):2 (35 mg, 0.193
mmol) (for the complex Pc-5), CoClz (25 mg, 0.193
mmol) (for the complex Pc-6) and CuClI2 (26 mg,
0.193 mmol) (for the complex Pc-7)] were dissolved
in n-amyl alcohol (3 mL) and immediately after6
drops of DBU were added. The reaction mixtures
were heated and stirred at 140 °C in a standard
Schlenk tube under a nitrogen atmosphere for 20 h.
After cooling to room temperature, green reaction
mixtures were precipitated by adding ethanol. The
obtained green solid products were stirred in ethyl
the N2
temperature overnight. Then, this mixture was
filtered off, washed with ethanol and diethyl ether,
and then dried in a vacuum desiccator. Finally, all
metallophthalocyanine complexes (Pc 5-7) were

alcohol under atmosphere at reflux

obtained as green solids.

2.1.3.1. Zinc (1) Phthalocyanine (Pc-5)

Yield: 34 mg (22%), m.p.>300 °C. FT-IR (ATR), vmax
(cm): 3060 (Ar-H), 2922-2852 (Aliph. C-H), 1645,
1596, 1504, 1467, 1389, 1318, 1261, 1229, 1164, 1088,
982, 943, 834, 759. 'TH NMR (CDCls), (6:ppm): 7.19 (m,
44H, Ar-H), 3.41 (m, 8H, N-CH2)UV-vis (THF), Amax,
nm (loge): 677 (4.44), 611 (3.91), 351 (4.47). MALDI-
TOF-MS m/z: Calculated: 1619.08; Found: 1642.08
[M+Na]*.

2.1.3.2. Cobalt (II) Phthalocyanine (Pc-6)

Yield: 22 mg (14%), m.p.>300 °C. FT-IR (ATR), Usmax
(cm1): 3060 (Ar-H), 2919-2850 (Aliph. C-H), 1597,
1504, 1466, 1406, 1329, 1262, 1230, 1093, 1057, 1015,
956, 872, 828, 753, 662. UV-vis (THF), Amax, nm (loge):
665 (4.38), 606 (4.03), 339 (4.67). MALDI-TOF-MS m/z:
Calculated: 1612.63; Found: 1635.63 [M+Na]*.

2.1.3.3. Copper (1) Phthalocyanine (Pc-7)

Yield: 38 mg (24%), m.p.>300 °C. FT-IR (ATR), Umax
(cm1): 3059 (Ar-H), 2919-2850 (Aliph. C-H), 1646,
1596, 1504, 1464, 1376, 1318, 1266, 1232, 1156, 1091,
1052, 1016, 983, 950, 873, 827, 747 UV-vis (THF), Amax,
nm (loge):677 (4.66), 611 (4.15), 347 (4.66). MALDI-
TOF-MSm/z: Calculated: 1617.25; Found: 1640.25
[M+Na]".

3. Results and discussion

3.1. Synthesis and characterization
The synthesis scheme of all compounds was shown

in Scheme 1. The Schiff base derivative
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(2)-4-((quinolin-2-ylmethyleneamino)methyl)phenol
(3) and phthalonitrile derivative (Z)-4-(4-((quinolin-
2-ylmethyleneamino) methyl) phenoxy)
phthalonitrile (4) were synthesized in the first step.
Afterward zinc (II) (Pc-5), cobalt (II) (Pc-6), and
copper (II) (Pc-7) phthalocyanines containing Schiff
base were synthesized at peripheral positions. 2-
quinolinecarboxaldehyde (1) and 4-
hydroxybenzylamine (2) were treated with the glacial
acetic acid in the methanol led to (Z)-4-((quinolin-2-
ylmethyleneamino) methyl) phenol (3). The
phthalonitrile (4) was acquired by the aromatic
nucleophilic ~ substitution  reaction  of  4-
nitrophthalonitrile with (Z)-4-((quinolin-2-
ylmethyleneamino)methyl)phenol (3) using K2CO:s as
the base in dry DMF. This reaction was performed at
55 °C under N2 atmosphere for 112 h. Subsequently,
the metallophthalocyanines zinc (II) (Pc-5), cobalt (II)
(Pc-6) and copper (II) (Pc-7) phthalocyanines were
accomplished by the cyclotetramerization of
phthalonitrile in the presence of anhydrous metal
salts (Zn(OAc)z, CoClz and CuClz) in n-amyl alcohol
and in the presence of DBU for 20 h. The structures of
the new compounds were approved using UV-vis
(for the metallophthalocyanines), FT-IR (all new
compounds), 'H NMR (except (Pc-6) and (Pc-7)), *C
NMR and LC-MS/MS (for the compounds 3 and 4),
MALDI-TOF mass spectral data (for all the MPcs).
The obtained data are consistent with the expected
structures as indicated in Section 2.

Some opinions about the structures of the
products were obtained with the comparison of FT-
IR spectra. In the IR spectrum of Schiff base
derivative (3) stretching vibrations of OH group at
3059 cm appeared and this value, in the IR spectrum
of phthalonitrile derivative (4) disappeared. The
dinitrile derivative (4) exhibited the characteristic
C=N stretching vibrations at 2231 cm™. Other
characteristic vibration bands were observed at 3009
cm? (for the compound 3) and 3044 cm™ (for the
compound 4) for aromatic C-H stretching; between
2921-2850 cm™ (for the compound 3) and between
2919-2851 cm! (for the compound 4) for aliphatic C-H
stretching.

The 'H NMR spectra of Schiff base derivative (3)
and dicyano compound (4) were recorded in CDCls.
In the 'H NMR spectra of phthalonitrile (4), the signal
OH group belonging to Schiff base derivative (3)
disappeared as predicted after the conversion of this
compound. In the '"H NMR spectra of Schiff base
derivative (3) and dicyano compound (4), the
aromatic protons were observed among 8.20-6.59
ppm (for the compound 3) and 8.30-6.65 ppm (for the
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compound 4). The ¥C NMR spectra of the dinitrile  (3) and dicyano compound (4) were measured by the
compound demonstrated that the nitrile group of LC-MS/MS spectral data and molecular ion peaks
carbon atoms was observed between 120.29-120.21 were specified at m/z: 263.22 [M+H]*, 388.08 [M]*
ppm (for 4). The mass spectra of Schiff base derivative  respectively (Fig. 1).

X
m + /—< >—OH
=
N =0 H,N
2
1 i l
S
P /—< >—OH
N —N

CN
< X
N —N

4
iii
N
/4
NT A\

7 M = zn'l(Pc-5), Co''(Pc-6), Cu''(Pc-7)
Scheme 1. Synthesis of Schiff base compound (3), phthalonitrile derivative (4) and metallophthalocyanines (Pc-5, Pc-6 and Pc-7). Reagents

and conditions (i) Methanol, glacial acetic acid, reflux temperature, No; (ii) N2, K2COs, DMF, 55°C; (iii) N2, n-amyl alcohol, DBU, Zn(OAc).,
CoClzand CuCly, 140°C.
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Figure 1. Mass spectra of the compounds 3 and 4.

In the FT-IR spectra of metallophthalocyanines,
vibration bands were observed at 3060 cm-! (for the
complexes Pc-5 and Pc-6) and 3059 cm™ (for the
complex Pc-7) for aromatic C-H stretching; between
2922-2852 cm™ (for the complex Pc-5), 2919-2850 cm™!
(for the complexes Pc-6 and Pc-7) for aliphatic C-H
stretching. The '"H NMR spectra of the synthesized
phthalocyanine complex (Pc-5) was recorded in
CDCls and this MPc complex exhibited broad
chemical shift when compared with that of
corresponding Schiff base derivative (3) and dicyano
compound (4). In the '"H NMR spectra of MPc
complex (Pc-5), the aromatic protons were observed
at 7.19 ppm (for the complex Pc-5). In the mass
spectra of phthalocyanine complexes acquired by the
MALDI-TOF technique, the molecular ion peaks
were observed at m/z: 1642.08 [M+Na]* for Pc-5,
1635.63 [M+Na]* for Pc-6 and 1640.25 [M+Na]* for Pc-
7.

EpEm

MMM OED a0 & 40 EEoah AR

The UV-vis spectra of the synthesized all new
peripheral zinc (II) (Pc-5), cobalt (II) (Pc-6) and
copper (II) (Pc-7) phthalocyanines were registered in
THF at a concentration of 1.0 x 105 M. All of the
obtained phthalocyanine complexes (Pc-5, Pc-6, and
Pc-7) exhibited a spectrum similar to non-aggregated
Pcs. The UV-vis spectra of peripheral zinc (II) (Pc-5),
cobalt (II) (Pc-6) and copper (II) (Pc-7)
phthalocyanines exhibited sharp and intense
absorption band belonging the typical Q-bands at 677
nm (loge = 4.44) for Pc-5, 665 nm (loge = 4.38) for Pc-
6 and 677 nm (loge = 4.66) for Pc-7 with a lower
wavelength vibronic band at 611 nm (loge = 3.91) for
Pc-5, 606 nm (loge = 4.03) for Pc-6 and 611 nm (loge =
4.15) for Pc-7.The B-band absorptions for these
complexes were exhibited at 351 nm (loge = 4.47) for
Pc-5, 339 nm (loge = 4.67) for Pc-6 and 347 nm (loge =
4.66) for Pc-7.
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Figure 2. The ground state electronic absorption spectra of Pc-5, Pc-6, and Pc-7 in different solvents.
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Figure 3. The ground state electronic absorption spectra of Pc-5, Pc-6 and Pc-7 in THF at different concentrations (2.0x10-6 to 12x10-6 M).

3.2. Aggregation studies

Aggregation is a co-planar association of macrocyclic
rings and forms the assembly of monomers to dimers
and higher-order aggregates. When the molecules

aggregate, new bands come out in the absorption
spectra. The reason is the formation of aggregation
when the intermolecular attraction force between
phthalocyanine molecules is stronger than the Pc-
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solvent association [32,33]. Pcs have a high
aggregation affinity on account of the interactions
between their 18-7t electron systems, which decreases
their solubility property in many solvents and
seriously affect their areas of usage. The aggregation
behavior of MPcs depends on the nature of the
temperature, the concentration-nature of the solvent,
the substituents, and the complexed metal ion [34,
35].

In this paper, the aggregation behaviors of the
peripheral tetra substituted zinc (II) (Pc-5), cobalt (II)
(Pc-6) and copper (II) (Pc-7) phthalocyanines were
researched in various solvents such as DMF, DMSO,
THEF, diethyl ether, DCM,
chloroform to select an appropriate solvent for the
usage of their in many applications (Fig. 2). The
absorption intensities of Q bands showed significant
changes by these solvents. If we look at the
aggregation studies, the zinc (II) (Pc-5)
phthalocyanine did not exhibit any aggregation in all
studied solvents on account of sharp Q band
intensities. Also, the cobalt (II) (Pc-6) phthalocyanine
exhibited aggregation (H-aggregation) in DMSO and

ethyl acetate and

ethyl acetate, however, it did not demonstrate any
aggregation in the other studied solvents. In addition
to these, Q band of the copper (II) (Pc-7)
phthalocyanine considerably reduced in diethyl ether
and ethyl acetate and it exhibited aggregation (H-
aggregation) in these two solvents.

The aggregation behaviors of the
MPcs (Pc¢-5, Pc-6, and Pc-7) were examined at
different concentrations in THF (Fig. 3). When the
concentration increased, the absorption intensity of
the Q band also increased and a new band due to the
formation of aggregated species in THF was not
observed. Beer-Lambert law was applied for all
studied MPcs in the concentrations ranging from
2.0x106 to 12x10¢ M. The studied MPcs (Pc-5, Pc-6,
and Pc-7) did not exhibit any aggregation at these
concentration ranges in THF.

4. Conclusion

In conclusion, the present study has been explained

the synthesis, spectroscopic properties, and
investigation of the effect on aggregation
properties of various central metal ions in

synthesized MPcs. The Schiff base derivative
(Z)-4-((quinolin-2-ylmethyleneamino)methyl)phenol
(3), phthalonitrile derivative (Z)-4-(4-((quinolin-2-
ylmethyleneamino)methyl)phenoxy) phthalonitrile
(4) and peripheral tetra substituted zinc (II) (Pc-5),
cobalt (II) (Pc-6), and copper (II) (Pc-7)

Turk J Anal Chem, 2(1), 2020, 29-36

phthalocyanines were synthesized for the first time.
The all new compounds were identified by general
spectroscopic techniques. Because the aggregation
and solubility of phthalocyanines are important for
their applications, we used 4-hydroxybenzylamine
and 2-
quinolinecarboxaldehyde (1) including bulky group.
Thus, metallophthalocyanine complexes exhibited
good solubility in many organic solvents such as
diethyl ether, DCM, ethyl acetate, THF, chloroform,
DMEF, and DMSO. The effects of concentration and
solvent on the aggregation behavior of the new
metallophthalocyanine complexes were researched.
The effects of solvent on the aggregation behavior
were investigated for MPcs (Pc-5, Pc-6, and Pc-7) in
diethyl ether, DCM, ethyl acetate, THF, chloroform,
DMF, and DMSO. All synthesized MPcs did not
exhibit aggregation in chloroform, THF, and DCM.
Besides, the effects of
aggregation behavior were examined for MPcs (Pc-5,
Pc-6, and Pc-7) in THF. The all studied MPcs did not
demonstrate any aggregation in the concentrations
ranging from 2.0x10-¢ to 12x10-6 M.

(2) containing long chain

concentration on the
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Abstract

Antiarrhythmic agents are used to suppressing abnormal rhythms of the heart. Class II antiarrhythmic agents are beta-blockers used to
treat supraventricular tachycardias. Voltammetric analysis of class II antiarrhythmic drug active ingredients propranolol and acebutolol
carried out with various modified/non-modified electrodes using cyclic voltammetry (CV), linear sweep voltammetry (LSV), differential
pulse voltammetry (DPV) and square wave voltammetry (SWV) were compiled from the literature. The effect of supporting electrolyte
and pH was interpreted. Scan rate results obtained with the voltammetric methods showed whether the redox process of the drug active
ingredient diffusion or adsorption controlled on the electrode used in the selected supporting electrolyte. Results of the quantitative
analysis of these drugs were evaluated in terms of parameters such as linearity range, the limit of detection, stability, robustness,
repeatability, reproducibility, and sensitivity. Accuracy and precision of the validated methods were compared by combining the results
obtained from the pharmaceutical dosage forms of the drug active ingredients. Finally, the analytical application of the drugs in real
samples such as human serum and urine was evaluated and it was examined whether the analysis results were affected by the other

substances in real samples.

Keywords: Beta-blockers, acebutolol, propranolol, antiarrhythmic drug, modified electrode, voltammetry

1. Introduction

Hypertension is one of the most common diseases
detected in over 60% of people over 60 years old [1,2].
Although hypertension is not controlled, it is a
complex disease that seriously affects the structure
and function of many organs in the body, but the
prevalence of hypertension in society is quite high [3-
5]. It might also cause chronic kidney failure [6-8].
Beta-adrenergic receptor antagonists ([3-blockers)
used in the treatment of hypertension cause
significant effects and side effects in order to
eliminate/decrease the sympathetic muscle tone in
various organs and structures, primarily the heart,
and in proportion to the degree of this tone [9-12].

Antiarrhythmic agents are used to suppressing
abnormal rhythms of the heart [13]. According to
Vaughan Williams classification introduced in 1970
[14-17], antiarrhythmic agents are classified as Class I
as sodium channel blockers, Class II as beta-blockers,
Class III as potassium channel blockers, Class IV as

calcium channel blockers and Class V with variable
mechanisms [18].

Today, the increasing use of beta-blockers has
enabled analysis to become very important and many
chemical analysis methods are used for this purpose.
There are many studies in the literature using
spectroscopic [19-22], chromatographic [23-28], and
electrochemical methods for the quantitative analysis
of propranolol and acebutolol. Electroanalytical
methods are more advantageous than other methods
due to their fast, good repeatability rate, high
stability, low cost, low detection limit features. In
addition, the sample does not have to be pretreated
separately, which increases the use of these methods
in drug analysis. In recent years, the widespread use
of voltammetric methods in the determination of
electrochemically active substances is noteworthy
[29-33]. In the voltammetric methods, a three-
electrode system is used and the selection of working
electrodes is very important for precise and effective
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analysis. Especially carbon and metal-based working
electrodes are widely used because they are easy to
find, relatively inexpensive and can be easily
modified. In recent years, studies in which the
working electrodes used have been modified with
various electroactive materials, and their sensitivity
and selectivity have been very popular. For this
purpose, a wide variety of materials are used, such as
carbon nanotubes, electroactive polymers, and metal
nanoparticles. Numerous studies with modified
electrodes are available in the literature, reporting
that more sensitive results are obtained than bare
electrodes [34-41].

In this review, electrochemical analysis studies of
beta-adrenergic receptor antagonists acebutolol and
propranolol were compiled and gathered. Analyzes
made by using linear, cyclic, square wave, differential
pulse, adsorptive stripping voltammetric
methods with these substances
interpreted. It was aimed at this review to determine

and
active were
the electrochemical qualitative and quantitative
analysis of these drug active substances selected from
beta-blockers by using variously modified and/or
unmodified electrodes and voltammetric methods.

1.1. Beta-adrenergic receptor blockers

Beta-adrenergic receptor blockers antagonize the
effects of catecholamines
receptors [42-44].

on beta-adrenergic
Beta-blockers are used in the

treatment of hypertension, angina, long-term
treatment of heart failure, supraventricular
tachyarrhythmia, acute myocardial infarction,

migraine, hyperthyroidism, social phobia, essential
[44-49]. When Dbeta-adrenergic receptor
antagonists were used for the first time, it was not
expected to show antihypertensive effects in patients
with a primary indication of angina. However, later,
all beta-adrenergic receptor antagonists have also

tremor

been found to reduce arterial blood pressure in
hypertensive patients with angina pectoris [17,50,51].

Beta-blockers are divided into two groups: Non-
selective, i.e. those that competitively block both {31
and (32 adrenergic receptors, and are generally called
1 selectors and show more affinity for 31 receptors
than (32 receptors [44].

Non-selective beta-blockers, such as propranolol,
block both 1 adrenergic receptors, which are found
in heart cells and enable the sympathetic effect to
reach the heart, as well as 32 adrenergic receptors,
bronchus,

which are found in the wvascular,

gastrointestinal tract and relax.
Cardio selective beta-blockers such as acebutolol,
atenolol, and metoprolol show selectivity to the (1
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receptor, and because of these properties, they can be
used safely in asthma patients where bronchospasm
is contraindicated [18,44,52].

Beta-adrenergic receptor also
frequently used in glaucoma [53].
However, since non-selective agents cause more

blockers are
treatment

pronounced decreases in pulmonary function tests,
pulse, and systolic blood pressure compared to
selective ones, it is recommended to prefer selective
ones in those with cardiac and respiratory problems
[44].

Propranolol is seen as a standard that needs to be
compared to newly developed drugs for systemic
use. It has been used extensively for many years and
has been found to be safe and effective for many
indications [51,54].

The antagonization of beta-adrenergic receptors is
effective in regulating circulation as a result of
different
contraction,

mechanisms  including  myocardial
cardiac contraction and decreased
cardiac output. As a result of the use of beta-
adrenergic receptors, beta receptors are blocked,
thereby decreasing the release of renin and
decreasing circulating angiotensin II production. In
addition, beta-blockers act by

sensitivity of baroreceptors to blood pressure [17,51].

increasing the

1.2. Effect mechanisms
properties of beta-blockers
The antagonization of beta-adrenergic receptors is
effective in regulating circulation as a result of
different mechanisms including myocardial
contraction, cardiac contraction, and decreased
cardiac output. As a result of the use of beta-
adrenergic receptors, the beta receptors are blocked,
thereby decreasing the release of renin and
decreasing circulating angiotensin II production. In
addition, beta-blockers act by increasing the
sensitivity of baroreceptors to blood pressure
[17,51,55-57].

Absorption rates of beta-blockers are generally
high, reaching maximum concentration 1-3 hours
after

and pharmacokinetic

ingestion.  Propranolol has a lower
bioavailability as it is exposed to the common first-
pass effect. The rate of drugs reaching the systemic
circulation is dose-dependent and increases with
increasing dose [55,58,59].

Beta-antagonists are rapidly dispersed and have a
large distribution volume. Since propranolol and
lindolol are lipophilic, they quickly cross the blood-
brain barrier. The half-life of most beta antagonists is
2-5 hours.
metabolized in the liver; very few unchanged drugs

38

Propranolol and metaprolol are



Kul and Agmn

are found in the urine. Elimination of drugs such as
propranolol may take longer in cases of liver disease,
decreased hepatic blood flow, or inhibition of hepatic
enzymes [55,60]. Side effects of beta-blockers are
fatigue, weight gain, cold hands and feet, headache,
depression, and trouble sleeping [61,62].

Beta-receptor blockers have different effects on
different systems such as cardiovascular, respiration,
and endocrine as below:

1.2.1. Effects on the cardiovascular system

When beta-blocking drugs are taken chronically, they
reduce blood pressure in patients with hypertension.
These drugs do not hypotension in healthy
volunteers with normal doses of blood pressure. Beta
receptor antagonists have pronounced effects on the
heart such as negative inotropic and chronotropic
effects.

1.2.2. Effects on the respiratory system

Blockade of B2 receptors in the bronchial smooth
muscle increases the resistance of the respiratory
tract, especially in patients with asthma. Although
this problem is solved with the use of 1 selective
antagonists, there are currently no [1 selective
antagonists that do not affect 32-adrenoreceptors.

1.2.3. Eye effects
Some beta-blocking drugs have been found to
decrease intraocular pressure, especially in the eye
with glaucoma.

1.2.4. Metabolic and endocrine effects

Beta-antagonists such as propranolol cause inhibition
of lipolysis stimulated by the sympathetic nervous
Chronic use of Dbeta-adrenoreceptor
antagonists caused an increase in VLDL (Very Low-

system.

Density Lipoprotein) concentrations and a decrease
in HDL (High-Density Lipoprotein) concentration.
This event is undesirable in terms of the risk of
developing cardiovascular disease [44,60].

1.3. Propranolol

Propranolol (PRP, Fig. 1) is a prototype of beta-
blocking drugs. It is a non-selective beta-blocker used
in the treatment of various cardiovascular disorders
hypertension, angina pectoris,
pheochromocytoma, cardiac arrhythmia, myocardial

such as

infarction, and dysfunctional birth. As with all non-
selective blockers, it should be used with caution in
patients with diabetes as hypoglycemia improves in
patients with diabetes and suppresses symptoms of
hypoglycemia such as tachycardia, sweating, and
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tremor. It is PRP causing the most side effects related
to the central nervous system such as sedation,
memory impairment, and fatigue [44].

Since PRP has been abused in many sports in
recent years to control stage fear, the International
Olympic Committee has accepted PRP as doping and
included it in the category of banned substances. As
a result of the studies conducted in the World Anti-
Doping Agency analysis laboratories, it has
determined the maximum amount of the drug in the
urine as 0.5 pg mL1 [63].

Figure 1. Structure of propranolol

1.4. Acebutolol
Acebutolol hydrochloride (ACB, Fig. 2) is a
hydrophilic-adrenoreceptor blocking agent with
cardio selective, mild intrinsic sympathomimetic
activity. It slows the heart rate, prevents hand
tremors, increases athletic performance (physical
condition, abilities, and muscle strength), and has a
calming effect. Therefore, determining this drug used
by athletes in urine is of great importance [64].
Acebutolol has a lipophilic character and when
taken orally, its absorption in the gastrointestinal
tract is complete or nearly complete. Approximately
80% is excreted in urine and 20-30% in bile. It forms
the active metabolite of diacetol in the body [44,65].

Figure 2. Structure of acebutolol

2. Electrochemical behavior of beta-
blockers

Some studies presenting the electrochemical analysis
of PRP and ACB carried out using various
electrochemical sensors are available in the literature.
The electroanalytical determination studies of PRP
and ACB are described below and the results
obtained using validated voltammetric methods are
listed in Table 1.
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2.1. Electroanalytical determination of PRP

Gaichore and Srivasta [66] prepared a modified
carbon paste electrode based on <y-cyclodextrin
carbon nanotube composite (y-CD-CNT-CME) and
used for the determination of PRP. Electrochemical
analysis of PRP was checked out with cyclic
voltammetry (CV) and differential pulse adsorptive
stripping voltammetry (DPAdSV). CV
indicated that the electrooxidation of PRP was
irreversible and adsorption controlled on y-CD-CNT-
CME. 0.04 M Britton Robinson buffer (BRB) solution
at pH 1.5 was selected as supporting electrolyte in
PRP determination. Under optimum experimental

results

conditions, the peak current of PRP increased linearly
with its concentration from 0.142 to 47.6 uM with a
detection limit (LOD) of 40.19 nM by DPAdSV. The
repeatability,
accuracy of the selected method were detected by
performing five replicate measurements for PRP with
satisfactory results. Stability results indicated that the
electrode was stable for about 6 months. The
proposed method was used for the determination of

reproducibility,  precision, and

PRP in pharmaceutical formulations, urine, and
blood serum samples without any interference from
other species.

p-(Melamine) film-coated edge plane pyrolytic
graphite electrode (EPPG) was used as a sensitive
electrochemical sensor for the determination of PRP
by Raj et al. [67]. The p-(melamine)/EPPG sensor
demonstrated excellent electrocatalytic activity for
the oxidation of PRP with a significant increase in the
peak current and a shift in the peak potential towards
less positive potentials. Cyclic voltammograms of
PRP showed a single irreversible oxidation peak at
pH 7.4 on the p-(melamine)/EPPG sensor. Square
wave voltammetry (SWV) was used for the detection
of PRP as it has several advantages including
excellent sensitivity and low background currents.
Under optimum experimental conditions, the
calibration plot of the peak current versus the
concentration was found to be linear in the range of
0.1 to 800 uM. The limit of detection (LOD) and limit
of quantification (LOQ) values were calculated as 9
nM and 30 nM, respectively. Interference studies
were checked out to investigate the influence of some
common interfering species (metabolites in biological
fluids) in the determination PRP. It was observed no
interference in the determination of PRP with the
common metabolites in biological fluids. The
modified sensor and the proposed method were
applied to the PRP in
pharmaceuticals, human urine, and plasma samples
with good recovery results.

determination  of
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A sensor-based on 8-hydroxy-8-propoxycalix [8]
arene and multi-walled carbon nanotubes modified
glassy carbon electrode (HPC-8/MWCNT/GCE) was
prepared for the determination of PRP [63]. This
modified electrode caused an increase in the peak
current and the electrocatalytic activity on PRP
electrooxidation. CV and DPV methods were used to
investigate the electrooxidation behavior of PRP. The
oxidation process of PRP was diffusion-controlled
and irreversible on HPC-8/MWCNT/GCE. Oxidation
peak currents were obtained linearly with PRP
concentrations ranging from 0.338 to 54.1 pM with a
detection limit of 135 nM in phosphate buffer
solution (PBS) at pH 7.0. The results of the stability
studies for HPC-8/MWCNT/GCE were stable for over
2 weeks and remained 91.7% reproducible when
stored at 4 °C. The modified
successfully used for the determination of PRP in
pharmaceutical dosage forms.

electrode was

In another study, a graphene and conductive
polymer (poly-1,5-diaminonaphthalene) modified
edge plane pyrolytic graphite (GR/PDAN/EPPG)
electrode was used for the sensitive determination of
PRP [68]. Cyclic voltammograms showed that the
electrochemical oxidation of PRP was irreversible.
The authors proposed a possible 2e-/2H* oxidation
mechanism. The SWV method was applied to detect
PRP over the concentration of 0.1 - 750 uM with a
detection limit of 20 nM in PBS at pH 7.2. The results
of reproducibility studies revealed that the sensor
had excellent reproducibility with a relative standard
deviation of 3.2%. The developed method was
applied to detect PRP in pharmaceuticals, human
urine, and blood plasma samples with good
recoveries.

The electrochemical oxidation behavior of PRP
was analyzed with CV and DPV methods using
platinum nanoparticles doped multi-walled carbon
nanotubes modified GCE (PtNPs/MWCNTs/GCE) by
Kun et al. [69]. The oxidation reaction of PRP on
PtNPs/MWCNTs/GCE was irreversible and diffusion
controlled. The peak current response of PRP was
linear in the concentration range of 0.676 to 38.0 pM
with a LOD of 84.5 nM with DPV in PBS at pH 7.0.
PtNPs/MWCNTs/GCE was found to be stable for two
weeks. The prepared PtNPs/MWCNTs/GCE was
used for the determination of PRP in its
pharmaceutical dosage forms with reliable results.

A carbon paste electrode incorporated with
nanosized polymer
(nanoMIP-CPE) was developed for the determination
of N-nitrosopropranolol as a carcinogenic metabolite
of PRP by Alizadeh and Allahyari [70]. Oxidation of

propranolol-imprinted
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the hydroxyl group in N-nitrosopropranolol was
used to monitor the target molecule. Under
optimized conditions, the concentration of N-
nitrosopropranolol ranged linearly from 0.1 to 10.0
puM with a LOD of 80.0 nM in acetate buffer solution
at pH 4.5 by DPV method. The sensor and method
developed for the determination of N-
nitrosopropranolol were applied in plasma and
gastric juice samples. The results clearly showed that
the developed sensor and validated method could be
applicable to detect N-nitrosopropranolol in real
samples.

A reduced graphene oxide modified carbon paste
electrode (rGO-CPE) was wused to sensitively
determine PRP by CV, DPV, and SWV methods [71].
The oxidation process of PRP was irreversible and
diffusion controlled on rGO-CPE. The authors
proposed that the electrooxidation of PRP involved
2H*/2e transfer process. Under optimized conditions,
the oxidation peak of PRP increased proportionally in
the concentration range of 0.1 to 2.5 uM for DPV and
0.1 to 5.0 uM for SWV in BRB at pH 7.0. LOD values
for DPV and SWV were calculated as 40.0 nM and 2.0
nM, respectively. The proposed
successfully used to determine the amount of PRP in
the pharmaceuticals, artificial urine, and serum
samples with SWV.

Mohammadi and his colleagues developed a
simple and sensitive method for PRP analysis using
the magnetic core-shell manganese ferrite
nanoparticles modified screen-printed carbon
electrode (MCSNP/SPCE) [72]. CV and DPV methods
were used for the electrochemical measurements of

sensor was

PRP. The oxidation reaction of PRP was irreversible
and diffusion controlled on MSPCE/SPCE. DPV
parameters were optimized for the quantitative
determination of PRP. Under optimized conditions,
the PRP peak current changed linearly with a
concentration of 0.4 to 200.0 uM in PBS at pH 7.0. The
detection limit was obtained as 80 nM. The developed
method was applied for the measurement of PRP
concentration in pharmaceutical dosage form and
urine samples with good analytical performance.

Luczak prepared a nanogold supported
inorganic/organic hybrid 3D sensor (3D Au-NPs-Au
electrode) for the electrochemical oxidation and
quantitative determination of PRP [73]. The results
of the scan rate study indicated that the irreversible
oxidation process of PRP was controlled by diffusion
in PBS at pH 7.4. The prepared sensor showed
reliable results in the PRP concentration range from
0.1 to 20.0 pM with a detection limit of 0.0675 nM
using the DPV method. The prepared voltammetric
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sensor and the proposed method were applied to
detect PRP in dosage forms without any interference.

Nateghi developed the (TiosVos)sC2 modified
carbon paste electrode (CPE) and used it for the
detection of PRP in its pharmaceutical dosage form
and neutral solution by voltammetric methods [74].
According to the voltammetric analysis, it was
proposed that the possible oxidation mechanism of
PRP was over 2H*/2e.. Linear PRP concentration
range 0.5 - 5.0 uM, LOD value was obtained as 160.0
nM in BRB solution at pH 7.0 using DPV. The
accuracy of the proposed method was demonstrated
by the successful determination of PRP from its
pharmaceutical dosage form.

study, the electroanalytical
determination of PRP was carried out using a
cathodically pretreated boron-doped diamond
electrode (BDD) by the SWV method [75]. Cyclic
voltammograms of PRP in 0.1 M H2504 showed one
irreversible anodic peak with a diffusion-controlled
process. The SWV method validated in the range of
0.2 -9.0 uM for PRP in 0.1 M H2SOs. The LOD value
for PRP was obtained as 180.0 nM. The proposed
method was used for the determination of PRP in
pharmaceutical formulations with good results.

In  another

Electroanalysis of PRP was investigated by CV
and DPV methods using platinum nanoparticle
doped multiwalled carbon nanotube-modified GCE
(PtNPs/MWCNTs/GCE) in 0.1 M PBS at pH 7.4 [76].
PtNPs/MWCNTs/GCE  showed  electrocatalytic
activity to the oxidation of PRP. Under optimized
conditions, the linear range of PRP was 0.2 - 50 uM
with a detection limit of 150.0 nM for the DPV
method. The practical applicability of the developed
modified electrode for the selective and sensitive
determination of PRP was tested in serum samples
and good recovery results were obtained.

When the studies in the literature described above
were evaluated, it was seen that the electrochemical
analysis of PRP was performed for the anodic
behavior of PRP. Various modified or unmodified
electrodes were used in the studies and it was found
that PRP generally had a diffusion-controlled
process. For this reason, DPV and SWV techniques
could be used for the sensitive determination of PRP,
except for a study done with DPAdSV due to the
adsorption-controlled process of PRP [66]. The
widest linearity ranges were obtained with p-
(melamine) film-coated edge plane pyrolytic graphite
electrode [67] and the graphene/conductive polymer
(poly-1,5-diaminonaphthalene) modified edge plane
pyrolytic graphite electrode [68]. Although the lowest
LOD value was seen with the reduced graphene
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oxide modified carbon paste electrode and SWV
method [71], the linearity range of this study was
narrow. The subsequent lowest LOD values were
obtained for the studies with the widest linearity
ranges [67,68]. Inter-day and intra-day repeatability
values were obtained as RSD% and between 0.33%
and 3.5%. Accuracy studies were carried out and
recovery values were obtained in the range of 90.0%
and 107.0% for pharmaceutical dosage forms, urine,
serum, and gastric juice. Precision and accuracy
studies showed that all electrodes and methods
developed gave satisfying results and were suitable
for the any
interference of excipients.

determination of PRP without

The possible oxidation mechanism of PRO
has also been discussed in some studies, and two
oxidation pathways have been proposed: The
hydroxyl group in one of them and the secondary
amine group in the other is thought to be oxidized.
On both pathways, the redox mechanism proceeds
over 2 electrons and 2 protons [63,66-69,71,76].

2.2. Electroanalytical determination of ACB
Al-Ghamdi et al. [77] investigated the cathodic
electrochemical behavior of ACB using voltammetric
methods with a hanging mercury drop electrode
(HDME). The experimental results of ACB indicated
an irreversible and adsorption controlled cathodic
process of ACB. The reduction peak current was
linear in proportion to the concentration of ACB in
the range of 0.5 to 6.0 uM in BRB solution at pH 7.5
by square wave adsorptive stripping voltammetry
(SWAdSV) under optimized conditions. LOD and
LOQ values were obtained as 170.0 nM and 500.0 nM,
respectively. The validated method was applied to
direct analysis of ACB from its pharmaceutical
dosage forms, human plasma, and human urine
samples, with satisfying recovery results.

An electrochemical method for the determination
of ACB was developed based on the pencil graphite
electrode (PGE) by Levent [78]. ACB showed a
reversible and adsorption controlled oxidation peak
by CV method. The electrochemical oxidation
mechanism of ACB was suggested to be via 2e-/2H*.
The oxidation peak current indicated a linear
relationship between 0.0004 and 0.007 uM with a
LOD of 0.09 nM in BRB solution at pH 10.0 by
SWAdSV under the specified conditions. The
proposed method was successfully applied for the
ACB determination in pharmaceutical dosage forms
and urine samples.
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In another study, Yamuna et al. [79] investigated
the electrochemical oxidation of ACB using screen-
printed carbon electrodes (SPCE) with CV and DPV
methods. SPCE was activated by electrochemical
pretreatment prior to experiments. The authors
reported that the activated SPCE (aSPCE) revealed a
better performance than inactivated SPCE. ACB had
an irreversible and diffusion-controlled
electrooxidation process on aSPCE. The linear range
was found to be 0.01 to 200 uM with a LOD of 6.0 nM
in PBS at pH 7.0 with DPV. The results of the
interference study indicated that aSPCE could be
applicable for the determination of ACB in practical
applications.

Detection of ACB was achieved using a simple
and economic graphite pencil electrode (GPE) by
Bagoji et al. [80]. Oxidation signals of ACB were
measured by CV, DPV, and SWV methods.
According to the results, the electrochemical
oxidation process of ACB was irreversible and was
defined as diffusion controlled. Oxidation peak
currents increased linearly with an increase of ACB
concentration in the range of 1.0 to 15.0 uM for DPV
and SWV in PBS at pH 7.0. LOD values were obtained
as 0.126 nM and 0.128 nM for DPV and SWYV,
respectively. The validated DPV method was applied
for the detection of ACB in human urine samples.

Silva et al. [81] prepared a sensor based on a
carbon paste electrode modified with amino-
functionalized mesostructured silica
(NH2/HMS/CPE) for the simultaneous determination
of ACB, pindolol, and metoprolol in waters by
voltammetric methods. Two anodic and one cathodic
peak were obtained for ACB using NH2/HMS/CPE in
0.1 M PBS at pH 4.0. The first anodic peak and
cathodic peak were attributed to a quasi-reversible
redox process. The second irreversible anodic peak
was used for the measurements of the experiments
because it was more intense than the first oxidation
peak. Scan rate studies indicated that the
electrooxidation process of ACB on NH:/HMS/CPE
was adsorption controlled. The calibration curve
obtained for ACB demonstrated a linear relationship
in the concentration range of 0.5 - 50 uM. LOD and
LOQ values were obtained with DPV as 58.0 and
190.0 nM, respectively. The proposed method was
successfully applied for the determination of ACB,
pindolol, and metoprolol in drinking water,
environmental and wastewater samples.
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Table 1. Validation data for the analysis of PRP and ACB (p=plasma, u=urine, ph= pharnaceut., w=real water sample, b=buffer, gj=gastric
juice, hp=human plasma, hu=human urine)

Propranolol
. . Precision (RSD%) o
Electrode Type Method  Medium Linear Range LOD LOQ Intra-day Inter-day Recovery (%)  Ref.
y-CD-CNT-CME 99.599.8 (ph)  [66]
DPAdSV  BRB,pH15  0.142-47.60 pM 0.0401 uM - 1.84 1.99 98.2-100.7 (u)
98.8-100.4 ()
p-(melamime)/ EPPGE ) ) 98.55-101.21 (u) [67]
SWV PBS, pH 7.4 0.1-800 uM 9nM 30 nM 0.89 98.63-101.62 (p)
HPC-8/MWCNT/GCE DPV PBS, pH 7.0 0.338-54.10 uM 0.135 uM. - 32 - 99.4 (ph) [63]
GR/PDAN/EPPG SWV PBS, pH7.2 0.1-750 uM 20nM - 3.2 - 97.75 (ph) [68]
PtNPs/MWCNTs/GCE DPV PBS, pH7.0 0.676-38.0 uM  0.0845 uM - 2.74 - 99.2 (ph) [69]
nanoMIP-CPE 90.0-106.0 (s) [701*
DPV HCIOs, pH4.5 0.1-10.0 uM 0.08 uM 91.0-107.0 (gj)
rGO-CPE DPV BRB,pH7.0  0.1-25uM 0.04 uM - - - - [71]
100.0-100.34 (ph)
SWV 0.1-5.0 uM 0.002 uM - - - 100.0 (u)
102.0 (s)
MCSNP/SPCE 97.8-1039 (ph)  [72]
DPV PBS, pH 7.0 0.4-200 uM 80 nM 97.0-102.5 (u)
- - 5
3D Au-NPs-Au DPV PBS, pH74  00001-0.02 mM 7107 - 29 97.0-105.0 (phy ")
electrode mM
(CT;‘EV"‘S)SCZ modified 5. BRB,pH7.0 0550uM  016pM - - . 94.0 (ph) [74]
BDD SWV 01MH250s+ 0.2-9.0 uM 018 uM - 0.33 3.5 93.3-105.0 (ph)  [75]
PtNPs/MWCNTs/GCE DPV PBS, pH 7.4 0.2-50 uM 0.15 uM - 244 - 99.0-103.2 (s) [76]
Acebutolol
. . Precision (RSD%) o
Electrode Type Method Medium Linear Range LOD LOQ Intra-day Inter-day Recovery (%) Ref.
HDME SWAdSV BRB, pH7.5 0.5-6.0 uM 0.17 uM 50 uM 29-32 34-38 101.6 (ph.) [77]
(hp)  (hp)33- 97.0-103 (p)
3328 17(hu) 96-104 (u)
(hu)
PGE SWAdSV BRB,pH10.0 04-70nM  0.09nM  030nM 482(b) - 103.9 (ph) [78]
90.6-109.1 (u)
aSPCE DPV PBS, pH 7.0 0.01-200 uM  0.006 pM. - - - - [79]
GPE DPV PBS, pH 7.0 1.0-15.0 uM 0.0126 uM  0.0418 uM 3.01 - 95.4-101 (u) [80]
SWV 0.0128 uM  0.0427 M - - -
NH2/HMS/CPE DPV PBS, pH 4.0 0.5-50 uM 0.058 uM  0.19uM 3.8 4.0 99-108 (w) [81]

* In this study, N-nitrosopropranolol was detected as the metabolite of propranolol.

In the literature, studies achieved for the
electrochemical analysis of ACB were usually
performed on the oxidation peak of ACB, except for
a study with a hanging mercury drop electrode [77].
The studies were carried out using modified and
unmodified electrodes, and the process of ACB on the
electrodes was adsorption controlled for some
studies [77,78] and diffusion controlled for other
studies [79-81]. The widest linearity range and the
lowest LOD value were obtained with the pretreated
screen-printed electrode [79]. Inter-day and intra-day
repeatability values were between 0.78% and 4.825%
and were given as RSD%. Accuracy studies were
achieved with recovery values, and the results were
between 90.6% and 109.0% for pharmaceutical

dosage forms, urine, serum, and real water samples.
Recovery values showed that the electrodes and the
developed methods could be used for the sensitive
determination of ACB without any interference of the
excipients.

Possible oxidation and reduction mechanisms of
ACB have been discussed in some studies. It has been
suggested that the cathodic mechanism of ACB is due
to the reduction of the carbonyl group between the
methyl and phenyl groups [77]. In the oxidation
mechanism of ACB, two different mechanisms have
been proposed for the two anodic peaks of ACB.
Accordingly, oxidation for the semi-reversible redox
mechanism is thought to proceed with the hydroxyl
group with 2 electrons and 2 protons. For the other
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irreversible redox mechanism, it has been suggested
that oxidation results from the breakdown and
subsequent oxidation of the molecule [80,81].

3. Conclusions

Propranolol and acebutolol as class II antiarrhythmic
agents are beta-blockers and are used in the treatment
of supraventricular Voltammetric
analysis of propranolol and acebutolol studied with
various modified/non-modified electrodes were
compiled from the literature. After the supporting
electrolyte was selected for the voltammetric analysis
of PRP and ACB, scan rate studies were achieved in
the studies and it was observed that the redox process
of PRP and ACB was generally diffusion-controlled
on the electrodes used. Quantitative analysis of drug
active ingredients was investigated in terms of some
parameters such as linearity range, the limit of
detection, stability, repeatability, reproducibility, and

tachycardias.

sensitivity. The accuracy and precision of the
methods were studied using the pharmaceutical
dosage forms of propranolol and acebutolol and the
results were analyzed. Finally, the voltammetric
determination of this drug's active ingredients was
carried out using some real samples such as human
serum and urine. The results showed that other
excipients in real samples did not affect the
quantitative analysis of propranolol and acebutolol.
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Abstract

The ongoing worldwide pandemic of the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has revealed that simple,
fast, low-cost, reliable, and portable sensor systems should be developed immediately. Electrochemical and electrochemiluminescence
(ECL) based pathogen sensors are promising alternatives to conventional methods due to several advantages including in situ and fast
response time, high sensitivity, low cost, being portable, easy-to-operate and simple to construct using different receptors including,
antibody, enzyme, DNA, aptamer, etc. Carbon dots/graphene quantum dots have been used as labels, electrode material, ECL
luminophores, electrode modification materials, amplifier, reaction catalysts to increase sensitivity and selectivity of electrochemical and
ECL sensors. In this mini-review, the latest applications of carbon dots in electrochemical and ECL based sensors are summarized and

some examples of pathogen sensors are given.

Keywords: Carbon dots, electrochemistry, electrochemiluminescence, biosensor, pathogen

1. Introduction

Even today, one of the threats to the life and health
system is the pandemic or infection caused by
pathogen microorganisms.
known species, which are primarily water and
foodborne microorganisms, are considered as human
pathogens [1]. However, novel species may emerge

Approximately 1400

as a worldwide hazard from now to tomorrow. For
example, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which has emerged in
China in December 2019, now still leads to cause a
global pandemic. The ongoing outbreak of SARS-
CoV-2 infection throughout the world has revealed
that the virus should be diagnosed at the earliest
appearance of symptoms. To control or cease the
contagion of viruses, viruses should be detected not
only in health laboratories but also directly in places
where humans circulate and spread the virus such as
airports, trains, boats, and any public aggregation
places [2]. Therefore, simple, fast, low-cost, reliable,
and portable sensor systems should be developed
immediately for SARS-COV-2, which is also an
important requirement for all pathogens including

bacteria, viruses, and fungi [2]. Because culture-based
methods considered as the gold standard for most
pathogens are frequently time-consuming and
laborious [3]. Similarly, molecular methods including
enzyme-linked immunosorbent assay (ELISA) and
polymerase chain reaction (PCR) frequently require
trained staff to perform the complex assays [4].

The electrochemical sensor, a device detects the
concentration of target molecules in real-time by
measuring electrical signals generated by biological,
chemical, or physical events between target and
sensor surface. Various elements
including enzymes, proteins, antibodies, MIP, etc. are
immobilized onto the electrode via different chemical
modification methods [5,6]. The electrical signal
monitored by electrode can be current, voltage or

recognition

impedance, etc. So far, electrochemical sensors have
been applied to various fields including clinical, food,
environment and drug analysis [7], due to their
several advantages such as in situ and fast response
time, high sensitivity, low cost, being portable, easy-
to-operate and simple to construct [8-10]. Among
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applications of electrochemical sensors, pathogen
detection is one of the remarkable applications that
enable the before-mentioned advantages as well as
shortening of analysis time. Up to now, different
electrochemical biosensors were developed for rapid,
direct (without sample preparation) and in situ
detection of foodborne, waterborne, or human
pathogens [11].
With  the
nanotechnology, nanomaterial has been used as a
signal amplification to increase the sensitivity and
selectivity of electrochemical sensors [8, 10]. Among

nanoparticles, carbon nanoparticles especially carbon

emergence of nanoscience and

nanotubes and graphene are considered as
cornerstone owing to their outstanding properties.
Non-toxicity, biocompatibility, high effective surface
area, superior electrical conductivity, mechanical
strength, and electrocatalytic activity are considered
some of these unique properties. Thanks to these
properties, they are successfully adapted for the
development of electrochemical sensors [10,12].
their manufacturing techniques are

difficult and expensive [13].

However,

Carbon quantum dots or graphene quantum dots
are defined as luminescent nanoparticles with
dimensions less than 10 nm [14-16]. Due to their
biocompatibility, low
solubility, photostability, green and simple synthesis,
chemically stability, good disparity, etc., they are

assessed as a potential non-toxic alternative to

toxicity, = water/organic

traditional semiconductor quantum dots [17-19].
Recent studies showed that carbon dots and
graphene quantum dots, zero-dimensional carbon-
based nanostructures, can substitute graphene and
because of  their
properties
enhanced electrocatalytic activity [13]. Furthermore,
compared to natural enzymes, CDs have broader pH
stability and are stable at different temperature
ranges. Their large surface area enables them to
immobilize a higher ratio of protein, enzymes, and
antibodies by simple adsorption or other techniques.

graphene  oxides own

aforementioned  superior including

Besides, various functional groups on their surface
facilitate the attachment of biomolecules. By taking
into account all the above considerations, CDs can
increase the precision and accuracy of biosensors.
Ironically, the utilization of CDs as a signal amplifier
or electrode modifiers for the development of
electrochemical biosensors has not widely been
investigated and still remains undeveloped [13].
Electrochemiluminescence (ECL) is defined as the
production of light resulted from the electrochemical
reaction that high-energy electron transfer reactions
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occurred between electron-donors and acceptors
generate excited state and then light emission is
formed [20]. Since ECL sensors merge the advantages
of chemiluminescence and electrochemical sensors,
ECL sensors possess many assets such as high
sensitivity and selectivity, low background signal,
easy reaction control and simple instrumentation,
broad working range [21,22]. ECL
have been applied to clinical diagnostics,
environmental assays, food analysis, etc. until now

sensors

[23]. Carbon dots/graphene quantum dots show
electrochemiluminescence properties [24] and can be
used as ECL luminophores [25]. Therefore,
integrating graphene quantum dots/carbon dots with
ECL sensors platform have led to developing novel
biosensors with high sensitivity and selectivity and
expanded the applications of carbon dots/graphene
quantum dots as well [25].

The aim of this mini-review is to present some
examples from the latest applications of carbon dots
in electrochemical / ECL based sensors and pathogen
Sensors.

2. Electrochemical sensors

In electrochemical sensors, carbon dots/graphene
quantum dots employed as labels or electrode
material can accelerate charge transport and redox
reactions, enhance selectivity, conductivity, stability,
and reproducibility of sensors. So, they are
considered as indispensable components of high
performing electrochemical sensors [26]. Recently,
instead of carbon dots/graphene quantum dots, their
nanocomposites with different structures that are
carbon nanotubes, graphene, chitosan, and metal
components, etc. are preferred in electrochemical

sensor design [27].

Carbon dots/graphene quantum dots are not yet
actively
potentiometric sensors by virtue of low-sensitivity,
less-stability,
However, their utilization in the voltammetric,
amperometric, and impedimetric sensor is common
compared with others [28]. Some sensor applications
of carbon dots/graphene quantum dots are given in
the following.

integrated with conductometric and

less-specificity, and inaccuracy.

2.1. Amperometric sensors

Applications of carbon dots in amperometric sensors
have recently been explored in the determination of
different analytes. Carbon dots/graphene quantum
dots have been used in the modification of the carbon
paste electrode to increase the electrocatalytic power
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of the sensor. For example, carbon dots synthesized

from  carbon  soot utilized  for
chronoamperometic detection of adrenaline which
acts as a neurotransmitter with an important role in

respiration, energy metabolism, etc., in physiological

were

conditions [29,30]. Compared to the bare carbon
paste electrode, the modification with carbon dots
catalyzed the electrochemical reaction of adrenaline
and enabled the simultaneous determination of
adrenaline, ascorbic acid, and serotonin via
functional groups of carbon dots including hydroxyl
groups. Selective determination of adrenaline was

achieved with a detection limit of 6 nM [30].

In a study, carbon paste electrode was modified
with carbon dots extracted from sugar beet molasses
[14] then the enzymatic detection of
neurotransmitter acetylcholine was achieved with
this electrode. Carbon dots were used as nanozymes

and

in this amperometric sensor due to peroxidase-
mimicking behavior. Hydrogen peroxide formed
from  acetylcholine in the presence of
acetylcholinesterase and choline oxidase enzymes
was broken down by carbon dots with similar
behavior of peroxidase. In addition, carbon dots
provided higher immobilization ratio of enzymes on
the electrode. The prepared sensor might easily
detect lower level of acetylcholine (LOD: 5 nM) [31].

Carbon dots have been
nanocomposites with other nanoparticles or
compounds in the amperometric sensors to increase
The
application of a glassy carbon electrode modified
with a nanocomposite composed of aminated
graphene quantum dots, thiolated B-cyclodextrin,
and gold nanoparticles reported for analysis of

utilized in

the precision and accuracy of sensors.

quercetin has been reported [32]. The sensor
selectively detected quercetin at the linear response
range of 1-210 nM with a lower detection limit of 285
pPM even in the presence of flavonoids having the
similar structure of quercetin [32]. For the detection
of glucose, a nanocomposite containing carbon dots
and copper oxide was synthesized and used to
develop a non-enzymatic amperometric sensor [33].
The copper oxide was used as an enzyme to oxidase
glucose. The synergistic effects of copper oxide and
carbon dots enhanced the electrochemical
performance of the sensor. However, the reported
limit of detection (0.2 mM) is not very low.

2.1.1. Amperometric pathogen sensors

As one of the major global health threats, chronic
hepatitis B viruses cause chronic infection, cirrhosis,
and liver cancer [34,35]. Yan et. al. [35] developed an
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amperometric immunosensor for the early diagnosis
of hepatitis B viruses by detecting the hepatitis B
surface antigen. In this research, a nanocomposite
containing nitrogen-doped graphene quantum dots,
palladium, gold, copper, and the electroactive
polymer was synthesized as a signal amplification
design
immunosensor. Nitrogen-doped graphene quantum
dots were used as support material and reducing
agents of gold, palladium, and copper. The catalytic

platform  to label-free electrochemical

activity of nitrogen-doped graphene quantum dots
for the decomposition of hydrogen peroxide
increased with other metal nanoparticles. Thus, the
effects of hindering electron transport resulted from
increasing antigen concentration were reduced.
Eventually, the study reported the lowest linear
range and limit of detection among previously
developed electrochemical sensors (Table 1) [35].

Graphene quantum dots can be a promising
alternative to horseradish peroxidase having some
drawbacks including difficulties in immobilization
and  high-cost [36,37]. An  amperometric
immunosensor for the detection of
enterocolitica ~ which
infection via contaminated food and water including
especially raw or undercooked meat was fabricated
by Savas and Altintas [37]. In this study, graphene

Yersinia

causes foodborne-zoonotic

quantum dots laminated on the gold electrode were
used as nanozyme instead of horseradish peroxidase
due to their peroxidase mimicking properties [37].
The increase in the amperometric signal was arrived
at the mA range because of the interplay between
gold and graphene quantum dots [37].

2.2. Voltammetric sensors

In literature, applications
voltammetric sensors have been more common
compared to amperometric impedimetric
sensors. Carbon dots/graphene quantum dots have
been utilized as a signal amplifier with other
nanomaterials, conductive polymers, or compounds.
[38]
electrochemical dopamine sensor that graphene
quantum dots were incorporated in multiwalled
carbon nanotube and this nanocomposite was
utilized for rapid, simple, and sensitive detection of

of carbon dots in

and

Arumugasamy et al designed an

dopamine. Carboxyl groups of graphene quantum
dots significantly raised electrochemically active
surface area of the electrode. The limit of detection
(LOD) and the linear range was reported as 95 nM
and 0.25-250 uM respectively [38].

In another work, Jahani et al. [39] developed a
voltammetric sensor for the simultaneous
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determination of norepinephrine and acetylcholine
using graphene quantum dots and ionic liquids
together. In this research, the combination of
graphene quantum dots and ionic liquid dramatically
increased the current compared to a single utilization
of them. Furthermore, this binary provided two
separate oxidation peaks belongs to norepinephrine
and acetylcholine. The LOD value was reported as
0.06 uM for norepinephrine [39].

A voltammetric immunosensor was constructed
using polyaniline functionalized graphene quantum
dots which enables good conductivity was used to
determine heat shock protein 70, which is a
biomarker of early screening of depression [40]. The
detection limit of this method (0.05 ng mL-) was
reported as lower than that of Enzyme-Linked
ImmunoSorbent Assay (ELISA) (0.47 ng mL") thanks
to the higher electrocatalytic activity of polyaniline
functionalized graphene quantum dots [40].

Tian et al. [41] fabricated a voltammetric sensor
using a
functionalized = graphene

amino-
and
conductive polymer for the detection of mercury with
low LOD (0.00006 nM) [41].

The accuracy of a sensor depends on the
immobilization of receptor molecules on the
electrode surface. In this sense, various functional
groups of carbon dots/graphene quantum dots
facilitate the attachment of receptor molecules.

nanocomposite  containing

quantum dots

Besides, their large surface area increases receptor
loading. In a study reported by Majumdar et al. [42],
DNA was immobilized on the surface of carbon dots
for the detection of mutagenic,
nitrosamines. Carbon dots ensured multiple binding

carcinogenic

sites for DNA due to larger surface area and various
surface functionalities. Selective determination of
nitrosamine was achieved with lower LOD (9.9 nM)
than
chromatography (uM) [42].

those of commercial methods including

2.2.1. Voltammetric pathogen sensors

Similar to Majumdar et al. [42], Xiang et al. [43]
developed a voltammetric sensor for the detection of
hepatitis B viruses in which single-stranded DNA
was immobilized on graphene quantum dots based
on the strong interaction between graphene quantum
dots and single-stranded DNA, as a probe. In this
study, the signal of electroactive indicator
(Ks[Fe(CN)s]) decreased when the probe was strongly
bound to graphene quantum dots. However, the
signal increased when the hepatitis DNA was bound
to probe. By taking into account the increase in signal,
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the concentration of the virus was detected with the
detection limit of 1 nM (Table 1) [43].

Doping of carbon dots/graphene quantum dots
with different compounds leads to new ways for
novel applications. For example, Valipour and
[44] synthesized a mnanocomposite
composed of thiol doped graphene quantum dots
and silver nanoparticles in immunosensor for the
hepatitis C virus (Table 1). To load more antibodies,

Roushani

silver nanoparticles were covalently bound to thiol
doped graphene quantum dots on the glassy carbon
electrode. In this research, thiol doped graphene
quantum dots utilized as intermediator to
immobilize antibody owing to their large surface area

and biocompatibility [44].

2.3. Impedimetric sensors

Carbon dots/graphene quantum dots are used for
immobilization of receptors including aptamers. For
example, Abazar and Noorbakhsh [45] constructed
an impedimetric aptasensor for the detection of
insulin using a nanocomposite composed of carbon
dots and chitosan. In this study, carbon dots were
dispersed in chitosan to prevent agglomeration. The
synthesized nanocomposite was used as a platform
for covalent immobilization of aptamer and
fabrication of insulin sensor. A detection limit of 106.8
PM was reported with a linear range of 0.5-10 nM
[45].

In recent years, an increase in the usage of
antibiotics for nonbacterial infections as feed
additives  has antibiotic  resistance,
threatening the world. Antibiotic resistance is an
important issue in both the management of infections
and food safety. Ye et al. [46] developed an

created

impedimetric biosensor for rapid and sensitive
detection of bacterial response to antibiotics. In this
research, graphene quantum dots were conjugated
with Salmonella antibody and immobilized on the
alumina membrane. This electrochemical sensing
platform was used to capture bacteria. After then, the
antibiotics, enrofloxacin, ampicillin  were
contacted on the sensor. Bacterial response to
antibiotics was determined rapidly according to the
change in the impedance signal. The authors reported
that graphene quantum dots provided enhanced
sensitivity and low detection limit (pM level) [46].

and

2.3.1. Impedimetric pathogen sensors

An impedimetric immunosensor was constructed for
the detection of the hepatitis E virus, causing acute
viral hepatitis worldwide. Nitrogen and thiol doped
graphene quantum dots and gold-embedded
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polyaniline wires were deposited on the glassy
carbon electrode (Table 1). Nitrogen and thiol doped
graphene quantum dots ensured to conjugate
antibodies using EDC-NHS chemistry to amplify
to provide their
adsorption onto gold nanoparticles. The sensor

electrochemical activity and
determined the hepatitis E virus selectively at the
femtogram level in the presence of other viruses,
serum, and even in the culture medium [47].

3. ECL sensors

Owing to their unique properties, especially
electrochemical properties, carbon dots/graphene
quantum dots can be used as ECL luminophores (Fig.
1), electrode modification materials, amplifier,
reaction catalysts, etc. in the development of ECL
biosensors [21].

Cathode

! =

5,05>

+ SO,”

-_/\_

Figure 1. Illustration of carbon dots utilized as ECL
luminophore in the presence of persulfate.

ECL properties of carbon dots were discovered in
2009 by Zhu et al. [48]. In this research, carbon dots
were synthesized from glucose and polyethylene
glycol (PEG-200) via the microwave pyrolysis
method. After discovery, ECL sensors
developed using carbon dots/graphene quantum
dots for the detection of metals ions, protein,

were

DNA/RNA, folic acid, nitride, atrazine, lincomycin,
tetracycline, etc. [21,27,49-54]. In addition, carbon
dots/graphene quantum dots based ECL sensors
were fabricated for the determination of cancer cells,
enzyme activity, or pathogen microorganisms
[21,55,56]. Some examples of ECL sensors published
in 2020 are given as follows.

Yang et al. [57] developed a sandwich-type ECL
sensor for the detection of prostate-specific antigen, a
significant biomarker of prostate cancer. In this
research, two antibodies for the recognition of
antigens were used. The primary antibody (Ab1) was
immobilized through an amide bond between the
antibody and the nanocomposite (1) composed of
acid)/flower-like gold
nanoparticles on the glassy carbon electrode.

poly (indole-6-carboxylic
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Secondary antibody (Ab2) was attached to the
nanocomposite (2) containing gold nanoparticles,
graphene quantum dots on the poly (etherimide)-
graphene oxide. When these two antibodies were
bound to a prostate-specific antigen, ECL signal was
formed through luminescent graphene quantum dots
under applied voltage to the glassy carbon electrode.
ECL signal was amplified very strong thanks to the
synergistic effects between the nanocomposite (1)
and the nanocomposite (2). The strong ECL signal
gave an improvement in the sensitivity of the sensor
with the detection limit of 0.44 pg mL-! [57].

Raju et al. [58] developed an ECL sensor for the
detection of copper ions in which phosphorus-doped
carbon dots was utilized as a luminophore. The
authors reported that phosphorus-doped carbon dots
gave a strong ECL signal compared to bare carbon
dots. The detection limit was measured as 0.27 nM for
this sensor with the range of 1-1000 nM [58].

In another study, ECL immunosensor for okadaic
acid, being diarrhetic shellfish poison was developed
using phosphor and sulfur-doped carbon dots [59].
Co-doped carbon dots showed the best ECL
performance among bare, mono-doped carbon dots.
The linear working range and detection limit were
reported as 0.01-20 ng mL? and 0.005 ng mL",
respectively [59].
carbon
luminophore,

Apart from the utilization of
dots/graphene quantum dots as
Kalaiyarasan et al. [60] used aminated carbon
quantum dots as co-reactant for Ru(bpy)s**. While
ECL intensity of Ru(bpy)s** decreased with butein, a
plant polyphenol, in the presence of aminated carbon
dots there was no change in the case of commercial

co-reactants [60].

3.1. ECL pathogen sensors

Escherichia coli O157:H7 as one of the major foodborne
pathogens, causes severe and fatal diseases including
hemorrhagic colitis (HC) and hemolytic uremic
(HUS) especially in young
immunocompromised peoples. Chen et al. [61]
reported an easily prepared ECL sensor for the
detection of Escherichia coli O157:H7. In this report,
nitrogen-doped graphene quantum dots were
synthesized instead of bare dots to enhance ECL
efficiency (Table 1) [21]. Escherichia coli O157:H7
recognition and binding were performed with poly-
dopamine surface imprinted polymer synthesized

syndrome and

via electropolymerization method. In this approach,
nitrogen-doped graphene quantum dots labeled with
E. coli O157:H7 polyclonal antibody used as
luminophore to give strong ECL activity with co-
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reactant (potassium persulfate) on the glassy carbon

electrode [61].

Table 1. Carbon dots based electrochemical and ECL sensors for detection of pathogen species (ECL: Electrochemiluminescence)

Turk ] Anal Chem, 2(1), 2020, 47-54

Linear
Target Working electrode/ ECL Synthesis of working
Pathogen Method Receptor luminophore carbon dots range LOD Ref.
A nanocomposite composed of Hydrothermal
nitrogen  doped  graphene -
. Surface quantum dots, palladium, gold rr_]et_hod using fgmL?-
Hepatitis B Amperometry - ¥ 2. ' citric acid and a 3.3fgmL? [35]
antigen copper and electroactive . S 50 ng mL
polymer on glassy carbon dll%a?glalngﬂ?
electrode (
5-cfu mL* for
Yersinia Amperometr Monoclonal ~ Graphene  quantum  dots Commercial 1-6.23 x10°8 milk [37]
enterocolitica P y antibody laminated on the gold electrode cfumL? 30-cfu mL™? for
serum
Sinale Graphene  quantum  dots Pyrolysis using
Hepatitis B Voltammetry stra%ded DNA modified  glassy  carbon citric acid 10-500 nM 1nM [43]
electrode (200 °C)
A nanocomposite composed of Acid oxidation
. . thiol doped graphene quantum using 0.05pg mL* - 4
Hepatitis C Voltammetry - Antibody dots and silver nanoparticles multiwalled 60 ngmL* 3 fgmlL [44]
on glassy carbon electrode carbon nanotube
Nitrogen and thiol doped Hydrothermal
graphene quantum dots and method  using 102 -105
Hepatitis E Impedimetric ~ Antibody gold- embedded polyaniline citric acid and mL-L g 8x10%gmL?  [47]
wires on the glassy carbon thiourea
electrode (160 °C- 4 h)
Poly-
dopamine . Hydrothermal
Escherichia ECL surface Nl:gr?t%?;] do?sos\‘/eedre ug;ng?f method  using  10-10"cfu 8 ofu mL- 61]
coli O157:H7 imprinted guan critic acid and mL?
luminophore ]
polymer and ammonia
antibody
A nanocomposite composed of
Escherichia . graphene quantum dots and . 10 -10" cfu 4
coli ECL Antibody silver nanoparticles used as Commercial mL? 5cfumt [62]

luminescence enhancer

In another study issued by Li et al. [62], a
smartphone-based ECL system was developed for
the detection of Escherichia coli using an antigen-
antibody relationship.C Silver nanoparticles were
adsorbed on the graphene quantum dots to
amplify the ECL signal and this nanocomposite
was used as a luminescence enhancer in tris(2,2'-
bipyridyl)ruthenium (II)/tripropylamine (Ru(bpy)s *
/TPA) assay (Table 1). Generated ECL signal was
caught with the smartphone camera and was
measured by image analysis application during
analysis [62]. The researchers pointed out that the
portable device constructed in the research can be
suitable for point of care testing (POCT) [62].

4. Summary and future works

Nowadays, infections and pandemics caused by
pathogens are continuing to threaten the world.
Besides, a novel pathogen may emerge as a global
threat at any moment as in coronavirus pandemic.

The ongoing outbreak of SARS-CoV-2 global
infection has proved the need for reliable, selective,
rapid, easily accessible, portable, and low-cost
diagnostic methods for the detection of pathogens.
Electrochemical and electrochemiluminescence
(ECL) based pathogen sensors are promising
alternatives with respect to conventional methods
because they offer several advantages including in
situ and fast response time, high sensitivity, low cost,
being portable, easy-to-operate and simple to
As of carbon-based
nanoparticles, carbon dots/graphene quantum dots
have been used as labels, electrode material, ECL
luminophores, electrode modification materials,
amplifiers, reaction catalysts to increase
sensitivity and selectivity of electrochemical and ECL
sensors. This mini-review highlights the applications
of carbon dots in the electrochemical and ECL
pathogen sensors and tries to draw attention to this
subject, for future studies as well.

construct. rising  stars

and
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