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This review summarizes the progress that has been made in the past ten years in the field of electrochemical
sensing using nanomaterial-based carbon paste electrodes. Following an introduction into the field, a first
large section covers sensors for biological species and pharmaceutical compounds (with subsections on

sensors for antioxidants, catecholamines and amino acids). The next section covers sensors for
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Accepted 27th May 2020 environmental pollutants (with subsections on sensors for pesticides and heavy metal ions). Several
tables are presented that give an overview on the wealth of methods (differential pulse voltammetry,

DOI: 10.1039/d0ra03672b square wave voltammetry, amperometry, etc.) and different nanomaterials available. A concluding
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Introduction

Over the last few decades, some conventional analytical methods
like gas chromatography/mass spectrometry (GC/MS), atomic
absorption spectroscopy, high-performance liquid chromatog-
raphy (HPLC), spectrofluorimetry, capillary electrophoresis, flow
injection chemiluminescence, etc. have been used to detect
important compounds. However, these analytical techniques are
time-consuming, expensive, require lots of expertise to be carried
out and are not easy to deploy in the field due to their bulky
equipment. Instead, in the analysis of different important species,
electrochemical methods have been developed due to their
simplicity, rapidity, low cost of equipment, high sensitivity and
accurate analytical tools.*™

In general, electrochemical methods are based on the trans-
formation of chemical information into an analytical and elec-
trochemically measurable signal. In recent years, scientists pay
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section summarizes the status, addresses future challenges, and gives an outlook on potential trends.

attention to new electrode materials characterized by broader
potential window, higher signal-to-noise ratio, mechanical
stability enabling their application in flowing systems, and
resistance toward passivation. The last requirement is especially
important because electrode fouling is probably the biggest
obstacle to more frequent applications of electroanalytical
methods in environmental analysis. A short time before Professor
Jaroslav Heyrovsky was awarded the Nobel Prize for chemistry in
1958 and his polarographic approach becoming a worldwide
success, Adams presented a novel type of electrode.'* " The suit-
able substance for this sensor was created by a concoction of
carbon powder with a liquid non-electroactive binder which was
simply called carbon paste. The structure of the carbon was
identical to DME, ie. originating from a reservoir with carbon
power suspension within a liquid which is connected to a capil-
lary that allows one to acquire sporadically renewable carbon
electrode droplets.”*®

Carbon is useful electrode material, particularly where high
current densities; wide potential range and long term stability were
desired. In fact, carbon and its derivatives, as the high perfor-
mance material, occupy a special place in electrochemistry.'*>

Carbon paste electrodes (CPEs) have attracted attention as
electrodes mainly due to their advantages such as chemical
inertness, robustness, renewability, stable response, low ohmic
resistance, no need for internal solution and suitability for
a variety of sensing and detection applications.>*?*® Moreover,
CPEs belong to nontoxic and environmentally friendly electrodes.
In their case, problems with passivation are simply eliminated by
a simple and quick renewal of their surface. However, traditional
CPEs suffer from numerous shortcomings for electro-chemical
detection, including lower sensitivity and reproducibility,
slower kinetic of electron transfer, lower stability on a wide range
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of solution compositions, and the need for greater over-potential
for electro-catalytic process. These problems may be resolved via
modifying the electrodes.””** Notably, the chemically modified
electrodes augment the transfer rate of electron by declining
over-voltage. Nanomaterials based chemical modified electrode's
have been the spotlight because of their increased sensitivity, the
amplified response signals, and more acceptable
reproducibility.®***

This report concerns the progressions in nanomaterials-
based CPEs in electro-analysis. Several published papers
entailing substantial breakthroughs have been covered in the
field of CPEs. This report provides a summary of the current
literature and does not intend to address some reported
advancements. It is focused on original designs, materials and
methods concerning CPEs in addition to implementations in
electro-analysis.

Fabrication of CPEs

Methods for preparation of CPEs have been described in many
reviews and books,**” which we will briefly describe below. Soft
carbon pastes are conventionally packed into adequate elec-
trode bodies. A holder for carbon pastes can be realized as a well
drilled into a short Teflon rod,*® a glass tube or a polyethylene
syringe filled with a paste, which is electrically contacted via
a conducting wire.***® In general tests, CPE holders did not
exhibit significant changes regarding design and function-
ality.>*** The diameter of the end hole shaping the suitable
carbon paste surface is selected in the 2 mm to 10 mm range for
typical CPEs, and is adequate for most electrochemical
measurements.**" The construction alternatives for the CPEs
mentioned above are a vital characteristic of carbon pastes
which entails easy and prompt surface renewal and if required,
large portions of the paste may be removed or renewed. In
practice, prompt renewal of the surface may be done by wiping
the paste using wet filter paper. When cautiously conducted,
this process enables surface reproducibility that is almost
comparable to that obtained using tedious methods such as
using a paper pad to polish the electrode surface. More
appealing CPEs designs are typically seen with electrochemical
detectors, carbon paste-based flow cells, coulometric, potenti-
ometric and amperometric sensors or sensing apparatus for
specific vivo based measurements.®>*® As an example, electro-
chemical assessments regarding electrode response modula-
tion may be conducted using sporadically renewed carbon paste
via a specific cell supplied with doubled carbon paste filling. As
well as others, this design entailing intimate surface renewal is
highly influential on analyzing biological and organic
substances with readily poisoned electrode surface either with
electrode reaction products or matrix constituents.*-”*

Physico-chemical and electrochemical
properties of CPE

The disposition and behavior of typical carbon pastes may be
displayed using the physico-chemical properties listed below:
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e Instability in non-aqueous solution (dissolution).

e Low ohmic resistance (highly conductive).

e Lipophilicity (hydrophobicity).

e Heterogeneity (composite characteristic).

e Ageing impact (limited life).

Such characteristics are closely linked to a particular carbon
paste microstructure. In the recent past, unprecedented
changes of carbon paste microstructure real images have been
introduced on the basis of scanning electron and optical
microscopic findings.”>”® These images have proved the find-
ings of prior researches that carbon pastes denote concoctions
with unconsolidated formation where graphite particles are
essentially covered via an extremely thin binder film. None-
theless, the individual graphite particles evidently have physical
contact underneath the binder layer and can be the reason for
an extremely low ohmic resistance of the majority of carbon
pastes (which vary in ohms, max. in tens of ohms). Other
perceptions of their suitable conductivity may be accredited to
the tunnel effect that is similar to that of semiconductors.””**

The hydrophobicity is evidently the most commonly wit-
nessed characteristic of carbon paste-based electrodes. The
lipophilic property of chemically modified carbon paste elec-
trodes (CMCPEs) and CPEs cause particular reaction kinetics
regarding numerous organic redox systems' electrode reactions.
In addition to moderated rates, they exhibit a repelling impact
of pasting liquid impeding the accessibility of hydrophilic
substances that are involved within electrode reactions toward
carbon paste surfaces. The graphite quality also affects reaction
kinetics which is similar to carbon solid electrodes. Ultimately,
the carbon to pasting liquid ratio may also be a significant
factor in this regard. A detailed perception of such phenomena
along with relevant consequences, is not within the scope of
this paper and may be referred to in a paper by Adams et al. or in
more recent papers. Carbon paste mixtures may be subjected to
substantial changes in time ie. the ageing of CPEs. Such
property is rarely referred to in the literature and has charac-
teristics regarding carbon pastes consisting of more volatile
binders, namely organo phosphates. This unfavorable activity
has proved rational assumptions that carbon pastes ageing is
accredited only to the binder characteristics. No similar roles of
graphite have been reported up to today.****

Modified CPE

The basis of the adjusted carbon pastes is typically a concoction
of a non-electrolytic binder and powdered graphite. Another
component within the concoction is a modifier. The modifying
agent is typically a substance but more components may be
used to form the pastes where regarding the carbon paste-based
biosensors, also contain enzymes (or relevant carrier) in addi-
tion to an adequate mediator or CMCPEs supplied with
a concoction of two modifiers. The quantity of modifiers is
dependent on the property of the modifying agent and its
competency in creating adequate active sites within modified
paste (for example, functional groups, debilitated at electrode
surface or extractant molecules in the bulk). Generally, the
predominant reason in modifying electrodes is to acquire

This journal is © The Royal Society of Chemistry 2020
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qualitative new sensors with favorable, pre-defined character-
istics. In this regard, carbon pastes are without a doubt, one of
the most advantageous substances used to prepare modified
electrodes.?** Contrary to comparatively complex adjustments
of solid substrates, CMCPEs preparation is straightforward,
usually, via different alternative processes. A modifier may be
disintegrated directly within the binder or mechanically amal-
gamated within the paste amidst homogenization. Also, it is
possible to soak graphite particles using a modifier solution
and impregnate carbon powder upon evaporating the solvent.
Subsequently, ready-prepared pastes may be adjusted in situ.
Although direct adjustments clearly present specific sensors for
a single purpose implementation, considerate in situ methods
provide an option to apply the same carbon paste for frequent
modifications using various agents.”*®” Four possible modifier
functions are categorized by Kalcher as follows:

e Adjustment of the CPE surface properties.

e Acting in catalytic electrochemical reactions.

e Electrode reactions mediation by means of immobilized
molecules or relevant fragments.

e Preferential entrapment of favorable species e.g. pre-
concentration in stripping analysis.

The consideration of such potential combined with the
mentioned carbon paste flexibility has entailed numerous
diverse substances used for CMCPEs preparation which have
grown in geometric order in the past decade. Amidst the
currently used modifiers, there are single compounds, specific
inorganic substances and matrices, sophisticated chemical
agents and living organisms. Conventional modifiers are cate-
gorized into different groups.®**%”

Nanomaterials-based CPEs

Nanotechnology refers broadly to a field of applied science and
technology whose unifying theme is the control of matter on the
atomic or molecular level in scales 1 to 100 nanometers, and the
fabrication of devices within that size range.

The key point to obtain a good and reliable electrochemical
sensor lies on the kind of material that constitutes the detection
platform. In this field, nanomaterials have brought many
advantages. On the development of new electrochemical
transducing platforms beside their use as electrochemical
labels or tags for signal enhancement with interest for sensing
technologies.’*®'* The unique electronic, chemical and
mechanical properties of nanomaterials (i.e. carbon nanotubes,
graphene, metal oxide nanoparticles, metal nanoparticles and
etc.) make them extremely attractive for electrochemical sensors
in comparison to conventional materials."***** Sensing using
nanostructured materials takes advantage of the increased
electrode surface area, increased mass-transport rate, and fast
electron transfer compared to electrodes based on bulk mate-
rials between other factors.'® The synergy between electro-
chemical sensors technology and nanomaterials is expecting to
bring interesting advantages in the field of electroactive
compounds detection and is therefore a promising area of
research and development. In this review, the aim is to give an
overview on the latest trends in the development of
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electrochemical sensing strategies using nanomaterials during
the last 10 years although their relatively longer history.

Electroanalytical applications of
modified CPEs

Biological species and pharmaceuticals compounds

Antioxidants. Oxidative stress produces damage to lipids,
proteins, deoxyribonucleic acid (DNA) and small cellular
molecules impeding normal cell functioning. These biochem-
ical alterations are implicated in a growing list of human
diseases, such as cardiovascular diseases, aging, Parkinson's
disease, Alzheimer's disease, diabetes and cancer.****'® Antiox-
idants are compounds that inhibit or delay the oxidation
process by blocking the initiation or propagation of oxidizing
chain reactions. They may function as free radical scavengers,
complexers of pro-oxidant metals, reducing agents and
quenchers of singlet oxygen."”***

Karimi Maleh et al. explain the progression, electrochemical
characterization and use of modified N-(4-hydroxyphenyl)-3,5-
dinitrobenzamide-FePt/carbon nanotube (NHPDA/FePt/CNT)
CPE to electro-catalytically ascertain glutathione (GSH) with
the existence of piroxicam (PXM). The adjust electrode dis-
played a competent and continuous electron mediation activity
along with favorably separated oxidation peaks of PXM and
GSH. Peak currents depended linearly on GSH concentrations
within the 0.004-340 uM range with 1.0 nM detection limit. The
sensitivity of the modified electrode towards the oxidation of
GSH in the absence and presence of PXM were found to be 0.168
+0.023 and 0.167 + 0.043 nA M ', respectively. This modified
electrode was implemented with success to ascertain analytes
within real specimens.”*

Rezaei et al. produced a trichloro(terpyridine)ruthenium(mr)/
multi-wall carbon nanotubes modified paste electrode
(TChPRu-MWCNT) and applied it as electro-catalyst to oxidize
GSH. The GSH oxidation peak potential at adjusted electrode
surface was 270 mV which was 330 mV less than that of
conventional CPEs under identical circumstances. There was
a linear increase of electro-catalytic currents with GSH
concentration across the 0.6-56.8 M concentration range with
a sensitivity of 0.1068 pA pM~". The relevant GSH detection
limit was 0.3 pM. In order to ascertain the GSH of real speci-
mens, namely hemolysed erythrocyte and urine, the electro-
chemical sensor was studied.**?

Tahernejad et al. conducted a study where they evaluated the
impact of admixing MgO, single-wall carbon nanotube
(SWCNT) and 2-chloro-N'-[1-(2,5-dihydroxyphenyl)methylidene]
aniline (2-CDHPMA) within a carbon paste matrix, taking the
role of a voltammetric sensor to analyze GSH. Using the square
wave voltammetric method (SWV), a linear dynamic range of
0.05-700.0 uM with limit of detection (LOD) ~10 + 0.3 nM was
set to analyze GSH. The voltammetric sensor displayed 0.0824
UA uM ! sensitivity.'??

Beitollah et al, synthesized Ag-ZnO nanoplates and 2-
chlorobenzoyl ferrocene (2CBF) and applied it to create an
altered CPE. GSH surface oxidization of the altered electrode
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was examined. At optimal conditions, the GSH SWV peak
current was linearly increased with GSH concentrations at 5.0 x
107% to 2.0 x 10~* M range with sensitivity of 0.659 pA uM "
and 20.0 nM detection limit acquired for GSH. The produced
altered electrode displays a favorable resolution among the GSH
and tryptophan (TRP) voltammetric peaks making it appro-
priate to detect GSH with the existence of TRP within real
specimens.™*

A CPE altered using ethynylferrocene (EF) and NiO/MWCNT
nanocomposite was implemented by Roodbari Shahmiri et al.
to oxidize GSH and acetaminophen (AC). There was a linear
increase in terms of SWV peak current at 0.01-200 pM
concentration range and 0.006 pM detection limit, corre-
spondingly. The sensitivity of the modified electrode toward the
oxidation of GSH in the absence and presence of AC were found
to be 1.056 + 0.041 and 1.179 + 0.081 pA uM ', respectively.
The altered electrode was applied with favorable results to
determine the analytes within real specimens.**

Abellan-Llobregat produced an electrochemical sensor on the
basis of 4-aminobenzoic acid (4ABA) adjusted herringbone carbon
nanotubes (hCNTs) to determine ascorbic acid (AA) within physi-
ological solutions. At a 0.65 pM detection limit, favorable results
were achieved for AA. The sensitivity of the electrochemical sensor
toward AA was found to be (9.0 & 0.4) Ag~ ' mM .2

Tashkourian and Nami-Ana produced an altered CPE supplied
with SiO, nanoparticles to ascertain gallic acid (GA) Within the 8.0
x 1077 to 1.0 x 10~* M concentration range, the altered CPE
exhibited sensitivity towards GA which was determined using
voltammetric studies. The LOD and sensitivity were calculated as
2.5 x 1077 M and 1790.7 (LA mM '), correspondingly. Lastly, the

& &
N ) (8
+ :>

3) Ni nanoparticles

' 1) graphite

O © 2) paraffin drops Mortar

IInA

01 0z 03 04 05 05 07
E/V vs. AglAgCIKCI (3M)

carbon paste
+ Ni nanoparticles

View Article Online

Review

suggested electrochemical sensor was applied with favorable
results to ascertain GA within tea and orange juice specimens."”

Shahamirifard et al. altered a CPE using a nanocomposite
consisting of zirconia nanoparticles (ZrO,NPs), choline chloride
(ChCl) and gold nanoparticles (AuNPs) as an electrochemical
sensor to concurrently electro-oxidize GA and uric acid (UA).
This sensor exhibited a linear reaction within the 0.22-55 pM
range and 25 nM low LOD under optimal conditions for GA,
correspondingly. The adjusted electrode displayed 1.2943 pA
M sensitivity. The adjusted electrode was implemented with
favorable results to independently ascertain GA in fruit juice
and green tea in addition to concurrently ascertaining UA and
GA within urine specimens.*®

Tashkourian et al. fabricated an adjusted CPE by using TiO,
nanoparticles in the carbon paste matrix. The electrochemical
activity of GA was also examined. At optimal conditions, 2.5 x
10 ° to 1.5 x 10 * M linear dynamic range with 9.4 x 107’ M
LOD was acquired for GA. The modified electrode showed a very
good sensitivity of 999.4 A mM . This modified electrode was
applied with satisfactory results within real specimen analysis."*

Valizadeh et al. described an electrochemical sensor on the
basis of metal-organic framework composite of type MIL-
101(Fe) adjusted CPE to determine citric acid (CA). This
sensor exhibited beneficial analytical characteristics to deter-
mine CA at 4.0 pM detection limit, 5.0-100 uM wide linear range
and —0.67 pA uM " cm 2 high sensitivity.*3®

Catecholamines. Catecholamines consists of a nucleus
catechol group which is categorized as a benzene group con-
taining two adjoining hydroxyl groups in addition to an ethyl-
amine side chain containing a single amine group which can
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SEM image

40.0 KX 4 um KYKY.EM3200  SN:052Y

[AS 02 03 04 05 06 07
E/V vs. AglAgCIKCl (3M)

Fig. 1 Schematic illustration of the stepwise fabrication process nickel nanoparticles modified CPE. Reprinted with permission from ref. 137

Copyright (2016) Royal Society of Chemistry.
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entail supplementary alternatives. The prevalent catechol-
amines inside the brain are epinephrine (EP), norepinephrine
(NE) and dopamine (DA). Catecholamines are synthesized
within nerves upon release in cell bodies and at terminals. The
conversion of its substrates tyrosine (Tyr) and molecular oxygen
to 3,4-dihydroxy-i-phenylalanine is conducted by tyrosine
hydroxylase (tyrosine 3-monooxygenase). This is the most
prominent enzyme within catecholamine synthesis and is the
primary and rate restricting stage regarding DA, NE and EP
synthesis. Catecholamines are present at low micromolar
concentrations inside the brain concerning amino acid neuro-
transmitters, namely y-aminobutyric acid and glutamate.****3¢

Ojani et al. conducted a study on dopaminergic drugs' electro-
catalytic oxidation, namely selegiline (SEL) and pramipexole (PX)
via nickel nanoparticles altered CPE (Fig. 1). The associated elec-
trocatalytic oxidation peaks linearly depended on relevant
concentrations. A LOD and correlation coefficient of 4.0 x 10 °M
and 0.9951 was acquired for SEL and 4.5 x 10~® M and 0.9948 for
PX. The sensitivity values determined at 4.84 x 10~> pA pM~ " and
4.46 x 102 pA uM ! for SEL and PX, respectively. The sensor
displayed favorable sensitivity and selectivity and was applied to
clinically examine SEL and PX with satisfactory results."*”

Mazloum Ardakani et al. conducted a study to implement
a CPE adjusted by N,N-(2,3-dihydroxybenzylidene)-1,4-
phenylenediamine (DHBPD) and TiO, nanoparticles to ascer-
tain DA. They concluded that under optimal conditions using
the CV approach, there was a significant drop of overpotential
for DA oxidation at the adjusted electrode. DPV displayed 0.08
to 20.0 puM linear dynamic range and 3.14 x 10~ M LOD con-
cerning DA. The adjusted electrode showed sensitivity 6.525 pA
uM . This adjusted electrode was applied to ascertain DA in DA
injections via the standard addition method."**

Ye et al. produced a CPE that was modified using graphene
oxide (GO)/lanthanum (La) complexes to selectively ascertain of
DA via differential pulse voltammetry (DPV) and cyclic
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voltammetry (CV). Under optimum condition, the reaction of the
adjusted electrode to determine DA was linear within the 0.01-
400.0 pM range. The relevant LOD was 0.32 nM. The modified
electrode showed two sensitivity of —170.7 pA puM ™', This
reformed electrode was used to detect DA within serum and real
urine specimens vig the standard addition method."*

Beitollahi et al. reported a CdTe quantum dots (QD) reformed
CPE to examine DA and UA electro-oxidation including associated
mixtures via electrochemical approaches. A significantly sensitive
and concurrent ascertaining of UA and DA was examined at the
reformed electrode using SWV. The SWV peak current for DA
exhibited linear enhancement at 7.5 x 10 % to 6.0 x 10°* M
concentration range. The LOD was determined at (2.1 £+ 0.1) X
10~ M. The sensitivity of the modified electrode towards the
oxidation of DA was found to be 0.289 pA pM . The sensor was
applied to determine DA within real specimens.**

Beitollahi and Sheikhshoaie reported an adjusted CPE by
implementing CNT and a molybdenum(vi) complex. CV was
used to characterize the adjusted electrode. This electrode
exhibited favorable electrocatalytic impact towards EP oxida-
tion. When applying DPV, the EP peak currents reported in pH 7
linearly depended on concentrations of 0.09-750.0 pM range
and 49 nM LOD regarding EP. The sensitivity of EP was found to
be 0.3115 pA pM . This electrode was applied to determine EP
in EP ampoules.**

Tavana et al. described a hydrophilic ionic liquid 1-methyl-3-
butylimidazolium bromide [MBIDZ] Br modified carbon nano-
tubes paste electrode (CNTPE). The EP electrochemical activity
at the reformed electrode was examined at pH 7 phosphate
buffer solution (PBS). The EP DPV current was linearly increased
across the 0.3-450 pM concentration range. The associated LOD
for EP was 0.09 uM. The sensitivity was determined at 0.01670 +
0.0022 pA pM ! EP. This electrode was used to determine EP
and AC within human urine as well as serum and pharmaceu-
tical specimens with satisfactory results.***

Fig.2 Schematic representation of the CPE modified with GO and EDDPT as modifiers simultaneous determination of EP, AC and DA. Reprinted

with permission from ref. 143 Copyright (2017) Elsevier.

This journal is © The Royal Society of Chemistry 2020
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Dehghan Tezerjani et al. proposed an electrochemical sensor
to determine EP on the basis of CPE adjusted using GO and 2-(5-
ethyl-2,4-dihydroxyphenyl)-5,7-dimethyl-4 H-pyrido[2,3-d][1,3]
thiazine-4-one (EDDPT) as modifiers as depicted in Fig. 2. At
optimal conditions, there was a reduction of 279 mV in terms of
EP oxidation over potential at the adjusted CPE compared to the
non-adjusted CPE. The associated linear range and LOD of EP
was determined as 1.5-600.0 uM and 0.65 uM, correspondingly
by applying the sensor and DPV approach. The electrochemical
sensor showed an excellent sensitivity of 0.22 uA pM ™ *.*#3

Mazloum Ardakani et al. proposed a CPE altered using 2,2’
[1,2 butanediylbis(nitriloethylidyne)]-bishydroquinone (BBNBH)
and TiO, nanoparticles for EP voltammetric determination. The
electrochemical reaction properties of the reformed electrode
concerning AC and EP was examined using the DPV and CV
approaches. There was an efficient catalytic behavior exhibited by
the electrode regarding EP electro-oxidation that entails an
overpotential decrease of over 270 mV. At pH 8 optimal state
within a 0.1 M PBS, there was a linear relation displayed by the
DPV anodic peak compared to EP concentrations across the 1.0-
600.0 uM range and 0.2 pM detection limit. The sensitivity of the
sensor was estimated to be 0.486 pA pM ',

Mazloum Ardakani et al. fabricated a CPE adjusted with ZrO,
nanoparticles and applied it to examine EP, AC, folic acid (FA)
electro-oxidation including relevant mixtures using electro-
chemical approach. The resulting differences among EP-AC,
AC-FA and EP-FA were 210 mV, 290 mV and 500 mV, corre-
spondingly. The EP DPV peak current exhibited linear
enhancement across the 2.0 x 1077 to 2.2 x 10> M concen-
tration range. The EP LOD was determined as 9.5 x 10~%. The
sensitivity (0.016 pA pM ") of sensor was estimated from the
slope of calibration curve.'*

Pahlavan et al. explained nanocomposite (ZnO/CNTSs) room
temperature ionic liquid (1,3-dipropylimidazolium bromide)
adjusted CPE application and synthesis as a voltammetric
sensor to ascertain noradrenaline (NE) within biological and
pharmaceutical specimens. The SWV method was used as
a sensitive electrochemical approach to determine NE. There
was a linear response range of 5.0 x 10 % to 4.5 x 10~* M with
a LOD of 2.0 x 10~® M. The sensitivity (2.9464 pA pM ') of
sensor was determined. This sensor was used to determine NE
in ampoule specimens and athlete urine samples with satis-
factory results.™*

Mazloum Ardakani et al. reported ZrO, nanoparticles adjusted
CPE to examine NE, AC and FA electro-oxidation including
associated mixtures using electrochemical approaches. The NE
DPV peak currents exhibited linear increases across the 1.0 x
1077 to 2.0 x 10~* M concentration range and 8.95 x 10~ * M
detection limit. The electrode showed a sensitivity of 0.0153 pA
uM . The electrode exhibited significant functionality to resolve
the overlap voltammetric reactions of NE, FA and AC into three
clarified voltammetric peaks."*’

Mahmoudi Moghaddam and Beitollahi described an
adjusted carbon nanotube paste electrode (CNPE) using ferro-
cene dicarboxylic acid (FCD) which was applied for selective and
sensitive voltammetric ascertaining of NE. At optimal state, the
NE calibration curve was acquired across the 0.03-500.0 uM
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range and 22.0 nM LOD (30) by implementing DPV. The
sensitivity of the modified electrode towards the oxidation of NE
was found to be 0.059 pA uM ™', The DPV method was applied to
concurrently ascertain AC and NE at the adjusted electrode as
well as the quantitation of AC and NE within real specimens
using the standard addition method.**

Mazloum Ardakani et al. examined the NE and UA, p-peni-
cillamine (p-PA) electro-oxidation along with relevant mixtures
by adjusted CNPE for 2,2'-[1,2-ethanediylbis (nitriloethylidyne)]-
bis-hydroquinone (EBNBH). The linear calibration plot was
acquired across the 0.1-1100.0 uM concentration range for NE.
The sensitivity of the sensor was estimated to be 0.1555 pA
uM~'. The outcomes were described by the electrocatalytic
responses theory at chemically adjusted electrodes.**

Afkhami et al. documented polyglycine microparticles' electro-
deposition into zinc oxide nanoparticless MWCNT-adjusted CPE
surface for the purpose of creating levodopa (LD) electrochemical
sensor. Under optimal state, the LD concentration was ascertained
by the DPV method and LOD of 0.08 pM across 5.0-500.0 pM
concentration range was achieved. The sensitivity (0.173 pA pM )
was estimated for oxidation peak.'™

Beitollahi et al. conducted a study to modify a CPE using 2,7-
bis(ferrocenyl ethyl)fluoren-9-one (2,7-BF) and CNT for sensitive
voltammetric ascertaining LD. The electrochemical reaction
properties for the adjusted electrode in regard to LD, UA and FA
was examined. The outcomes exhibited efficient -catalytic
behavior concerning the electrode for LD electro-oxidation that
entails a reduction of 320 mV in terms of overpotential. The
linear range (0.1-700.0 uM), LOD (58 nM) and sensitivity (0.4353
pA uM 1) were estimated for oxidation peak. This electrode was
applied to ascertain LD within real specimens.**

Tajik et al. examined LD electrochemical oxidation at CPE
adjusted surface using graphene nanosheets, 1-(4-bromoben-
zyl)-4-ferrocenyl-1H-[1,2,3]-triazole (1,4-BBFT) and hydrophilic
ionic liquid (n-hexyl-3-methylimidazolium hexafluoro phos-
phate) as a binder. They concluded that LD oxidation at the
adjusted modified electrode surface took place at approximately
210 mV potential less positive compared to an unadjusted CPE.
The measured current using the SWV method proved favorable
linear characteristic as LD concentration function across the
5.0 x 10 % t0 8.0 x 10~ * M range. The LOD of LD was found to
be 1.5 x 10~ ¥ M and 0.58 pA uM ' sensitivity.*s>

Santos et al. concurrently determined LD, PRX, ofloxacin
(OFX) and methocarbamol (MCB) at CPE adjusted using graphite
oxide (GrO) and B-cyclodextrin (CD). At optimal state, the asso-
ciated SWV currents for LD, PRX, OFX and MCB exhibited
a linear increase with relevant concentrations across the 1.0 to
20 uM, 1.0 to 15 pM, 1.0 to 20 uM and 1.0 to 50 uM ranges,
correspondingly. The detection limits of LD, PRX, OFX and MCB
were 0.065, 0.105, 0.089 and 0.398 pM, correspondingly. Also,
sensitivities of 3.05, 3.06, 5.37 and 0.42 pA uM ™' cm ™ achieved
for LD, PRX, OFX and MCB respectively.'*

Beitollahi et al. studied electrocatalytic oxidation of LD by
reformed CNPE of graphene and ethyl 2-(4-ferrocenyl{1,2,3]
triazol-1-yl) acetate (EFTA). The acquired catalytic peak current
exhibited linear dependency on LD concentrations across the
0.2 uM to 0.4 mM range and 0.07 uM LD detection limit,

This journal is © The Royal Society of Chemistry 2020
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Fig.3 Schematic of preparation of different modified electrodes with CdSe QD modified/MWCNT in 4 steps. Reprinted with permission from ref.

160 Copyright (2017) Elsevier.

correspondingly. The electrode showed a sensitivity of 1.082 pA
pM™! em™2. The modified electrode can well resolve the vol-
tammetric peaks of LD, AC and Tyr.">*

Amino acids. Amino acids are known for being biologically
vital substances which are extensively spread in numerous
plants and animals as protein components. Amino acids are
associated to the functionalities of biological active proteins,
namely hormones and enzymes.'>>*%”

Yang et al. reported an electrochemical sensor on the basis of
using Y,03; nanoparticles supported on nitrogen-doped reduced
graphene oxide (N-rGO) for r-cysteine. There was a linear increase
for the current which was determined at 0.7 V potential vs. Ag/AgCl
within the 1.3 to 720 pM concentration range for r-cysteine at
0.8 uM detection limit. The sensitivity of the sensor was estimated
to be 12.33 uA uM . This sensor was used to determine r-cysteine
within spiked syrup with satisfactory results."*®

Kumar Gupta et al. examined MgO nanoparticle electrical
conductivity impact and acetylferrocene (AF) electro-catalytic
impact to modify CPE as a significantly sensitive electro-
chemical sensor to electro-catalytically ascertain r-cysteine
within an aqueous solution. The adjusted electrode exhibited
favorable electro-catalytic behavior to analyze L-cysteine across
a 0.1-700.0 puM concentration range and 30.0 nM LOD by
applying the DPV approach. The adjusted electrode showed
a sensitivity of 0.0388 pA pM~'.1%°

Hoshmand and Eshaghi concurrently determined four
amino acids at CPE adjusted using CdSe QD in addition to
a MWCNT within various bodybuilding supplements as shown
in Fig. 3. Arginine, methionine, alanine and cysteine electro-
oxidation at the adjusted electrode surface were examined. At
optimal state, the associated DPV currents for alanine, arginine,
methionine and cysteine exhibited a linear increase with rele-
vant concentrations across the 0.287 to 33 670 uM range. The
detection limits were 0.158, 0.081, 0.094 and 0.116 uM, corre-
spondingly. The sensitivity (11.47 pA pM™ ', 17.62 pA uM *,
8.23 pA puM ' and 6.69 pA uM ) of sensor for arginine, alanine,
methionine and cysteine were calculated.'®

Karami and Sheikhshoaie proposed a prompt electro-
chemical Tyr sensor on the basis of CPE adjusted using reduced
graphene oxide (rGO)/zinc oxide nanocomposite. The Tyr anode

This journal is © The Royal Society of Chemistry 2020

peak current exhibited an increase at 0.1-400 uM concentration
range for this amino acid. The LOD was 0.07 uM. The sensitivity
was determined at 0.0829 pA uM~'. The electrode performance
was assessed to analyze Tyr within pharmaceutical serum
specimens and water.'**

Wei et al. reported an adjusted CPE for Tyr sensitive detec-
tion within human serum which was constructed using glycine
polymer and MWCNTs as depicted in Fig. 4. In situ electro-
chemical polymeric disposition was used to prepare glycine
polymer. At optimal state, the linear sweep voltammetry value
for the oxidation peak exhibited linear relation across the 0.2-
400 pM range and 0.07 uM (S/N = 3) detection limit. The
adjusted CPE showed a sensitivity of 1.031 pA uM ™~ '.1%

Karimi and Heydari suggested a sensor on the basis of CPE
reformed using mesoporous silica nanoparticles (MSNPs) to
ascertain Tyr and Trp. Upon optimizing experimental factors,
TRP oxidation peak current exhibited linear activity across the
0.05 to 600 UM concentration range and 1.13 x 10~ % M detec-
tion peak. Likewise, Tyr concentration range on the basis of the
oxidation peak current was within the 0.3-600 uM range with

CPE

MWCNTs/CPE Poly(Gly) MWCNTs/CPE

MWCNTs
[ S=—"

I

WE CE

ENV (vs. Ag/AgCl)

Electrochemical Signal Voltammetric Cell

Fig. 4 Schematic illustration of glycine polymer and MWCNTs/CPE
fabrication. Reprinted with permission from ref. 162 Copyright (2018)
Electrochemical Science Group, University of Belgrade.
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4.97 x 10" % M detection limit. The results showed the high
sensitivities of 599.3 pA uM "' and 113.4 pA uM ™" for Trp and
Tyr, respectively. The suggested method is potentially compe-
tent to simultaneously determine these amino acids. This was
confirmed by artificial urine analysis as a real sample."*®

Ghoreishi and Malekian conducted a DPV study which
proved significant voltammograms' overlapping for Tyr and Trp
oxidation. An electrochemical sensor was fabricated using
ZnFe,0, nanoparticles adjusted CPE. The suggested approach
was used at an optimal state to ascertain Tyr and TRP within the
0.1-200.0 pM and 0.4-175.0 uM linear ranges and 0.10 pM and
0.04 uM detection limits, correspondingly (S/N = 3). Moreover,
adjusted CPE exhibited much high sensitivity of 76.0 and 95.4
pwA mM~"' for Tyr and Trp, respectively. This approach was
implemented to simultaneously determine Tyr and TRP within
urine samples and spiked human serum.'®**

Zeinali et al. reported the fabrication of a sensor to concur-
rently ascertain melatonin (MT) and TRP. This sensor consisted
of an ionic liquid CPE adjusted with reduced graphene oxides
decorated with SnO,-Co3;0, nanoparticles. At optimal testing
state, the linear response was acquired within the 0.02 to 6.00
UM concentration range and 3.2 and 4.1 nM LOD for TRP and
MT, correspondingly. Moreover, sensor exhibited sensitivity of
9.254 and 12.858 pA pM ™' for MT and TRP, respectively. The
functionality of the suggested sensor was approved by assessing
TRP and MT within different real specimens such as tablet
samples and human serum.'®

Mazloum Ardakani et al. reported a CPE which was chemi-
cally adjusted using TiO, nanoparticles and quinizarine (QZ)
adopting the role of an electrochemical sensor to concurrently
determine scarce quantities of p-PA and Trp. The p-PA oxidation
peak potential was decreased by a minimum of 220 mV in
comparison to that of unadjusted CPEs. Under optimal state,
the linear range for p-PA was 0.8 to 140.0 uM and the LOD was
0.76 uM. The sensor displayed 0.0647 pA pM ™" sensitivity.'*®

Others. Ensafi and Karimi-Maleh fabricated an electro-
chemical approach to determine isoproterenol (IP) by utilizing
MWCNT as well as room temperature ionic liquid. At optimal
state, there was a linear peak current to IP concentration within
the 1.0 to 520 uM concentration range via the DPV approach. A
LOD of 0.85 uM was determined. The sensitivity was deter-
mined at 0.1016 pA uM . The suggested method was used to
determine IP within urine and ampoules with satisfactory
results.®”

Beitollahi et al. conducted a study where a CPE adjusted
using CNTs and 5-amino-3',4’-dimethylbiphenyl-2-ol (5ADB)
was applied to develop an electrochemical sensor to determine
IP at the vicinity of N-acetylcysteine (NAC) and AC. At optimal
state, pH 7, IP oxidation took place at 215 mV potential less
positive compared to that of unadjusted CPEs. The catalytic
current reaction with IP concentration exhibited a linear rela-
tionship within the 4.0 x 1077 to 9.0 x 10~* M concentration
range and 2.0 x 10’ M detection limit. The sensitivity of the
modified electrode toward the oxidation of IP was found to be
0.0311 pA pM ™. This is very close to the value obtained in the
absence of AC and NAC (0.0325 pA uM ™~ ').1®
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Tajik et al. synthesized a ferrocene derivative compound, 1,4-
BBFT which was implemented to develop an adjusted graphene
paste electrode. The binder applied to develop the adjusted
electrode was  hydrophilic ionic liquid (n-hexyl-3-
methylimidazolium hexafluoro phosphate). SWV and CV
methods were used to examine IP electro-oxidation at the
adjusted electrode surface. At optimal state, the IP SWV peak
current displayed a linear increase with IP concentration within
the 6.0 x 10 ®t0 7.0 x 10~ * M concentration range and 12.0 nM
LOD for IP. The sensitivity of the modified electrode toward the
oxidation of IP was found to be 0.731 pA M~ *. The fabricated
electrode displayed favorable resolution among the IP, AC and
theophylline voltammetric peaks making it beneficial to detect
IP at the vicinity or theophylline and AC within real
specimens.'*

Ensfi and Karimi-Maleh proposed a ferrocenemonocarbox-
ylic acid (FMA) modified CNTPE and applied it for prompt and
sensitive IP determination at trace levels. By implementing the
DPV method, a broad linear range of 0.5-50.0 uM at 0.2 pM LOD
was acquired for IP. The sensitivity was determined at 2.1045 pA
HM71.170

Beitollahi et al. described IP selective determination with the
existence of UA and FA by utilizing 2,7-BF adjusted CNPE (2,7-
BFCNPE) within 0.1 M phosphate buffer solution, pH 7.0.
Concerning PBS at pH 7, there was linear increase of oxidation
current with IP concentration intervals from 0.08 to 700.0 uM.
DPV was applied to determine the LOD (30) of 26.0 & 2 nM. The
plot of peak current vs. IP concentration showed a sensitivity of
0.5206 pA uM ', Pragmatic uses of the electrode were displayed
by ascertaining IP within urine, IP injections and human blood
serums.'”*

Karimi Maleh et al. reported a MWCNT adjusted electrode
using p-chloranil which adopted the role of a mediator as
a voltammetric sensor to determine methyldopa (MD) with the
existence of UA. The findings show efficient electrode perfor-
mance regarding its electrocatalytic behavior for MD oxidation
causing a decrease in overpotential of over 250 mV. Within the
0.5-165.5 UM concentration range, the peak current exhibited
linear dependency on MD. The LOD was 0.2 uM (with a sensi-
tivity of 0.1133 pA uM ') in the SWV. This electrode was applied
to determine MD in serum, drug and urine specimens by
implementing the standard addition method.'”*

Tajik et al. explained an electrochemical mechanism for MD
voltammetric oxidation at CPE adjusted using 5-amino-2'-ethyl-
biphenyl-2-ol (5AEB) and CNTs. The findings showed that at the
adjusted electrode surface, the MD voltammetric reaction was
distinctly improved whilst the MD oxidation took place at an
overpotential of 220 mV less positive compared to that of an
unadjusted CPE at the surface of the adjusted electrode. The
SWV method was used to measure the current which exhibited
favorable linear characteristic as a function of MD concentra-
tion within the 0.1-210.0 pM range and 48.0 nM LOD for MD.
The sensitivity of the modified electrode towards the oxidation
of MD was found to be 0.4348 pA pM~'.*"

Alizadeh et al. described an electrochemical sensor for the
opioid drug buprenorphine. Molecularly imprinted polymer
(MIP) nanoparticles were prepared. The resulting polymer along

This journal is © The Royal Society of Chemistry 2020
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Table 1 Selected applications of CPEs in biological species and pharmaceuticals compounds analysis using DPV

Analyte Modifier Linear range Detection limit Ref.
Glutathione Trichloro(terpyridine)ruthenium(ur)/multi-wall carbon 0.6-56.8 uM 0.3 uM 122
nanotubes (TChPRu-MWCNT)
Gallic acid SiO, nanoparticles 80x10 7t01.0x 10" 25x10’M 127
M
Gallic acid Zirconia nanoparticles/choline chloride/gold nanoparticles 0.22-55 pM 25 nM 128
(ZrO,NPs-ChCl-AuNPs)
Gallic acid TiO, NPs 25x10 °t01.5x 10 % 94 x10'M 129
M
Citric acid MIL-101(Fe) 5.0 to 100 uM 4.0 yM 130
Dopamine N,N'(2,3-Dihydroxybenzylidene)-1,4-phenylenediamine (DHBPD) 0.08-20.0 uM 3.14 x 10 * M 138
and TiO, nanoparticles
Dopamine Graphene oxide (GO)/lanthanum (La) complex 0.01-400.0 pM 0.32 nM 139
Epinephrine Carbon nanotube (CNT)/molybdenum(vi) complex (MC) 0.09 to 750.0 uM 49 nM 141
Epinephrine Hydrophilic ionic liquid 1-methyl-3-butylimidazolium bromide 0.3-450 uM 0.09 pM 142
[MBIDZ]|Br/carbon nanotube (CNT)
Epinephrine Graphene oxide (GO)/2-(5-ethyl-2,4-dihydroxyphenyl)-5,7- 1.5-600.0 uM 0.65 UM 143
dimethyl-4H-pyrido[2,3-d][1,3]thiazine-4-one (EDDPT)
Epinephrine 2,2'-[1,2-Butanediylbis(nitriloethylidyne)]-bishydroquinone 1.0-600.0 pM 0.2 uM 144
(BBNBH)/TiO, nanoparticles
Epinephrine ZrO, nanoparticles 2.0x107t02.2 x 10 9.5 x 10 %M 145
M
Norepinephrine ZrO, nanoparticles 1.0 x 1077 t02.0 x 107 8.95 x 107 * M 147
M
Norepinephrine Ferrocene dicarboxylic acid (FCD)/carbon nanotube(CNT) 0.03-500.0 pM 22.0 nM 148
Norepinephrine 2,2'-[1,2-Ethanediylbis (nitriloethylidyne)]-bis-hydroquinone 0.1-1100.0 pM 82 x 107 %M 149
(EBNBH)/carbon nanotube(CNT)
Levodopa Polyglycine/zinc oxide nanoparticles/multi-walled carbon 5.0-500.0 M 0.08 pM 150
nanotubes PG/ZnO/MWCNTs
Levodopa 2,7-Bis(ferrocenylethyl)fluoren-9-one (2,7-BF)/carbon nanotube 0.1-700.0 pM 58 nM 151
(CNT)
L-Cysteine MgO nanoparticle/acetylferrocene (AF) 0.1-700.0 pM 30.0 nM 159
Arginine CdSe quantum dot (QD)/multi-walled carbon nanotube (MWCNT) 0.287 to 33 670 uM 0.081 uM 160
Alanine 0.158 uM
Methionine 0.094 uM
Cysteine 0.116 pM
Tryptophan Mesoporous silica nanoparticles (MSNs) 0.05-600 uM 113 x 10 * M 163
Tyrosine 0.3-600.0 pM 4.97 x 10°* M
Tryptophan ZnFe,0, nanoparticles 0.1-200.0 pM 0.04 pM 164
Tyrosine 0.4-175.0 uM 0.10 uM
Melatonin Sn0,-Co030,@rGO nanocomposite/ionic liuid (SnO,—- 0.02-6.00 uM 4.1 nM 165
Tryptophan C0;0,@rGO/IL) 4.1-3.2 nM 3.2 nM
Isoproterenol Multiwall carbon nanotube (MWCNT)/ionic liquid (1-butyl-3- 1.0-520 pM 0.85 tM 167
methylimidazolium hexafluoro phosphate ([C;mim]-{PF])) (IL)
Isoproterenol 1-(4-Bromobenzyl)-4-ferrocenyl-1H-[1,2,3]-triazole (1,4-BBFT)/ 6.0x10 °t07.0x 107*  12.0 nM 169
hydrophilic ionic liquid (n-hexyl-3-methylimidazolium M
hexafluoro phosphate)/graphene (1,4-BBFT/IL/G)
Isoproterenol Ferrocenemonocarboxylic acid (FMA)/carbon nanotube (CNT) 0.5-50.0 pM 0.2 uM 170
Isoproterenol 2,7-Bis(ferrocenyl ethyl)fluoren-9-one (2,7-BF)/carbon nanotube 0.08-700.5 pM 26.0 + 2 nM 171
(CNT)
Buprenorphine Molecularly imprinted polymer (MIP)/nanoparticles multiwalled 1 nM to 50 uM 0.6 nM 174
carbon nanotubes (MWCNTS)
Acetaminophen Zinc ferrite nanoparticles (ZnFe,O4 NPs) 6.5-135 uM 0.4 pM 175
Epinephrine 5-100 pM 0.7 M
Melatonin 6.5-145 uM 3.0 uM
Melatonin Al,O3-supported palladium nanoparticles 6.0 nM to 1.4 mM 21.6 nM 176
Dopamine 50 nM to 1.45 mM 36.5 nM
Acetaminophen 40 nM to 1.4 mM 36.5 nM

with MWCNT was used to fabricate the modified CPE which detection 0.6 nM across a 1 nM to 50 uM linear dynamic range.

exhibited an anodic peak at about +0.73 V (vs. Ag/AgCl) for The sensitivity was determined at 2.0918 pA mM .17

buprenorphine. The MIP on the CPE exhibited a favorable Tavakkoli et al. fabricated an electrochemical approach to
concurrent determine AC, EP, and MT by utilizing a modified

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 21561-21581 | 21569
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Table 2 Selected applications of CPEs in biological species and pharmaceuticals compounds analysis using SWV

Analyte Modifier Linear range Detection limit Ref.

Glutathione N-(4-Hydroxyphenyl)-3,5-dinitrobenzamide-FePt/ 0.004-340 uM 1.0 nM 121
carbon nanotube (NHPDA/FePt/CNTs)

Glutathione MgO/SWCNTs/2-chloro-N'-[1-(2,5-dihydroxyphenyl) 0.05-700.0 uM 10 nM 123
methylidene]aniline (2-CDHPMA)

Glutathione Ag-ZnO nanoplates/2-chlorobenzoyl ferrocene (2- 5.0 x 107 %t0 2.0 x 10~* 20.0 nM 124
CBF) M

Glutathione Ethynylferrocene (EF)/NiO/MWCNT 0.01-200 pM 0.006 uM 125
nanocomposite

Dopamine CdTe quantum dots 7.5x 107 %t0 6.0 x 107* 21 x107°8M 140

M

Norepinephrine ZnO/CNTs nanocomposite/ionic liquid (1,3- 5.0 x 10 % to 4.5 x 10~* 2.0 x 1078 M 146
dipropylimidazolium bromide) (ZnO/CNTs/IL) M

Levodopa Graphene nanosheets, 1-(4-bromobenzyl)-4- 5.0 x 107 %t0 8.0 x 10™* 1.5 x 1078 M 152
ferrocenyl-1H-[1,2,3]-triazole (1,4-BBFT) and M
hydrophilic ionic liquid (n-hexyl-3-
methylimidazolium hexafluoro phosphate)

Levodopa Graphite oxide (GrO) and B-cyclodextrin (CD) 1.0-20 pM 0.065 UM 153

Levodopa Graphene/ethyl 2-(4-ferrocenyl-[1,2,3]triazol-1-yl) 0.2-0.4 mM 0.07 uM 154
acetate (EFTA)

Tyrosine Reduced graphene oxide (rGO)/zinc oxide 0.1-400 pM 0.07 uM 161
nanocomposite

p-Penicillamine TiO, nanoparticles/quinizarine (QZ) 0.8-140.0 uM 0.76 uM 166

Isoproterenol 5-Amino-3’,4’-dimethyl-biphenyl-2-ol (5ADB)/ 4.0 x 10 7 t09.0 x 10°* 2.0x 10" M 168
carbon nanotube M

Methyldopa Multiwalled carbon nanotubes (MWCNT)/p- 0.5-165.5 UM 0.2 uM 172
chloranil

Methyldopa 5-Amino-2’-ethyl-biphenyl-2-ol (S5AEB)/carbon 0.1-210.0 uM 48.0 nM 173

nanotubes (CNTs)

CPE with zinc ferrite nanoparticles (ZnFe,O, NPs). Within the
concentration range of 6.5-135 uM for AC, 5-100 uM for EP, and
6.5-145 uM for MT, linear calibration curves were achieved. The
detection limits are 0.4 uM for AC, 0.7 uM for EP, and 3.0 uM for
MT. The sensitivities are 0.0313 pA pM ™! for AC, 0.0281 pA
puM ! for EP, and 0.0204 pA pM ' for MT."’*

Soltani et al. reported the fabrication of a sensor to concurrently
ascertain MT, DA and AC. This sensor consisted of a CPE with
AL Oz-supported palladium nanoparticles. The suggested
approach was used at an optimal state to ascertain DA, AC and MT
within the 50 nM to 1.45 mM, 40 nM to 1.4 mM, and 6.0 nM to
1.4 mM linear ranges and 36.5 nM, 36.5 nM and 21.6 nM
detection limits, correspondingly (S/N = 3). The sensitivities are
1.001 pA pM ! em™? for MT, 0.0429 pA pM ! ecm™2 for DA, and
0.490 pA pM " ecm? for AC. This approach was implemented to
determine analytes in (spiked) human serum and drug samples.'”®

The application of CPEs within pharmaceuticals compound
and biological species analysis by DPV, SWV and chro-
noamperometry (CHA), amperometry, linear sweep voltammetry
(LSV) are surveyed in Tables 1, 2 and 3, respectively. Summarized
data present the progression and individual trends mentioned
previously.

Environment pollution

Pesticides. Pesticides (insecticides, fungicides, herbicides)
are extensively applied worldwide and millions of tons are
applied annually in the industry, namely the agricultural and

21570 | RSC Adv, 2020, 10, 21561-21581

medicine fields. Identical compounds create possible nerve
poisons, thus they are also used in the military. Several of them
are extremely toxic, and when aggregated, may cause severe
diseases in living organisms.77*%*

Demir and Inam proposed CV and SWV methods to derive
the electrochemical activities of fomesafen herbicide on modi-
fied CNPE. Electrochemical assessments indicated that the
-NO, group caused the reduction procedure. Within the
0.30-40 mg L' concentration range, a linear correlation was
evident. The detection limits and quantification values were
found to be 0.089 and 0.297 mg L, correspondingly. The
sensitivity (0.370 nA mg " L") of sensor was estimated from the
slope of calibration curve. With the existence of a few renowned
pesticides, fomesafen was ascertained with 5 mg L' fomesafen
recoveries with the existence of anilazine, pymetrozine and tri-
flumizole pesticides in equal amounts to be 103.7 £+ 0.9, 94.3 +
0.4, and 97.9 £ 0.5%, correspondingly (n = 3).'*

Parham et al. reported a CPE altered using ZrO,-nanoparticles
for SWV detection of methyl parathion (MP). There was a linear
increase in terms of SWV peak current at 5.0-3000.0 ng mL ™"
concentration range and 2.0 ng mL~" detection limit, correspond-
ingly. The sensitivity of the proposed method was 1.3641 pA pg "
mL ™" for MP. The altered electrode was applied with favorable
results to determine MP in different water samples.**

Zahirifar et al. produced an electrochemical sensor on the
basis of CNTs adjusted CPE to determine diazinon (DZN). The
relevant electrocatalytic currents displayed linear enhancement

This journal is © The Royal Society of Chemistry 2020
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Table 3 Selected applications of CPEs in biological species and pharmaceuticals compounds analysis using CHA, amperometry and LSV

Analyte Modifier Electrochemical method Linear range Detection limit Ref.
Ascorbic acid 4-Aminobenzoic acid/herringbone CHA 0.065-1000.0 uM 0.065 pM 126
carbon nanotubes (4ABA-hCNTs)
Selegiline Nickel nanoparticles Amperometry 5x10°to1 x 10°* 4.0 x10°°M 137
Pramipexole 5x10%t01x10°° 45 x10 %M
L-Cysteine Y,0; nanoparticles supported on Amperometry 1.3 to 720 pM 0.8 pM 158
nitrogen-doped reduced graphene oxide
(N-rGO)
Tyrosine Glycine polymer/multi-walled carbon LSV 0.2-400 uM 0.07 uM 162

nanotubes (MWCNTS)

within 1 x 107° to 6 x 10~® M DZN concentration range and
4.5 x 107" M LOD for DZN. The sensitivity of the electro-
chemical sensor was 18.973 nA uM ' for DZN. The developed
electrode was applied to determine DZN within food samples.***

Heavy metals. Heavy metal contamination is detrimental to
human health, ecological systems and living resources. Theses
metals are not biodegradable and are inclined to pile up within
living organisms, which cause several disorders and diseases in
the gastrointestinal, reproductive, immune and nervous
systems.'®*'*” Heavy metal pollution is a prominent environ-
mental issue due to their stability in polluted sites and the
complicated process of biological toxicity. When these metals
are absorbed, they are aggregated inside the body and are
damaging to human health."®*** Thus, focus is on developing
a greatly sensitive approach to determine trace quantities of
heavy metal ions.

Niu et al. described a comprehensive analytical evaluation of
bismuth nanoparticle porous CPE used as an electrochemical
sensor to detect Cd(u), Pb(u) and Ni(u) within water specimens
of various origins. The detection limits for Cd(u), Pb(u) and Ni(u)
were 0.81, 0.65 and 5.47 ppb, correspondingly. The total anal-
ysis period was under 240 seconds. The sensitivity of the sensor
was estimated to be 0.19 + 0.04, 0.13 4 0.02 and 0.04 4 0.01 pA
ppb~* for Cd(u), Pb(n) and Ni(u), respectively. The sensor was
used to analyze numerous inconsistent specimens, namely
ground water, tap water, and contaminated water from effluent
and influent urban wastewater treatment station including
contaminated river water because of acid mine drainage.***

Chemical synthesis was conducted on a nanocomposite on the
basis of MWCNT adjusted using antimony nanoparticles (SbNPs)
which was implemented to produce an electrode by utilizing
carbon paste as a substrate. This electrode was used to determine
Pb** and Cd** using the square wave adsorptive stripping vol-
tammetry (SWASV) method. The associated detection limits for
the analytes were 0.77 ug L~ " and 0.65 pg L™ " for Cd*" and Pb*",
correspondingly. Sensitivities of 0.2411 pA pg™* L™* for Pb** and
0.1628 pA ug ' L for Cd*" were also evaluated.'®

Devnani and Satsangee synthesized AuNPs and assessed their
uses in developing Au NP adjusted CPE based on anthocyanin to
ascertain heavy metal quantities. This metal sensor was applied to
determine cadmium, copper and lead by applying the square wave
anodic stripping voltammetry method. CV and electrochemical
impedance spectroscopy were implemented to specify the sensor.
Within the concentration range of 50-500 ug L ™" for lead and 200~

This journal is © The Royal Society of Chemistry 2020

700 pg L~ for cadmium and copper, linear calibration curves were
achieved. This sensor exhibited minimum detection limits to
electrochemically ascertain lead, cadmium and copper i.e. 9.178,
86.327 ng L' and 85.373 pg L™, correspondingly. Sensitivities of
0.5014 pA pg ' L for Pb*, 0.0923 pA pug ' L' for Cd*" and
0.0778 pA pg~ ' L™ for Cu®" were also evaluated.'**

Roushani et al. reviewed the development and specifications
of a sensitive electrochemical sensor to efficiently detect
cadmium ion via a metal-organic structure. The modifier used
for this approach was graphene/TMU-16-NH,([Zn,(NH,-BDC),(4-
bpdh)]-3DMF) metal-organic framework (graphene/MOF(TMU-
16-NH,)). The intercommunications between the TMU-16-NH,
cadmium and amine groups are modified via dative attachment
causing Cd*'-N complexation originating from soft-soft inter-
actions. At optimal testing state, when adding cadmium to the
sample, the oxidation current was increased and DPV was used to
achieve dynamic range from 0.7 to 120 pg L™ *. A low LOD of 0.2
pug L' was displayed. The electrochemical sensor exhibited
a sensitivity of 0.0967 pA pg~' L™

Afkhami et al. fabricated a chemically adjusted electrode to
simultaneously determine Cu(u) and Cd(u) via the square wave
anodic stripping voltammetry method. This electrode was
adjusted by adding SiO, nanoparticles, covered with a newly
synthesized Schiff base within the CPE. The detection limits
were 0.28 ng mL~' and 0.54 ng mL™ " for Cu(u) and Cd(u),
correspondingly. The sensitivity was found to be 25.960 pA ng ™"
mL " and 10.378 pA ng” ' mL~" for Cu(n) and Cd(u), respec-
tively. The suggested chemically adjusted electrode was applied
to determine cadmium and copper in numerous foods and
water specimens.'*®

Bahrami et al. introduced a voltammetric sensor to deter-
mine mercury ions via carbon ionic liquid paste electrode
incorporated with Hg”*-ion imprinted polymetric (IIP) nano-
beads on the basis of dithizone, as an adequate ligand for
comprehensive creation using Hg>" ions. The performance of
the electrode was assessed using the differential pulse anodic
stripping voltammetric method to determine dangerous
mercury ions. This electrode exhibited linear reactions within
the 0.5 nM to 2.0 uM range with 0.1 nM (S/N = 3) detection
limit. The sensitivity was found to be 0.032 pA nM ™" for Hg>".
The adjusted electrode’'s peak currents concerning Hg”" ions
were highest in phosphate buffer pH 4.5. The determined
optimal precondition potential and accumulation period were
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Sn(ll)

External zeolite surface

Fig. 5 Schematic representation of the CPE modified with clinopti-
lolite nano-particles were modified by hexadecyltrimethyl ammonium
bromide surfactant and dithizone. Reprinted with permission from ref.
198 Copyright (2017) Elsevier.

—0.9 V and 35 seconds, correspondingly. The sensor was also
used to determine mercury in waste water specimens.*”

Hexadecyltrimethyl ammonium bromide (HDTMA) Br
surfactant and dithizone (DZ) were used to modify clinoptilolite
nanoparticles, CNP. The resulting zeolite was applied to modify
CPE proposed by Niknezhadi and Nezamzadeh-Ejhieh, as
shown in Fig. 5. The electrode was then applied to voltam-
metrically determine Sn(u) within an aqueous solution. Within
the 1 x 10 %to 1 x 107> M Sn(u) concentration range with LOD
of approximately 9 x 10~° M Sn(n), the electrode exhibited
linear reaction. The sensitivity (14.35 pA uM ') of sensor was
estimated from the slope of calibration curve. The electrode
exhibited favorable applicability and selectivity to determine
Sn(u) within real specimens, namely a steel firm wastewater,
river water, canned tuna fish and tomato paste.*®

Ghalebi et al. synthesized poly(methylene disulfide) nano-
particles (PMDSNPs) and assessed their uses in developing
poly(methylene disulfide) nanoparticles (PMDSNPs) adjusted
CPE. This adjusted electrode was applied to determine silver(i)
by applying the differential pulse anodic stripping voltammetry
method. The associated LOD for the silver(i) was 1.0 x 10" M.
Within the concentration range of 3.0 x 10 *?to 1.0 x 10 ° M
for silver(i), linear calibration curves were achieved. The sensi-
tivity was found to be 213.79 pA nM ™" for silver(1).**°

Ghanei-Motlagh et al. fabricated a magnetic silver ion
imprinted polymer nanoparticle (Fe;0,@SiO,@IIP) on a CPE to
electrochemically ascertain silver(1). There was a linear increase
in terms of current reaction with silver(1) concentration across
the 0.05 to 150 ug L' concentration range. The associated LOD
was 15 ng L™ ". The sensitivity was found to be 2.4973 pA ppb~*
for silver(r).>*°

Others. Measuring the quantities of compounds such as
phenol, sulfite, hydrazine, hydroxylamine, nitrite, and para-
cetamol is vital in industries.>***** Beitollahi et al. conducted
a study where benzoyl ferrocene (BF) was utilized to create an

21572 | RSC Adv, 2020, 10, 21561-21581
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adjusted graphene paste electrode. The binder used to develop
this electrode was hydrophilic ionic liquid (n-hexyl-3-
methylimidazolium hexafluoro phosphate). Within the 5.0 x
107% to 2.5 x 10™* M concentration range, using SWV, linear
dynamic range was exhibited with a 20.0 nM LOD for sulfite.
The sensitivity of the modified electrode towards the oxidation
of sulfite was found to be 0.077 pA pM~'. The electrode dis-
played favorable resolution between sulfite and phenol vol-
tammetric peaks, making it suitable to detect sulfite with the
existence of phenol within real specimens.**

Beitollahi et al. reformed a CPE using 2-(4-oxo-3-phenyl-3,4-
dihydroquinazolinyl)}-N'-phenyl-hydrazinecarbothioamide,
magnetic core shell Fe;0,@Si0,/MWCNT nanocomposite as well
as ionic liquid (n-hexyl-3-methylimidazolium hexafluoro phos-
phate). The hydrazine electro-oxidation at the reformed elec-
trode's surface was examined via electrochemical methods.
Within the 7.0 x 1078 to 5.0 x 10 *M concentration range, SWV
displays linear dynamic range and the hydrazine LOD was 40 nM.
The sensitivity of the electrode towards the hydrazine was found
to be 0.0601 pA pM~*. The electrode displayed favorable resolu-
tion among hydrazine and phenol voltammetric peaks, making it
beneficial to detect hydrazine with the existence of phenol within
real specimens.”®

Karimi Maleh et al. presented a CPE adjusted using ferrocene
and carbon nanotubes used as voltammetric sensor to determine
sulfite at pH 7. The findings proved that at optimal state, i.e. pH
7, using CV, sulfite oxidation takes place at 280 mV potential less
positive compared to that of unadjusted CPEs. At optimal state,
sulfite electrocatalytic oxidation peak current exhibited linear
dynamic range within 0.4-120.0 uM and 0.1 uM LOD for sulfite.
The electrode showed a sensitivity of 3.348 pA uM " for sulfite.?*”

Foroughi et al. studied hydroxylamine electrochemical
activities at BF adjusted carbon nanotubes paste electrode. The
relevant electrocatalytic currents displayed linear enhancement
within 0.9-400.0 uM hydroxylamine concentration range and
0.1 pM LOD for hydroxylamine. The sensitivity for hydroxyl-
amine was 0.715 pA uM . The electrode was applied to deter-
mine hydroxylamine within water specimens.>*®

Mohammadi et al. conducted a research to determine the
application of a carbon paste electrode reformed using 3-(4'-
amino-3’-hydroxy-biphenyl-4-yl)-acrylic acid and ZrO, nano-
particles which was constructed using a simple and prompt
method. The SWV hydrazine peak currents exhibited linear
enhancement within 2.5 x 107% to 5.0 x 10~> M hydrazine
concentration range and 14 nM detection limit. The sensitivity
of 3.992 pA pM ™" was obtained for hydrazine.?”

Mazloum Ardakani reported the application of a CPE
reformed using quanizarine (QZ) and TiO, nanoparticles.
Hydrazine differential pulse voltammetric peak currents
exhibited a linear increase within 0.5 to 1900.0 uM concentra-
tion limit for hydrazine with 77 nM detection limit. The sensi-
tivity for hydrazine was found to be 0.6022 pA pM ‘. The
electrode was applied to determine hydrazine within water
specimens by utilizing the standard addition method.”*®

Mazloum Ardakani et al. applied the CPE reformed using QZ
and TiO, nanoparticles to determine hydroxylamine. At an optimal
state, there was a linear concentration range of 1.0 to 400.0 uM for

This journal is © The Royal Society of Chemistry 2020
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Table 4 Selected applications of CPEs to environment pollution analysis
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Electrochemical
Analyte Modifier method Linear range Detection limit Ref.
Fomesafen Carbon nanotube (CNT) SWv 0.30-40 mg L™" 0.089 mg L ! 182
Methyl ZrO,-nanoparticles SWv 5.0-3000.0 ng mL " 2.0 ng mL ™" 183
parathion
Diazinon Carbon nanotubes (CNTS) DPV 1x10 06 x10 %M 4.5 x107°M 184
Cd(m) Bismuth nanoparticles SWASV 1-100 ppb 0.81 ppb 192
Pb(u) 1-100 ppb 0.65 ppb
Ni(u) 10-150 ppb 5.47 ppb
cd** Antimony nanoparticles (SbNPs)/multiwalled SWASV 10.0-60.0 ug L™ 0.77 pg L7* 193
Pb** carbon nanotubes (MWCNT) 0.65 pg L*
pb** Gold nanoparticles (Au NPs) SWASV 50-500 pg L™ 9.178 pg L' 194
cd* 200-700 pg L* 86.327 ug L "
cu** 200-700 pg L7* 85.373 pg L*
cd* Graphene/TMU-16-NH,([Zn,(NH,-BDC),(4-bpdh)]-  DPV 0.7-120 pg L " 02 ugL" 195
3DMF) metal-organic framework (MOF) [graphene/
MOF (TMU-16-NH,)]
cu** Silica nanoparticles/Schiff base ligand (L/SiO, NPs) SWASV 4.0-400.0 ng mL™" 0.28 ng mL™* 196
cd* 5.0-700.0 ng mL~* 0.54 ng mL ™'
Hg™" Carbon ionic liquid/ion imprinted polymeric (IIP)  DPV 0.5 nM to 2.0 M 0.1 nM 197
nanobeads
Sn** Clinoptilolite nano-particles (CNP)/ SWvV 1x10%-1x10°M 9x10°M 198
hexadecyltrimethyl ammonium bromide surfactant
(HDTMA)/dithizone (DZ) CNP/HDTMA/DZ
Silver(r) Poly(methylene disulfide) nanoparticles DPASV 3.0 x 107" to 1.0 x 1.0 x 10 %M 199
(PMDSNPs) 10°M
Silver(r) Magnetic silver ion imprinted polymer DPV 0.05-150 pg L~ " 15ng L ! 200
nanoparticles (mag-IIP-NPs) Fe;0,@SiO,@IIP
Sulfite Benzoylferrocene (BF)/ionic liquid (n-hexyl-3- SWv 5.0 x 10 ¥t02.5 x 107"  20.0 nM 205
methylimidazolium hexafluoro phosphate)/ M
graphene nano-sheets
Hydrazine Tonic liquid (2-(4-oxo-3-phenyl-3,4- SWV 7.0x 10 %t05.0 x 107"  40.0 nM 206
dihydroquinazolinyl)-N'-phenyl M
hydrazinecarbothioamide)/magnetic core/shell
Fe;0,@Si0,/MWCNT nanocomposite
Sulfite Ferrocene (FC)/multiwall carbon nanotubes SWv 0.4-120.0 pM 0.1 pM 207
(MWCNTs)
Hydroxylamine Benzoylferrocene (BF)/carbon nanotubes (CNTs) SWv 0.9-400.0 pM 0.1 uM 208
Hydrazine 3-(4-Amino-3-hydroxy-biphenyl-4-yl)-acrylic acid/ SWV 25%x 10 %t05.0 x 107° 14 nM 209
ZrO, nanoparticles (ZrO, NPs) M
Hydrazine TiO, nanoparticles/quinizarine (TiO, NPs/QZ) DPV 0.5-1900.0 pM 77 nM 210
Hydroxylamine TiO, nanoparticles/quinizarine (TiO, NPs/QZ) DPV 1.0-400.0 M 0.173 pM 211
Hydrazine TiO2 nanoparticles/Mn(ur) salen SWv 3x10%t04.0x10°*  10.0 nM 212
M
Hydroxylamine Carbon nanotubes and 2,7-bis(ferrocenyl ethyl) SWv 5.0 x 10 %t05.0 x 10°* 15.0 nM 213
fluoren-9-one (2,7-BF) M
Hydroxylamine 1,1-Bis(phenylacetyl)ferrocenele/NiO/CNTSs SWv 0.5-250.0 uM 0.2 uM 214
nanocomposite (1,1-BPF/NiO/CNTs)
Hydroxylamine CdO nanoparticles (CAdO/NPs) SWvV 0.09-650.0 pM 0.06 uM 215
Hydroxylamine Promazine hydrochloride (PHC)/multiwall carbon =~ DPV 0.17-10.0 mM 1.4 nM 216
nanotube (MWCNT)
Hydroxylamine 8,9-Dihydroxy-7-methyl-12H-benzothiazolo[2,3-b] SWv 0.09-350 uM 0.04 uM 217
quinazolin-12-one -ZnO/CNTs (DMBQ/ZnO NPs/
CNTs)
Hydrazine ZnO/CNTs nanocomposite/N-(4-hydroxyphenyl)- LSV 0.02-550.0 pM 8.0 nM 218
3,5-dinitrobenzamide (ZnO/CNTs/HPDB)
Hydrazine Gold-copper bimetallic nanoparticles supported on CV 0.01-150 mM 0.04 uM 219
nano P zeolite (Au-Cu/NPZ)
Hydrazine Silver-doped zeolite L nanoparticles (Ag/L) cv 10 uM to 4.0 mM 1.5 uM 220
Hydrazine B-Nickel hydroxide nanoplatelets Amperometry 1.0-1300.0 pM 0.28 uM 221
Nitrite Chitosan-functionalized silver nanoparticles/ Cyclic 100 nM to 50 uM 30 nM 222
multiwalled carbon nanotube (chit-AgNPs/ voltammograms
MWCNT)
Paracetamol Sn0,/SnS nanocomposite DPV 1.0 to 36.0 uM 0.06 uM 223
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Table 5 An overview on nanomaterials commonly used in CPEs
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Nanomaterial

Features

Ref.

Carbon nanotubes (CNTSs)

Graphene

CNTs based nanocomposite

ZnO NPs

SiO, NPs
TiO, NPs

ZrO, NPs

MgO NPs
ZnFe,0,4 NPs

CdO NPs
B-Nickel hydroxide nanoplatelets

SnO,

Ni NPs

Bi NPs
Au NPs

Quantum dot

Nanozeolite

Metal-organic framework
nanostructure

Y,0; nanoparticles supported on
nitrogen-doped reduced graphene
oxide (Y,O;NPs/N-rGO)

Reduced graphene oxide/ZnO
nanocomposite (rGO/ZnO-NC)
Mesoporous silica nanoparticles
(MSNs)

Sn0,-Co3;0,@rGO
nanocomposite

Al,O;3-supported palladium
nanoparticles (PANPs@AL,O3)
Carbon ionic liquid/ion imprinted
polymeric nanobeads (IIP-CIL)

Poly(methylene disulfide)
nanoparticles (PMDSNPs)
Magnetic silver ion imprinted
polymer nanoparticles (mag-IIP-
NPs) Fe;0,@Si0,@IIP

21574 | RSC Adv, 2020, 10, 21561-21581

Good electrical conductivity, high chemical stability, high mechanical
strength, high surface area, high ability to mediate electron transfer
reactions with electroactive species in solution

Extremely large specific surface area, good electrical conductivity, high
electrocatalytic activity, strong mechanical strength, extremely high thermal
conductivity, good biocompatibility, good hydrophilicity and dispersibility
in water, high electron mobility at room temperature

Improve the electrical and mechanical properties of the composites by
CNTs, possess the properties of individual CNTs, metal-NPs, metal oxide-
NPs,... with a synergistic effect, excellent catalytic properties of
nanoparticles without losing any of the electronic properties of CNTs
Wide band gap (3.37 eV), large excitation binding energy (60 €V), high
exciton, biocompatibility, low-cost synthesis, non-toxicity, better
electrochemical activities, chemical and photochemical stability, high-
electron communication features

Large active surface area and high accumulation efficiency

Good biocompatibility, high conductivity, low cost, optical transparency

Thermal stability, biocompatibility, chemical inertness, and affinity for the
groups containing oxygen, affinity for phosphate groups, good conductivity
Good electrical conductivity

Interesting electronic and magnetic properties, chemical and thermal
stability, large specific surface area, low bandgap and high conductivity
Lower density, higher surface area, and distinct optical property

Relative stability in alkaline medium, the formation of Ni(OH),/NiOOH
redox couple on the electrode surface in alkaline medium, accelerate
electron transfer

A large band gap of 36 eV, catalytic activity, good compatibility and
biocompatibility, non-toxic, inexpensive, green material, good chemical
stability and medium conductivity

Enhance electrode conductivity and surface area, facilitate the electron
transfer, improve the detection limit of analyte

High surface area

Finely tunable optical properties, high surface area, capacity for surface
modification, superior stability, complete recovery in biochemical redox
processes, less toxic

Very small size, large specific surface area, excellent biocompatibility,
quantum cavity electrochemical conductivity

High exchange ability, adsorption capacity, increased surface area,
decreased diffusion path lengths, presence of more pore entrances per
weight amount of zeolite, enhanced diffusion rates and reactivities
Extensive porosity, tunable pore sizes, large internal surface area and high
degree of crystallinity, good chemical stability in aqueous media and
electrochemical oxidation/reduction capability

Available nitrogen sources, biocompatible C-N microenvironment, the low
production cost, high electrical conductivity and many chemically active
sites

Wide band gap, non-toxicity, large surface area, excellent conductivity and
electrocatalytic activity

Very high specific surface areas, good adsorption of several species, intrinsic
electrocatalytic activity

Large electroactive surface area and good electrical conductivity

High mechanical strength and compressive strength of Al,Os-supported

High potential and selectivity in trace and ultratrace analyses, high
adsorption capacities, improved sensitivity, high stability and durability
against harsh chemical environments

The presence of S-S bonds in their main chains, the ability to interact with
silver ions

Simple and convenient to prepare, high selectivity, fast mass transfer, high
surface area and good sorption capacity

122,126,141, 142, 148, 149,
151,167, 168,170-173, 182,
184, 207, 208, 213 and 216
139,143,152-154,169,205

121,123, 125, 146, 150, 162,
193, 206, 214, 217, 218 and
222

124

127 and 196

129, 138, 144, 166 and
210-212

128, 145, 147, 183 and 209

159
164 and 175

215
221

223

137
192
194
140 and 160

198, 219 and 220

130 and 195

158

161
163
165
176

197

199

200
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hydroxylamine with 0.173 pM LOD via the DPV approach. The
electrode demonstrated good sensitivity of 0.536 pA pM~*.2"

Mahmoudi Moghaddam et al. fabricated an electrochemical
sensor for hydrazine selective and sensitive determination with
the existence of phenol. Bulk CPE reformation using TiO,
nanoparticles and Mn(m) salen. By using the SWV method, 3 x
10" % t0 4.0 x 10~ * M linear dynamic range with 10 nM LOD was
determined for hydrazine. A sensitivity of 0.101 pA uM ™" was
obtained for hydrazine.*"

Mahmoudi Moghaddam et al. examined hydroxylamine elec-
trochemical oxidation at CPE surface which was adjusted using
CNTs and 2,7-BF. The electrode's electrochemical reaction
properties concerning hydroxylamine and phenol was studied.
There was a linear increase regarding SWV hydroxylamine
currents at 2,7-BFCNPE within 5.0 x 1078 to 5.0 x 10°* M
concentration limit and 15 nM LOD for hydroxylamine. The
sensitivity of hydroxylamine was found to be 0.319 pA pM '3

Golestanifar et al. examined the electrochemical behavior of
hydroxylamine at a 1,1-bis(phenylacetyl)ferrocenele (1,1-BPF)/
NiO/CNTs adjusted CPE. There was a linear increase of peak
current within the 0.5-250.0 uM concentration range and 0.2
uM LOD for hydroxylamine. The sensitivity was 0.0991 pA uM .
This sensor was used for wastewater specimens with excep-
tional results.***

Shabani-Nooshabadi and Tahernejad-Javazmi examined the
development of a sensitive voltammetric sensor to electro-
catalytically determine hydroxylamine with the existence of
thiosulfate (TS). When using SWV, hydroxylamine displayed
0.09-650.0 uM linear dynamic range at 0.06 M detection limit.
The sensor exhibited a sensitivity of 0.0589 pA pM™'. This
sensor was applied to determine hydroxylamine within water
specimens.”'®

Rezaei et al. presented an electrochemical sensor to deter-
mine hydroxylamine. The developed sensor is supplied with
promazine hydrochloride (PHC) which takes the role of
a homogenous mediator and MWCNT to enhance the CPE
surface as an applicable electrode. Hydroxylamine oxidation
electrocatalytic peak current exhibited linear dependency
within the 0.008 to 0.100 uM hydroxylamine concentration
range via DPV at optimal state pH 9. By utilizing LSV under the
same circumstances, the calibration plot was achieved within
the 0.17 to 10.0 pM concentration range and 1.4 nM LOD for
hydroxylamine. Also, sensitivity in the DPV measurement was
476 pA pM 126

Gupta et al. reported the fabrication of a 8,9-dihydroxy-7-
methyl-12H-benzothiazolo[2,3-b]quinazolin-12-one ~ (DMBQ)-
ZnO/CNTs adjusted CPE to electro-catalytically ascertain
hydroxylamine with the existence of sulfite and phenol within
water and waste water specimens. There was a linear increase in
terms of SWV peaks within the 0.09-350 uM concentration
range and 0.04 pM LOD for hydroxylamine. The sensitivity of
the sensor was estimated to be 0.7548 pA uM ™~ 1.277

Karimi Maleh et al., reported the development of an elec-
trochemical sensor to determine hydrazine with the existence of
phenol in water and wastewater specimens. The voltammetric
sensor to determine phenol and hydrazine within water and
wastewater specimens was an electrode adjusted using ZnO/

This journal is © The Royal Society of Chemistry 2020
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CNTs nanocomposite and N-(4-hydroxyphenyl)-3,5-
dinitrobenzamide (HPDB). Hydrazine SWV at the adjusted
electrode displayed linear dynamic range of 0.02-550.0 uM and
8.0 nM LOD. The electrochemical sensor showed a sensitivity of
18.4860 pA pM~'.2®

Amiripour et al. described an inexpensive electrochemical
sensor on the basis of bimetallic Au-Cu nanoparticles incor-
porated on P nanozeolite adjusted CPE to determine hydrazine
at trace levels. This sensor exhibited beneficial analytical char-
acteristics to determine hydrazine at 0.04 pM detection limit,
0.01-150 mM wide linear range and 99.53 pA mM ' high
sensitivity.>*

Salek Gilani et al. proposed a silver loaded nanozeolite
adjusted CPE which was utilized as a sensing platform to
improve electrocatalytic oxidation and determination of
hydrazine. Concerning the amperometric hydrazine determi-
nation, a linear range of 10 pM to 4.0 mM was exhibited with
103.13 A mM ™" sensitivity. The LOD of this sensor was deter-
mined to be 1.5 uM. The associated reaction time and LOD was
2 seconds and 1.5 pM, correspondingly.**®

Avanes et al. conducted a study on electrocatalytic oxidation
and amperometric determination of hydrazine via B-nickel
hydroxide nanoplatelets altered CPE. This altered electrode
exhibited beneficial analytical characteristics to determine
hydrazine at 0.28 uM detection limit, 1.0-1300.0 uM wide linear
range and 1.33 pA pmol ' L cm ™ high sensitivity.?*!

Bibi et al. evaluated nitrite voltammetry by utilizing multi-
walled carbon nanotube paste electrode (MWCNTPE) adjusted
using chitosan-functionalized silver nanoparticles (chit-AgNPs).
The oxidation peak current exhibited linear dependency on
nitrite concentrations across the 100 nM to 50 pM range and
30 nM nitrite detection limit, correspondingly. The sensitivity
(367 881 uA M) of sensor was obtained. The developed elec-
trode exhibited high selectivity for nitrite even in the presence
of other potentially interfering ions.**

A CPE altered using SnO,/CusS, SnO,/SnS and Cu@SnO,/SnS
nanocomposites was implemented by Naghian et al. to vol-
tammetric sensors for paracetamol (PAT) and hydroquinone
(HQ). Within the concentration range of 1.0 to 36 uM for PAT
and 1.0 to 85 uM for HQ, linear calibration curves were ach-
ieved. The sensitivities are 7.07 pA pM~* cm ™2 for PAT and 1.8
pA uM ' em 2 for HQ, respectively. The associated detection
limits for the analytes were 0.06 uM and 0.2 pM for paracetamol
and hydroquinone, correspondingly.””® Furthermore, the
nanoparticle-based electrodes are also intensively studied by
previous reports.***>

The uses of CPEs in environmental contamination analysis
is surveyed on Table 4. This data outlines the progression and
individual trends that were previously mentioned. An overview
on nanomaterials commonly used in CPEs listed in Table 5.

Conclusion and future perspectives

CPEs are vital assessment tools to meet the continuously
increasing need for prompt, sensitive and selective detection of
environmental contaminants, pharmaceutical compounds and
biological species. These low-cost electrodes may simply be
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adapted for the detection of an extensive range of analytes. In
this report, original fabrications of CPEs along with their uses in
environmental and biological analysis are summarized. There
are currently two types of carbon paste design: devices that can
be applied for concurrent detection and devices with specificity.
The different nanomaterials applied as modifier to alter the
working system. The resulting electrodes performed better than
to the bare CPE that made them niche and shown potential in
the field of electrochemical methods.

Regarding the research area of electroanalysis and environ-
mental contaminants, pharmaceutical compounds, and bio-
logical species using nanomaterials-based CPEs, the key
interests for the future fundamental research can be summa-
rized as:

(1) More frequent usage of new carbon pastes made of
various materials simulating the function of some modifiers
(e.g., electrocatalytic properties of carbon nanotubes, function-
alized carbon nanotubes, graphene and its derivatives, and
ionic liquids) or stabilizing the carbon paste mixture for prac-
tical application.

(2) Development a robust synthesis and modification system
to prepare nanomaterials with desired properties, e.g. highly
stable, well-dispersed, highly uniform, and high electrical
conductivity to increase the sensitivity and selectivity of elec-
trochemical sensors.

(3) The efficient combination of different nanoscaled mate-
rials with each other may open up a new avenue for utilizing
novel nanocomposites as the enhancing elements to construct
electrochemical sensing platforms (nanocomposite/CPE) with
high performance.

(4) Further miniaturization in the field of electrochemical
sensing using nanomaterials-based carbon paste electrodes.

(5) Practical preference of methods with favorable ecological
parameters (environmentally friendly procedures connected
with “green analytical chemistry”). In this respect, nearly
harmless and non-toxic carbon pastes can be a considerable
advantage.

(6) Combination of traditional electrochemical techniques with
other detection methods such as electrochemiluminescence,
spectroelectrochemistry, etc.
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