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Abstract In this study, ZnO-Red Ochre nanocomposite was green synthesized by Rosa Damascena

(RD) extract (RDZRONCs). Proton Induced X-ray Emission microanalysis (Micro-PIXE) and

X-ray diffraction (XRD) pattern confirmed the presence of hematite (Fe2O3), and quartz (SiO2)

mineral phases in the Red Ochre (RO) nanoclay. In addition, the XRD pattern shows the ZnO,

ZnFe2O4, SiO2, Fe2O3, and Si phases in the RDZRONCs that were green synthesized with natural

RD extract and RO. The RDZRONCs were used to modify the carbon paste electrode (CPE) for the

electrochemical determination of the anticancer drug 5-fluorouracil (5-FU). Cyclic voltammetry

(CV) and electrochemical impedance spectroscopy (EIS) techniques were employed to investigate

the surface behavior of modified CPE (RDZRONCs/CPE). The electrochemical behavior of 5-

FU at the RDZRONCs/CPE was exanimated by CV, differential pulse voltammetry (DPV),

chronoamperometry (CA), and chronocoulometry (CC). Based on the DPV technique, a linear rela-

tionship between peak current and concentration of 5-FU was obtained in the dynamic range of

0.05–140.0 lM and with a detection limit equal to 0.0016 lM. The selectivity of RDZRONCs/
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CPE for 5-FU was studied in the presence of different inorganic and organic species. Also, the con-

tent of 5-FU was measured in real samples by RDZRONCs/CPE.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Red ochre (RO) is a natural pigment that has historically been used for

a variety of purposes, such as painting walls, artworks, and for extract-

ing iron. The RO contains varying amounts of hematite (Fe2O3),

goethite (FeOOH), kaolinite (Al2Si2O5(OH)4), or illite, quartz (SiO2),

calcite (CaCO3), anhydrite (CaSO4) and dolomite (CaMg(CO3)2).

When hematite is the main phase of iron oxide, the ochre is red, and

when goethite is predominant, it is yellow (Mortimore et al., 2004;

Salavati-Niasari, 2006).

Plant-mediated synthesis of nanoparticles is a one-step, cost-

effective, and environmentally friendly method that uses natural and

non-toxic bio-constitute as capping and reducing agents for the green

synthesis of nanoparticles. Due to their bio-constitute, such as flavo-

noids, phenolic acids, alkaloids, saponins, carbohydrates, terpenoids,

and proteins, medicinal plants with high therapeutic value are widely

used in synthesizing nanoparticles (Chopra et al., 2022). Rosa Damas-

cena (RD) is a shrub that can grow up to 2.5 m in height and is mainly

cultivated in Iran, Bulgaria, Turkey, India, and Morocco. The presence

of phytochemicals such as glycosides, terpenes, flavonoids, and antho-

cyanins causes the bright and colorful RD flowers to have medicinal

properties. Also, this phytochemical can act as a reducing and capping

agent for the green synthesis of nanoparticles (Boskabady et al., 2011).

Measurement of drugs has played an essential role in controlling

the quality of drugs and has also been very influential on public health.

Therefore, it is imperative to choose a simple and sensitive technique

for measuring these compounds. Fluorouracil, with the IUPAC name

of 5-fluoro-1H, 3H-pyrimidine-2,4-dione, and abbreviations 5-FU, is

an antimetabolite. 5-FU is an analog of pyrimidine, so it interferes

with DNA replication. 5-FU is used to control some cancers, such

as gastrointestinal cancers of colorectal cancer, pancreatic cancer,

and skin cancers (topically). This drug, like other chemotherapy drugs,

has many side effects. Diarrhea, infection, mouth ulcers, scaling of the

skin, inflammation of the skin, and peptic ulcer are important and rel-

atively common side effects of 5-FU (Longley et al., 2003; Freelove

and Walling, 2006; Salavati-Niasari, 2005). Due to the biological

importance of 5-FU, simple and rapid techniques for its identification

in trace quantities in daily analysis seem necessary. Various techniques

such as HPLC (Loos et al., 1999; Woo et al., 2008), fluorescence spec-

trometry (Khot et al., 2010; Zhu et al., 2011), capillary electrophoresis

(Procházková et al., 2001), GC/MS (Kubo et al., 1991; Li et al., 2018),

and LC-MS/MS (Salavati-Niasari et al., 2008; Mutharani et al., 2020)

have been used to measure 5-FU. Despite their high sensitivity, some

of these techniques are less commonly used due to their complexity

and time-consuming nature. Therefore, to solve these problems, elec-

trochemical methods are used, which have advantages such as high

sensitivity and selectivity, simplicity, and good reproducibility

(Mahdi et al., 2022; Rahimi-Nasrabadi et al., 2020; Ganesan et al.,

2021; Satyanarayana et al., 2015; Hatamluyi et al., 2019; Bukkitgar

and Shetti, 2016; Wang et al., 2012). In 2012, a GNP (gold nanoparti-

cles) modified screen-printer electrode (SPE) was used to measure 5-

FU by using the square wave voltammetry (SWV) technique (Hua

et al., 2013). In 2013, a modified glassy carbon electrode (GCE) was

described for determination of 5-FU (Pattar and Nandibewoor,

2015). In another study, a glucose-modified CPE was used to measure

5-FU (Wang et al., 2012). GCE was modified with chitosan

nanocomposite-MWCNT-gold nanoparticles (GNPs) for 5-FU mea-

surement by using CV, EIS, and DPV investigated in 2015

(Hatamluyi et al., 2019). GCE modified with chitosan nanocomposite
film and reduced graphene oxide to measure 5-FU using the SWV tech-

nique has also been reported (Koyuncu Zeybek et al., 2015). In 2015, a

DNA biosensor based on a GCE modified with poly(bromocresol pur-

ple) was used to measure 5-FU (Bukkitgar and Shetti, 2016). In 2016,

the electrochemical behavior of 5-FU was evaluated on the surface of

CPE without modifier (Bukkitgar and Shetti, 2016), and CPE modified

with methylene blue (Hadi et al., 2018). 5-FU measurement with

screen-printed carbon and GCE electrodes modified with nanohybrid

graphene oxides and carbon nanotubes has been evaluated (Lima

et al., 2018). In 2018, a CPE modified with nanocomposite porphyran

coated with GNPs was described for 5-FU measurement. GNP was

synthesized by the green method, and the nanocomposite particle size

is reported to be 128.7 nm. (Zahed et al., 2018). Pencil graphite elec-

trode modified with nanocomposite polyaniline-silver nanoparticles

(SNPs) reported for 5-FU measurement (Bojko et al., 2020). In

2020, CPE modified with green synthesized silver nanoparticles was

used to measure 5-FU (Emamian et al., 2020). 5-FU has been mea-

sured on the surface of CPE modified with graphene quantum dots

and ionic liquid 1-butyl pyridinium bromide (Niazazari et al., 2020).

A CPE modified with ptSWCNTs and nH3MHP (n-hexyl-3-

methylimidazolium hexafluorophosphate) is reported for the measure-

ment of 5-FU (Purohit et al., 2022).

Recently, the use of nanomaterials in the construction of sensors

has received much attention (Veerakumar et al., 2021; Veerakumar

et al., 2021; Manavalan et al., 2019; Shanbhag et al., 2022). The use

of nanorods-Hf.WO3 modified CPE to measure salbutamol, paraceta-

mol (Bukkitgar et al., 2020), and Ambroxol measurements using CPE

modified with reduced GO (graphene oxide) loaded by Ru-doped TiO2

nanoparticles (Killedar et al., 2021) are examples of the use of nanoma-

terials in electrochemical sensors. Nanoclays are environmentally

friendly and accessible nanomaterials that are also widely used in elec-

trode modification. The CPE and GCE modified with a hybrid of GO,

and nanoclay is reported for theophylline measurements (Shetti et al.,

2019; Shetti et al., 2020). The CPE modified with nanoclay has also

been used to measure nimesulide (Killedar et al., 2022) and famotidine

(Ghalkhani et al., 2022) by the SWV method. The use of nanocompos-

ites for the measurement of drugs has also received much attention

recently (Halakoei et al., 2021; Sohouli et al., 2021; Zokhtareh et al.,

2023). The use of nanocomposite CuO/ZnFe2O4/rGO to measure car-

bamazepine (Halakoei et al., 2021) and the use of nanocomposite TiO2

and ionic liquid in measuring zolpidem (Zokhtareh et al., 2023) are

examples of the use of nanocomposites in modifying electrodes that

used in measuring drugs.

Nanomaterials synthesized by the green method have been widely

used in electrochemistry, especially in electrode modification (Sherlin

et al., 2022; Lee et al., 2022; Nazarpour et al., 2020; El-sayed et al.,

2022; Kumar et al., 2022; Bilge et al., 2022; Sallez et al., 2000). Using

Fe3O4 nanoparticles produced with the help of Sambucus ebulus L.

extract to measure metronidazole (Sherlin et al., 2022), reduction of

graphene oxide using reducing agents obtained from the dragon fruit

peel and its application in the measurement of sulfamethoxazole

(Nazarpour et al., 2020), application of reduced graphene oxide/gold

nanoparticles (rGO/AuNPs) nanocomposite synthesized using E.

tereticornis leaf in surface modification of screen-printed electrode

for measuring L-tryptophan (El-sayed et al., 2022), and measurement

of anticancer drug ruxolitinib using GCE modified with carbon mate-

rials obtained from sponge waste and Co3O4 nanoparticles (Sallez

et al., 2000) are examples of reported research on the use of green syn-

thesized nanomaterials for electrochemical measurements.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Considering the importance of using nanomaterials synthesized by

the green method in the modification of electrodes, in this research, it

was decided to use ZnO-Red Ochre nanocomposite synthesized using

Rosa damascene to modify CPE. The cheapness and availability of

Red Ochre for making nanocomposite are one of the convenient fea-

tures of the present research. In addition, according to the studies con-

ducted, Red Ochre has received very little attention in electrochemical

measurements (Erol et al., 2021). On the other hand, using ZnO-Red

Ochre nanocomposite synthesized in this research has not been used

to modify any electrode.

In this research, RO nanoclay was green synthesized with RD

extract and analyzed by Micro-PIXE and XRD analysis. In the next

step, RD extract was used to green synthesis RDZRONCs nanocom-

posite. Finally, the green synthesized nanocomposite was used to mod-

ify CPE for the electrochemical determination of 5-FU by

voltammetry techniques such as CV, DPV, CA, and CC.

2. Experimental

2.1. Materials, reagents, and solutions

The names of all the chemicals used in this research, along with
the chemical formula, the name of the manufacturer, and their
purity, are listed in Table 1. Graphite powder is amorphous,

and its particle size is less than 50 mm. Phosphate buffer solu-
tions, PBS, were prepared by mixing 0.1 M solutions of phos-
phate salts, and its pH was adjusted in the desired pH using

0.1 M NaOH or H3PO4 solutions. Ampoules containing
250 mg of 5-FU per 5 ml were bought from a drugstore in Isfa-
han, Iran.

2.2. Apparatus

The XRD pattern was obtained by PANalytical X’pert under

Cu-K radiation, k = 1.541 A�, 2h = 20–80, to analyze the RO
Table 1 The list of chemical materials that employed in this

study.

Chemical Chemical formula Company Purity

(%)

Zinc acetate dihydrate Zn

(CH3COO)2�2H2O

Merck 99

Ethanol C₂H₆O Merck 96

Fluorouracil C4H3FN2O2 Merck 99

Phosphoric acid H3PO4 Merck 85

Sodium dihydrogen

phosphate

NaH2PO4 Merck 99

Disodium hydrogen

phosphate

Na2HPO4 Merck 99

Sodium hydroxide NaOH Merck 99

Acetic acid C2H4O2 Merck 100

Boric acid H3BO3 Merck 99

Sodium hydroxide NaOH Merck 99

Paraffin oil – Merck 100

Graphite powder C Merck 100

Potassium

ferricyanide

K3Fe(CN)6 Merck 99

Potassium

ferrocyanide

K4Fe(CN)6 Merck 99

Potassium chloride KCl Merck 99

Fluorouracil injection C4H3FN2O2 250 mg/

5 ml
nanoclay and determine the crystal structure and the size of
RDZRONCs. The morphology of RDZRONCs was studied
using a scanning electron microscope Leo 1430 Vp (Carl

Zeiss). Also, the functional groups of RDZRONCs were char-
acterized by Shimadzu 8900 FT-IR spectroscopy. The micron
proton system used in this study was purchased in 2000 by the

Atomic Energy Organization of Iran from Oxford Microbial
Company and installed on the nuclear and nuclear research
center’s vendor accelerator. The launch of this system was car-

ried out in late 2004. The proton beam required for elemental
analysis is generated by the 3 MeV accelerator and nuclear
physics unit. This bar has a dimension of 2 � 2 mm2 for daily
analysis. However, to create a micron beam, by an object dia-

phragm and a diaphragm, the diameter of the beam is reduced
to less than 9 mm. Then the plate is converted by three trian-
gular magnetic poles of less than 10 mm in diameter. The

micron beam is swept by two oscillators in two directions, y
and �, and the sample’s surface is in a maximum dimension
of 2.5 � 2.5 mm. (The broom level in this research is

0.5 � 5 mm square). Therefore, in this way, the two-
dimensional distribution of the elements in the sample can be
measured by the micro-pixel technique. To determine the res-

olution of the measurement using the micro-pixel technique,
the proton beam is projected onto a metal net, for example,
of the iron contained in the test chamber. Also, the degree of
separation of sample measurement is known as the distance

between the vertical and horizontal lines in the net (about
120 mm). In this experiment, a 1.5-meV proton beam with a
pulsed flow of about 10–20 pA was used. The proton beam

diameter in this test is abou9t 10 mm. Autolab device manufac-
tured by Company Chemie-Eco Netherlands, model
PGSTAT320N, was used for electrochemical measurements

consist of the CV, DPV, CC, CA, and EIS. For potentiostat
tests, three-electrode cells containing working (CPE, modified
or unmodified), reference (saturated Ag/AgCl electrode), and

auxiliary (platinum wire electrode) are commonly used in this
research. The voltammograms, chronoamprograms, chrono-
colograms, and Nyquist curves were recorded using NOVA
1.8 software. Then the required parameters were obtained by

using this software and discussed. Nyquist curves were
obtained for 0.1 M KCl solution containing 1 mM Fe2+/
Fe3+ redox after 15 min of equilibrium, in the frequency range

of 10 kHz-0.1 Hz with an amplitude of 0.01 V. Metrohome pH
meter model 827 was used to prepare the buffers.

2.3. Preparation of the RD extract

RD flowers were collected from Qamsar, Kashan, Iran, and
after washing with re-distilled water, it was dried and turned
into powder. 5 g of dried and grounded RD flowers was added

to 100 ml of re-distilled water in a 250 ml Erlenmeyer flask and
sonicated at 70 �C for 20 min. The resulting solution was fil-
tered with Whatman No. 1 filter paper and was used to green

synthesis RDZRONCs.

2.4. Preparation of RO nanoclay

RO was collected from the Persian Gulf of Iran. For the green
synthesis of RO nanoclay, 100 ml of ethanol 70 % v/v was
added to 0.5 g of purified RO and sonicated for 20 min. In

the next step, 20 ml of RD extract was added to the super-
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natant solution and subjected to 50 kHz ultrasonic for one
hour. Finally, the obtained precipitate was calcined at 600 �C.

2.5. Green synthesis RDZRONCs

For the green synthesis of RDZRONCs, 0.1 g of RO nanoclay
was dispersed in 10 ml of ethanol and then added to 40 ml of

10 mM zinc acetate dihydrate solution. To this solution was
added 10 ml of RD extract as a reducing and capping agent
and kept at 60 �C on a magnetic plate for about 24 h under

continuous stirring. The resulting precipitate was centrifuged
at 5000 rpm for 10 min and washed with re-distilled water to
remove impurities. The green synthesized RDZRONCs were

dried at 80 �C and calcinated at 600 �C for 3 h.

2.6. Preparation of the RDZRONCs/CPE

To make the unmodified CPE, weigh 0.5 g of graphite powder,

then grind it well in a porcelain mortar for 20 to 30 min, then
add about 7 to 8 drops of paraffin to the ground powder and
mix it to be uniform. The homogenized paste was then pressed

into a glass tube with a cross-section of 1.34 mm. For the
preparation RDZRONCs/CPE, all the steps are similar to
those mentioned for making the unmodified CPE, except that

the values of 0.002, 0.004, 0.006, and 0.008 g of the
RDZRONCs were separately added to 0.5 g of graphite pow-
der. In addition, a thin copper wire, inserted through the end
of the glass tube into the paste, was used to make an electrical

connection between Autolab and the drug solution in electro-
chemical measurements.

2.7. Prepare real samples

To prepare the serum solution, place the sample in a centrifuge
to separate the plasma portion, then 1 ml of it is transferred

with a micropipette into a 10 ml volumetric flask and brought
to volume with deionized water. Then, 1 ml of the resulting
solution was transferred by micropipette into the cell contain-

ing 5 ml of PBS with specified pH, and the voltammogram was
obtained. After collecting the urine sample from a healthy vol-
unteer, it was stored at 4 �C. In order to prepare the sample,
5 ml of the sample was centrifuged for 5 min at a speed of
Fig. 1 Distribution of phases in RO nanoclay (a), and e
5000 rpm. Then it was diluted twice with phosphate buffer
(pH = 8). To minimize the effect of the matrix, the standard
addition technique was used for the serum and urine samples.

In this technique, certain values of 5-FU standard solution
were spiked into the sample solution so that the resulting cur-
rent of voltammograms is in the linear range of the proposed

technique.
3. Results and discussion

3.1. Characterization of RO nanoclay

3.1.1. Micro-PIXE of RO nanoclay

Fig. 1 (a) shows the distribution of phases in RO nanoclay

obtained from Micro-PIXE analysis. As a result, hematite
(Fe2O3), quartz (SiO2), and alumina (Al2O3), with a relative
percentage of 43 %, 31.6 %, and 10.9 %, respectively, form
the main phases of RO nanoclay. The remaining phases

included magnesium 4.5 %, calcium 7.5 %, potassium 2 %,
and trace amounts of 0.2 % sulfur, 0.2 % chloride, 0.3 % tita-
nium, 14.4 % manganese, chromium 014 / 0 % on 016 % and

sodium is 0.076 %. Fig. 1 (b) shows the Micro-PIXE elemental
maps of iron, calcium, aluminum, potassium, magnesium, sul-
fur, silicon, and chlorine. As can be seen, the sample has a uni-

form and completely homogeneous distribution. Also, in an
area where there is a cavity or space associated with one ele-
ment, it is uniformly and homogeneously filled with other
elements.

3.1.2. XRD of RO nanoclay

X-ray powder diffraction (XRD) analysis was used to evaluate

the main mineral phase of synthesized RO nanoclay. As shown
in the XRD pattern, Fig. 2 (a), hematite (Fe2O3) and quartz
(SiO2) were the major phases of RO nanoclay. The character-
istic peak at 2h= 33.31� corresponds to the (104) miller index

(reference code: 01–087-1166), confirming the presence of the
hematite phase in RO nanoclay. Also, the characteristic peak
at 2h= 26.81� corresponds to the (011) miller index (reference

code: 01–078-1252), confirming the quartz phase. In addition,
the average size of RO nanoclay was obtained using the Scher-

rer equation ðL ¼ _Kk
bCoshÞ of 39.90 nm.
lemental maps (b) obtained from Micro-Pixe analysis.



Fig. 2 XRD pattern of RO nanoclay(a), XRD pattern of the

RDZRONCs (b). and FT-IR spectrum of the RDZRONCs (c).
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3.2. Characterization of green synthesized nanocomposite
RDZRONCs

3.2.1. XRD analysis of RDZRONCs

Fig. 2 (b) shows the XRD pattern of RDZRONCs green syn-
thesized with RD extract. Accordingly, the characteristic peak
at 2h = 26.72� with miller index (011), 2h= 28.43� with
miller index (111), 2h = 33.18� with miller index (104),
2h= 35.43� with miller index (311), and 2h = 36.31� with

miller index (101) confirm the presence of SiO2 (reference
code: 01–078-1253), Si (reference code: 01–077-2110), Fe2O3

(reference code: 01–079-1741), ZnFe2O4 (reference code: 01–

077-0011), and ZnO (reference code: 01–079-0206) in the
RDZRONCs, respectively. The average size of RDZRONCs
was calculated by the Scherrer equation equal to 36.84 nm.

3.2.2. FT-IR of RDZRONCs

FT-IR spectroscopy in the wavelength range of 400–4000 cm�1

was used to identify functional groups in RDZRONCs (Fig. 2

(c)). As a result. The absorption bands at 470 cm�1 and
582 cm�1 were attributed to the Fe-O and Zn-O vibrations.
The absorption band at 1035 cm�1 can be identified as an

asymmetric Si–O–Si stretching band. The absorption bands
at 1384 cm�1, 1637 cm�1, 2925 cm�1, and 3417 cm�1 3400 to
2922, 1628, 1384, and 1058 cm � 1 refer to RD extract that
is assigned to the aromatic ring, stretching CAC, carbonyl

group (CAO), and OAH and NAH groups, respectively.

3.2.3. FE-SEM and TEM aanalysis of RDZRONCs

The FE-SEM image of green synthesized RDZRONCs is
shown in Fig. 3 (a). The RDZRONCs had a mostly hexagonal
crystal structure with an average diameter equal to 50 nm.
Also, energy scattering spectroscopy (EDX) was used to inves-

tigate the elemental composition of RDZRONCs. In the EDX
spectrum (Fig. 3 (c)), the Fe, Si, Zn, and O elements were seen
as indicators.

In order to compare the size, morphology and uniformity
of distribution of RDZRONCs nanoparticles, their TEM
image was prepared. Electron microscope model LEO912-

AB manufactured by LEO company was used to determine
the shape and size of RDZRONCs nanoparticles. For Trans-
mission Electron Microscope (TEM) analysis, first the grid
surface was covered with a thin layer of Form Var and a drop

of the sample was placed on it. After drying the sample, its
image was prepared. As can be seen in Fig. 3 (d,f), the particles
were mainly spherical and their diameter was in the range of

40–50 nm. Also, in some areas, they are piled up or scattered
together.

3.3. Study of the electrode surface

CV and EIS techniques were used to evaluate the
RDZRONCs/CPE surface. To compare the active surface area

of the CPE and the RDZRONCs/CPE, the actual surface area
of each electrode was obtained using the Randles Sevik
equation:

Ipa ¼ 2:69� 105n
3
2AC0D

1
2m

1
2 ð1Þ

Ipa, n, A, D, m, C0 are the peak anode current, number of
electrons transferred, electrode surface area, diffusion coeffi-
cient, scan rate, and concentration of K3Fe(CN)6, respectively.

For this purpose, CVs were obtained at different scan rates for
each electrode in 0.1 M KCl solution containing 1 mM K3Fe
(CN)6 at different scan rates. Then, using the slope of the

Ipa-m
1/2 curve and considering that the values of n and D for

K3Fe(CN)6 are equal to 1 and 7.6 � 10-6, respectively, the sur-
face area for the CPE is equal to 0.032, and for RDZRONCs/



Fig. 3 FE-SEM image (a and b), elemental composition from EDX (b), and TEM images (d and f).
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CPE equal to 0.072. Therefore, the surface area of
RDZRONCs/CPE is 2.25 times the surface area of the CPE,

that it is due to the large specific surface area of the
RDZRONCs.

EIS is one of the most reliable techniques for examining the

electrode surface based on the resistance to electron transfer at
the surface. For this purpose, the Nyquist curves for the CPE,
RO nanoclay/CPE, and the RDZRONCs/CPE for 1 mM

Fe2+/Fe3+ redox in 0.1 M KCl solution were obtained
(Fig. 4, left side). In the Nyquist curve, the value of Zre, on
the x-axis, represents the resistance to electron transfer, Rct,
at the electrode surface. Higher Rct indicates slower electron

transfer resulting in less current in voltammetric techniques,
lower Rct, indicates faster electron transfer, therefore, more
current is observed in voltammetric techniques. Based on

Fig. 4 and using the equivalent circuit (Pavel et al., 2005) to
fit the Nyquist curve data (insets of Fig. 4), the Rct value for
the CPE was 7.02 kO, for the RO nanoclay/CPE 3.64 kO
and for the RDZRONCs/CPE was 1.54 kO. These results indi-
cate that the electrical conductivity of the green synthesized

RDZRONCs is very good and facilitate electron transfer at
the electrode surface.

3.4. Electrochemical response of 5-FU on the electrode surface
by CV technique

Cyclic voltammograms of the CPE, RO nanoclay/CPE, and

RDZRONCs/CPE in the absence and presence of the drug
were evaluated to assess the electrocatalytic properties of
RDZRONCs/CPE (Fig. 4, right side). A comparison of the
CVs of curve (c) and curve (d) in Fig. 4 shows that the electro-

chemical response of 5-FU at the CPE surface (curve (d))
appeared at a potential of 1.11 V with Ipa = 0.271 lA, at the
RO nanoclay/CPE surface (curve (e)) appeared at a potential

of 1.08 V with Ipa = 0.894 lA. In contrast, for RDZRONCs/
CPE (curve (f)) the 5-FU electrochemical signal is observed
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at a potential of 1.03 V with Ipa = 1.282 lA. Based on these
results, the peak potential of 5-FU in the RO nanoclay/CPE
and RDZRONCs/CPE shifts 30 and 80 mV to a more negative

potential than the CPE, respectively. As a result, the RO nan-
oclay and RDZRONCs have catalytic properties for 5-FU oxi-
dation. On the other hand, the peak current oxidation of 5-FU

for the RO nanoclay/CPE and RDZRONCs/CPE are 3.29 and
4.73 times that of the CPE due to the increased effective sur-
face area of the electrode in the presence of RO nanoclay

and green synthesized RDZRONCs. Therefore, RDZRONCs
increase the measurement sensitivity of 5-FU due to their high
electrical conductivity and catalytic properties.

3.5. Optimization of chemical and instrumental parameters

Chemical and instrumental parameters such as the amount of
modifier in the electrode fabrication, the type of electrolyte

(buffer), the pH value of the solution, and instrumental param-
eters in the DPV technique, were optimized to obtain the max-
imum current.

3.5.1. Optimization of the amount of RDZRONCs

Based on the above discussion, RDZRONCs can enhance the
current responses of 5-FU. The amount of RDZRONCs was

impressive on Ip in DPV. Fig. 5 shows the effect of change
in the amount of RDZRONCs on the enhancement of the
voltammogram peak height of 5-FU. As shown, From 0.001

to 0.002 g of RDZRONCs 3 mA increase in peak oxidation cur-
rent was observed, and from 0.002 to 0.003 g of RDZRONCs,
the current increased slightly. However, from 0.003 to 0.004 g

of modifier, 2 mA increase in peak oxidation current is visible.
With an increase of more than 0.004 g of the modifier, the cur-
rent has also decreased. Therefore, the electrode with 0.004 g
of RDZRONCs was used for subsequent studies.

3.5.2. Effect of pH

The pH of the supporting electrolyte is an essential parameter

for the electro-oxidation of 5-FU on the RDZRONCs/CPE.
Several buffers, such as ammonia, acetate, Britton Robinson,
and phosphate, were used as the supporting electrolyte in the
determination of the 5-FU solution using the DPV technique.

A higher oxidation peak current was obtained for PBS. Thus,
Fig. 4 Left: Nyquist diagram CPE (a), RO nanoclay/CPE (b), and

impedance data, at the solution containing 1 mM of Fe2+/Fe3+ red

RDZRONCs/CPE, (a-c) in buffer solution, (d-f) buffer solution with
PBS was used as the supporting electrolyte in the continuing
experiments. The effect of pH in the range of 4–10, I-pH dia-
gram, and E-pH diagram for the PBS buffer as a suitable buf-

fer was shown in Fig. 6 (a), Fig. 6 (b), and Fig. 6 (c),
respectively. Based on Fig. 6 (a) and Fig. 6 (b), the maximum
peak current of 5-FU is obtained at pH = 8.0. The maximum

peak current depends on the form of protonation and deproto-
nation of 5-FU species in the electrochemical cell (Bukkitgar
and Shetti, 2016; Hadi et al., 2018). In other words, in acidic

pH, the protonated form of 5-FU is dominant, and in basic
pH, the deprotonated form of 5-FU is dominant (Bukkitgar
et al., 2015). The peak current is dependent on the structure
of the analyte. Fig. 6 (c) shows that the oxidation potential

of 5-FU tends to have negative potentials as the pH increases,
and there is a linear relationship between Ep and pH, following
the equation below.

Epa Vð Þ ¼ 1:5938� 0:0582pH;R2 ¼ 0:9871 ð2Þ
The above result displays the participation of proton in the

electrochemical reactions of 5-FU. According to the proposed
mechanism for fluorouracil oxidation and the interventions of
H+ ions, changing the pH changes the oxidation of the species

so that by increasing the concentration of H+ ions and
decreasing the pH, the species oxidation reaction takes place
at more positive potentials. Given the slope of equation (2)
for 5-FU, �58 mv/pH, it can be concluded that the ratio m/

n is approximately 1. Therefore, the number of protons and
electrons exchanged in the electrochemical reaction of 5-FU
are equal to each other and are consistent with the results

reported in the literature (Bukkitgar and Shetti, 2016; Hadi
et al., 2018).

3.5.3. Optimization of instrumental parameters

Instrument variables, pulse height, and pulse width are modi-
fiable factors in the program of the potential applied by the
potentiostat–galvanostat device while recording the voltam-

mograms. Optimizing the device variables due to the effect
on the height of the current and the shape of the voltammo-
grams can increase the sensitivity. To investigate the effect of

pulse height on the sensitivity of the technique, solutions of
5 mM 5-FU in 0.1 M PBS at optimal pH were prepared. Then,
by changing the pulse height potential in the range of 0.001 to
0.020, the resulting voltammograms were drawn. As a result,
RDZRONCs/CPE (c) and inset is equivalent circuit fitted with

ox and 0.1 M KCl, right: CVs for CPE, RO nanoclay/CPE and

5-FU. Conditions: 100 mM 5-FU, 0.1 M PBS at pH 8.



Fig. 5 Effect of the amount of RDZRONCs on the peak current of 100 mM 5-FU.

Fig. 6 DPVs obtained by RDZRONCs/CPE in 0.1 M phosphate buffer with pHs of 4 to 10 containing 5 mM 5-FU (a), the effect of pH

on the peak current of 5-FU (b), and the effect of pH on the peak oxidation potential of 5-FU (c).
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the optimum pulse height was obtained equal to 0.01 V. To

obtain the optimal pulse width value, voltammograms were
plotted for 5 mM 5-FU in 0.1 M PBS solution in the range of
1–100 ms. A comparison of the obtained voltammograms

showed that the maximum output current of pulse width is
50 ms.

3.6. Investigation of the effect of potential scan rate on the
electrochemical behavior of 5-FU

By examining the influence of potential scan rate, m, on cyclic

voltammograms, it is possible to investigate the penetration or
absorption of the reaction of 5-FU on the surface of the

RDZRONCs/CPE. According to the Randles-Sevik equation,
equation (1), linearity relationship of Ip-m

1/2 indicates that
the 5-FU oxidation process at RDZRONCs/CPE is under

mass transfer control and the fluorouracil for oxidation pene-
trate to the electrodes. The Tafel equation is used for obtaining
the a (electron transfer coefficient) parameter, based on the

data of the I-E curves and then using the slope of the curve
of the logIp,-Efrom the following.

Slope ¼ 1� að ÞnF
2303RT

ð3Þ
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According to Fig. 7 (c), the slope of the Tafel line is equal to
6.3245. By putting the values of R = 8.314 j mol�1 K�1,
T = 298 K, and F = 96485C mol�1 and considering that the

n for 5-FU is 2 (Bukkitgar and Shetti, 2016; Hadi et al.,
2018), the value of a for 5-FU is 0.81. On the other hand,
the results of Fig. 7 (a) show that with increasing scan rate,

the peak potential value shifts to more positive values. The
observation of this behavior can be attributed to the irre-
versibility of the oxidation process (Hadi et al., 2018; State

et al., 2022). The relationship between log Ip and log t is lin-
ear, and the slope of the resulting line is 0.62 (Fig. 7 (d)). If
the value of the slope is close to 1, it indicates that the process
is controlled by adsorption, and if the slope is close to 0.5, the

process is controlled by diffusion (Laviron, 1979). Therefore, it
was again concluded that the electrochemical process of 5-FU
at RDZRONCs/CPE is diffusion controlled.
Fig. 7 CVs obtained for 100 mM 5-FU in 0.1 M PBS at pH= 0.8

50.0 mV s�1 (a), changes in the electrocatalytic current relative to the

curve recorded at the 30 mV s�1 scan rate (c), dependence of log I on l

Ep and m (f).
Pursuant to Laviron’s theory (Ganduh et al., 2021), for an
irreversible electrode process, the relationship between scan
rate and peak potential, Ep, is expressed through equation (4).

Ep ¼ E0 þ 2:303RT

anF

� �
log

RTk0

anF

� �
þ 2:303RT

anF

� �
logm ð4Þ

In equation (4), E0, and k0 are formal potential (V), and the
heterogeneous catalytic rate constant (s�1), respectively. Fig. 7
(e) shows that the relationship between Ep and log t is linear.

The value of na is obtained using the slope of the resulting line
equal to 1.69. The value of a can be calculated using equation
(5).

a ¼ 47:7

Ep � Ep=2

mV ð5Þ
on the surface of RDZRONCs/CPE with scan rates of 1.0 to

m1/2 (b), and Tofel diagram obtained from the current–potential

ogm (d), relationship between Ep and logm (e), relationship between
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In equation (5), Ep/2 is the potential at which the current is
half the peak value. Considering that the value of Ep-Ep/2 is
equal to 0.058 V, the value of a is equal to 0.82. Considering

that the Ep-Ep/2 value is 0.058 V, the a value is equals 0.82.
The value of a obtained from equations (4) and (5) is agrees
with the value obtained from equation (3). Finally, by deter-

mining the value of a, the value of n was obtained 2.05�2.
The k0 value can be calculated from the intercept of the result-
ing line from the log m-Ep graph (Fig. 7 (e). The value of E0 is

obtained by using the graph obtained from Ep in relation to m
(Fig. 7 (f)) by extrapolating the resulting line to the vertical
axis, m = 0. Consequently, E0 and K0 were obtained as 0.995
and 2.2 � 104 s�1, respectively.
Fig. 8 Possible mechanism o

Fig. 9 Chronoamperograms obtained from solutions with concentra

solution with pH = 8.0 (a), diagram I-t�1/2 for different concentratio

concentration (b), chronocoulograms obtained from solutions with con

PBS solution with pH= 8.0 (c), and diagram Q-t1/2 for different conce

FU concentration (d).
3.7. Reaction mechanism

Since in section 3–6, the number of electrons was equal to 2,
and in section 3.5.2, the number of protons and electrons were
equal in the electrochemical reaction of 5-FU, therefore, the

possible electrochemical reaction for 5-FU can be justified by
Fig. 8. According to Fig. 8, first the p electron in the 5-FU ring
is removed and component 1 is produced. But component 1 is
very unstable and is quickly attacked by OH– ions and turns

into component 2. Finally, by removing a proton and an elec-
tron, the final product is created. The oxidation of 5-FU is
facilitated by increasing the electron density in the p bond of

C‚C. The presence of the electron-withdrawing group F in
f 5-FU oxidation reaction.

tions of 10, 20, 30, 40, 60, 70, 80 and 100 lM 5-FU in 0.1 M PBS

ns of 5-FU,(inset of a) Slope of I-t�1/2diagram in terms of 5-FU

centrations of 10, 20, 30, 40, 60, 70, 80 and 100 lM 5-FU in 0.1 M

ntrations of 5-FU,(inset of c) Slope of Q-t1/2 diagram in terms of 5-



Fig. 10 DPVs in 0.1 M PBS with RDZRONCs/CPE at

pH = 0.8, with concentrations of 0.1, 0.5, 1, 5, 10, 20, 30, 40,

50, 60, 70, 80, 90, 100, 120 and 140 lM 5-FU and inset; current

changes measured in terms of 5-FU concentration.
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the fifth position of 5-FU molecule causes a decrease in the
electron density due to its electron-withdrawing property,
but on the other hand, the mesomeric effect of the F atom

can increase the electron density. Considering that the meso-
meric effect of the halogen atom plays a more important role,
as a result, the presence of the F atom in the 5-FU molecule
facilitates the oxidation of this molecule (Wang et al., 2012;

Jasim et al., 2022; Mahdi et al., 2021; Mahdi et al., 2020;
Aljeboree et al., 2020; Aljeboree et al., 2021).

3.8. Investigation of oxidation of 5-FU by CA and CC methodes

To obtain the diffusion coefficient D for 5-FU, its oxidation by
the RDZRONCs/CPE by CA technique has been studied.
Table 2 Comparison of some modified electrodes for 5-FU determ

Electrode type Determination method Dynamic

GQDs-PANI/ZnO-NCs/GCE1 DPV 0.1–50.0 l
PANINTs @ AgNPs PGE2 DPV 1.0–300.0

GC/P(BCP)/dsDNA 3 DPV 1.0–8.5 an

CPE/AgNPs-PFR4 SWV 90.0–300.

Pr:Er/CPE5 SWV 0.01–50.0

GNP-MWCNT-Chit/GCE6 DPV 0.03–10.0

Glucose modified CPE DPV 0.1–40 mM
CPE DPV 0.1–40.0 l
MTB7 modified CPE DPV 0.1–40.0 m
RDZRONCs/CPE DPV 0.05–140 l

1 Graphene quantum dots-polyaniline / zinc oxide nanocomposites (GQD
2 Silver nanoparticles-polyaniline nanotube (PANINTs @ AgNPs) modi
3 Poly (bromocresol purple) (P (BCP)) modified GCE, dsDNA was ele
4 Carbon paste electrodes (CPE) modified by the green synthesis of silve

(PFR).
5 Carbon paste electrode (CPE) modified by using nanoparticles of pras
6 Glassy carbon electrodes (GCE) modified by gold nanoparticle decorat
7 Methylene blue modified carbon paste electrode.
First, 5-FU chronoamperograms were obtained in different
concentrations, and from them, Ip diagrams were drawn rela-
tive to t�1/2. Then, by plotting the slope of the graph curve I-

t�1/2 in terms of different concentrations of 5- FU and using
Cottrell’s equation, equation (6), D was calculated.

Ip ¼ n� F� A�D
1
2 � Cs � p

�1
2 � t

�1
2 ð6Þ

In this equation, D is the diffusion coefficient (cm2.s�1), C
is the concentration of 5-FU (mol.cm�3), A is the surface area
of the electrode (cm2), and n is the number of electrons partic-

ipating in the reaction. According to Fig. 9 (a), Fig. 9 (b), and
equation (6), D by CA technique was obtained 3.8 � 10-5 cm2.
s�1. So, first, chronocoulogram diagrams were drawn for dif-
ferent concentrations of 5-FU. Then Q-t1/2 graphs were drawn

from the resulting chronocoulogram graphs. Bby plotting the
slope of the lines obtained from the Q-t1/2 graphs relative to
the concentration, the value of D was obtained using equation

(7).

Q ¼ 2� n� F� A�D
1
2 � Cs � p

�1
2 � t

1
2 ð7Þ

According to equation (7), D was obtained 3.8 � 10-5 cm2.
s�1 by the CC technique, which is in good agreement with the
value obtained by the CA technique.

3.9. Calibration curve and detection limit

Because the differential pulse voltammetry technique has a

higher current sensitivity than cyclic voltammetry, this tech-
nique is used to estimate the detection limit. After optimizing
the test conditions and obtaining the most appropriate electro-
chemical response for the RDZRONCs/CPE to 5-FU using

DPV obtained for different concentrations of 5-FU, the calibra-
tion curve was drawn (Fig. 10). Fig. 10 (a)-(p) shows that the
variations of the measured current are linear in terms of 5-FU

concentration in the range of 0.05 to 140 lM. After drawing
the calibration curve and obtaining the line equation, it is pos-
sible to obtain the detection limit of the technique with the equa-
ination with RDZRONCs/CPE.

range Detection limit Ref.

M 0.023 lM (Bukkitgar and Shetti, 2016)

mM 0.060 mM (Bojko et al., 2020)

d 8.5–50 mg/L 0.31 mg/L (Bukkitgar and Shetti, 2016)

0 lM 10.7 lM (Emamian et al., 2020)

lM 0.00098 mM (Ganesan et al., 2021)

lM 0.020 mM (Hatamluyi et al., 2019)

0.0051 mM (Wang et al., 2012)

M 0.012 mM (Bukkitgar and Shetti, 2016)

M 0.0020 mM (Hadi et al., 2018)

M 0.0016 lM This work

s-PANI/ZnO-NCs/GCE)-modified glassy-carbon electrode (GCE).

fied pencil graphite electrode (PGE).

ctrochemically immobilized directly to the surface of GC/P(BCP).

r nanoparticles (AgNPs) using the sulfated polysaccharide porphyran

eodymium erbium tungstate (Pr: Er).

ed multiwall carbon nanotube (GNP-MWCNT) composite.

http://mol.cm


Table 3 The effect of interferences on 10 mM 5-FU measure-

ment with RDZRONCs/CPE at 0.1 M PBS in pH = 8.

Species The molar ratio of interfernces

species to concentration of 5-FU

Signal

change

(%)

Na+ 1000 0.65

K+ 0.44

Mg2+ 0.89

Ca2+ �0.97

NO3
– 0.75

CO3
2– �1.09

Cl- 0.73

Sucrose 900 1.32

Ascorbic acid 850 �1.65

L-Glutamine 700 1.85

glycine 1.45

Acetaminophen 600 0.52

dopamine �1.84

epinephrine �2.93

Oxalate 500 1.72

Fructose 450 1.44

sucrose �2.51

glucose 2.89

Citric acid 300 �1.98

Uric acid 2.07
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tion DL = 3Sb/m (Killedar et al., 2021; Shetti et al., 2020). In
this equation, Sb and m are the standard deviations of the blank

and the slope of the line of the calibration curve, respectively.
The detection limit was calculated to be 0.0016 mM. Table 2
compares the detection limit and the linear range obtained from

this technique with the values reported in some of the articles.
By comparing the results of this technique with the previously
reported techniques, it can be seen that the detection limit of this

technique is better than some reports, and in some cases, the lin-
ear range of the proposed technique is wider.

3.10. Stability, repeatability, and reproducibility of
RDZRONCs/CPE

Voltamograms of solution 10 mM of 5-FU were obtained with
RDZRONCs/CPE for 50 consecutive days. The results showed
Table 4 The results of 5-FU measurement in pharmaceutical, hum

Sample 5-FU spiked (mM) 5-FU in

5-FU injection 250 mg/5 ml – 30

10 40

20 50

30 60

Human serum – –

10 10

20 20

30 30

40 40

Urine sample – –

20 20

30 30

40 40

a Average of four replicate measurements.
b Recovery (%)=(Found/Added) � 100.
that after this period, the response current of the electrode
changes to 98.2 % of its initial value. Therefore, the desired
electrode has good relative stability. To evaluate the accuracy

of the technique, DPVs for 10 mM of 5-FU under optimal con-
ditions were recorded 15 times. The RSD of the resulting cur-
rents was 1.4 %. The results indicate that the proposed

technique for measuring 5-FU has good accuracy. To evaluate
the reproducibility of the technique, 5 electrodes with the opti-
mal amount of RDZRONCs were prepared, and then DPVs of

10 lM 5-FU were recorded under optimal conditions for each
of the electrodes. The RSD value was 2.7 %.

3.11. Investigate the effect of interferences

In this study, the effect of some interfering species, which are
often present in biological systems and can interfere with the
measurement, has been studied. The study is that if the current

from the presence of the interfering species is less than 5 % dif-
ferent from the peak current of the drug in the absence of the
interferences, such interference will not interfere with the mea-

surement of the drug. However, if this ratio is more than 5 %,
it will interfere with the measurement of the drug. Table 3
shows the interference effects of various species on the determi-

nation of 5-FU. To investigate the interferences in the mea-
surement of 5-FU, a 10 lM solution of 5-FU in 0.1 M PBS
with pH = 8.0 was used under optimal conditions. The results
show that most of the studied species will not interfere with

measuring 5-FU. Therefore, it can be concluded that the elec-
trode modified with RDZRONCs has good selectivity, and this
electrode can be easily used to measure 5-FU in real samples.

3.12. Measurement of 5-FU in real samples by standard addition

technique

To evaluate the efficiency of the technique, after drawing the
standard curve, the amount of 5-FU in the 0.250 mg/0.5 ml flu-
orouracil ampoule was measured by the standard addition

technique. For this purpose, 10 ml of a solution with a concen-
tration of 30 lM 5-FU in PBS buffer with pH = 8.0 was pre-
pared, DPV was recorded, and its current was measured. Then,
specific volumes of the standard solution of 5-FU were added

to the drug solution each time, and DPVs were recorded. After
an blood serum and urine samples.

the sample (mM) 5-FU Founda (mM) Recoveryb (%)

29.8 ± 0.33 99.33

39.7 ± 0.51 99.25

49.5 ± 0.65 99.00

60.2 ± 0.87 100.33

Not detected –

9.92 ± 0.22 99.20

19.83 ± 0.40 99.15

29.80 ± 0.44 98.80

40.08 ± 0.67 100.20

Not detected –

20.78 ± 0.96 103.9

31.08 ± 1.23 103.6

39.04 ± 1.04 97.6



Rosa Damascena mediated ZnO-Red Ochre nanocomposite 13
extracting the results of these voltammograms, the standard
addition curve was drawn. The measurements were repeated
4 times, and the confidence limits for the 97 % confidence level

were calculated. The results are given in Table 4. The effect of
physiological tissue on real samples was also evaluated with
the standard addition technique. The results of these studies

are also presented in Table 4. According Table 4, the complex
composition of real samples has little effect on 5-FU recovery.

4. Conclusions

In this study, a new nanocomposite of RDZRONCs was synthesized

using extract A and identified by different methods of XRD and

Micro-PIXE. Then, RDZRONCs nanocomposite was used as a modi-

fier in making carbon paste electrode to measure 5-FU. Examining the

surface of modified and unmodified electrodes in 1 mM Fe2+/Fe3+

redox solution in 0.1 MKCl by CVmethod showed a 2.5 times increase

in the surface area of RDZRONCs/CPE compared to CPE. In the EIS

method, a 4.5 times reduction in charge transfer resistance was

observed for RDZRONCs/CPE compared to CPE. Comparison of

the peak oxidation of 5-FU on the surface of the electrodes in the CV

method showed a 4.73-fold increase in the peak current and 80 mV dis-

placement of the potential for RDZRONCs/CPE compared to CPE.

These results indicate the excellent electrical conductivity of the

nanocomposite and its catalytic properties. The highest peak current

of 5-FU was observed at pH= 8. By examining the effect of the scan-

ning rate on the CV peak, it was shown that the electrochemical reac-

tion between 5-FU and the electrode surface is controlled by the

diffusion process. Also, in this study, a = 0.82, n = 2, and

k0 = 2.2 � 104 s�1 were obtained. This technique has other advantages

such as low detection limit, high repeatability, good selectivity, cheap-

ness and availability of materials and equipment, as well as time-

consuming testing. Given the advantages mentioned, this technique

can be well used to measure 5-FU in real or pharmaceutical samples.
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