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Abstract
In the present article, the synthesis of spherical hollow cobalt ferrite and application as an electrode modifier were demon-
strated. The synthesis of cobalt ferrite was conducted using carbonaceous microspheres prepared from a glucose solution as 
a sacrificial template, followed by subsequent heat treatment. The Fe/Co molar ratio in cobalt ferrite depends significantly 
on the initial Fe/Co molar ratio. The Fe/Co molar ratio as 1/1 could provide the stoichiometric cobalt ferrite (CoFe2O4) 
with a hollow sphere structure and large saturation magnetization. The simultaneous quantification of ascorbic acid (ASA), 
acetaminophen (ACE), and caffeine (CAF) was performed utilizing the differential pulse anodic stripping voltammetric 
method with CoFe2O4 modified glassy carbon electrode. The detection limits in the linear range of 0.2–4.4 µM are 0.313, 
0.267, and 0.226 µM for ASA, ACE, and CAF, respectively. This proposed method enables the simultaneous detection of 
ASA, ACE, and CAF in pharmaceutical formulations and beverage samples. The determined concentration of the analytes 
is comparable with that obtained with HPLC.

1  Introduction

Ascorbic acid (ASA), also known as vitamin C or l-ascorbic 
acid (Fig. 1a), is a vitamin found in pharmaceutical formu-
lations and several foods, and it is sold as a dietary supple-
ment. Ascorbic acid is a common enzymatic cofactor in the 
preparation of collagen, as well as an excellent reductive 
agent capable of fast quenching several reactive oxygen spe-
cies [1]. It is a water-soluble vitamin, and its excess in the 
blood is quickly released in the urine, so it manifests sig-
nificantly low toxicity. Acetaminophen (ACE), also known 

as paracetamol or N-acetyl-para-aminophenol (Fig. 1b), is 
widely used as analgesic and antipyretic drugs. Higher doses 
may lead to toxicity. Untreated acetaminophen overdose 
results in a lengthy, painful illness and liver failure. Caffeine 
(CAF), also known as methyltheobromine or 1,3,7-trimeth-
ylxanthine (Fig. 1c) is a central nervous system stimulant of 
the methylxanthine class [2]. It is the world’s most widely 
consumed psychoactive drug. Caffeine is also a common 
ingredient in soft drinks, such as cola. Caffeine overdose can 
result in a state of central nervous system overstimulation, 
called caffeine intoxication [3]. Ascorbic acid, ACE and 
CAF exist simultaneously in pharmaceutical formulations 
or beverages. For example, analgesics such as propyphena-
zone/paracetamol/caffeine enhances pain reliefs; ASA and 
CAF can be present in some drinks.

Developing an analytical approach for straightforward, 
precise and simultaneous quantification of these analytes in 
food and drug formulations is very challenging. In this view, 
the voltammetric methods have such an advantage that they 
can simultaneously analyze these species in the samples. The 
voltammetric methods with chemically modified electrodes 
are widely recognized as a robust approach for trace analysis 
of organic and inorganic species due to high selectivity, sen-
sitivity, and in situ performance. Glassy carbon electrodes 
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(GCEs) are advantageous over other electrodes because the 
surface modification and renewal can take place simultane-
ously. The purpose of the electrode surface modification is 
to increase the electroactive areas and active adsorptive sites 
and enhance the selective interactions between the modified 
electrode and the analytes. The electrode modifiers, includ-
ing carbon nanotubes (CNTs) [4, 5], graphene-based materi-
als [6], orderly mesoporous materials (SBA-15, MCM-41, 
etc.) [7, 8], nano metal oxides [9, 10], and metal–organic 
frameworks (MOFs) [11, 12], have widely been used due to 
their high surface area, high-ordered porous structure, and an 
abundant number of electrocatalytic sites. Concerning ASA, 
ACE, and CAF, a few articles have dealt with determining 
one or two of them together only. A voltammetric determi-
nation of ACE using the C60-modified electrode was car-
ried out by Goyal and Singh [13]; a CNTs modified glassy-
carbon electrode was used as an electrochemical sensor for 
the simultaneous detection of ASA and CAF [4]. Dalmasso 
et al. [14] reported a simultaneous determination of ASA 
and ACE in pharmaceutical formulations using a modified 
GCE with CNTs dispersed in polyhistidine. Because direct 
redox reactions occur at very similar potentials on bare 
GCE electrodes, the determination of each species results 
in a rather poor selectivity. This is a problem because some 
pharmaceutical formulations or drinks often contain two of 
these three species [15, 16]. Recently, Fernandes et al. [15] 
use manganese ferrite/nitrogen-doped CNTs as an electrode 
modifier for the simultaneous determination of ASA, ACE, 
and CAF. Khoshhesab [17] fabricates a new CuO-graphene 
modified electrode for the simultaneous electrochemical 
determination of ASA, ACE, and CAF.

Cobalt ferrite (CoFe2O4) with an inverse spinel structure 
displays ferrimagnetic property that generates from the mag-
netic moment of anti-parallel spins between Co2+ ions at octa-
hedral sites and Fe3+ ions at tetrahedral sites [6]. Cobalt ferrite 
has unique physicochemical properties that make it a promis-
ing material in antenna rods manufacturing, catalysis, mag-
netic data storage, sensors, energy conversion applications, 
and targeted drug delivery [18, 19]. The synthetic ways for 

CoFe2O4 nanoparticles such as sol–gel [20], combustion [21], 
microemulsion [22], thermal decomposition [23], micelles and 
reverse micelles co-precipitation [24], mechanical alloying 
[25], hydrothermal [26], and electrochemical procedures [21, 
27] have been intensively investigated. These synthetic ways 
aim to reduce the calcination temperature, to form a hierarchi-
cal structure, and to prevent agglomeration. Cobalt ferrite thus 
synthesized has high specific magnetization, high crystallinity, 
small agglomeration, and large surface area. Recently, the syn-
thesis of hollow-sphere oxides using sacrificial templates has 
been developed significantly. Colloidal nanoparticles (e.g., Au, 
Ag, or CdS) have been used as templates, in which the desired 
metal ions are introduced into composite core–shell structures, 
and these are then transferred into hollow capsules utilizing 
chemical or thermal treatment [28–30]. Sun et al. [31] report 
employing carbonaceous polysaccharide microspheres as tem-
plates for the preparation of metal-oxide hollow spheres (CoO, 
Al2O3, Ga2O3, NiO, Mn3O4, Cr2O3, La2O3, Y2O3, Lu2O3, 
TiO2, and ZrO2). To our best knowledge, only a few articles 
have been published concerning new cobalt ferrite-modified 
electrodes for the simultaneous determination of ASA, ACE, 
and CAF.

In our previous article, we demonstrate the simultaneous 
determination of ASA, ACE, and CAF on electrochemically 
reduced graphene oxide modified electrodes [32]. To further 
develop the point, the in situ synthesis of cobalt ferrite with 
hollow-sphere structure was performed using a sacrificial 
spherical carbon template. The resulting cobalt ferrite was 
used as an electrode modifier to simultaneously determine 
ASA, ACE, and CAF. The electrode reaction kinetics and 
application to real samples were also addressed.

2 � Experimental

2.1 � Materials

d-glucose (C6H12O6, 99.5%), cobalt nitrate hexahydrate 
(Co(NO3)2·6H2O, 98%), ferrous sulfate heptahydrate 

Fig. 1   Molecular structure of a 
ASA, b ACE, and c CAF

(a) (b) (c)
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(FeSO4·7H2O, 99%), and ethanol (C2H5OH, 99%) were 
purchased from the Merck Company, Germany and used 
to synthesize cobalt ferrite. Potassium hydroxide (KOH), 
phosphoric acid (H3PO4, 85%), potassium dihydrogen phos-
phate (KH2PO4, 99%), and boric acid (H3BO3, 99%) were 
obtained from Daejung, Korea and used to prepare the buffer 
solution. The Britton–Robinson buffer solutions (B–R BS) 
were prepared from 0.5 M H3BO3, 0.5 M H3PO4, and 0.5 M 
CH3COOH solutions. The desired pH of the B–R buffer was 
adjusted using 1 M KOH or 1 M H3PO4 solutions. Paraceta-
mol (C8H9NO2, 99%), caffeine (C18H10N4O2, 98.5%), and 
ascorbic acid (C8H6O6, 99.7%) were purchased from Merck 
Company, Germany. The stock solutions (10 mM) of ASA, 
ACE, and CAF were prepared just prior to use to avoid any 
decomposition.

2.2 � Cobalt ferrite preparation

Cobalt ferrite was synthesized according to Wang et al. [28, 
33]. Glucose (4 g, 0.022 mol) was dissolved in distilled 
water (40 mL) to form a homogeneous solution. Then, the 
mixture of 0.02 mol of the two salts (Fe:Co = 0.5:1; 0.95:1; 
0.96:1; 0.97:1; 1:1; 2: 1 (mol/mol)) was added to the glucose 
solution. The resulting solution was sealed in a 40 mL auto-
clave with a Teflon seal and maintained at 180 °C for 8 h to 
form black solids. The solids were then separated using cen-
trifugation at 5000 rpm. A refining process using five cycles 
of centrifugation/washing/redispersion was performed with 
water or ethanol. The as-synthesized cobalt ferrite/carbon 
was dried at 100 °C and, then calcinated at 500 °C for 5 h to 
obtain cobalt ferrite with different Fe/Co molar ratios (see 
Fig. 2). Carbonaceous microspheres were also synthesized 
with this procedure without the addition of the metal salts.

2.3 � Apparatus

X-ray diffraction (XRD) analysis was performed on a D8 
Advanced Brucker anode X-ray Diffractometer with CuKα 

(λ = 1.5406 Å) radiation. Photoelectron spectrometry (XPS) 
was conducted on ESCA La 250. Nitrogen adsorption/des-
orption isotherms were measured using a Micromeritics 
2020 volumetric adsorption analyzer system. The samples 
were degassed by heating under vacuum at 150 °C for 3 h. 
The specific surface area of the samples was calculated 
using the Brunauer–Emmett–Teller (BET) model. Diffusive 
reflectance UV–Vis spectroscopy (DR-UV–Vis) was con-
ducted on JASCO-V670 at 200–800 nm. X-ray photoelectron 
spectroscopy (XPS) was conducted on a Shimadzu Kratos 
AXISULTRA DLD spectrometer equipped with the Theta 
Probe AR-XPS System (Thermo Fisher Scientific, U.K). The 
magnetic property was analyzed using a vibrating sample 
magnetometry (VSM, Micro Sence Easy VSM 20130321-
02) at ambient temperature.

The determinations of ASA, ACE, and CAF were per-
formed using a Shimadzu 2030 HPLC system with a 
UV–Vis detector (λ = 275 nm). A C18 (250 × 4 mm; 5 µm) 
chromatographic column was employed. The mobile phase 
is the mixture of a phosphate buffer pH 2.3/acetonitrile 
(35/65 v/v) at a flow rate of 1.5 mL min−1, while the injec-
tion volume is 5 mL.

The electrochemical experiments include cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV). They 
were carried out at ambient temperature using a CPA–HH5 
Computerized Polarography Analyzer (Vietnam). A con-
ventional three-electrode cell was employed. The working 
electrode is a modified and unmodified glassy carbon elec-
trode (GCE) with a diameter of 2.8 mm. The auxiliary and 
reference electrodes are platinum wire and Ag/AgCl (sat. 
KCl), respectively.

2.4 � Preparation and modification of electrode

The working electrode surface was washed with ethanol 
and polished with alumina slurry (0.05 μm). The disper-
sion was then utilized to prepare the modified electrode. 
Briefly, 0.01 g CoFe2O4 in 10 mL ethanol was sonicated for 

Fig. 2   Diagram of cobalt ferrite 
synthesis 4 g glucose + 40 mL H2O 

+ (FeSO4.7H2O + 
Co(NO3)2.6H2O) 

Sealing in autoclave
Hydrothermal at 180 °C 

for 8 h

Filter the solids

Cobalt ferrite 
(black solids)

Washing with water 
and ethanol, then dried 

at 100 °C for 24 h
Calcinate at     

500 oC for 5 h

Dissolve to 
form a homoge-
neous solution
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48 h. 5 µL of CoFe2O4 suspension (1 g L−1) was dropped 
on the electrode surface and dried in air for 4 h at ambient 
temperature.

2.5 � Pharmaceutical preparation

The samples were purchased at a local pharmacy. Six tables 
of Acetab Extra, Flucoldstad, Pancelxim Extra, Hapacol Sac. 
150 mg Kids, Doliprane, vitamin C 500MG/150MG, Effe-
ralgan, and Vitamin C, and three drinks, namely Number 
One, Sting max gold, and Wake-up 247, were used in this 
study. Ten tablets of each of the six pharmaceutical prepara-
tions were finely ground in a mortar. An exact amount of the 
powder was weighed and transferred to a 100 mL calibrated 
flask, which was filled to the volume with double distilled 
water. The standard addition method was used for determin-
ing the pharmaceutical formulations using the modified elec-
trode. For the beverages, the liquid samples were analyzed 
directly without any further treatment. 100 μL of the soft 
drink samples was added to a container containing 0.2 M 
B–R BS (pH 4) then quantified using the DPV method.

3 � Results and discussion

3.1 � Material characterization

In one of our previous studies, we found that the mixture of 
Fe2+, Co2+, and d-glucose could provide cobalt ferrite/carbon 
hollow spheres while that of Fe3+, Co2+, and d-glucose pro-
vided two separate phases of the oxides mixture and carbon 
spheres (SEM not shown here). Hence, the iron(II) source 
was used in this study. The general reactions are as follows:

(1)xCo2+ + yFe2+ + glucose solution −−−−−−−−−−−−−→
hydrothermal process

Co(2+)
n

Fe(3+)
m

Ot∕carbon particles + (x−m)Co2+ + (y−n)Fe3+

The elemental composition of bimetallic oxides 
(Co2+

n
Fe3+

m
Ot) depends significantly on the initial Fe2+/Co2+ 

molar ratio. A series of experiments with different Fe/Co 
molar ratios in the initial mixture was performed to syn-
thesize the bimetallic oxides and the Fe/Co molar ratio was 
determined using EDX. Figure 3a illustrates the EDX analy-
sis of cobalt ferrite with the initial Fe/Co molar ratio of 1/1. 
Cobalt and iron are observed and a small amount of sulfur is 
also detected due to impurities. The plot of the Fe/Co molar 
ratio in the product versus the initial Fe/Co molar ratio is 
illustrated in Fig. 3b. When the initial Fe/Co molar ratio is 
low (0.5) or high (2.0), the Fe/Co molar ratio in the calcined 
product deviates significantly from the stoichiometry of 
cobalt ferrite (CoFe2O4). When the Fe/Co molar ratio in the 
synthetic mixture is found approximately 1 (0.95 to 1.01), the 
Fe/Co molar ratio in the product is approximately 2, and the 
cobalt ferrite has the formula CoFe2O4. Therefore, the initial 
Fe/Co molar ratio 1/1 was chosen for further experiments.

The resulting specimens were subjected to XRD measure-
ments (Fig. 4). No characteristic diffractions are observed in 
the spherical carbon samples (Fig. 4a) while the amount of 
carbon in the carbon spheres estimated by elemental analysis 
is 65% compared with 40% C in glucose (C6H12O6). These 
results indicate that glucose, after the hydrothermal treat-
ment at 180 °C, forms mainly amorphous carbon. The dif-
fractions of the cobalt ferrite precursor (Fig. 4b) are indexed 
as a spinel-type according to JCPDS No. 00-002-1045. How-
ever, the XRD pattern does not show sufficient diffractions, 
and a large background indicates that the specimens con-
tain a large amount of amorphous phase. It is worth noting 

(2)
Co2+

n
Fe3+

m
Ot∕carbon spheres −−−−−−−→

Calcination
Co2+

n
Fe3+

m
Ot + CO2 + H2O

Fig. 3   a EDX of the binary iron-cobalt oxides; b effect of the Fe/Co molar ratio in the synthesized gel on the Fe/Co molar ration of in the cal-
cined products
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that the formation of cobalt ferrite phase normally occurs 
at high temperatures (700–900 °C) depending on the syn-
thetic approach [34, 35]. Indeed, in the present study, the 
formation of cobalt ferrite takes place at a low temperature 
(180 °C) due to the high dispersion of cobalt and iron ions 
in the glucose medium. The cobalt ferrite precursor calcined 

at 500 °C provides fully crystalized cobalt ferrite (Fig. 4c). 
All the peaks can be assigned to the cobalt ferrite structure. 
No intermediate phase is observed, inferring that a single-
phase cobalt ferrite structure is formed within the sensitiv-
ity of experimental measurements. The average crystallite 
size of CoFe2O4 particles was calculated using the Scherrer 
equation Dhkl = K·λ/cosθ, where Dhkl is the crystallite size 
estimated from the (311) diffraction peak; K is the sphere 
shape factor (0.9); θ is the Bragg angle; β is the full-width 
at half-maximum of the (311) diffraction peak; and λ is the 
wavelength of the X-ray (1.541 Å). The average crystallite 
size of CoFe2O4 ferrite particles in our study is about 33 nm.

Figure 5a shows the SEM image of the carbon particles 
synthesized with the hydrothermal treatment of glucose at 
180 °C. As seen from the figure, the morphology of carbon 
consists of spherical particles with approximately 5 µm in 
diameter. The synthetic temperature is higher than the nor-
mal glycosidation temperature, which leads to aromatization 
and carbonization [33, 36, 37]. The SEM image of cobalt 
ferrite precursor is shown in Fig. 5b. The particles are also 
spherical with flocculent substances on the surface. This is 
probably the result of a second nucleus-forming phase tak-
ing place on the surface of the carbon spheres. That is, iron/
cobalt species form the nuclei on the surface of the carbon 
spheres in the reaction between cobalt and iron species to 
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Fig. 5   SEM observation of a spherical carbon particles; b cobalt ferrite presursor; c cobalt ferrite (initial Fe/Co molar ratio: 2/1)
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create cobalt ferrite. The carbon spheres act as a sacrificial 
template and are removed completely from the cobalt ferrite 
precursor by calcination at 500 °C for 5 h to form cobalt fer-
rite with a hierarchical structure (hollow spheres) (Fig. 5c).

The XPS spectra of CoFe2O4 in Fig. 6 show Fe, Co, O, 
and even C peaks (Fig. 6a). The O 1s signal is detected 
at 529.94  eV, indicating O bonding with metal and at 
531.33 eV for the O–C bond (organic compound) due to the 
incomplete burning of glucose. The Co2p3/2 signal appears 
at 779.85 eV with a satellite peak at 785.51 eV, and Co2p1/2 
signal can be seen at 794.85 eV with a satellite peak at 
801.41 eV (Fig. 6b). The peak separation between Co2p3/2 
and Co2p1/2 is around 15 eV. The separation between the 
main peak and the satellite peak is ~ 5.7 eV for Co2p3/2 and 
~ 6 eV for Co2p1/2. This difference is an important indica-
tor of the oxidation state of the cobalt ion. A narrow sep-
aration of about 4–6 eV (found in our study) is a typical 
characteristic of Co(II), while a larger difference of about 

9–10 eV is often found with Co(III) [38]. Therefore, the 
Co ions in cobalt ferrite are divalent. Fe2p has two signals: 
Fe2p3/2 and Fe2p1/2 that locate at approximately 710.67 eV 
and 723.67 eV, respectively (Fig. 6c). The presence of the 
satellite peak at 718.20 and 731.76 eV of Fe2p3/2 implies 
the trivalent iron [39]. The XPS analysis again confirms the 
formula CoFe2O4 for cobalt ferrite.

Figure 7a presents the nitrogen adsorption/desorption iso-
therms of cobalt ferrite calcined at 500 °C. The curves show 
the IV isotherms with an H3 hysteresis loop at the relative 
pressure ranging from 0.5 to 0.9, which reveals the presence 
of mesopores and micropores [40, 41]. The specific surface 
area calculated using the BET model is 19.46 m2 g−1.

The magnetic properties of spinel were determined via 
VSM measurements at ambient temperature (Fig. 7b). The 
magnetization hysteresis loop exhibits the S-like type. The 
saturation magnetization value of spinel is 59 emu g−1. This 
value is lower than that of pure nanomagnetic Fe3O4 [42, 43] 

Fig. 6   The XPS spectra of CoFe2O4: a survey XPS spectrum; b Co2p; c Fe2p
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but compatible with that of the magnetic materials reported 
in references [44, 45]. The magnetic coercivity is nearly 
1000 Oe manifesting that magnetization remains upon the 
removal of the external magnetic field. Therefore, cobalt 
ferrite is considered as a ferromagnetic material. It belongs 
to the hard type due to its large magnetic coercivity, which 
is useful in permanent magnets.

3.2 � Electrochemical behavior of CoFe2O4 modified 
electrode

The Randles–Sevcik equation is widely employed to calcu-
late the active surface area of the electrodes. It is expressed 
as follows:

(3)Ip =
(

2.69 × 105
)

⋅ n3∕2 ⋅ A ⋅ C ⋅ D1∕2
⋅ �

1∕2

where Ip represents the anodic peak current (µA); n is the 
total number of electrons transferred (n = 1); A refers to the 
electroactive surface area of the electrode; D is the diffusion 
coefficient of 1 mM K3[Fe(CN)6]/K4[Fe(CN)6] in 0.1 M KCl 
(7.6 × 10−6 cm2 s−1); C is the concentration of K3[Fe(CN)6]/
K4[Fe(CN)6] (1 mM); and ν is the scan rate (V s−1).

The electroactive surface area is obtained from the slope of 
the linear line of Ip versus υ1/2 (Fig. 8a–d) and the calculated 
value for GCE and CoFe2O4/GCE is 0.043 and 0.128 cm2, 
respectively. The increase (almost three times) in the elec-
troactive surface area of the modified electrode is due to the 
capacity of cobalt ferrite to modify the electrode and imple-
ment a large surface and porous structure and thus facilitate 
the electron transfer between the electrode and the solution.

In the present study, the electrochemical behavior of ASA, 
ACE, and CAF at bare GCE and CoFe2O4/GCE were stud-
ied using CV and DPV. The voltammogram at bare GCE 
presents broad peaks in redox processes, while at CoFe2O4/
GCE, well-defined oxidation peaks of ASA, ACE, and CAF 
appear at 0.38, 0.69, and 1.47 V, respectively (Fig. 9a). Simi-
lar to CV, the DPV curve at bare GCE exhibits broad peaks 
of anodic stripping voltammetry, while the curve at CoFe2O4/
GCE presents well-defined peaks (Fig. 9b). The oxidation 
peak current for ASA, ACE, and CAF at CoFe2O4/GCE is 
nearly 12, 9, 15 times as high as that on bare GCE, respec-
tively. The large peak separation between ASA and ACE 
(0.31 V), and ACE and CAF (0.78 V) are acceptable for their 
simultaneous determination in the mixture. This is due to the 
increase in the surface area, macroporous structure, and func-
tionality in CoFe2O4 compared with bare GCE. Therefore, 
cobalt ferrite is expected to be a potential electrode modifier 
for the simultaneous determination of ASA, ACE, and CAF.

3.3 � Effect of pH

The electrochemical signals were measured in the pH range 
of 2.8–6.4 (Fig. 10a). The peak current of ASA decreases 
slightly first as pH increases from 2.8 to ac. 4.6 and then 
declines significantly as pH increased further to 6.4. The 
varying peak current of ACE exhibits nearly the same trend 
as that of ASA except for a large decline between pH 3.9 and 
pH 4.6. While at pH 3.9, the peak current of CAF reaches a 
maximum at pH 3.9 and then declines like that of ASA and 
ACE (Fig. 10b). Therefore, pH 3.9 (≈ 4) was selected for 
further experiments.

The increase in pH causes the oxidation peak potential 
to shift to less positive potential, inferring that protons are 
involved in the oxidation process (Fig. 10a). At 298 K, the 
Nernst equation expresses the relationship between Ep and 
pH as follows:

(4)aOx + ne− + pH ⇄ bRed
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where E0 is the standard electrode potential; p and n are the 
numbers of protons and electrons involved in the electrode 
reaction, respectively; Ox and Red are the conjugated redox 
pairs.

The linear regression equations between Ep versus pH for 
the analytes are as follows (Fig. 10c):

As can be seen from Eqs. (6–8), the slopes of these plots 
are equal or close to the theoretical value of 0.059, indicating 
that an equal number of photons and electrons takes part in 
the redox process of ASA, ACE, and CAF.

(5)Ep = E0 +
0.0591

n
⋅ log

Oxa

Redb
− 0.059 ⋅

p

n
⋅ pH

(6)Ep, ASA = 0.61 − 0.058 ⋅ pH; r = 0.986

(7)Ep, ACE = 0.89 − 0.059 ⋅ pH; r = 0.991

(8)Ep, CAE = 1.70 − 0.062 ⋅ pH; r = 0.985

3.4 � Effect of scan rate

The relationship between peak current and scan rate can pro-
vide helpful information about the electrochemical mecha-
nism. Therefore, the effect of scan rate (v) on the peak cur-
rent and peak potential was studied by using the CV method 
(Fig. 11a). The linear regression equations of the relation-
ship between Ip and v are as follows:

The highly linear relationship of the plots between Ip 
and v (r = 0.954–0.997; p < 0.05) indicates that oxidation at 
CoFe2O4/GCE is adsorption-controlled (see Fig. 11b) [46].

(9)
Ip, ASA = (6.770 ± 16.294) + (167.100 ± 49.128) ⋅ v;

r = 0.987;p = 0.002

(10)
Ip, ACE = (1.960 ± 12.185) + (280.200 ± 36.740) ⋅ v;

r = 0.997;p ≤ 0.001

(11)

Ip, CAE = (15.060 ± 33.740) + (117.100 ± 101.730) ⋅ v;

r = 0.954;p = 0.012
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pH dependence on peak current (Ip); c linear plot of Ep vs. pH
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The plots of lnIp versus lnv or Ip versus v1/2 can provide 
information on whether a reaction is adsorption- or diffu-
sion-controlled. Figure 11c shows the plots of the logarithm 
of the oxidation peaks of ASA, ACE, and CAF in 0.02 M 
B–R BS, pH 4 versus the logarithm of scan rate. The regres-
sion equations are as follows:

(12)ln Ip,ASA = 5.205 + 0.960 ⋅ ln v;r = 0.986;p = 0.002

If the slope of the regression equations approaches 
0.5, the reaction is supposed to be a diffusion-controlled 
electrode process, and if it approaches 1.0, the reaction is 
expected to be an adsorption-controlled process [47, 48]. In 

(13)ln Ip,ACE = 5.628 + 0.972 ⋅ ln v;r = 0.999;p ≤ 0.001

(14)ln Ip,CAF = 5.329 + 0.907 ⋅ ln v;r = 0.967;p = 0.007
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our study, the slopes are very close to 1.0 (0.960 for ASA, 
0.972 for ACE, and 0.907 for CAF), indicating that oxida-
tion at CoFe2O4/GCE is an adsorption-controlled process. 
According to Soleymani et al., if the intercept of the plot 
of Ip versus v1/2 crosses the origin of the plot, the electrode 
process is controlled by diffusion; otherwise, it is adsorp-
tion-controlled [49]. In the scan rate range from 0.10 to 
0.50 V s−1, Ip of ASA, ACE and CAF electrooxidation is lin-
early correlated with v1/2 following the equations (Fig. 11d):

Equations (15–17) show that the relationship between the 
peak current and the square root of the scan rate is highly 
linear (r = 0.982–0.999; p < 0.05). The numbers in the paren-
theses are the 95% confident interval of the respective val-
ues. The intercepts of all the three equations are far less than 
zero, referring that the electrode oxidation is controlled by 
adsorption.

According to the analysis of the three relationships, 
namely Ip versus v; lnIp versus lnv; and Ip versus v1/2, we 
can conclude that the electrooxidation of ASA, ACE, and 
CAF on CoFe2O4/GCE is an adsorption-controlled process. 
This is characteristic for the electrode process, in which the 
electrochemical reaction precedes the homogenous chemical 
reaction [49].

According to the Laviron theory [50], for an irreversible 
anodic reaction, the relationship between Ep and v should 
be expressed as:

where E0 is the formal standard potential; α is the charge 
transfer coefficient; n is the number of the electrons trans-
ferred; F is the Faraday constant (96,500 C mol−1); Ks is the 
standard heterogeneous reaction rate constant; and R and T 
are 8.123 J mol K−1, 298 K, respectively.

This relationship for the oxidation of ASA, ACE, and 
CAF in our study is as follows:

(15)Ip,ASA = (−35.054 ± 13.665) + (173.338 ± 24.950) ⋅ v1∕2;r = 0.999;p ≤ 0.001

(16)Ip,ACE = (−65.500 ± 40.449) + (285.808 ± 24.950) ⋅ v1∕2;r = 0.990;p = 0.001

(17)Ip,CAE = (−31.020 ± 30.335) + (187.194 ± 66.338) ⋅ v1∕2;r = 0.982;p = 0.003

(18)

Ep = E0 −
R ⋅ T

(1 − �) ⋅ n ⋅ F
⋅ ln

R ⋅ T ⋅ KS

(1 − �) ⋅ n ⋅ F
+

R ⋅ T

(1 − �) ⋅ n ⋅ F
⋅ ln v

(19)Ep,ASA = 0.425 + 0.027 ⋅ ln v;r = 0.962

(20)Ep,ACE = 0.715 + 0.024 ⋅ ln v;r = 0.920

(21)Ep,CAF = 1.511 + 0.027 ⋅ ln v;r = 0.977

As can be seen from Eqs. (19–21), the plots of Ep versus 
lnv are highly linearly related (r = 0.920–0.960, p < 0.05). The 
values of (1 − n)·α can be calculated from the slopes of the 
plots (Fig. 11e), and they are 0.95, 1.05, and 0. 95 for ASA, 
ACE, and CAF, respectively. For a totally irreversible process, 
α is accepted to be 0.5. Therefore, n is approximately 1.9; 2.10, 
and 1.90 for ASA, ACE, and CAF, respectively. Since n is an 
integral, we accept that n equals 2. As a result, two protons and 
two electrons are involved in the redox process.

As mentioned above, the anodic peak current tends to 
decrease with increasing pH, and this indicates that the chemi-
cal reactions occur according to the electrochemical mecha-
nism, in which the possible reaction between the buffer mol-
ecules and the oxidized form of the electrode is acceptable 
[49]. It is assumed that cobalt ferrite exhibits electrocatalytic 
activity as ferrite (Fe3O4) [49, 51]. Then, the electrochemi-
cal behavior could involve the iron phosphate system. The 
CoFe2O4 particles are directly oxidized at the electrode accord-
ing to reaction (22).

The as-produced Fe2+ ions react with the phosphate ions 
of the buffer.

The FePO4 solid at the electrode surface could be respon-
sible for the electrocatalytic reaction

(22)CoFe2O4 + 2e− → 2Fe2+
(

CoFeO4

)

(23)Fe2+
(

CoFeO4

)

+ HPO−
4
→ FeHPO4

(

CoFeO4

)

FeHPO4(CoFeO4) + H+ − e → CoFe2O4 + HPO−
4

(24)
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CAF is oxidized in a two-step mechanism (reaction (26)). 
First, 2H+, 2e− oxidation occurs at C–8 and N–9 atoms of 
caffeine and gives 8-oxy caffeine. Second, another 2e−, 2H+ 
oxidation gives 4,5-dihydroxy-8-oxy-caffeine [52]. There-
fore, the oxidation of CAF with two electrons and two pro-
tons at CoFe2O4/GCE could be understood as the first step 
of this mechanism, and it also determines the rate of this 
reaction.

(25)

(26)

CoFe2O4 with a bigger number of redox-catalytic sites 
(Fe3+/Fe2+), hierarchical structure, and large surface area 
enhances the adsorption effectively, and therefore, the oxida-
tion of ASA, ACE, and CAF results in high electrochemi-
cal responses and a large peak separation. This process is 
illustrated in Fig. 12.

3.5 � Interference study

The effect of several possible interfering compounds on 
the detection of ASA, ACE, and CAF was studied. DPV 
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Fig. 12   Illustration of ASA, ACE, and CAF oxidation at CoFe2O4/GCE

measurements were performed for the solution containing 
an equal concentration (10−6 M) of ASA, ACE, and CAF in 
0.2 M B–R BS, pH 4 in the presence of an excess concentra-
tion of an interfering agent. The tolerance limit is assumed 
as the maximum concentration of the interferent brought 
about a relative standard error (RSD) less than 5%. In our 
study, 500 fold of NaNO3, KNO3, CaCl2, (NH4)2SO4 do not 
affect the selectivity, and no interfering effect is observed 
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at 152 fold of glucose, 180 fold of benzoic acid, and 200 
fold of glutamic acid. RSD varies between − 4.9 and 4.3% 
(Table 1). This reveals the acceptable selectivity of the 
CoFe2O4 electrode even in the presence of high concentra-
tions of other species.

3.6 � Long‑term stability and limit of detection (LOD)

The peak current was recorded for ASA, ACE, and CAF oxi-
dation at the modified GCE in the 0.2 M B–R BS containing 
the spiked solution of an equal concentration (10−4 M) of 
ASA, ACE, and CAF at different times to assess the long-
term stability of CoFe2O4/GCE. Figure 13 presents the 
peak currents measured with time (day). The error bars are 
the standard deviation of sixteen experiments (of the peak 
current for ASA, ACE, and CAF was 6.7, 5.6, and 7.2%, 
respectively) using the same CoFe2O4/GCE for all the meas-
urements. The relevant values of RSD infer that CoFe2O4/
GCE has long-term stability and acceptable sensitivity for 
the analysis of real samples.

Since all peaks could be resolved at CoFe2O4/GCE, the 
simultaneous detection of the compounds was conducted. 
Figure 14a presents the DPV recorded for the simultaneous 
addition of ASA, ACE, and CAF in the increasing concen-
tration in the range 0.2–4.4 µM. The plots of Ip,ASA, Ip,ACE, 
and Ip,CAF versus ASA, ACE, and CAF concentration are 
shown in Fig. 14b. Their linear regression equations are as 
follows:

(27)
Ip,ASA = (−3.03 ± 0.02) + (0.412 ± 0.009) ⋅ CASA;r = 0.998

(28)
Ip,ACE = (0.83 ± 0.06) + (2.23 ± 0.05) ⋅ CACE;r = 0.997

Table 1   Effect of different interferences on peak currents (10−6  M 
ASA, ACE, and CAF in 0.2 B–R BS, pH 4)

Interferent RSD (%) Toler-
ance 
(mM)ASA ACE CAF

Glucose − 4.9 − 2.8 − 1.9 152
Benzoic acid 1.2 0.2 4.3 180
Glutamic acid 3 − 0.3 4.1 200
NaNO3 − 3.6 − 4.3 − 1 500
KNO3 − 1.6 3.8 0.6 500
KHCO3 1.1 4.1 − 2.3 500
(NH4)2SO4 0.3 − 1.0 − 2.7 500
CaCl2 − 3.5 2.1 − 0.8 500
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Fig. 13   Long-term stability of CoFe2O4/GCE during 15 consecutive 
days
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The LOD of ASA, ACE, and CAF [three times of the 
standard deviation of the blank over sensitivity (3 s m−1)] is 
0.313 μM, 0.267 μM, and 0.226 μM, respectively. The sen-
sitivity of the ASA, ACE, and CAF determination is 0.41, 
2.23 and 0.89, respectively.

Table 2 compares the linear range and LOD for our elec-
trode with several modified electrodes reported previously. 
The data show that the linear range obtained in this work 
with CoFe2O4/GCE is much smaller, whereas LODs are 
compatible or lower than those of other works.

3.7 � Determination of ASA, ACE, and CAF 
in pharmaceutical preparations and beverages

As for the real samples, those containing simultaneously 
ASA, ACE, and CAF are unavailable, but ACE and CAF, or 
ASA and ACE are found in several pharmaceutical formulas 

(29)
Ip,CAE = (−0.04 ± 0.02) + (0.89 ± 0.02) ⋅ CCAF;r = 0.998

(Table 3), and ASA and CAF are found in certain beverages. 
Therefore, six commercial pharmaceutical and three bever-
age samples were used to qualify the method (Table 4). The 
determination was carried out using the standard addition 
method. The analysis was performed three times under the 
same conditions. The recoveries of the analytes in the real 
samples were calculated to estimate the accuracy of the pro-
posed method. Then, known amounts of both ACE and CAF, 
ASA and ACE, or ASA and CAF were added to the sam-
ples and the analytes were simultaneously analyzed again 
using the standard addition method with the proposed DPV 
method. The recovery is in the range of 95–106%. The ana-
lytes were also determined by using HPLC for comparison. 
The content of ASA, ACE, and CAF in the samples deter-
mined using the proposed method and the HPLC method 
is in a good agreement. The recovery is also acceptable. 
From these results, we can conclude that the CoFe2O4/GCE 
electrode is capable of the simultaneous analysis of pharma-
ceutical and beverage samples.

Table 2   Performance comparison of the proposed DPV method for ARA, ACE, and CAF with other electrodes

N/a not applicable

Modified electrodes Linear range (µM) LOD (µM) References

ASA ACE CAF ASA ACE CAF

CoFe2O4/graphene/GPE 0.03–12 0.03–12 0.03–12 N/a 0.025 N/a [52]
Flavonoid nanostructured modified/GCE N/a 0.9–80 10–110 N/a 0.78 3.54 [53]
Poly(4-amino-3-hydroxynaphthalene sulfonic acid)/GCE N/a 10–125 10–1250 N/a 0.45 0.79 [54]
Pd/aluminum electrode 0.1–3000 0.1–3000 N/a 5 5 N/a [55]
ErGO/GCE 0.2–4.4 0.2–4.4 0.2–.4 0.360 0.250 0.230 [32]
MnFe2O4/nitrogen doped carbon nanotubes/GCE 2–100 1–100 1–1100 1.800 0.830 0.830 [16]
CuO/graphene/GCE 0.025–5.5 0.025–5.5 0.025–5.5 0.011 0.008 0.01 [17]
CoFe2O4/GCE 0.2–4.4 0.2–4.4 0.2–4.4 0.313 0.267 0.226 The present study

Table 3   Results of ASA, ACE 
and CAF determination in the 
pharmaceutical preparations 
using the proposed DPV and 
HPLC method

a Average of three measurements ± standard deviation

Notation Analytes Amount labeled 
(mg tablet−1)

Methods

DPVa Rev HPLCa

Acetab extra ACE 500 492 ± 5 106 490 ± 1
CAF 65 64.5 ± 0.9 96 65.8 ± 0.5

Flucoldstad ACE 500 498 ± 4 98 496.1 ± 0.9
CAF 25 24 ± 1 100 23.6 ± 0.1

Pancelxim extra ACE 500 494 ± 4 104 492 ± 2
CAF 65 64.2 ± 0.3 96 63.7 ± 0.2

Hapacol Sac. 150 mg kids ASA 75 76 ± 6 98 74 ± 1
ACE 150 150 ± 4 102 151 ± 2

Doliprane vitamin C 500MG/150MG ASA 150 147.6 ± 5 98 146.1 ± 0.9
ACE 500 495 ± 6 96 494 ± 3

Efferalgan vitamin C ASA 200 197 ± 4 102 195 ± 2
ACE 330 330 ± 5 98 329 ± 4
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4 � Conclusions

The synthesis of cobalt ferrite hollow spheres was performed 
using the carbonaceous microspheres prepared from the glu-
cose solution as a sacrificial template. The Fe/Co ratio in 
cobalt ferrite could be controlled by varying the initial Fe/
Co ratio. The resulting CoFe2O4 possesses a hierarchical 
structure of hollow spheres, large specific areas, and high 
magnetic saturation. The CoFe2O4 hollow spheres were used 
to develop a modified electrode, and it is promising for the 
ASA, ACE, and CAF detection with such advantages as high 
sensitivity and stability and low detection limit. The pro-
posed DPV method can be easily performed with acceptable 
precision and accuracy when employed to pharmaceutical 
preparations and beverage samples.
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