
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
0:

02
:3

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Electrochemical
aAdvanced Medical Pharma (AMP-Biotec), B

Cortenocera, 82030, San Salvatore Telesino
bDepartment of Chemistry, University of Sum
cDepartment of Chemistry, Faculty of Science

honarmand@qom.ac.ir
dDepartment of Chemistry, College of

Diwaniyah, Iraq
eInstitute of Nano Science and Nano Technolo

51167, Kashan, Iran. E-mail: salavati@kash

31 55912383

Cite this: RSC Adv., 2025, 15, 41314

Received 18th July 2025
Accepted 26th September 2025

DOI: 10.1039/d5ra05186j

rsc.li/rsc-advances

41314 | RSC Adv., 2025, 15, 41314–41
detection of chlorogenic acid in
green coffee beans by a carbon paste electrode
modified with MWCNTs and Cr-MOF

Maryam Khayatkashani, a Safaa Abdulkadhim Almansarawi,b

Ebrahim Honarmand,*c Fateme Sadat Sadeghi,a Ali Ehsani, a Layth S. Jasim d

and Masoud Salavati-Niasari *e

The purpose of this study is to address the need for rapid and selective detection of chlorogenic acid (CGA),

a bioactive polyphenol with considerable medicinal importance. There are various techniques to determine

the amount of CGA, but electrochemical methods are a cost-effective and efficient alternative. In this study,

an efficient electrochemical sensor was prepared for the detection and measurement of CGA in green

coffee samples. A composite of MIL-101(Cr) and MWCNTs was utilized to modify the carbon paste

electrode (CPE). The metal–organic framework (MOF) was used due to its high surface area and known

catalytic activity. The modified sensor showed improved electron-transfer and absorption capabilities,

leading to a low detection limit and a wide linear range. The structure of the Cr-MOF and MWCNT

compounds synthesized in this work was determined and analyzed using FT-IR, EDX, SEM, and XRD

techniques. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were also used

to investigate the electrochemical efficiency of the modified electrode. Under optimal conditions, the

differential pulse voltammetry (DPV) diagram showed that the relationship between the CGA

concentration and current intensity is in two linear ranges, with a determination coefficient of 0.9855 in

concentrations from 0 to 14.4 mM and a determination coefficient of 0.9962 in concentrations from 14

to 177.6 mM. The limit of detection (LOD) was 0.0198 mM. Finally, the modified sensor was validated using

a standard UV-vis method.
1. Introduction

Polyphenolics are a group of natural compounds found in some
plants and fruits, which have recently received attention due to
their antioxidant properties.1 These compounds consist of
quinic acid and various dihydroxycinnamic acids, including
ferulic acid, caffeic acid, p-coumaric acid and chlorogenic
acid.2–5 Chlorogenic acid (CGA) is found in many products,
including beverages, such as coffee and green tea; fruits, like
apples, peaches, apricots and strawberries; vegetables, such as
tomatoes, carrots and eggplants; and hundreds of medicinal
plants, including honeysuckle, Eucommia ulmoides, and Calen-
dula officinalis.6–9 The CGA present in plants has a protective
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effect against pathogenic and destructive agents. CGA also
prevents the enzymatic color change of vegetables and fruits.10

In recent years, many clinical studies have been conducted on
the various aspects of human health associated with the regular
consumption of foods containing chlorogenic acid.11 The
results of these studies show the medicinal role of CGA on
human physiological activities, including its antioxidant, anti-
microbial, antiviral, antibacterial, anti-stress, anti-
inammatory and anti-cancer properties.5,8,12–15 CGA also has
a major effect in protecting the liver and is one of the effective
factors in controlling glucose metabolism and reducing its level
in the blood, which is very useful for treating diabetes.16,17 On
the other hand, the concentration of CGA in the human body
should be controlled because high concentrations of CGA lead
to some disorders and inammatory reactions, including
nausea and diarrhea, high stress and the occurrence of
dermatitis, itching and eczema.5,18–20 Therefore, the quantitative
measurement of CGA has received much attention. Many
methods have been developed to measure CGA in coffee plants
and beans, such as high-performance liquid chromatog-
raphy,21,22 capillary electrophoresis,23,24 micellar electrokinetic
chromatography,25 liquid chromatography-mass spectrom-
etry,26 near-infrared spectroscopy,27 and electrochemical
© 2025 The Author(s). Published by the Royal Society of Chemistry
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methods.28,29 Although these methods are efficient for
measuring CGA, a number of deciencies were identied,
mainly their long and time-consuming steps and the need for
expensive instruments for their implementation. To resolve the
challenges caused by these deciencies, electrochemical
methods have been widely investigated in recent years due to
their low cost, simplicity, fast response and high sensitivity for
the detection of various compounds. However, most electro-
catalysts have disadvantages related to their low active surface
area and low density of active sites. Therefore, the development
of sensing materials is very important for improving the
electrochemical performance of electrocatalysts.30

Beyyavaş et al. reported a method in which a glassy carbon
electrode (GCE) was modied with CNTs alongside gadolinium
oxide and tungsten nanoparticles for the sensitive determina-
tion of CGA. This method achieved a linear range of 2.5 × 10−9–

1.6 × 10−6 M with a detection limit of 1.08 × 10−9 M.31 Wan
et al. synthesized Fe3O4/SiO2/PIL, which has good magnetic
properties, a suitable structure and high stability, for detecting
the CGA concentration in fruit samples and it showed a linear
relationship in the concentration range of 0.025–2 mM (R2 =

0.9989) with a detection limit of 10 nM.32 In another study,
a composite iron oxide/zinc oxide (Fe3O4/ZnO) modied-GCE
based on a binary metal oxide was used for the determination
of CGA. The electrochemical evaluation of CGA by Fe3O4/ZnO/
GCE showed a relatively wide linear range between 0.05–1291
mM using LSV. Additionally, the detection sensitivity of the
sensor was 0.05 mA mM−1 cm−1−2.33 Mariyappan et al. reported
the use of Co-MOF/BP-RGO on a GCE with a high selectivity for
the detection of CGA that showed a wide linear range and an
excellent LOD of 0.001–391 mM and 0.014 mM, respectively.5

Amalraj et al. reported a GCE modied with Bi2CuO4–KOH for
the electrochemical measurement of CGA, having a linear range
of 0.05–556 mM and a sensitivity of 0.22 mA mM−1 cm−1−2.34

Teker et al. reported a novel voltammetric method for the high-
sensitivity measurement of CGA using a glassy carbon electrode
modied with niobium nanoparticles (NbNPs) and MWCNTs.29

CGA is a polyphenolic compound with multiple hydroxyl
groups and aromatic rings, requiring a sensor with high surface
area, selective adsorption, and efficient electron transfer.
Metal–organic frameworks (MOFs) possess tunable porosity,
abundant active sites, and large surface area, enabling strong
interactions with CGA via hydrogen bonding and p–p stack-
ing.35 MOFs are crystalline materials that have a highly ordered
network structure.36 Due to their remarkable properties,
including structural exibility, adjustable pores, high storage
capacities,37 and suitable thermal and chemical stability, they
are widely used in applications such as gas storage and sepa-
ration,38 as catalysts39 and as delivery systems.40 In this study,
MIL-101(Cr) was chosen because of its extremely high surface
area and large pore volume, which enhance the adsorption and
accessibility of CGA, and its unsaturated Cr(III) sites, which
promote efficient electron transfer during CGA oxidation. In
addition, the appropriate chemical stability of this framework
and its ability to interact with phenolic molecules through
strong hydrogen bonding and p–p stacking interactions indi-
cate its high sensitivity and selectivity for the electrochemical
© 2025 The Author(s). Published by the Royal Society of Chemistry
detection of CGA.41 The use of MOFs as modulators for
electrochemical sensors has increased in recent years due to
their high catalytic activity, suitable chemical performance and
adjustable pores, as well as the metal centers in their structure
that facilitate the oxidation of analytes on their surface.42,43

Nevertheless, some of their characteristics, such as the limited
mass transfer of analytes and low electrical conductivity, limit
their further use.44 One approach for addressing these limita-
tions is combining metal–organic frameworks (MOFs) with
materials that have a high electrical conductivity to create
composites based on these structures. One example is carbon-
based materials, which are a good choice due to their good
electrochemical stability and high conductivity. These carbon-
based materials include graphene oxide,45 carbon nanotubes
(CNTs)46 and carbon nanobers.47

Carbon nanotubes are a type of graphite sheet that exist in
a tubular form with nanometer-sized diameters. If one graphite
sheet is in a tubular form, it is called a single-walled carbon
nanotube; if several graphite sheets are in a tubular form, they
are called multi-walled carbon nanotubes.48 There is a very high
potential for the use of CNTs in science and technology appli-
cations to improve the electrical and thermal conductivity
properties. Other CNT applications include medical and dye
industries, corrosion protection, electromagnetic interference
protection, batteries, solar cells, and chemical sensing.49–51 Due
to the high conductivity of carbon nanotubes and their enhanced
electron-transfer kinetics, these materials can be used in elec-
trodes. Electrodes based on CNTs afford increased sensitivity
and ability to detect andmeasure species at low concentrations.52

In this study, an electrochemical sensor based on a metal–
organic compound was designed to measure CGA. Therefore,
MIL-101(Cr) was synthesized and then combined with carbon
nanotubes whose surface was modied to increase the
conductivity of the carbon paste electrode. The results of this
study show the benet derived from the high conductivity of
carbon nanotubes along with their high surface absorption
capability for measurements. Finally, a high-sensitivity elec-
trode for measuring CGA in coffee samples is presented, which
is selective, sensitive and displays good reproducibility.
2. Experimental
2.1. Reagents and chemicals

Potassium hydroxide, chlorogenic acid (C16H18O9, 98%), multi-
walled carbon nanotubes (MWCNTs, >97%), ethanol (96%), and
0.1 M phosphate buffer solution (PBS) were used for the prep-
aration of solutions (Na2HPO4 and NaH2PO4). Potassium ferri-
cyanide (K3[Fe(CN)6]), potassium ferrocyanide (K4[Fe(CN)6]),
chromium nitrate nonahydrate (Cr(NO3)3$9H2O), benzene
dicarboxylic acid (BDC), ammonium uoride (NH4F), di-
methylformamide (DMF), and green coffee beans were also
used in this study.
2.2. Characterization

In order to perform electrochemical tests, a potentiostat/
galvanostat device (Ivium V21508, Vertex) with a three-
RSC Adv., 2025, 15, 41314–41329 | 41315
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electrode system comprising a Ag/AgCl reference electrode in
a saturated solution of KCl, platinum rod counter electrode
(Azar Electrode Company) and a carbon paste working electrode
was used. The morphology and characteristics of the prepared
composites were studied using SEM images along with EDX
analysis, FTIR spectroscopy and XRD analysis.
2.3. Functionalization of MWCNTs

In order to functionalize the carbon nanotubes, 0.6 g of the
multi-walled carbon nanotube sample was placed with 100 ml
of the acidic mixture comprising 26.0 ml of sulfuric acid and
74 ml of nitric acid [1 : 3] in a water-bath at a temperature of 85 °
C for 3 hours. Aer centrifuging and washing eight times with
deionized water, the obtained product was placed in an oven at
a temperature of 80 °C and dried for 12 hours.53
2.4. Synthesis of MIL-101(Cr)

To synthesize MIL-101(Cr), 6.0 g of Cr(NO3)3$9H2O, 2.5 g of
BDC, and 71.0 ml of deionized water were placed into a 150.0-ml
Teon container. This container was then heated in a stainless-
steel autoclave at 220 °C for 8 hours. Following heating, the
mixture was gradually cooled to room temperature over a period
of 4 hours. The resulting MIL-101(Cr) was initially washed with
deionized water. To achieve an enhanced purity, the product
was subsequently washed with an aqueous solution of 80%
ethanol. Aer centrifugation, the dried, green powder was then
weighed and based on a ratio of 1.0 g in 150.0 ml, it was stirred
in an aqueous solution of 30 mM NH4F at 60 °C for 10 hours.
The suspension was centrifuged and washed with warm
deionized water. Subsequently, the green solid was washed with
100.0 ml of DMF and then washed with 120.0 ml of deionized
water. Finally, the product was dried for two days at room
temperature, followed by an additional two days in an oven set
at 95 °C.54
2.5. Manufacturing the modied electrode

In this study, four types of carbon paste electrodes were
prepared. The initial carbon paste was composed of 0.15 g of
graphite powder and 0.03 g of pure liquid paraffin oil, main-
taining a weight ratio of 20 : 80. These components were thor-
oughly mixed in a mortar for 10 min. To modify the carbon
paste with a metal–organic framework (MOF), 10 wt% of the
graphite powder was replaced with MIL-101(Cr), which was di-
ssolved in 2 ml of ethanol and subjected to an ultrasonic
treatment for 10 min. Aer the mixture was homogenized and
dried in an oven, it was combined with paraffin oil in a weight
ratio of 70 : 10 : 20. The carbon paste modied with carbon
nanotubes (CNTs) was prepared using a similar method. The
electrodes modied with both MOF and CNTs were obtained by
replacing equal amounts of multi-walled carbon nanotubes
(MWCNTs) and MOF in the graphite powder and paraffin oil,
resulting in a weight ratio of 60 : 10 : 10 : 20. The prepared
pastes were loaded into insulin syringes, and their surfaces were
smoothed using weighing paper. Electrical connections were
established using copper wire. To ensure optimal performance,
41316 | RSC Adv., 2025, 15, 41314–41329
the surfaces of the electrodes were polished and refreshed aer
each experimental run.
3. Results and discussion
3.1. Characterization

3.1.1. SEM and EDX mapping analyses. FE-SEM analysis
was performed to investigate the surface morphology of Cr-
MOF, MWCNTs, and Cr-MOF-MWCNTs/CPE. Fig. 1(a and b)
shows the FE-SEM images of Cr-MOF. These images reveal that
the synthesized framework had polyhedral crystalline forms
(octahedral crystals of the MIL-101(Cr) network), which agree
with previous reports.54 In addition, the absence of needle-
shaped crystals—indicative of unreacted H2BDC ligand—in
the powder suggests that the synthesis was a well-optimized and
complementary process. Moreover, based on the image size,
particles and crystals are visible in the gure, revealing that the
synthesized MIL-101(Cr) exhibits a size of less than 200 nm.
Fig. 1(c and d) presents the FE-SEM images of the MWCNTs.
The FE-SEM images reveal nanosized, multi-walled carbon
nanotubes whose surfaces were activated by the combination of
sulfuric acid and nitric acid. Fig. 1(e and f) depicts the FE-SEM
images of the electrode paste made from the combination of
graphite, MOF and MWCNTs and further reveals the uniformity
of the paste that resulted from the combination of these
materials. MWCNTs are distributed around the MIL-101(Cr)
framework, resulting from molecular interactions between the
–COOH groups and Cr3+ ions present in the metal–organic
structure. Fig. 1(g–i) shows the percentage of elements in each
composition. The percentage of carbon and oxygen in the
MWCNTs is higher than their percentage in the combination of
MWCNTs and MIL101-(Cr). This observation is attributable to
the composition of the carbon paste, where a percentage of its
total composition is related to the chromium element. Addi-
tionally, the percentage of chromium element in MIL101-(Cr) is
higher than its percentage in the carbon paste; aside from the
abovementioned elements, no additional elements were found
in the elemental analysis. The EDX mapping images of the
carbon paste modied with MIL-101(Cr) and MWCNTs are
presented in Fig. 1(j). Each element in the gure is shown with
a specic color (blue, red, and green). In the carbon paste
composition, the dispersion of colors (particles) can be well
observed, indicating the uniformity of the modiers in the
carbon paste.

3.1.2. XRD analysis. The X-ray diffraction (XRD) data for
the MWCNTs and MIL-101(Cr) are shown in Fig. 2(a) and (b),
respectively. In Fig. 2(a), the XRD pattern of the modied multi-
walled carbon nanotubes is shown, which was recorded at an
angle of 2q equal to 4 to 80°. The diffraction peaks observed at
26° and 44° are related to the (0 0 2) and (1 0 0) reections,
respectively, which are related to the hexagonal graphite present
in the carbon nanotubes. The XRD pattern for the synthesized
MIL-101(Cr) sample in this study is displayed over the 2q range
from 4° to 60°. The XRD results reveal distinct peaks at angles of
8.5°, 9.2°, 17°, 27°, and 35°. A comparative assessment with
standard patterns found in the literature indicates that these
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FE-SEM images of (a and b) Cr-MOF, (c and d) MWCNTs and (e and f) Cr-MOF-MWCNTs/CPE. EDS spectra of (g) MWCNTs, (h) Cr-MOF
and (i) Cr-MOF-MWCNTs/CPE. (j) EDS mapping images of Cr-MOF-MWCNTs/CPE.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 41314–41329 | 41317
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Fig. 2 XRD patterns of (a) MWCNTs and (b) MIL-101(Cr).
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peaks correspond to the (0 6 6), (1 1 9), (1 1 5), (1 1 3), and (0 0 2)
crystalline planes, respectively.55

3.1.3. FT-IR characterization. Fig. 3(a and b) shows the FT-
IR spectra of the MWCNTs and MIL-101(Cr). The FT-IR spec-
trum in Fig. 3(a) is related to the structure of the acid-modied
MWCNTs. The peak in the wavenumber range of 3200–
3600 cm−1 is related to OH groups, and the absorption peak of
the stretching vibration of the –C]O– bond appears in the
range of 1755–1670 cm−1; in particular, the peaks at 1552 and
1710 cm−1 are related to this bond.56 In the FT-IR spectrum
shown in Fig. 3(b), the peaks in the wavenumber range of 4000–
500 cm−1 correspond to the structure of the synthesized MIL-
101(Cr). The 1400 cm−1 and 1609 cm−1 bands were assigned
to the symmetric stretching vibration of the O–C–O bond in
MIL-101(Cr). The other bands between 600 cm−1 and 1600 cm−1
Fig. 3 FT-IR spectra of (a) MWCNTs and (b) MIL-101(Cr).

41318 | RSC Adv., 2025, 15, 41314–41329
conrmed the presence of a benzene ring; these peaks include
the C]C stretching vibration at 1505 cm−1 and C–H bond
deformation vibrations at 747 cm−1 and 1018 cm−1. The peaks
related to the stretching vibrations of oxygen with metals, which
are usually observed in the range of 400–800 cm−1, are also
observed in this spectrum. The peak at 508 cm−1 corresponds to
the Cr–O bond vibration.57,58

3.1.4. Electrochemical characterization of Cr-MOF-
MWCNTs/CPE. Cyclic voltammetry (CV) was used to investigate
the effects of different modiers on the carbon paste electrode.
Fig. 4(a) shows the cyclic voltammograms (CVs) of the different
modied CPEs: MWCNTs/CPE, Cr-MOF/CPE and Cr-MOF-
MWCNTs/CPE electrodes in 0.1 M KCl solution containing
5 mM [Fe(CN)6]

3−/4−. The iron tracer solution showed two
oxidation and reduction peaks for all four electrodes. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Cyclic voltammograms and (b) Nyquist diagrams of different modified electrodes, CPE, MWCNTs/CPE, Cr-MOF/CPE, and Cr-MOF-
MWCNTs/CPE, in a 0.1 M KCl solution containing 5.0 mM K3[Fe(CN)6]

3−/4−; scan rate: 50 mV s−1.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
0:

02
:3

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
obtained plots and the results in the Table 1 reveal that the
unmodied carbon paste (CPE) electrode had a very weak
pseudo-reversible behavior with a DEp value of 0.23 v; however,
for the modied electrode with MOF and MWCNTs, the
response improved and DEp decreased. Finally, for the modied
electrode with an optimal combination of Cr-MOF-MWCNT/
CPE, the value of DEp decreased to 0.12 V, which shows the
reversible behavior of that modied electrode. In addition to
these results, the intensity of the current of the oxidation and
reduction peaks for the modied electrodes increased
compared to that of the unmodied electrode. A comparison
among the modied electrodes revealed that the current
intensity of the oxidation and reduction peaks was higher for
the carbon paste electrode modied with Cr-MOF-MWCNT, and
this indicated the greater sensitivity of this electrode. Therefore,
from the obtained results, the most sensitive electrode was the
modied carbon paste electrode with a mixture of MOFs and
MWCNTs. In order to investigate the characteristics of the
modied electrodes compared to the unmodied electrodes in
terms of their resistance and conductivity, electrochemical
impedance spectroscopy (EIS) was performed. The Nyquist
diagrams of the unmodied electrode (CPE) and the modied
electrodes, including Cr-MOF/CPE, MWCNTs/CPE and the
modied electrode with the optimal combination of MIL-
101(Cr) and MWCNTs are presented in Fig. 4(b). The results
Table 1 CV responses and EIS data obtained from the iron tracer solutio
paste electrodes

Electrode Ip.a (mA) (mA) Ip.c Ep.a

CPE 19/131 −19/138 0/29
Cr-MOF/CPE 30/051 −31/574 0/25
MWCNTs/CPE 39/592 −39/968 0/28
Cr-MOF-MWCNTs/CPE 49/454 −48/281 0/23

© 2025 The Author(s). Published by the Royal Society of Chemistry
obtained from these graphs are presented in Table 1. The Rct

related to the modied electrode (Cr-MOF-MWCNTs/CPE) had
the lowest value compared to that of the other electrodes, which
was due to the synergistic effect of the high surface absorption
resulting from the MOF structure along with the high electrical
conductivity of MWCNTs.

3.1.5. Electrochemical detection of CGA. In order to eval-
uate the sensitivity of the modied electrodes, cyclic voltam-
metry was used to measure a 0.5 mMCGA solution in a 0.1 M PB
solution at pH 7.0. The cyclic voltammetry diagrams of the
measured CGA was obtained from four electrodes, namely the
CPE electrode, Cr-MOF/CPE electrode, MWCNTs/CPE electrode
and Cr-MOF-MWCNTs/CPE electrode, are shown in Fig. 5.
Analysis of the voltammogram indicates that CGA exhibits
reversible electrochemical behavior, involving both oxidation
and reduction processes. Compared to the blank CPE, the
electrode modied with MWCNTs exhibits higher current
intensity (due to higher electrical conductivity) at both anodic
and cathodic peaks, making it more sensitive for the measure-
ment of chlorogenic acid. On the other hand, a further reduc-
tion in the difference between the two potential peaks (DEp) was
observed due to the effect of the higher surface adsorption
associated with the MOF modier. The decreased current
observed in the cyclic voltammogram can be due to the
following reaction:
n in contact with the surfaces of the unmodified and modified carbon

(V) Ep.c (V) DEp Rct (U) Rs (U)

0/06 0/23 9781.338 33.162
0/09 0/16 5311.334 49.866
0/07 0/21 1708.629 72.771
0/11 0/12 348.42 136.82
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The cathodic and anodic peak currents of the CPE electrode
were equal to 1.094 and −0.393 V, respectively, which increased
to 3.377 and −2.005 for the Cr-MOF-MWCNTs/CPE electrode.
The higher CGA current observed at a lower potential with the
Cr-MOF-MWCNTs/CPE electrode was due to the high absorp-
tion properties of the Cr-MOF structure. Additionally, electrical
conductivity increased due to the presence of MWCNTs in the
electrode, which was due to an increase in the ability of the
electrode to transfer charge.

3.1.6. Effect of pH on the oxidation and reduction of CGA.
Fig. 6(a) shows the cyclic voltammograms of a 300 mM CGA
solution with the modied electrode (Cr-MOF-MWCNTs/CPE)
Fig. 5 Cyclic voltammograms of different modified electrodes, namely, C
in 0.5 mMCGA in 0.1 M PB solution (pH= 7.0). Inset: cyclic voltammogra
rate: 50 mV s−1.

41320 | RSC Adv., 2025, 15, 41314–41329
in the pH range of 3 to 8. The oxidation and reduction poten-
tials of CGA shied to a more negative potential as the pH
increased from 3 to 8. In alkaline environments (higher pH),
due to the reduced proton concentration, CGA oxidation was
easily achieved and was not prevented. In an acidic environ-
ment, according to eqn (1) during the oxidation of CGA,
hydroquinone is converted to quinone through the transfer of
two electrons and two protons. Conversely, under alkaline
conditions, the electrochemical reaction of CGA occurred
without the involvement of proton transfer, with only two
electrons being reduced. The plots of the peak oxidation current
and potential of CGA against pH are shown in Fig. 6(b and c),
PE, MWCNTs/CPE, Cr-MOF/CPE, and Cr-MOF-MWCNTs/CPE, placed
ms of different modified electrodes in a 0.1 M PB solution (pH 7.0); scan

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cyclic voltammograms of 300 mMCGA in a 0.1 M PB solution with Cr-MOF-MWCNTs/CPE (a) from pH= 3 to 8 and scan rate= 30mV s−1.
(b) Plots of current density vs. pH and (c) potential vs. pH.
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respectively. According to the Nernst equation, the relationship
between peak potential (Ep) and pH for the oxidation of CGA is
described as follows:

Epa = −0.0486 pH + 0.5705 (2)

By applying the Nernst equation and analyzing the slope of the
Epa – pH graph, it was ascertained that two protons were
exchanged. Moreover, the linear relationship (R2 = 0.994)
derived from this graph indicated that the number of electrons
and protons involved in the oxidation of CGA was equal. Thus,
the oxidation of CGA involved the transfer of two electrons and
two protons. The current intensity of the anodic and cathodic
peaks exhibited a gradual decrease as the pH increased from 3
© 2025 The Author(s). Published by the Royal Society of Chemistry
to 8; however, a signicant deviation occurred at pH 5, where
the current reached its maximum. Consequently, pH 5 was
selected as the optimal pH for CGA measurement in further
experiments in this study.

3.1.7 Effect of scan rate on the oxidation and reduction of
CGA. In order to understand the mechanism of the Cr-MOF-
MWCNTs/CPE electrode, CV curves were plotted at different
potential scan rates (Fig. 7(a)). In Fig. 7(b), a linear relationship
was obtained by plotting the calibration curves derived from the
currents of the cathodic and anodic peaks against y1/2. The
evaluation of the slope, which correlates the oxidation current
of CGA with the square root of the scan rate, is indicated in eqn
(3) and was derived from the Randles–Ševčik equation. This
RSC Adv., 2025, 15, 41314–41329 | 41321
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Fig. 7 Cyclic voltammograms of Cr-MOF-MWCNTs/CPE in 300 mMCGA at (a) different scan rates. Plots of (b) current density vs. scan rate1/2 and
(c) current density vs. scan rate.
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evaluation suggests that the oxidation of CGA at the surface of
the modied electrode was primarily inuenced by mass
transport phenomena. This nding further indicates that CGA
must have rst migrated to the electrode surface before
participating in the oxidation reaction.

Ipa = 0.2556 y1/2 − 0.0757 (3)

The calibration curves based on the intensity of the oxidation
and reduction currents of CGA vs. the scan rate (Fig. 7(c)) show
41322 | RSC Adv., 2025, 15, 41314–41329
a linear relationship between the cathodic and anodic peaks as
a function of the potential scan rate, which means that there
was a uniform distribution of the modier on the electrode. The
slope of this graph is linear at a low potential scan rate, indi-
cating the absorption mechanism at the electrode.

Since the slope of both calibration graphs at low scan rate is
related to the absorption mechanism, and the slope of the
calibration graph at high scan rate is related to the penetration
mechanism, both slopes were linear. Therefore, it can be
concluded that the functional mechanism of the sensor
involves both penetration and absorption, but the penetration
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Chronoamperograms of the Cr-MOF-MWCNTs/CPE electrode in the presence of different concentrations of CGA in a 0.1 M PB
solution recorded at 0.33 V. Inset: calibration curves of data. (b) Plots of current density vs. t−1/2 based on the data from chronoamperograms in
(a).
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mechanism is more dominant because the slope of the current
diagram based on y1/2 is more linear.

3.1.8. Oxidation of CGA during chronoamperometry.
Chronoamperometric testing was conducted for examining
the electrochemical behavior of CGA during its reaction and
determining its diffusion coefficient (D) at a potential of
0.33 V. These experiments utilized a Cr-MOF-MWCNTs/CPE
electrode and spanned CGA concentrations ranging from 10
to 250 mM (Fig. 8(a)). A linear relationship with a coefficient of
determination of R2 = 0.9756 was observed for the current
versus various concentrations of CGA at a specic time. This
result indicates the sensitivity of the modied electrode for
CGA detection. Furthermore, by plotting the intensity of the
current for different CGA concentrations against the inverse of
the square root of time (t−1/2) as shown in Fig. 8(b), the slope
Fig. 9 (a) DPV curves of the Cr-MOF-MWCNTs/CPE electrode in the pre
with a potential scan rate of 50 mV s−1, and (b) calibration curves based

© 2025 The Author(s). Published by the Royal Society of Chemistry
of each plot was found to be proportional to nFAD1/2Cp−1/2

based on Cottrell's equation. To eliminate the concentration
variable from Cottrell's equation, a new line was plotted using
the slopes obtained from Fig. 8(b) against the CGA concen-
trations, resulting in another linear relationship with a coef-
cient of determination of R2 = 0.9913, and a slope
corresponding to nFAD1/2p−1/2. The active surface area of the
electrode (A) was determined by applying the Randles–Ševč́ık
equation, and the obtained number was equal to 6.03 × 10−3

cm2. Finally, by substituting these parameters into Cottrell's
equation, the diffusion coefficient (D) was determined to be
3.8 × 10−9 cm2 s−1.

3.1.9. Oxidation of CGA and calculation of detection limit
by DPV. To determine the sensitivity of the modied electrode
Cr-MOF-MWCNTs/CPE, the voltammetric responses from DPV
sence of different concentrations of CGA in a 0.1 M PB solution (pH 5.0)
on the obtained current density vs. CGA concentration.

RSC Adv., 2025, 15, 41314–41329 | 41323
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were investigated aer the successive injection of different
concentrations of CGA into a 1.0 M phosphate buffer solution
(pH 5) under continuous stirring at a potential scan rate of
50mV s−1. According to Fig. 9(a), aer each addition of CGA, the
intensity of the current measured by the modied electrode
increased. By plotting the alterations in current against the CGA
concentration, two linear regions with different slopes were
obtained, as shown in Fig. 9(b).

The rst linear range is for concentrations ranging from 0 to
14.4 mM, and its equation is expressed as:

Ipa = 0.0151 C + 0.0584 R2 = 0.9855 (4)
Table 2 Comparison of the detection limit and linear range of differen
developed in this work

Working electrode Method

CuTCPP/pOMC-3/GCE DPV
Ag–ZrO2/GO/GCE DPV
Fe3O4-MIL-100(Fe)/GCE DPV
PASA/GCE CV
Ir-BMI$PF6-PPOx SWV
MOF-818@RGO/MWCNT-3/GCE DPV
BDD electrode SWV
(MIL-101(Cr)/MWCNT/CPE) DPV

Fig. 10 Cyclic voltammograms obtained from the oxidation of CGA for

41324 | RSC Adv., 2025, 15, 41314–41329
The second linear range is for concentrations ranging from
14.4 to 177.6 mM, and its equation is expressed as:

Ipa = 0.0046 C + 0.2061 R2 = 0.9962 (5)

The RSD of the CGA current during its oxidation potential in
the buffer solution was calculated to establish the limit of
detection (LOD). According to the calibration curve and the
detection limit formula (LOD= 3 Sb/m), Sb, which is the slope of
the calibration curve from the buffer solution, was equal to
0.001, the calibration curve for CGA exhibited a slope of 0.0151,
and the LOD was calculated to be 0.0198 mM. The results
t electrodes for measuring CGA with those of the modified electrode

Linear range (mM) LOD (mM) Ref.

0.1–15 1.0 59
0.5–347 0.02 19
0.1–460 0.4 60
0.4–12 0.0083 61
3.48–49.50 0.0006 62
0.1–20 2 18
5.64–147 0.0825 63
0–177.6 0.01 This study

evaluating the reproducibility of Cr-MOF-MWCNTs/CPE.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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obtained from this study are shown in Table 2, which compares
the results of similar reports for measuring CGA by electro-
chemical methods. This comparison shows that the sensor
designed in this study is competitive with other sensors.

3.1.10. Reproducibility studies of Cr-MOF-MWCNTs/CPE.
To study the reproducibility of the modied electrode (Cr-MOF-
MWCNTs/CPE), three electrodes were fabricated under
controlled and identical conditions (Fig. 10). Subsequently,
each electrode underwent cyclic voltammetry in a 600 mM CGA
solution. The relative standard deviation (RSD) of the obtained
responses was calculated to be 1.25%, indicating a high repro-
ducibility. For further assessment of the electrode's analytical
performance for CGA detection, a 300 mM CGA solution was
prepared in a buffer solution at pH 5.0. The modied electrode
underwent six consecutive cyclic voltammetric scans, resulting
in a RSD of 1.39% based on the measured current responses.

3.1.11. Stability results. To evaluate the long-term electro-
chemical stability of the CPE/MIL-101(Cr)-MWCNTs modied
electrode, CV measurements were conducted in a 500 mM CGA
solution prepared in a 0.1 M phosphate buffer (pH 5.0) (Fig. 11).
The electrode was stored under ambient laboratory conditions
and tested at three-day intervals, resulting in sevenmeasurement
points (days 1, 4, 7, 10, 13, 16, and 19). At each time point, the
electrochemical response was recorded, and the peak oxidation
current of CGA was monitored. The results demonstrated
consistent peak current values with negligible uctuations
Fig. 11 Cyclic voltammograms of the Cr-MOF-MWCNTs/CPE electrode

© 2025 The Author(s). Published by the Royal Society of Chemistry
throughout the testing period. The calculated relative standard
deviation (RSD) was 2.99%, indicating excellent long-term
stability and reproducibility of the modied electrode. These
ndings underscore the electrode's reliability and suitability for
sensor development and real-world analytical applications.

3.1.12. Measurement of CGA in real samples. The sensing
ability of the fabricated electrode (Cr-MOF-MWCNTs/CPE) was
studied by assessing the concentration of CGA in actual coffee
samples, which included four types of green coffee beans. To
extract CGA from each sample, the coffee beans were rst
ground and sieved, then 10.0 mg of each coffee powder was
dissolved in 25.0 ml of distilled water, stirred for 30 minutes
and slowly heated to 60 °C to dissolve the caffeine in water. Each
solution was then ltered, and the remaining solid was placed
in an ultrasonic bath with ethanol at 60 °C for 30min to dissolve
the CGA in the beans in the ethanol. At the end of this step, each
ethanol solution containing CGA was ltered with the aid of
a centrifuge, which was used for separating the suspended
particles in the solution. The concentration of CGA in each
coffee sample was measured by UV-vis spectrometry. Based on
the spectrum of CGA obtained in previous literature methods,
the absorbance of the samples was measured at lmax = 329;
0.5 mL of a CGA standard solution was added for the
measurements. For determining the concentration of the coffee
samples, the intensity of the absorption is measured again at
lmax = 329. Using these measurements and eqn (6), the
in a CGA solution for evaluating its long-term electrochemical stability.

RSC Adv., 2025, 15, 41314–41329 | 41325
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concentration of CGA in the coffee samples was obtained.64 In
order to check the capability of our fabricated electrode,
a differential pulse voltammetry technique was used. In this
technique, 0.1 ml of each prepared coffee sample was dissolved
in 10 ml of phosphate buffer with a pH of 0.5. The ow intensity
was obtained from the DPV diagram, and then, 0.5 mL of a CGA
standard sample was added to each coffee sample and the ow
intensity was measured. Finally, with the help of eqn (6), the
concentration of CGA in the coffee samples was obtained.

Cu = A1CsVs/A2Vt − A1Vu (6)

Based on the ndings presented in Table 3, the concentra-
tions of CGA detected in the coffee beans demonstrate a strong
correlation with the actual values. A comparison of the
percentage differences between the electrochemical method
used in this study and the UV-vis method underscores the
effectiveness of the developed sensor. These results indicate
that the concentrations obtained through this electrochemical
approach are both accurate and reliable.
4. Conclusions

In this work, a sensitive, simple and cost-effective method was
developed to measure CGA using a carbon paste electrode
modied with Cr-MOF-MWCNT. This electrode exhibited
a strong response to the oxidation and reduction of CGA.
Resulting in an approximately threefold increase in the current
intensity of the corresponding peaks. Additionally, the LOD of
this sensor, determined using differential pulse voltammetry,
was 0.0198 mM, which is very close and comparable to the
detection limit of electrodes designed in previous studies (Table
2). The repeatability of this method has a relative standard
deviation of 1.39% and a reproducibility with a relative standard
deviation of 1.25%. In order to evaluate and measure the
modied electrode's capability for determining the amount of
CGA present in real samples, such as green coffee beans,
concentration values obtained from the standard UV-vis
method were compared with concentration values obtained
from the electrochemical method. From the comparison, the
percentage relative error obtained was on average between 1%
and 4%. Therefore, we were able to design a sensitive and
reliable sensor for CGA measurement in this study.
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3 I. Tomac and M. Šeruga, Electrochemical properties of
chlorogenic acids and determination of their content in
coffee using differential pulse voltammetry, Int. J.
Electrochem. Sci., 2016, 11(4), 2854.

4 I.-G. Munteanu and C. Apetrei, Electrochemical
determination of chlorogenic acid in nutraceuticals using
voltammetric sensors based on screen-printed carbon
electrode modied with graphene and gold nanoparticles,
Int. J. Mol. Sci., 2021, 22(16), 8897.

5 V. Mariyappan, S.-M. Chen, T. Jeyapragasam and J. M. Devi,
Designing and construction of a cobalt-metal-organic
framework/heteroatoms co-doped reduced graphene oxide
mesoporous nanocomposite based efficient electrocatalyst
for chlorogenic acid detection, J. Alloys Compd., 2022, 898,
163028.

6 N. Alpar, Y. Yardım and Z. Şentürk, Selective and
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