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Abstract

An electrochemical sensor is described for simultaneous determination of hydroquinone (HQ) and catechol (CT) via differential
pulse voltammetry (DPV). It is making use of a ternary composite material prepared from oxidized multiwalled carbon nano-
tubes, manganese dioxide (MnQO,) and manganese ferrite (MnFe,0,4). The material was obtained by a one-step hydrothermal
reaction and used to modify a glassy carbon electrode (GCE). The composite was characterized by Fourier transform infrared
spectroscopy, X-ray powder diffraction, thermogravimetric analysis, X-ray photoelectron spectroscopy and scanning electron
microscopy. The peak currents for HQ and CT are highest at 172 and 276 mV (vs. Ag/AgCl) at a pH value of 6.0. Response
increases linearly in the 1-400 uM HQ and CT concentration ranges, and the detection limits are 0.64 and 0.48 pM, respectively.
The modified GCE is highly selective, repeatable and reproducible. A single sensor was used to make 23 subsequent measure-
ments, and the relative standard deviations were 1.8% and 2.3% for HQ and CT, respectively.

Keywords Electrochemical sensor - Differential pulse voltammetry - Hydrothermal reaction

Introduction

The dihydroxybenzene isomers hydroquinone (HQ), catechol
(CT) and resorcinol (RE) are important intermediates in chem-
ical raw materials, which are diffusely applied as pharmaceu-
tical intermediates, antioxidants, dye-generating materials and
reducing agents [1]. They are widely used and difficult to
degrade. Thus, some health problems such as severe liver
injuries, abnormal pigmentation, and hemolytic jaundice even
reproductive toxicity have been triggered. Therefore, the US
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Environmental Protection Agency has classified these three
phenolic compounds as highly toxic environmental pollutants
[2]. For the sake of alleviating these hazards caused by DBIs,
effective and real-time monitor of phenolic compounds such
as spectrophotometry [3], capillary electrophoresis [4], chro-
matography analysis [5] and electrochemical analysis have
been exploited.

Electrochemical analysis has been widely used due to its
low-cost, simple operation and less time consumption.
Unfortunately, since HQ and CT are isomers and have overlap-
ping oxidation peaks, there are still some challenges in simul-
taneously distinguishing and detecting HQ and CT by using
bare electrode. To solve this problem, the development of effi-
cient and sensitive materials for simultaneously detecting HQ
and CT is urgent. Various carbon based materials with excellent
electronic transfer rate and good stability have been investigat-
ed. Among them, materials based on multi-walled carbon nano-
tubes (MWCNTs) have aroused widespread attention.

MWCNTs is a common carbon material with wonderful
electron transfer rate and high sensitivity, which have been
investigated for various targets such as metal ions (Pb** [6]),
small biological molecules (H,0,, glucose [7]), organic
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pollutants (o-nitrophenol, p-nitrophenol [8]). In addition, it is
worth noting that oxidized MWCNTs (OM) can be produced
by oxidizing MWCNTs. Compared with MWCNTs, OM has
more abundant functional groups (hydroxyl groups, carboxyl
groups), which can strengthen interaction with target mole-
cules and enhance its dispersion in water. Although OM holds
many advantages, however, poor stability and limited catalytic
activity also hinder its development in electrochemical detec-
tion. The combination of OM and other materials is an effica-
cious method to improve its performance.

Transition metal oxides are a class of compounds with a
wide range of sources, good catalytic activity and stable struc-
ture, which are widely used in electrocatalysis and electrochem-
ical detection. Comparing with noble metals, transition metal
oxides hold absolute advantage in low costs. To boost electron
transfer and hoist catalytic effect, a wide variety of metal oxides
such as titanium dioxide (TiO,) [9], zinc oxide (ZnO) [10] and
manganese dioxide (MnQ,) [11] have been extensively used. It
is well known that MnO, is considered to be one of the most
attractive electrode materials [12] and is an ecological friendly
economic catalyst [13]. Since the large amount of hydroxyl
groups on the surface of MnO, can greatly improve its chemical
adsorption performance [14], which further increasing the con-
centration of target near the electrode. Similarly, manganese
ferrite (MnFe,0,), a class of spinel materials, is widely used
for electrocatalysis [15], adsorption [16] and electrical storage
[17] due to its good stability, unique adsorption capacity and
outstanding electron transport capacity.

In this work, one-step oxidation was performed to synthe-
size oxidized multi-wall carbon nanotubes (OM). The ternary
composite material (OM-MnFeO,) was prepared by one-pot
hydrothermal method, which was characterized by scanning
electron microscopy (SEM), thermogravimetric analysis
(TGA), X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS) and Fourier infrared spectroscopy (FT-IR).
The obtained OM-MnFeO, composite modified glass carbon
electrode (OM-MnFeO,/GCE) was used for simultaneous de-
termination of HQ and CT in water sample by differential
pulse voltammetry (DPV).

Experimental
Material

Potassium Permanganate (KMnQy, > 99.5%) was purchased
from Tianjin Kermel Chemical Reagent Co., Ltd. (Tianjin,
China, http://www.tjkermel.com). Anhydrous sodium sulfite
(Na,SO3, > 97%), disodium hydrogen phosphate (Na,HPO,,
> 99.0%), sodium dihydrogen phosphate (NaH,PO,, > 99.
0%), concentrated nitric acid (HNO3, > 99.0%), ferric

chloride (FeCl;-6H,0, > 99.0%), anhydrous manganese
Chloride (MnCl,, > 99.0%) were purchased from Shanghai
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Chemical Reagent Co., Ltd. (Shanghai, China, http://www.
reagent.com.cn). Hydroquinone and catechol were acquired
from Alfa Aesar (Tianjin, China, https://www.alfa.com).
Phosphate buffer (PB) was prepared by mixing the stock solu-
tion of 0.1 mol-'L ™" NaH,PO, and 0.1 mol-'L™' Na,HPO, and
adjusting the pH to 6.0 by 0.1 mol'L™" H3PO,4 or 0.1 mol-L™
NaOH solution. Ultrapure water was provided by a Milli-Q
water purification system (Millipore, Milford, MA). All regents
used were analytical grade and no further purified before use.

Synthesis of the ternary composite (OM-MnFeO,)

Oxidized multi-walled carbon nanotubes (Ox-
MWCNTs;bOM) was synthesized according to previous litera-
tures [13]. The ternary composite (OM-MnFeOy) was prepared
by one-pot hydrothermal method: Firstly, 20 mg OM was dis-
persed in 10 mL ultrapure water, and then 0.114 mmol Mn?*
and 0.227 mmol Fe** (1:2) were added successively; After
ultrasonic 10 min, the pH of mixture was adjusted to
11.5~12.5 by adding sodium hydroxide solution (12 M) drop
by drop. Then the mixture was poured into 20 mL Teflon liner
and heated at 180 °C for 8 h. The final product was washed
several times and dried by freeze-dryer. The OM-MnO, was
synthesized by the same method with no Fe** added.

Characterization

The Fourier transform infrared (FT-IR) was conducted on a
Nicolet 6700 FT-IR spectroscopy; The XRD patterns were
acquired from Rigaku D/max 2550; Field emission scanning
electron microscopy (FE-SEM, MIRA3 TESCAN) was used
to explore the morphology of composites; X-ray photoelec-
tron spectroscopy (XPS, Thermo ESCALAB 250XI) was per-
formed for determining element information of composites;
Thermogravimetric analysis (TGA) was conducted on an
SDT Q600 V8.0 Build 95 thermal analyzer with a heating rate
10 °C-min-"".

Electrochemical experiment

Electrochemical experiments were conducted on a CHI660E
Electrochemical Workstation (Chenhua Instrument Co., Ltd.)
with a three- electrode system, where a platinum wire and Ag/
AgCl electrode were worked as counter electrode and refer-
ence electrode, respectively. Bare or modified electrodes were
acted as working electrode. Electrochemical impedance spec-
troscopy (EIS) was conducted in a solution containing
1.0 mM Kj [Fe (CN) 4)/K4 [Fe (CN) ¢] and 0.1 M KCI with
frequency from 1 to 10°, amplitude = 0.005 V. Differential
pulse voltammetry (DPV) was used for simultaneous determi-
nation of HQ and CT (potential range: -0.1 V ~ 0.4 V; incre-
ment: 4 mV; amplitude: 50 mV; pulse width: 0.06 s; sample
width: 0.02 s; pulse period: 0.5 s).
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Modification of the glassy carbon electrode (GCE)

2 mg of OM-MnFeO, was dispersed in 1 mL ultrapure
water. 10 pL of modified solution was dropped on a clean
surface of glassy carbon electrode (The glassy carbon elec-
trode should be polished by 0.05 pm Al,O3 and washed by
ultrapure water via sonication for 3 min), marked as OM-
MnFeO,/GCE. The other modified electrodes, including
OM/GCE, OM-MnO,/GCE and OM-MnFe,0,/GCE, were
prepared as the same way.

Results and discussion
Choice of material

The ternary nanocomposite combined by OM, MnO, and
MnFe,0,4 has high specific capacitance, excellent migration
rate and prominent cycle stability, and its performance is su-
perior to that of single component and binary composite [18].
The synergistic effect of the rational integration of OM, MnO,
and MnFe,0, can significantly elevate their performance on
electrochemical determination, which provides a platform for
distinguishing and simultaneously detecting CT and HQ. The
choice of OM is mainly attributed to its excellent conduction
and rich oxygen-containing functional groups, which enhance
interaction with target molecules by hydrogen bonding. As
well as MnO, and MnFe,O,, hydroxyl groups on their surface
improve the chemical adsorption towards HQ and CT, which
is better than metal sulfides [19]. The available 4f electron
orbit of Mn?*/Mn** and Fe** can tremendously increase elec-
tron transfer rate on electrode surface. In addition, highly
coupled ternary composite can complement each other and
improve their performance.
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Characterization of OM-MnFeO, composite

The phase purity and crystal structure of ternary composite
was investigated by X-ray powder diffraction (XRD). The
pattern is shown in Fig. S1. Some characteristic diffraction
peaks of MnO, are indexed to (110), (200), (310), (101),
(211),(301), (411), (521), (600) and (541) planes correspond-
ing to JCPDS 44-0141 [20] and the diffraction peaks of
MnFe,O,4 are indexed to (111), (220), (311), (222), (400),
(422), (511), (440) and (533) planes with respect to JCPDS
No 74-2403 [21], which all marked on diagram. The charac-
teristic diffraction peak of OM is marked as 002. No redun-
dant peaks and element are found in X-ray pattern, confirming
that ternary composite is relatively pure. The Fourier trans-
form infrared spectroscopy, thermogravimetric analysis, X-
ray photoelectron spectroscopy were investigated and these
figures are shown in Electronic Supplementary Material
(Fig. S2-4).

The surface morphology of OM-MnFeO, composite was
characterized by FE-SEM. As displayed in Fig. 1, irregular
MnO, nanospheres are grown on MWCNTs and MnFe,O,
Nano blocks are embedded among MWCNTs. The distribu-
tion of MnO, and MnFe,Oy is relatively uniform, providing a
stable current signal for electrochemical detection. The at-
tached growth of MnO, and the embedded of MnFe,0O,4
among MWCNTs support the synergistic effect [18].

Electrochemical performance of modified GCE

EIS and DPV were conducted on different modified GCE
(Fig. 2). Unary, binary and ternary composites modified
GCE were investigated. As shown in Fig. 2a, the resistance
of OM/GCE, MnO,/GCE, MnFe,04/GCE, OM-MnO,/
GCE, OM-MnFe,04/GCE and OM-MnFeO,/GCE are
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SEM HV: 20.0 kV
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WD: 15.51 mm
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Fig. 1 The SEM images of OM-MnFeOy in low magnification (a) and high magnification (b)
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Fig. 2 a EIS curves of different modified GCE; b DPV responses of different modified GCE

similar, about 156.1 , 143.4 Q, 136.8 Q, 130.3 (,
128.4 2 and 127.6 2, respectively. Comparing with OM/
GCE, OM-MnFeOx/GCE shows lower resistance. This in-
dicates that OM-MnFeOx/GCE owns better electronic
transmission ability and that the addition of MnO, and
MnFe,O,4 improves the electrical conductivity. Compared
with unary and binary composites, ternary composite owns
excellent electron transfer rate [22].

DPV responses of different electrodes are shown in Fig.
2b. The bare GCE has the poorest current signal and cannot
distinguish HQ and CT. The current responses of OM/
GCE, OM-MnO,/GCE and OM-MnFe,0,/GCE are slight-
ly lower than that of OM-MnFeO,/GCE, which may attri-
bute to the electrochemical superiority of ternary compos-
ites [23]. The peak potential difference of HQ and CT was
100 mV, 104 mV, 104 mV and 104 mV for OM/GCE, OM-
MnO,/GCE, OM-MnFe,04/GCE and OM-MnFeO,/GCE,
respectively. The OM-MnFe,0,4/GCE performed well in
both distinction and current response. Thus, the following
electrochemical detections were conducted on OM-
MnFeO,/GCE.

Optimization of experiment conditions

The following parameters were optimized: (a) concentration
of modifier; (b) electrolyte; (c) Sample pH value. Respective
data and Figures are given in the Electronic Supporting
Material (Fig. S5). The following experimental conditions
were found to give best results: (a) Optimal concentration of
modifier: 2 mg mL ™% (b) Optimal electrolyte: PB; (c) Best
sample pH value: 6.

Effect of scan rate

The CV plots of modified electrode in blank buffer and
targets solution are shown in Fig. 3a. The redox peak

@ Springer

potential differences (AE) of HQ and CT are 31 mV and
29 mV, respectively, confirming that the electrochemical
reaction at OM-MnFeO,/GCE is quasi-reversible [24].
According to Nernst equation, for both HQ and CC, the
number of electrons transferred during the reaction is 2,
conforming well to previous research [25]. The possible
electron transfer diagram is shown on Scheme S1. The
chemical reaction mechanism had been investigated by
changing sweep speed (from 10 mV-s' to 400 mV-s').
The CV plots of HQ and CT are shown in Fig. 3b. With the
increasing of scan rates, the redox peak currents increased.
The anode peak current and cathode peak current of HQ
and CT are proportional to the sweep speed (Fig. 3¢ and d).
The linear equations are shown as follows:

HQ ipa (nA) = 0.283 v (mV -s ') +2.55 (R* = 0.997)
Ipc (nA) =—0.287 v (mV - s7')-2.50 (R’ = 0.997)
CTipa (uA) = 0.266 v (mV -s') +3.65 (R = 0.993)
Ipc (pA) =-0.227 v (mV -s7')~1.37 (R’ = 0.997)

The results suggest that the reaction of HQ and CT on
modified electrodes is an adsorption control process [26].

Detection of HQ and CT

Under optimal conditions, differential pulse voltammetry
was used to detect HQ and CT. As shown in Fig. 4a, the
oxidation peak current increased linearly with the increas-
ing of HQ (from 1 puM to 150 puM and 150 uM to
400 pM). The linear equations are [ (A)=0.424xC
(M) - 0.661 (C=1 ~ 150 uM) and 7 (A)=0.193 xC
(M) +37.8 (C=150 ~ 400 uM) with regression coeffi-
cients of 0.994 and 0.994, respectively. Two different
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Fig. 3 a CV plots in blank buffer and targets solution; b CV plot in different scan rates (from 10 mV-s ' to 400 mV-s ') under 0.1 M PB containing
0.1 mM HQ and 0.1 mM CT; ¢ and d were curves of HQ and CT, respectively

slopes are shown on linear curve of HQ, which may at-
tribute to different mechanism in different concentration.
Under lower concentration, the adsorption effect of elec-
trode surface dominated; once the concentration is higher,
there is hydrogen bonding between HQ molecules in ad-
dition to the adsorption effect [8]. Similarly, the DPV
responses of CT were investigated with the same condi-
tions and the plots are shown in Fig. 4c, with regression
equations as follows: 7 (A)=0.463 x C (uM) - 0.961 (C=
1~150 uM, R?=0.992) and 7 (A)=0.234 x C (uM) +31.5
(C=150~400 uM, R’=0.988). The detection limits
(S/N=3) for HQ and CT are 0.64 uM and 0.48 puM re-
spectively, which suggests that OM-MnFeO, is applied as
a suitable sensor for detecting HQ and CT. Comparing
with other reported sensors, our sensor had good sensi-
tivity (7.39 pA-uM "-em 2 for HQ and 6.77 pA-uM "
cm 2 for CT) and stability (Table 1), which are attributed
to the following three reasons: firstly, owing to its high
specific surface area and well conductivity, OM is an
excellent functional material for electro catalysis;
Secondly, MnO, and MnFe,0,4 are two ideal adsorbent
[19], which can dramatically gather target molecules to
electrode surface; Thirdly, the synergistic effect of ternary

composite nanomaterial can effectively enhance electro
catalytic ability.

Selectivity, stability and reproducibility

Selectivity and stable performance are two important factors
that must be considered in practical application. 500 folds
concentration of Na*, K*, NH,*, Cu®*, Zn?*, Mn>*, Ca**,
Mg**, AI*; 1000 folds concentration of CI~, NO;~ were
added into 0.1 M PB containing 0.1 mM HQ and CT. The
current responses changed less than +6.6% in the presence of
these potentially interfering ions. The same concentrations of
glucose (Glu), ascorbic acid (VC), Resorcinol (RE), Rutin,
Luteolin (Lut), Bisphenol A (BPA), P-aminophenol (PAP),
3-nitrophenol (3-NP) and P-nitrophenol (PNP) were also
added into target solution. The signal responses changed less
than £10.1%. The results confirmed that this sensor has fabu-
lous selectivity.

Twenty-three times sequential measurements (on one mod-
ified electrode) were carried out to investigate the stability of
OM-MnFeO,/GCE (Fig. 5a). The relative standard deviation
(RSD) of HQ and CT was 1.8% and 2.3%, respectively. The
stability comparisons of different modified electrodes were

@ Springer
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Fig.4 a DPV current responses of HQ with co-existed 20 uM CT; b the calibration plot of HQ; ¢ DPV current responses of CT with co-existed 20 uM
HQ; d the calibration plot of CT

Table 1 Performances

comparison of OM-MnFeO,/ Modified electrode Linear range Detection Limit Reference
GCE for the simultaneous (uM) (uM)
determination of HQ and CT with
other electrochemical sensors Fe/PC HQ 0.1-120 0.014 [25]
CT 1-120 0.033
Graphene quantum dots HQ 4.0-600 0.40 [27]
CT 6.0-400 0.75
AuNPs-MPS HQ 10-1000 12 [28]
CT 30-1000 1.1
poly (NG B)MCPE HQ 20-90 0.2 [29]
CT 20-90 0.19
PEDOT/GO HQ 5-400 1.6 [30]
CT 3-200 1.6
GR/MWCNTs/BMIMPF HQ 0.5-465,465-2900 0.1 [31]
CT 0.2-80,80—660 0.06
3DIPC-700 HQ 0.06-30 0.021 [32]
CT 0.140 0.037
Pal/NGE HQ 1-50,50-90 0.8 [33]
CT 2-50,50-100 0.13
OM-MnFeOy HQ 1-150,150-400 0.64 This work
CT 1-150,150-400 0.48
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Fig. 5 a Continuous tests on one electrode (n =23); b DPV responses on parallel electrodes (n=5)

shown in Table S1-S3. For reproducibility evaluation, five
parallel modified electrodes had been measured in 0.1 mM
HQ and CT (Fig. 5b), where RSD about 2.0% for HQ and
1.9% for CT were achieved. The results showed that OM-
MnFeO,/GCE owned reliable stability.

Analytic application

To verify the feasibility of this method, water sample col-
lected from a local chemical plant was analyzed at OM-
MnFeO,/GCE. The real sample detection was conducted
by standardized recycling method. 100 pL of the actual
water sample was added different concentrations of the
target, and diluted to 10 mL with buffer. The results are
shown in Table S4. The recovery ranges were calculated
to 99.1% ~ 101.0% for HQ and 97.8% ~103.8% for CT,
respectively. The results confirmed that the fabricated
electrode is reliable for HQ and CT detection in actual
water sample.

Conclusions

An OM-MnFeOy ternary composite material was synthe-
sized from oxidized multi-walled carbon nanotubes and
manganese ferrite and successfully applied as an electro-
chemical sensor for simultaneous electrochemical detec-
tion of HQ and CT. Ternary composite (OM-MnFeO,),
owing to its special combination method and synergistic
effects, showed admirable performance on phenols oxida-
tion. The satisfactory results were achieved by applying
this sensor in real industrial waste water determination.
However, this work also has some limitations. For in-
stance, the synthesis process of materials is time consum-
ing, and the high temperature reaction is relatively energy
intensive. In addition, the morphology of ternary

composite is affected by material ratio and reaction tem-
perature. Therefore, we hope we can simplify the synthe-
sis process and improve the electrochemical response
without losing its stability in our future work.
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