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ABSTRACT

In the present research, zeolitic imidazolate framework-67 (ZIF-67) was syn-

thesized through a microwave-assisted method and used as an electrode

modifier for simultaneous determination of dopamine (DPM) and paracetamol

(PRA). The as-prepared materials were characterized by X-ray diffractometry,

scanning electron microscopy, nitrogen adsorption/desorption isotherms, and

X-ray photoelectron spectroscopy. It was found that the proposed microwave-

assisted approach required a short synthesis time and provided the ZIF-67 with

excellent textural properties and high yield rate as compared to conventional

hydrothermal processes. The as-synthesized ZIF-67 possessed excellent textural

properties and manifested a superior electrocatalytic activity toward the oxi-

dation of PRA and DPM. The electrochemical oxidation of DPM and PRA was

investigated by both cyclic voltammetry and differential pulse voltammetry.

The ZIF-67 modified electrode caused electrocatalytic oxidation of DPM and

PRA in a linear response range from 2.0 9 10-6 to 22 9 10-6 M with the

detection limits of 1.3 9 10-6 M and 1.4 9 10-6 M, respectively. A proposed

method was successfully applied to analyze DMP and PRA in pharmaceutical

preparations.

Introduction

Dopamine (DPM) is an important neurotransmitter

involved in human metabolism [1, 2]. It plays an

important role in the human brain, and a loss of

DPM-containing neurons may result in some serious

diseases [3]. Paracetamol (PRA) or acetaminophen is

widely used as a pharmaceutical pain reliever [4, 5].

The usage of DPM and PRA above the recommended

therapeutic levels can cause adverse side effects. Low

PRA concentrations significantly restrict DPM-
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neurodegeneration, whereas high PRA concentra-

tions do not preserve 6-hydroxydopamine-induced

DPM-neurodegeneration [6, 7]. Hence, the simulta-

neous determination of DPM and PRA is extremely

important from both scientific and therapeutic per-

spectives. Several techniques including spectropho-

tometry [8, 9], high-performance liquid

chromatography (HPLC) [10, 11], spectro-fluorimetry

[12], mass spectrometry [13], chemiluminescence [14],

and capillary electrophoresis [15] are often used for

simultaneous or individual determination of DPM

and PRA; however, these techniques are costly and

very time-consuming. On contrary, simplicity, low

cost, high sensitivity, and rapidness are the main

advantages of electrochemical methods [16].

The development of new electrodes and their

applications in stripping voltammetric method for

the determination of organic substances (DPM, PRA,

ascorbic acid, uric acid) have received considerable

scientific interests. The critical problem during elec-

trochemical detection of DPM is the interference from

other redox active species of similar potential to that

required to oxidize or reduce the target molecule,

thus the overlapping of voltammetric signals often

occurs for a mixture of analytes. This phenomenon

could be improved by the use of modified electrodes

made of different functional materials, which possess

abundant adsorptive sites and manifest excellent

catalytic properties with minimal surface fouling

effect. In this regard, multi-walled carbon nanotube-

supported cobalt nanoparticle-modified electrodes

[17], Cu- and Cu/Cu2O nanoparticle-modified elec-

trodes [18], thin pyrolytic carbon films [19], and zir-

conium nanoparticles decorated reduced graphene

oxide-modified electrode [3] have been already

employed in stripping voltammetric method.

Modified electrode materials possess several

advantageous properties including high conductiv-

ity, large surface area, and ordered porous structure

with many adsorptive sites. Therefore, porous mate-

rials, such as ordered mesoporous materials (MCM–

14, SBA–15), nanometal oxides, metal–organic

frameworks (MOFs), zeolite, seem to be the perfect

choice to develop modified electrodes for the simul-

taneous determination of DPM and PRA. Zeolitic

imidazolate frameworks (ZIFs), a subclass of MOFs,

are formed by bridging tetrahedral metal ions (Zn,

Co) with imidazolate (IM) [20] and manifest excep-

tional chemical and thermal stability [21–24]. ZIF-67

can be formed by bridging 2-methylimidazolate

anions (MIM) with cobalt cations [25]. Generally, ZIF

crystals are prepared by solvothermal methods in

organic liquids (methanol, N, N-dimethylformamide

(DMF), and N, N-diethylformamide (DEF)) at high

temperatures ([ 100 �C). Qian et al. [26] reported the

hydrothermal synthesis of ZIF-67 nanocrystals. Pan

et al. [27] proposed a novel synthesis method to

prepare ZIF–8 (Zn (MIM)2) in aqueous solutions at

room temperature. Beldon et al. [28] advocated a ball

milling route for ZIF synthesis at room temperature,

and ZIF–8 and ZIF-67 were fabricated by a mixed

base of ammonium hydroxide and triethylamine.

Although there are many proposals to improve the

quality of ZIFs as mentioned above, finding approach

for high performance and morphological control has

also been taken up by many scientists. The micro-

wave method, due to its high efficiency and short

synthesis time, is widely used to fabricate different

types of MOFs. MOF–199 synthesized by microwave

method exhibits remarkable surface properties

[29, 30]. Silva et al. [31] reported the microwave

synthesis of Zn-trimesate with a unique cauliflower-

like structure. The processing of ZIF–8 and ZIF-67

under microwave irradiation has been also reported

[32–34]. So far, there are few papers using microwave

to synthesize ZIF-67 [35].

ZIF-67 manifests tunable surface functionality,

high surface area, and structural flexibility; therefore,

it could be a promising candidate for adsorption and

separation [36–38], electrocatalysis [39], gas storage

[36, 40], and drug delivery [41]. However, ZIFs have

been rarely utilized for sensing applications. Zhao

et al. [42] used ZIF-67 as an electrocatalyst for sensing

glutathione. Chen et al. [43] employed ZIF-67 as a

potential formaldehyde gas sensor at low tempera-

tures. Wu et al. [44] expounded the usage of ZIF-67

for the preparation of nanocobalt oxide materials for

electrochemical applications. However, very few

studies have employed ZIF-67 as an electrode mate-

rial for stripping voltammetric technique [42].

In the present paper, the microwave-assisted syn-

thesis of ZIF-67 was demonstrated and the simulta-

neous determination of DPM and PRA in stripping

voltammetric method using a ZIF-67-modified glassy

carbon electrode (GCE) was addressed.
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Experimental procedure

Materials

2-Methylimidazole (CH3C3H2N2H, 99%) (denoted as

MIM) and cobalt nitrate hexahydrate (Co (NO3)2.6-

H2O, 99%) were procured from Merck, Germany.

Dimethylformamide (DMF; C3H7NO), ethanol

(EtOH; C2H5OH), and acetone (ACT; C3H6O, 99%

purity) were supplied by HiMedia, India. Paraceta-

mol (C8H9NO2, 99%) (denoted as PRA) and dopa-

mine or 2-(3, 4-dihydroxyphenyl) ethylamine

(C8H11NO2, 98%) (denoted as DPM) were purchased

from Merck, Germany.

Stock solutions (1000 mg mL-1) of DPM and PRA

were prepared by dissolving 0.1000 g of PAR or DPM

in deionized water, and then, the working solutions

were made by diluting with the same solvent to

100 mL in a calibrated flask. 0.5 M Britton–Robinson

buffer solution (B-RBS) was prepared from o-boric

(H3BO3), o-phosphoric acid (H3PO4), and acetic acid

(CH3COOH). The B-RBS of pH 3–9 was obtained

from 0.5 M B-RBS with 0.1 M KOH or 0.1 M H3PO4.

Apparatus

Powder X-ray diffraction patterns (XRD) of ZIF-67

were recorded by a D8 Advance Bruker diffrac-

tometer equipped with a Cu-Ka radiation source

(k = 1.5406 Å). A scanning electron microscope

(SEM; Hitachi S–4800) was employed to examine

surface morphologies of the as-prepared materials.

Nitrogen adsorption/desorption isotherms were

recorded by a Micromeritics-ASAP 2020 instrument,

and the sample was degassed at 120 �C for 5 h.

Moreover, the specific surface area was calculated by

the Brunauer–Emmett–Teller (BET) model, and the

mesoporous surface area was measured by the t-plot

method. Voltammetric measurements were per-

formed by a CPA-HH5 computerized polarography

analyzer (Vietnam) in which a conventional three-

electrode system (consisted of Ag/AgCl/saturated

KCl as the reference electrode, a platinum wire as the

auxiliary electrode, and a bare GCE (2.8 mm in

diameter) or ZIF-67-modified electrode as the work-

ing electrode) was used for all electrochemical

experiments.

The comparison was carried out according to the

modified American Pharmacopeia recommendations

(USP XXXII) [45]. The chromatographic

determinations were performed in a Schimadzu 2030

HPLC system. The chromatographic conditions were

HiQ sil C18 (250 mm 9 4.6 mm), detector wave-

length 225 nm, mobile phase as water/methanol/

acetic acid = 69: 28: 3, and room temperature.

Microwave-assisted synthesis of ZIF-67

An exact amount of MIM (16 mmol) and Co

(NO3)2.6H2O (4 mmol) was first dissolved in 200 mL

mixture of ethanol and methanol (1:1 in v/v) and

then stirred magnetically for 30 min. The resultant

mixture was loaded onto a 250-mL Erlenmeyer flask

and placed in a microwave system (Fig. 1).

After the desired irradiation time, the produced

solid was collected by centrifugation, washed with

methanol three times, and finally, dried at 120 �C for

24 h, and ZIF-67 synthesized by this process was

termed as MW-ZIF-67. ZIF-67 samples were also

prepared by the conventional hydrothermal process

in order to compare their properties with those of

MW-ZIF-67. The same amount of reactants (as in

MW-ZIF-67 synthesis) was kept in a Teflon autoclave

and placed in an oven at 100 �C or 25 �C (room

temperature) for certain times. The produced solid

was collected by centrifugation, washed with MeOH

three times, and dried at 120 �C for 24 h, and the

obtained ZIF-67 samples were denoted as HT-ZIF-67

or RT-ZIF-67, respectively.

Further, product yield was calculated using the

following equation:

Y ¼ mp

mt

� 100 ð1Þ

Figure 1 Homemade microwave-assisted synthesis device.
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where mp is the actual amount of ZIF-67, mt is the

theoretical amount of ZIF-67 calculated based on

cobalt using the chemical reaction of

Co(II) ? 2MIM ? Co(MIM)2.

Voltammetric procedure

Preparation of electrode

The bare electrode was a glass carbon electrode

(GCE) with a diameter of 2.8 ± 0.1 mm. GCE was

polished with Al2O3 powder (particle size of

0.05 lm), soaked in 2 M HNO3 solution, washed with

ethanol and distilled water, and finally, dried natu-

rally at room temperature. The modification of the

GCE electrode was carried out according to the fol-

lowing process: ZIF-67 dispersion (2.0 mg/mL) was

placed under ultrasonic irradiation for 1 h to obtain

solution A. Subsequently, 2.5 lL of solution A was

dripped onto the GCE electrode surface, and the

solvent was allowed to evaporate at room tempera-

ture for 2–3 min. The obtained ZIF-67 modified GCE

was denoted as ZIF-67/GCE and stored at room

temperature in a desiccator (as-prepared ZIF-67

electrode). The electrochemical treatments of the

modified electrode were performed in 0.1 NaOH

solution through potential cycling between 0.2 and –

1.2 V with a scan rate of 0.2 V s-1 (for ten scans) [46].

Electrochemical measurements

Cyclic voltammetric (CV) experiments were con-

ducted in 0.1 M B-R buffer solution (pH of 3–7) at an

applied potential range of 0.2–1.2 V with varying

scan rates from 0.02 to 0.20 V s-1, and each mea-

surement was repeated four times. Differential pulse

voltammetric (DPV) experiments were performed

according to the aforesaid procedure. Electrode

rotation was kept off for 5 s, and DPV voltammo-

grams were recorded from 0.1 mV to 1.0 V at a scan

rate of 0.02 V s-1.

Panadol Extra (Sanofi-Synthelabo), Hapacol Extra

(Hau Giang Pharmaceutical Company), Tatanol

(Pymepharco company), Dopamine hydrochloride

USP 40 mg/mL (Rotexmedica, Germany), Dopamine

hydrochloride 4% 40 mg mL-1 (Warsaw Pharma-

ceutical Works Polfa S.A, Poland), and Dopamine

200 mg/5 mL (Rotexmedica GmbH Atzneimittelw-

erk) were used as the pharmaceutical samples in the

current study. Five tablets of each sample were

precisely weighed and finely ground in a mortar. An

adequate amount of each powder was weighed and

transferred to a 100-mL calibrated flask containing

0.1 M B-RBs pH 3.4. The standard addition method

was adopted to analyze the contents of DPM and

PRA in the samples. The samples containing dopa-

mine in liquid form were diluted with distilled water

at an appropriate ratio without any further treatment.

The desired volume (in mL) of the analytical solution

was mixed with 0.1 M BRS buffer pH 3.4 to make the

total volume to 10 mL, and the analysis was con-

ducted following the DPV method.

Results and discussion

Figure 2 displays XRD patterns of ZIF-67 samples

synthesized by means of a microwave-assisted

method, where all the diffraction peaks have agreed

well with the simulated pattern of ZIF-67 suggesting

that the all obtained samples were ZIF-67. The XRD

patterns of ZIF-67 synthesized using hydrothermal

method at room temperature and at 100 �C were

conducted for the sake of comparison (Figure S1).

The crystallite size was calculated by means of the

Scherrer equation, that is D = Kk/(b cosh) where D is

crystallite size (nm); K a dimensionless shape factor

with a value about 0.9; k is the X-ray wavelength

(0.154 nm); h diffraction angle; b the full-width at half

maximum (FWHM) (radian). The crystallite size for

MW-ZIF-67 was found to be larger than those syn-

thesized by the conventional processes (1.622 nm for
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Figure 2 XRD patterns of the MW-ZIF-67 for different

microwave irradiation times.
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MW-ZIF-67 (40 min); 1.482 nm for SV-ZIF-67 (1 h)

and 1.464 nm for RT-ZIF-67 (3 days)). It implies that

the as-prepared ZIF-67 samples possessed very high

crystallinity as compared to those processed by con-

ventional methods.

Figure 3 exhibits SEM micrographs of ZIF-67

samples synthesized at room temperature for 1, 2, 3,

and 9 days. Irregular-shaped particles were observed

in the as-synthesized microstructures, and it is evi-

dent that particle size started to increase with the

increasing aging time. Average particle sizes com-

puted from SEM images were 751, 852, 968 and

1051 nm for 1, 2, 3, and 9 days, respectively (Table 1).

Therefore, the diffusion of growth species from the

bulk solution resulted in different size distributions

in the obtained microstructures.

Figure 4 represents SEM images of ZIF-67 samples

synthesized by the hydrothermal method at 100 �C
for 1, 2, 3, and 4 h. It was found that particle size

started to increase with the increasing hydrothermal

time and reached * 1995 nm (from * 835 nm after

1 h) after 4 h reaction (Table 1). At low reaction time,

morphologies mainly consisted of both small and

large particles; however, with prolonged hydrother-

mal time, smaller particles were consumed by the

Oswald ripening effect to produce larger and uni-

form particles.

Figure 5 presents SEM images of ZIF-67 samples

processed under different microwave irradiation

times. At low irradiation time, morphologies of ZIF-

67 crystals tended to be more uniform and regular;

however, prolonged irradiation produced irregular-

shaped crystals. Larger truncated rhombic dodeca-

hedron crystals and smaller rhombic dodecahedron

particles were observed in the as-synthesized mor-

phologies after 20 min microwave irradiation

(Fig. 5a). Uniform rhombic dodecahedron particles

(average size of * 1000 nm) were obtained after

30–40 min irradiation. The rapid diffusion of growth

species from the bulk solution resulted in the for-

mation of uniform nanoparticles. Larger particles of

about[ 1000 nm were produced with prolonged

irradiation time (Fig. 5c). Particle size tended to

increase with the increasing irradiation time due to

the growth of nuclei according to the Oswald ripping

effect. The particle sizes of MW-ZIF-67 at 40 min.

possessed small standard deviation compared to

those of other ZIF-67 indicating the microwave-as-

sisted method provided the particles with high uni-

form distribution.

The microwave irradiation also promoted the yield

rate ofZIF-67. Figure 6 presents the yield rates of ZIF-67

based on cobalt (Co) for different methods. The syn-

thesis of ZIF-67 at room temperature caused a very low

yield rate and required long processing time, whereas

2µm

(b)

2µm

(a)

2µm

(d)

2µm

(c)

Figure 3 SEM images of RT-

ZIF-67 with different aging

times (a: 1 day; b: 2 days; c:

3 days; d: 9 days).
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the hydrothermal treatment at 100 �C enhanced the

yield rate. In contrast,microwave irradiation for 40 min

manifested a yield rate of 95%,which is similar to that of

hydrothermal processing for 4 h.

Under microwave irradiation, as nucleation

occurred in a very short period of time, all nuclei had

the same subsequent growth, thus they possessed the

same size and formed monosized nanoparticles. Co is

one of the most effective electromagnetic wave

absorbents; hence, under electromagnetic irradiation,

Co ions acted as superheat spots and interacted with

imidazolate to form ZIF-67.

Table 1 Textural properties and particle/crystallite size of ZIF-67 synthesized by means of various approaches

Notation SBET
(m2g-1)

Microporous area

(m2g-1)

External surface

area (m2g-1)

Micropore volume

(cm3g-1)

The pore

diameter (A0)

DXRD
a (nm) D-SEM ± SDb(nm)

Microwave-assisted method

20 min 1388.8 1363.3 25.5 0.67 20.3 1.215 721 ± 460

30 min 1403.4 1374.6 28.6 0.68 20.3 1.422 1075 ± 180

40 min 1935.1 1860.1 75.0 0.98 20.3 1.622 1193 ± 240

60 min 1637.3 1577.3 60.0 0.78 20.7 1.275 1037 ± 310

Solvothermal method at 100 �C
1 h 1217.1 1191.1 25.97 0.59 20.4 1.482 835 ± 352

2 h 1280.7 1217.6 63.04 0.61 22.7 1.388 858 ± 220

3 h 1401.3 1360.6 40.63 0.67 20.7 1.071 1077 ± 220

4 h 1343.5 1306.1 37.46 0.65 20.4 1.215 1995 ± 420

Solvothermal method at room temperature

1 day 1051.5 931.6 119.89 0.46 24.7 0.945 751 ± 300

2 days 1319.5 1284.8 34.75 0.64 20.5 1.383 852 ± 370

3 days 1393.0 1357.5 35.53 0.67 20.3 1.464 968 ± 260

9 days 1384.8 1353.3 31.80 0.67 20.4 1.252 1015 ± 560

aCrystallite size calculated from Scherrer equation using (011) diffraction; bAverage particle size counted for 50 particles, SD standard

deviation

2µm

(b)(a)

2µm

(c) (d)

2µm2µm

Figure 4 SEM images of HT-

ZIF-67 synthesized at different

times (a: 1 h; b: 2 h; c: 3 h; d:

4 h).
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Nitrogen adsorption/desorption isotherms were

employed to study the textural properties of ZIF-67

(Figure S2). All isotherm curves revealed the typical

type-I adsorption isotherms according to IUPAC

classification. The significant increase in adsorption

volume at a relatively low pressure indicates the

existence of micropores in all ZIF-67 samples. In

addition, the increase in adsorbed N2 amount near p/

p0 = 1 caused high interparticle porosities among the

ZIF-67 particles. Table 1 presents surface areas and

micropore volumes and sizes of the synthesized ZIF-

67 samples. The specific surface area of ZIF-67

prepared using conventional methods were similar to

those previously reported (SBET = 316–1319 m2g-1)

[47]. It was worth noting that ZIF-67 prepared by

means of microwave-assisted method possessed a

very large surface area and microvolume

(0.98 cm3 g-1; 1935 m2g-1).

CV experiments were performed to compare the

electrochemical behavior between bare GCE and ZIF-

67-modified GCE (Figure S3). The current response

on bare GCE or as-prepared ZIF-67/CGE exhibited

broad peaks; especially, the DPM peak was unclear.

However, the current response on the ZIF-67/GCE

with electrochemical treatment in NaOH solution

using CV manifested defined peaks, and the peak–

peak separation was found to be 0.19 V. The inten-

sities of the anodic current peak (denoted as Ip) for

DPM and PRA on ZIF-67/GCE were, respectively,

4.0- and 1.8-folds higher as compared to bare GCE.

The coverage of ZIF-67 on GCE was investigated

by the standard electron transfer redox probe:

1.0 mM K4Fe (CN)6 in 0.1 M KCl (Figure S4). As

compared to bare GCE, significant enhancements in

both voltammetric peak height and peak separation

of ZIF-67/GCE were noticed. For a reversible pro-

cess, the Randles–Sevcik expression (Eq. 2) was

employed to estimate active surface areas of GCE and

ZIF-67/GCE [48, 49].

1µm

(a)

1µm

(b)

1µm

(c)

1µm

(d)

Figure 5 SEM images of

MW-ZIF-67 synthesized for

different microwave

irradiation times: a 20 min;

b 30 min; c 40 min; d 60 min.
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Figure 6 Yields of as-synthesized products by different methods.
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Ipa ¼ 0:4463nFA0C0
nFmD0

RT

� �1=2

ð2Þ

where Ipa represents anodic peak current, n is the

number of transferred electrons, A0 is the electrode

surface area, D0 is diffusion coefficient, m signifies

scan rate, F is the Faraday constant, R is the universal

gas constant, T is temperature, and C0 is the con-

centration of K4Fe (CN)6. Now, for T = 298 K,

R = 8.314 J mol-1 K-1, and F = 96485.3 C mol-1,

Iap ¼ 2:69� 105
� �

n3=2A0D
1=2
0 C0m

1=2 ð3Þ

Now, from the slope of the linear plot of Ipa versus v
1/2

(using n = 1 and Do = 7.6 9 10-6cm2s-1 [50]), the cal-

culated active areas for GCE and ZIF-67/GCE were

foundas0.078 cm2 (0.062 cm2 forgeometryareaofGCE)

and 2.74 cm2, respectively. Therefore, ZIF-67/GCE

yielded 35 times larger active surface area as compared

to bare GCE (44 times of geometry surface area).

Effects of solvents and ZIF-67 amount

Four common solvents, dimethyl formaldehyde

(DMF), methanol (MtOH), ethanol (EtOH), and dis-

tilled water (WAT), were used in the current experi-

ment, and the corresponding CV results are

presented in Figure S5a. All four solvents manifested

well-defined peaks for both DPM and PRA. DMF and

WAT yielded shaper peaks and higher intensities

among all solvents; however, as WAT is more volatile

than DMF, it was selected as the main solvent to

disperse ZIF-67.

The effects of ZIF-67 suspension volume (in the

range of 2.5–15 lL (2 mg mL-1)) on GCE were also

investigated (Figure S5b). It is evident that the

intensities of Ip for both PRA and DPM increased

with the increasing suspension volume, thus causing

an increase in electrode surface porosity due to the

enhancement in the effective surface area of the

modified electrode. However, for suspension volume

greater than 7.5 lL, as the larger film thickness of

ZIF-67/GCE caused considerable resistance against

electron transfer, a decrease in Ip was noticed.

Effects of pH

The effects of pH (in the range of 2.5*5.3) on

voltammetric responses of DPM and PRA were

investigated using the Britton–Robinson buffer

solution (Fig. 7a). It is evident from Fig. 7b that the

intensities of Ip for PRA increased with the increasing

pH in the range of 2.5–3.4 and then started to change

irregularly, whereas Ip for DPM increased with the

increasing pH from 2.5 to 4 and decreased slightly

afterward. Therefore, the pH value of about 3.4 was

selected for subsequent analytical experiments.

Within the pH range of 2.5–5.3, the oxidation peak

potentials (Ep, PRA and Ep, DPM) were found to be

dependent on pH. As can be seen from Fig. 10c, the

shifting potentials for DPM and PRA toward less

positive values as the pH gradually increased sug-

gested participating protons in the oxidation reac-

tions. Hence, the linear regression equations can be

expressed as follows:

EP;PRA ¼ 0:728� 0:0479 pH; r = 0:992 ð4Þ

EP;DPM ¼ 0:579� 0:0559 pH; r = 0:999 ð5Þ

The values of 0.0559 V/pH for DPM and 0.0479 V/

pH for PRA were close to the Nernstian slope of

0.059 V/pH, thus it implies that an equal number of

transferred electrons and hydrogen ions took part in

the electrode reaction.

Effects of scan rate

The effects of m on both Ep and Ip are depicted in

Fig. 9a. When the electro-oxidation reaction was

reversible, Ep was found to be independent on v. It is

clear from Fig. 8a that peak potential was slightly

changeable with the increasing scan rate; therefore, it

can be inferred that electron transfers during DPM

and PRA electro-oxidation were quasi-reversible. The

linear plots of Ip against v
1/2 determine whether DPM

and PRA electro-oxidation involved controlled

adsorption or diffusion. If the intercept of the plot

does not pass through the origin, then it can be

assumed that the electro-oxidation process is con-

trolled by adsorption [51, 52].

IP;DPM ¼ ð2:0� 0:2Þ þ ð52� 2Þm1=2; r ¼ 0:998 ð6Þ

IP;PRA ¼ ð5:5� 0:5Þ þ ð52� 3Þm1=2; r ¼ 0:992 ð7Þ

The plots of IP,DPM and IP,RA against v1/2 were

highly linear (r = 0.992 * 0.998 and p\ 0.001)

(Fig. 8b). The intercepts did not pass through the

origin because the 95% confidence interval did not

contain a value of 0 (varied from 1.8 to 2.2 for DPM

and from 5.0 to 6 for PRA); hence, it expresses that
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electro-oxidation reactions for both DPM and PRA

were controlled by adsorption process.

The Laviron equation [53] was employed to

express the relationship between peak potential (Ep)

and the natural algorithm of scan rates.

Ep ¼ E0 þ RT

anF
ln

anFks
RT

þ RT

anF
lnm ð8Þ

where a is the charge transfer coefficient, ks is the

heterogeneous electron transfer rate constant of a

surface-confined redox couple, n is the number of

transferred electrons, v signifies scan rate (V s-1), E0

is the formal redox potential, T = 298 K,

R = 8.314 J mol-1 K-1, and F = 96485.3 C mol-1.

The plots of Ep, PRA and Ep, CAF against lnv are

given in Fig. 8c, and the linear regression equations

can be formulated as follows:

EP;DPM ¼ ð0:487� 0:008Þ þ ð0:023� 0:003Þ � lnðmÞ; r
¼ 0:956

ð9Þ

EP;PRA ¼ ð0:675� 0:008Þ þ ð0:027� 0:002Þ � lnðmÞ; r
¼ 0:971

ð10Þ

The an values for DPM and PRA were estimated as

1.12 and 0.95, respectively, and the value of a was

assumed as 0.5, which is generally considered for a

totally reversible system [54]. Therefore, the values of

n for PRA and DPM electro-oxidation were found as

2.24 and 1.9, respectively. Consequently, assuming

n = 2 for PRA and n = 2 for DPM and based on the

evidence above and on previous studies [55, 56], an

assumption of two protons and two electrons taking
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part in the oxidation of PAR and DPM was reason-

ably accepted.

The favorable signal-promoting effect indicates

that ZIF-67 enhanced the electron transfer rates of

DPM and PRA and manifested excellent electrocat-

alytic activity toward the redox reaction. ZIF-67 con-

tains Co(II) and imidazole rings of sp2- conjugated

bond (p–p interaction). The p–p stacking interaction

between phenyl structures of analytes and the three-

dimensional imidazolate structure of ZIF-67 facili-

tated the accumulation of PRA and DPM on the

modified electrode surface. In addition, the coordi-

nation of nitrogen atoms in PRA and DPM with

Co(II) ions in ZIF-67 attracted analytes to the modi-

fied electrode surface. Therefore, the combination of

these effects expedited the transfer of electrons and

resulted in enhanced voltammetric signals. The

oxidation mechanisms for PRA and DPM at the

modified electrodes are shown in Fig. 9.

Effects of operational parameters

The operational parameters of the differential pulse

technique were also studied in detail (Figure S6). An

accumulation potential (Eacc) of - 0.6 V, an accu-

mulation time (tacc) of 5 s, and a pulse amplitude (DE)
of 0.06 V were found to be optimal in order to obtain

the best voltammetric signal.

Effect of interferents

Some inorganic salts and organic compounds coexist

with DPM and PRA in the solution; therefore, it is

important to study their effects on the intensities of

anodic peak currents. The relative error deviation
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(RSD) of anodic peak currents was estimated during

DPM and PRA oxidation with and without interfer-

ents. The interference was studied by the addition of

these compounds to a solution containing an equal

concentration of 5 9 10-4 mol L-1 DPM and PRA

(pH of 3.4) (Table S1-6). Inorganic salts including

K2CO3, CaCl2, NaNO3, and (NH4)2SO4 and glucose

yielded no effects on anodic peak current as the

interference/analyte molar ratio reached 310 with

RSD\ 5%. However, uric acid manifested profound

effects on anodic peak current for DPM and PRA.

Either a tenfold higher concentration of uric acid or a

40-fold higher concentration of uric acid had effect on

DPM signal or PRA signal with RSD[ 5%,

respectively.

Repeatability and limit of detection

The repeatability of the modified electrode was con-

firmed by means of successive measurement of DPV

signals (for nine times) at different DPM and PRA

concentrations (Figure S7). The values of RSD for

CDPM = 6 9 10-4 M, CPRA = 3 9 10-4 M, CDPM =

4 9 10-5 M, CPRA = 2 9 10-5 M, CDPM = 2 9 10-4 M,

and CPRA = 10-4 M were estimated as 0.19%, 0.66%,

1.46%, 4.36%, 0.79%, and 3.81%, respectively (these

values are all lower than the value of 1/2 RSDHor-

witz predicted [57]). Therefore, such acceptable RSD val-

ues of successive measurements imply that ZIF-67/

GCE can be repeatedly utilized for the detection of

DPM and PRA in both low and high concentrations.

The effects of analyte concentrations on anodic

peak current were analyzed at optimal conditions of

operational parameters. The DPV curves of PRA and

DPM were studied in 0.1 M B-R BS pH of 3.4. Fig-

ure 10a displays the DPV curves for different DPM

concentrations (2.0 9 10-6 to 44 9 10-6 M) (the con-

centration of PRA was kept constant at 1 9 10-5 M),

whereas Fig. 10b presents the DPV curves for dif-

ferent PRA concentrations (2 9 10-6 to 44 9 10-6 M)

(the concentration of DPM was kept constant at

1 9 10-5 M). It is discernible that oxidation peak

currents increased with the increasing concentrations

from 2.0 9 10-6 to 44 9 10-6 M; hence, it indicates

that oxidation reactions occurred independently. The

linear regressions of Ip,DPM versus CDPM and Ip,PRA
versus CPRA can be expressed as follows.

Figure 9 A schematic representation for the oxidation of PRA and DPM at ZIF-67/GCE.
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IP;DPM ¼ ð0:15� 0:05Þ þ ð159028� 4387ÞCDPM; r
¼ 0:996; p\0:001 ð11Þ

IP;PRA ¼ ð�0:03� 0:03Þ þ ð165373 � 1551ÞCPRA; r
¼ 0:999; p\0:001

ð12Þ

The values of limit of detection (LOD) (signal/

noise = 3) for DPM and PRA were calculated as

2 9 10-6 M and 1.0 9 10-6 M, respectively (in the

range of 2.0 9 10-6–44 9 10-6 M).

Figure 11a presents the DPV curves for DPM and

PRA in the concentration range of 2.0 9 10-6 M to

22 9 10-6 M, and oxidation peaks were found at *
0.315 V for DPM and at * 0.485 V for PRA. There-

fore, the peak separation of * 0.170 V allowed the

simultaneous determination of DPM and PRA. It was

found that peak current linearly depended on con-

centration (Fig. 11b).

0

1

2

3

4

5

6

7

8
Ip

 / 
μA

E / V

(a)

0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10

Ip
 / 

μA

E / V

(b)

Figure 10 DPV curves of DPM and PRA oxidation a DPM concentration varying from 2.0 9 10-6 to 4.4 9 10-4 M and

CPRA = 1 9 10-5 M; b PRA concentration varying from 2.0 9 10-6 to 4.4 9 10-4 M and CPRA = 1 9 10-5 M).

0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10

12

Ip
 / 

μ
A

E / V

(a)

0.0 5.0x10-6 1.0x10-5 1.5x10-5 2.0x10-5 2.5x10-5

0

2

4

6

8

10

12(b)

 DPM
 PRA

Ip
 / 

μΑ

C / M

Figure 11 a DPV curves of DPM and PRA oxidation with increasing concentrations of CDPM and CPRA from 2 9 10-6 to 22 9 10-6 M;

b Linear plot of Ip,DPM versus CDPM and Ip,PRA versus CPRA.

J Mater Sci (2019) 54:11654–11670 11665



IP;DPM ¼ ð0:39� 0:05Þ þ ð531586� 11682ÞCDPM; r
¼ 0:999; p\0:001

ð13Þ

IP;PRA ¼ ð0:22� 0:04Þ þ ð265406� 6663ÞCPRA; r
¼ 0:998; p\0:001 ð14Þ

In the linear range of 2 9 10-6 to 22 9 10-6 M, the

values of LOD for DPM and PRA were measured as

1.3 9 10-6 M and 1.4 9 10-6 M, respectively. It is

worth noting that the LOD of DPM in the presence of

PRA was very close to the obtained value (2 9 10-6

M) in the fixing PRA and that of PRA in the present

of DPM was also close to the obtained value

(1.0 9 10-6 M) in the fixing DPM. It also proves that

the electro-oxidation of DPM and PRA on the modi-

fied electrode surface occurred independently.

It is evident from Table 2 that the obtained LOD

values of DPM and PRA are comparable with the

previously reported results [7, 58–62]. Therefore, ZIF-

67 could be used as an effective electrode modifier for

the determination of DPM and PRA.

Table 2 A comparison of

LOD of various electrodes for

the determination of DPM and

PRA

Electrode modifier Linear range (lM) LOD (lM) References

DPM/PRA DPM PRA

PAY/nano-TiO2 15–270 n/a 2 [58]

PANI-MWCNT 1–100 n/a 2.5 [59]

CoNPs/MWCNT 0.0052–0.45 n/a 0.001 [7]

CTAB/GNSPE 4–52 0.6 n/a [60]

PG 0.3–150 0.033 n/a [61]

CoNPs/MWCNT 0.05–30 0.015 n/a [7]

MWCNT/GO 0.2–400/0.5–400 0.022 0.047 [62]

Pyrolytic carbon 18–270/15–225 2.300 1.400 [19]

Pt/PF/Pd 0.5–100/0.5–100 0.048 0.076 [63]

ZIF-67 2–45/2–45 1.3 1.4 The present work

n/a (not applicable), PAY/nano-TiO2 (poly (acid yellow 9/nano-TiO2), PANI–MWCNTs (A

polyaniline–multi-walled carbon nanotubes), CoNPs/MWCNT (multi-walled carbon nanotube-

supported cobalt nanoparticles), CTAB/GNSs (graphene nanosheets with cetyltrimethylammonium

bromide (CTAB) as the discriminating agent), MWCNT/GO (Multi-walled carbon nanotubes/graphene

oxide), PG (pencil graphite), PF (polyfuran)

Table 3 A comparison of observed and reported dopamine and paracetamol concentration in pharmaceutical preparations using DPV at

ZIF-67/GCE and HPLC

Tablet/pipe Reported contents The proposed method

Mean ± SDd

n = 3

HPLC

Mean ± SD

n = 3

Mean ± standard deviation

DPM (mg/mL)

PRA (mg/tablet)

n = 3DPM (mg/mL) PRA (mg/tablet)

Dopamine 40–1 mL 40a 39.0 ± 2.0 n/a 38.7 ± 0.6 n/a 101 ± 4

Dopamine 40–1 mL 40a 38.4 ± 3.2 n/a 39.6 ± 1.0 n/a 97 ± 2

Dopamine 200–5 mL 200b 39.2 ± 2.9 n/a 39.1 ± 0.5 n/a 98 ± 2

Panadol extra 500c n/a 496 ± 76 n/a 490 ± 1 102 ± 2

Hapacol extra 500c n/a 498 ± 60 n/a 496.1 ± 0.9 96 ± 1

Tatanol 500c n/a 496 ± 49 n/a 492 ± 2 99 ± 3

amg/pipe; bmg/pipe; cmg/tablet; dSD standard deviation; n/a: not applicable
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Real sample analysis

The proposed method was employed to analyze the

contents of DPM and PRA in six different commercial

pharmaceutical tablets: Panadol Extra (Sanofi-Syn-

thelabo), Hapacol Extra (Hau Giang Pharmaceutical

Company), Tatanol (Pymepharco Company), Dopa-

mine hydrochloride USP 40 mg/mL (Rotexmedica,

Germany), Dopamine hydrochloride 4% 40 mg mL-1

(Warsaw Pharmaceutical Works Polfa S.A., Poland),

and Dopamine 200 mg/5 mL (Rotexmedica GmbH

Atzneimittelwerk).

Table 3 compares the amounts of DPM and PRA

obtained from the proposed method and the HPLC

method, and the paired sample t test was applied to

analyze the difference. With the significant level of

a = 0.05, the paired sample t test revealed that the

amounts of DPM (t (2) = –0.567, p = 0.628[ 0.05) and

PRA (t (2) = 3.351, p = 0.079[ 0.05) determined by

the proposed method were found in three pharma-

ceutical preparations and by the HPLC method was

not statistically different. The effects of matrix inter-

ference were confirmed by means of recovery values

of spiked samples, and it was found that average

recoveries ranged from 98 to 101% for DPM and from

99 to 102% for PRA. Therefore, it can be inferred that

the proposed method did not suffer from any sig-

nificant effect of matrix interference.

Conclusion

ZIF-67 was successfully synthesized by the micro-

wave-assisted process. This method provided ZIF-67

with advantages over conventional approaches in

terms of short synthetic time, excellent surface

properties and high performance. It was used as an

electrode modifier to determine DPM and PRA by

using DP method. The electrochemistry responses of

DPM and PRA at ZIF-67/GCE were significantly

enhanced which can be attributed to the high

adsorption capacity, excellent electron transfer effi-

ciency. The modified electrode manifests to be

promising for DPM and PRA with many desirable

properties including high sensitivity, low detection

limit, and high reproducibility. The proposed DP

method was employed for the determination of DPM

and PRA in pharmaceutical samples using standard

addition method and the obtained results were found

to be satisfactory. The figures of ZIF-67 could make

them as perspective materials in electrochemical

analysis.
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