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Abstract
In this reported work, an anodically pretreated boron-doped diamond (BDD) electrode was used for the inexpensive, 
simple and quick detection of a natural dye, lawsone. Lawsone had a well-defined, irreversible and diffusion-controlled 
oxidation peak at approximately +0.19 V in phosphate buffer solution (PBS, 0.1 M, pH 2.5) using cyclic voltammetry 
(CV). The oxidation peak heights of lawsone were significantly increased in PBS using the cationic surfactant cetyltri-
methylammonium bromide (CTAB). Under optimized experimental conditions, the calibration curve was linear over a 
concentration range of 0.1–5.0 μM with detection limit of 0.029 μM in 0.1 M PBS (pH 2.5) containing 0.1 mM CTAB by 
using square-wave voltammetry (SWV). To evaluate the practical applicability of the BDD electrode, it was used for the 
quantification of lawsone in commercial henna, a natural dye made from the leaves of the henna plant.

Keywords: Lawsone; boron-doped diamond electrode; square-wave voltammetry; cetyltrimethylammonium bromide; 
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1. Introduction
Lawsone (2-hydroxy-1,4-naphthoquinone) (Figure 

1.), known as hennotannic acid, is a red-orange dye found in 
the leaves of the henna plant (Lawsonia inermis) and water 
hyacinth flower.1–3 Henna extract or its purified compounds 
exhibit a variety of biological activities such as antimicrobial, 
cytotoxic, anti-inflammatory, antioxidant, anticancer and 
analgesic activities. Henna leaves have been used as a cos-
metic colorant for centuries and contain a high proportion of 
lawsone (1.0–1.4%).4–7 Lawsone is also used as a corrosion 
inhibitor for metals such as aluminum (Al), iron (Fe), zinc 
(Zn) and nickel (Ni) in both acidic and alkaline solutions. A 
survey of the literature revealed that chromatographic meth-
ods such as high-performance liquid chromatography with 
ultraviolet detection (HPLC–UV) and liquid chromatogra-
phy-tandem mass spectrometry (LC/MS-MS) were used for 
determination of lawsone content in plant extracts prepared 
from leaves, shoots and fruits.8–12 Voltammetric techniques 
were also applied for lawsone analyses.13,14

Figure 1. Structure of lawsone

Boron-doped diamond (BDD) electrode, a specif-
ic form of carbon, is widely used in both aqueous and 
non-aqueous media. It has important properties such as 
wide electrochemical potential window, low and stable 
background current, relative insensitivity to dissolved ox-
ygen, low adsorption of pollutants, mechanical stability 
and high repeatability.15–19 Therefore, this electrode, used 
in many different application areas, is very important in 
terms of electroanalytical chemistry.
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However, it should be noted that for many electroac-
tive substances the BDD electrode is highly dependent on 
surface termination, which can be replaced by appropri-
ate electrochemical pretreatment (anodic or cathodic)20 or 
mechanical treatment.21 To our knowledge, no study relat-
ed to the determination of lawsone using a BDD electrode 
has appeared in the literature.

In this paper, the electrochemical oxidation and de-
tection of lawsone using BDD electrode is explained for 
the first time. Lawsone is an electroactive compound and it 
is possible to measure its amount in real samples through 
oxidation. Determination of lawsone in commercial henna 
samples was carried out using square wave voltammetry.

2. Experimental
2. 1. Chemicals

Lawsone (2-Hydroxy-1,4-naphthoquinone), acetic 
acid, hydrochloric acid, phosphoric acid, boric acid, mon-
obasic sodium phosphate and sodium hydroxide were ob-
tained from Sigma-Aldrich, Turkey. Henna samples were 
obtained from a commercial local herbalist. All chemicals 
used were at least analytical grade and their solutions were 
prepared with deionized water further purified with a Mil-
li-Q unit (Millipore). Because of lawsone’s low solubility in 
aqueous solution, stock standard solutions (0.01 M) were 
prepared in methanol. It was stored at +4 °C when not in 
use and protected from daylight during use in the labora-
tory. Phosphate (0.1 M, pH 2.5 and 7.4), Britton-Robinson 
(BR, 0.1 M, pH 2–8), and acetate (0.1 M, pH 4.7) buffers 
were used as supporting electrolyte solutions.

2. 2. Apparatus and Analytical Procedure
All electrochemical experiments were carried out 

at room temperature using an Autolab PGSTAT128N 
(Metrohm Autolab B.V., The Netherlands) which was 
managed by the software GPES 4.9. The counter electrode 
was platinum wire, the reference electrode was Ag/AgCl 
electrode and the working electrode was a BDD electrode 
(3 mm diameter, geometric surface area of 0.07 cm2 and 
declared boron doping level of 1000 ppm). Before experi-
ments, the BDD electrode was electrochemically pretreat-
ed in an independent electrochemical cell. At the start of 
each experiment day, anodic pretreatment was completed 
by applying +1.8 V (unless otherwise stated) for 180 sec-
onds in 0.5 M H2SO4 solution.16,23 An activation program 
was used with 30 seconds duration in the same experimen-
tal conditions between individual measurements. Later, 
the BDD electrode surface was used directly for voltam-
metric measurements with repeatable signals.

The analytical performance and practical applicabili-
ty were assessed using SWV, with the optimized operating 
parameters (frequency (f) 75 Hz; step potential (ΔEs), 14 
mV; pulse amplitude (ΔEsw), 14 mV). All voltammetric 

measurements were carried out in triplicate at room tem-
perature.

SW voltammograms were recorded after each addi-
tion of the study compound. Validation parameters like 
precision, accuracy, linearity, LOD (detection limit) and 
LOQ (quantification limit) were calculated. LOD and 
LOQ values were found using the following equations.

LOD = 3 s/m; LOQ = 10 s/m,

where, s is the standard deviation of the peak current at 
minimum concentration in the relevant linear interval 
(preliminary study) and m is the slope of the relevant cali-
bration curve.

About 0.1 g of commercial henna sample was dis-
solved in 5 mL of ethanol and diluted to 20 mL with pH 
2.5 phosphate buffer solution, stirred at room temperature 
for 90 minutes and filtered. The obtained filtrate had SW 
voltametric studies completed with cationic surfactant, 
CTAB, using 0.1 M PBS in pH 2.5 solution. An aliquot 
volume (20 µL) of these solutions was transferred to the 
voltammetric cell containing the same solution, and ana-
lyzed on the day of preparation according to the procedure 
developed for the pure electrolyte using the calibration 
curve for the related regression equation.

3. Results and Discussion
3. 1. �Investigation of the Electrochemical 

Behavior at the Boron Doped Diamond 
Electrode

The electrochemical behavior of lawsone was exam-
ined by the CV method on the anodic pre-treated (APT) 
BDD electrode (see below for pre-treatment studies) sur-
face. With 0.2 mM lawsone, 0.1 M PBS, pH 2.5 in the in-
terval –0.5 to +0.6 V at 100 mV s–1 scanning rate, CV was 
studied in three cycles. In the oxidation step, a well-defined 
anodic peak was obtained at nearly +0.19 V for lawsone on 
the first scan. In the reverse scan (return), a reduction peak 
was obtained at nearly –0.20 V (Figure 2A).

The effects of the scan rate for 0.2 mM lawsone on 
the peak current was assessed with cyclic voltammetry at 
different scan rates from 10 to 600 mV s–1 at pH 2.5 in 0.1 
M PBS. As can be seen in Figure 2B, the oxidation peak 
shifted toward more positive potential as the scan rate in-
creased. The results show that the lawsone oxidation peak 
current (Ia) increased linearly with the square root of in-
creasing scan rate (v1/2) and can be expressed as follows:

Ia (nA) = 258.98 v1/2 (mV s−1)1/2 – 306.96, 
(r = 0.999, n = 7).

In addition, the linearities of plots of log ip versus log 
v are expressed as follows:
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logIa (nA) = 0.588 logv (mV s−1) + 2.169 
(r = 0.999, n = 7)

According to the findings above, the theoretical value 
of the slope is close to 0.5, showing that lawsone electroox-
idation on the APT-BDD electrode is basically diffusion 
controlled. It is known that the electrochemical response 
of electroactive molecules on BDD electrodes depends 
on the type of pre-treatment. When the BDD electrode is 
pre-treated anodically, its surface changes to predominant-
ly oxygen-terminated; in the case of cathodic pre-treat-
ment, the ratio of surface BDD electrodes predominant-
ly changes to hydrogen-terminated.22 The electrode was 
treated both anodically (+1.8 V for 180 s in 0.5 M H2SO4) 
and cathodically (–1.8 V for 180 s in 0.5 M H2SO4) in this 
work. Figure 3 shows the voltammetric response obtained 
for the determination of 0.1 mM lawsone in a 0.1 M PBS 
(pH 2.5) on an untreated or electrochemically (anodic and 
cathodic) pre-treated BDD electrode. As can be inferred 
from this figure, anodic pre-treatment of the BDD elec-

trode leads to a higher oxidation peak current value than 
untreated or cathodic pre-treatment. Therefore, all the 
following experiments were carried out using an anod-
ic pre-treated BDD electrode at +1.8 V for 180 seconds. 
This electrochemical pretreatment procedure was repeated 
daily before starting the voltammetric measurements. It is 
worth mentioning that this anodic pretreatment (at +1.8 V 
for 30 s) procedure was carried out before each measure-
ment in order to obtain reproducible and reliable results.

Figure 3. SW voltammograms of 0.1 mM lawsone solutions ob-
tained at untreated (a) and cathodically (b) or anodically (c) or 
pre-treated BDD electrode in 0.1 M phosphate buffer (pH 2.5) solu-
tion. SWV parameters: frequency, 50 Hz; step potential, 8 mV; pulse 
amplitude, 30 mV.

Further work was dedicated to analyzing the de-
pendence of the voltammetric performance for the com-
pound on the solution pH using APT-BDD electrode. In 
Figure 4A, this parameter was established in a series of 
BR buffers with pH 2.0–8.0 by carrying out voltammetric 
measurements on 0.1 mM lawsone solutions. For the peak 
potential (Ep) of lawsone, the pH value from 2.0 to 4.0 has 
little influence on the peak potential (Ep (mV) = –20.0 pH 
+ 219.2, r = 0.995), whereas no important shift of Ep was 
observed between pH 4.0 and 8.0. SW voltammograms of 
the different supporting electrolytes are shown in Figure 
4B. Using pH 2.5 and 7.4 of 0.1 M phosphate buffer solu-
tions, pH 4.7 of acetate buffer solution had Ep of 0.18, 0.14 
and 0.09 V, respectively. As can be seen from Figure 4, 0.1 
M phosphate buffer pH 2.5 was chosen as the most suitable 
medium because the maximum peak current of lawsone 
obtained with this solution.

To increase the sensitivity of the electrochemical 
process, the effect of cationic surfactant (positive charge) 
on the lawsone oxidation signal was assessed. Lawsone 
concentration was fixed to 0.1 mM within 0.1 M PBS (pH 
2.5) and the concentration of 0.1 mM CTAB was investi-
gated in the electrochemical cell. As can be seen on Figure 
5, the addition of CTAB to the electrochemical cell caused 

Figure 2. The repetitive cyclic voltammograms at scan rate of 100 
mV s–1 (A), and the cyclic voltammograms at different scan rates 
(10, 25, 50, 100, 200, 400 and 600 mV s–1) (B) of 0.2 mM lawsone 
solutions in 0.1 M phosphate buffer (pH 2.5) solution. A; Dashed 
lines represent background current. B; Inset depicts the plot of peak 
current (Ia) vs. square root of the scan rate (ν1/2).
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the lawsone peak potential to shift to more positive poten-
tial. When the peak currents are compared in the presence 
and absence of CTAB, the electrochemical cell containing 
CTAB was observed to have peak current increased by 4 
times. Later, in order to choose the most appropriate sur-
factant for analytic purposes, the electrochemical reac-
tions with the anionic surfactant of sodium dodecylsulfate 
(SDS) and non-ionic surfactant of Tween 80 on lawsone 
were researched. Figure 5 gives the SW voltammograms 
for different surfactants with 0.1 mM concentration. As 
can be seen on the figure, the cationic surfactant increased 
the peak current intensity by a significant degree com-
pared to other surfactants, and at the same time caused a 
shift in peak potential.

The peak current obtained from SW voltammetry is 
linked to a variety of method parameters like frequency 
(f), step potential (ΔEs) and pulse amplitude (ΔEsw). Op-
timizing the method parameters is important in terms of 
sensitivity. When the frequency changed between 15 and 
125 Hz (ΔEs = 8 mV, ΔEsw = 30 mV, fixed), the peak cur-
rent increased linearly; however, the background current 
and noise increase at frequency values higher than 75 Hz. 
When the step potential is changed from 4 to 16 mV (f = 
75 Hz, ΔEsw = 30 mV), the recorded signal increased up 
to 14 mV and then slowly increased from 14 to 16 mV. 
Examining the form of the peak and current, the most ap-
propriate step potential was evaluated as 14 mV. The effect 
of amplitude was investigated from 10 to 70 mV (ΔEs = 14 
mV, f = 75 Hz). The peak current of the molecule rapidly 
increased up to 70 mV. However, when assessed in terms of 
peak morphology, the sharper form of the peak and peak 
current, the most appropriate value was determined to be 
60 mV. In conclusion, the generally optimized parameters 
for all experiments below can be summarized as f = 75 Hz, 
ΔEs of 14 mV and ΔEsw = 60 mV.

3. 2. Analytical Applications
Using the APT-BDD electrode, the most appropriate 

chemical conditions and instrumental parameters were 
created to record the analytic curve for the lawsone mol-
ecule in 0.1 M PBS (pH 2.5) containing 0.1 mM CTAB. 
Figure 6 shows the SWV curves obtained by successive 
addition of lawsone in the concentration interval from 0.1 
to 5.0 µM. At +0.19 V potential peak current, the lawsone 
concentration (Figure 6, inset) proportionally increased to 
give a very linear calibration graph: ip (µA) = 0.278 C (µM) 
+ 0.065 (r = 0.999, n = 10). Here, ip is peak current, C is 
lawsone concentration, r is the correlation coefficient and 
n is the number of experiments.

The LOD and LOQ values, calculated by using data 
for the calibration curve, were found to be 0.029 μM and 
0.097 μM, respectively. The comparison between lawsone 
estimation with the analytic parameters in the proposed 
method with some voltammetric methods previously re-
ported in the lite rature is given in Table 1.

Figure 4. SW voltammograms of 0.1 mM lawsone solutions in Brit-
ton-Robinson buffer pH 2.0–8.0 (A), and in various supporting 
electrolytes (B). Other operating conditions as indicated in Figure 3.

Figure 5. The SW voltammograms of 0.1 mM lawsone solutions in 
phosphate buffer (pH 2.5) at the different surfactants’ media on 
APT-BDD electrode. SWV parameters: frequency, 50 Hz; step po-
tential, 8 mV; pulse amplitude, 30 mV.
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Table 1. Comparison of the efficiency of the anodically pretreated 
boron-doped diamond electrode (APT-BDDE), hanging mercury 
drop electrode (HMDE) and glassy carbon electrode (GCE), 
APT-BDDE, used for lawsone determination. 

Electrode	 Detection Limit (M)	 Reference

HMDE	 1.1 × 10–7	 [13]
GCE	 6.0 × 10–9	 [14]
APT-BDD	 2.9 × 10–8	 This work

The intraday and interday repeatability at the BDD 
electrode was evaluated under optimum experimental 
conditions. The intraday repeatability of peak current 
magnitude was determined with successive measurements 
of 0.1 µM lawsone solution. The results of ten repeated 
measurements provide a relative standard deviation (RSD) 
of 5.43% showing repeatability of results. Additionally, in-
terday repeatability was done by measuring the magnitude 
of the peak current response for the same lawsone con-
centration at the BDD electrode on three consecutive days 
and the RSD was 6.87%.

T﻿he practical usability of the proposed electroan-
alytical methodology was tested for a commercial henna 
sample by using the interlay corresponding regression 
equation in the calibration graph obtained for standard 
lawsone solutions. Sample preparation procedures are de-
scribed in the relevant section in detail. The mean value 
of lawsone was found to be 0.59 µM in the measurement 
cell. Taking into account the successive dilutions of the 
sample, 1.03% of lawsone was determined in the henna 
sample. The recovery experiments were completed with 
standard lawsone solutions (0.1, 0.6 and 1.0 µM) added to 
10 mL sample solution within the voltammetric cell and 
voltammetric reactions were evaluated (Figure 7). Recov-

ery of lawsone was calculated in comparison with pure 
lawsone at the obtained concentration of the supplement-
ed mixtures. The recovery varied from 91.8% to 103.7% 
and this shows no interaction effects of these matrices (Ta-
ble 2). Lawsone can be quantitatively recovered with the 
proposed method, so there is a guarantee for the accuracy 
of lawsone voltammetric detection in commercial henna 
samples.

Figure 7. SW voltammograms of the diluted henna sample (dashed 
line) and after standard additions of 0.1 (a), 0.6 (b) and 1.0 (c) µM 
lawsone in 0.1 M phosphate buffer (pH 2.5) solution with 0.1 mM 
CTAB on BDD electrode. Other operating conditions as indicated 
in Figure 6.

Table 2 Results of the recovery analysis of lawsone (the average of 
three independent analysis of each spiked sample) in the sample of 
the commercial henna samples.

Lawsone added	 Level	 Recovery 
(µM)	 determined (µM)	 (%) ± RSD (%)

0	 0.59	 –
0.1	 0.63	   91.8 ± 5.05
0.6	 1.26	 105.9 ± 4.43
1.0	 1.65	 103.7 ± 3.31

4. Conclusions
This article represents the first successful attempt to 

investigate the electrochemical behavior of lawsone using 
APT-BDDE (without any modification of the electrode 
surface) coupled with the SW voltammetric method. Con-
tributions to the sensitivity of the developed method were 
provided by a cationic surfactant (CTAB). The results indi-
cated that one irreversible and diffusion-controlled anod-
ic peak of lawsone was observed using CV at potential of 
about +0.19 V in the presence of 0.1 M in pH 2.5 PBS as 
supporting electrolyte.

Figure 6. SW voltammograms for lawsone levels of (1) 0.1, (2) 0.2, 
(3) 0.4, (4) 0.6, (5) 0.8, (6) 1.0, (7) 2.0, (8) 3.0, (9) 4.0 and (10) 5.0 µM 
in 0.1 M phosphate buffer (pH 2.5) solution with 0.1 mM CTAB. 
Inset depicts a corresponding calibration plot for the quantitation of 
lawsone on APT-BDD electrode. SWV parameters: frequency, 75 
Hz; step potential, 14 mV; pulse amplitude, 60 mV.
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Povzetek
Z borom dopirano diamantno elektrodo smo anodno obdelali in jo uporabili za preprosto, hitro in cenovno ugodno do-
ločanje naravnega barvila lavsona. Z uporabo ciklične voltametrije smo za lavson v raztopini fosfatnega pufra (PBS, 0,1 
M, pH 2,5) dobili dobro opredeljen, ireverzibilen in difuzijsko nadzorovan oksidacijski vrh pri približno + 0,19 V. Z do-
datkom kationske površinsko aktivne snovi – cetiltrimetilamonijevega bromida (CTAB) smo dosegli značilno povečanje 
višin oksidacijskih vrhov. Z uporabo voltametrije s kvadratnim spreminjanjem potenciala (»square wave voltammetry«) 
je bila pri optimiziranih eksperimentalnih pogojih umeritvena krivulja za lavson linearna v koncentracijskem območju 
0,1–5,0 μM, meja zaznave pa je bila 0,029 μM (v 0,1 M PBS (pH 2,5) z dodatkom 0,1 mM CTAB). Uporabnost elektrode 
smo preverili z določanjem vsebnosti lavsona v komercialni kani, naravnem barvilu iz kaninih listov.
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