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Abstract 

Voltammetric behavior of a nonsteroidal anti-inflammatory drug meloxicam was firstly 

studied using boron doped diamond electrode (BDDE). Two irreversible anodic current peaks 

were observed in wide pH range at potentials +900 mV and + 1400 mV vs. saturated silver-

silver chloride electrode. Mechanism of the electrochemical oxidation was proposed and 

confirmed using high performance liquid chromatography/mass spectrometry analysis of 

electrolyzed meloxicam solutions. Subsequently, an analytical method for meloxicam 

determination was developed using differential pulse voltammetry in connection with BDDE. 

This method provides low limit of detection (5.9×10
−8

 mol L
−1

) and wide linear dynamic 

range (2.5×10
−7

-8.5×10
−5

 mol L
−1

). Finally, model solutions as well as pharmaceutical 

preparations were successfully analyzed, and the meloxicam content was determined. 
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1 Introduction 

Meloxicam (MLX, 4-hydroxy-2-methyl-N-(5-methyl-1,3-thiazol-2-yl)-2H-1,2-benzothiazine-

3-carboxamide-1,1-dioxide, Scheme 1) is a nonsteroidal anti-inflammatory drug from the 

oxicam class (NSAID). Oxicams are a group of structurally closely related substances which 

are widely used in the treatment of both acute and chronic pain syndromes of various origins, 

especially vertebrogenic and joint pain. They are also applied for short-term treatment of 

postoperative and post-traumatic pain. In general, their analgesic, anti-inflammatory and 

antipyretic effects are used. They are also widely utilized in some types of headaches [1]. 

MLX is indicated especially for the treatment of rheumatoid arthritis, osteoarthritis and other 

joint diseases [2-4]. Due to its very low solubility in acidic environment, it can cause only few 

local gastrointestinal side effects [5-8]. MLX was also associated with an increased risk of 

serious cardiovascular adverse events [8-10]. 

 

Scheme 1 Chemical structure of meloxicam. 

 

MLX can be determined using various instrumental methods. High-performance liquid 

chromatography is most commonly used, e.g. in combination with diode or photodiode array 

detector [11, 12], UV spectrophotometric detector [13-16], or with mass spectrometer [17-20]. 

Method for separation and determination of MLX by thin-layer chromatography with 

densitometric detection was also described [21]. UV-VIS spectrophotometry [22-26] or 

fluorimetry [26, 27] represent another options for MLX determination. As an alternative, 

flow-injection chemiluminiscence determination can be also used [28]. These methods are 



usually very sensitive and selective, but often require complex sample preparation for analysis 

and are time-consuming and instrumentally demanding. Because MLX is an 

electrochemically active compound, voltammetry offers a cheap, fast and simple alternative to 

the above mentioned methods. 

In the first instance, reduction of MLX was utilized for its determination by single 

sweep oscillopolarography [29] and polarography [30] using dropping mercury electrode 

(DME). Hanging mercury drop electrode (HMDE) was used for MLX determination applying 

cathodic adsorptive stripping square wave voltammetry [31] as well as cathodic adsorptive 

striping differential pulse voltammetry [32]. The authors found that MLX provides two 

reduction signals on mercury electrode and Beltagi et al. [32] proposed the reduction 

mechanism of MLX. According to them, the first reduction step may be assigned to the 

reduction of the double bond in the enol form, while the second reduction step may 

correspond to the reduction of the carbonyl group of the keto form, to yield a saturated 

dihydrogen derivative. Radi et al. [33] studied the oxidative voltammetric behavior of 

meloxicam at a carbon paste electrode (CPE) and developed method for its determination 

using linear-scan voltammetry. According the authors, MLX gave rise to two voltammetric 

peaks, when the first one corresponds to the oxidation of amide functional group and the 

second one to the oxidation of enol functional group, respectively. Other published methods 

for MLX determination via its electrochemical oxidation used variously modified carbon 

based working electrodes. Wang et al. described method applying glassy carbon electrode 

(GCE) modified with anionic layer of cysteic acid providing electrostatic accumulation of the 

analyte onto the electrode surface [34]. MLX was also successfully determined at a poly-L-

lysine (PLL)/carboxylated graphene oxide (GO–COOH)/modified glassy carbon electrode 

(GCE) [35], carbon paste electrode modified by molecularly imprinted polymer nanoparticle-

multiwall carbon nanotubes [36], or graphene nanoparticles modified CPE [37]. A substantial 



part of the last mentioned article is also devoted to the mechanism of MLX oxidation. In 

contrast to the mechanism reported in [33], the oxidation of the enol group is presumed to 

give rise to the first anodic signal and the oxidation of the amide group the second current 

response.    

In the present work, MLX oxidation was firstly studied using boron doped diamond 

electrode (BDDE) [38-41]. This working electrode provide the number of advantages over 

traditionally employed electrodes, namely extreme hardness, high corrosion resistance, 

chemical inertness, high thermal conductivity, low sensitivity to dissolved oxygen, 

electrochemical stability in both alkaline and acidic media, very low and stable background 

current, and especially a wide usable potential window as well as a resistance to the electrode 

surface passivation [42-49]. These exceptional properties make it widely used in 

electroanalytical measurements in the determination of a number of biologically active 

substances and significant environmental contaminants as stated in various review articles 

[45, 50-52]. A number of studies related to drug determination were also described in the 

literature [53-59]. An oxidation mechanism of MLX was studied in more detail to clarify 

contradictory results reported in literature [33, 37]. The mechanism hitherto published was 

proposed based only on the results of pH effects on peak potential and peak current in cyclic 

voltammograms. Within our study, controlled potential electrolysis and ultraperformance 

liquid chromatography – mass spectrometry (UPLC/MS) with electrospray ionization (ESI) 

were used for generation and identification of products of MLX anodic oxidation. Finally, 

voltammetric method for MLX determination with BDDE was developed and utilized for 

analysis of a commercially available pharmaceutical preparation. 

 

2 Experimental  

2.1 Chemicals 



Standard solution of 0.001 mol L
−1

 MLX (Sigma-Aldrich) was prepared by dissolution of the 

suitable amount in acetonitrile (Penta-Švec, Czech Republic). It was stored in a refrigerator at 

the temperature about +4°C and without light access. More dilute solutions were prepared 

fresh daily by dilution with supporting electrolyte. Britton-Robinson buffer (BRB) formed by 

acidic (0.4 mol L
−1

 H3PO4, H3BO3, and CH3COOH, all from Penta-Švec, Czech Republic) 

and alkaline component (0.2 mol L
−1

 NaOH, Lachema, Czech Republic) was used as a 

supporting electrolyte. The solution of
 
HNO3 (pH 1) was diluted from 65 % HNO3 (Penta-

Švec, Czech Republic). The standard solutions of the other oxicams (Sigma-Aldrich), namely 

piroxicam (PRX), lornoxicam (LRX), and tenoxicam (TNX), were prepared by the same way 

as in case of MLX. Pharmaceutical preparation “Meloxicam Mylan 15 mg” originated from 

Generics (UK) Ltd, Great Britain.  

 

2.2 Instrumentation 

Voltammetric measurements were performed with Eco-Tribo Polarograph (Polaro-Sensors, 

Czech Republic) equipped with software POLAR.PRO version 5.1. The electrochemical cell 

was in a three-electrode arrangement. BDDE (Windsor Scientific, Great Britain, active 

surface area of 7.07 mm
2
, inner diameter of 3 mm, resistivity of 0.075  cm with a B/C ratio 

during deposition 1000 ppm) served as a working electrode, saturated argentchloride 

electrode (Ag/AgCl/KCl) was used as a reference and platinum wire as an auxiliary electrode 

(both Monokrystaly, Czech Republic). A potentiostat Autolab PGSTAT128 N (Metrohm 

Autolab, the Netherlands) was employed for linear sweep voltammetry (LSV) with rotating 

disc electrode (Autolab RDE, glassy carbon disc, diameter 0.5 cm) and controlled potential 

electrolysis with carbon fiber brush electrode (CFBE) [60]. Three-electrode system was 

completed with reference saturated calomel electrode (SCE) and platinum auxiliary electrode, 

which was placed in a cathodic compartment separated by a glass frit for bulk electrolysis.  



Acquity UPLC system (Waters, USA) with PDA detector and mass spectrometric 

detector (QDA) equipped with heated electrospray ionization (HESI) and quadrupole analyzer 

were used for analysis of electrolyzed solutions. Potentiostat ADLC1 (Laboratorní přístroje, 

Czech Republic) with Model 5021A conditioning cell (ESA, Chelmsford, USA) containing 

porous graphite working electrode, Pd counter and a Pd/H2 reference electrode, NE-1002X 

syringe pump (New Era Pump Systems, Farmingdale, USA) and Agilent 1100 Series 

LC/MSD Trap (Agilent Technologies, Palo Alto, USA) with electrospray ionization (ESI) 

were employed for on-line EC/MS experiments.  

All measurements were carried out at laboratory temperature of 23±2 °C.  

Values of pH were measured by pH-meter Accumet AB150 (Fisher Scientific, Czech 

Republic) and dissolution of standards as well as pharmaceutical samples was facilitated 

applying ultrasonic bath Bandelin Sonorex (Schalltec GmbH, Germany). Polishing kit 

(Electrochemical Detectors, Czech Republic) consisted of a polyurethane pad and Al2O3 

powder (particle size 0.3 µm) was used for BDDE pretreatment. 

Parameters of calibration curves and confidence intervals were calculated on the level of 

significance 0.05. Statistical parameters like limit of detection (LOD) and limit of 

quantification (LOQ) were calculated from the calibration dependences as 3× and 10×, 

respectively, of standard deviation of an intercept divided by a slope.   

 

2.3 Procedures  

2.3.1 Voltammetric measurements 

Before beginning of the experiments, BDDE was activated and regenerated employing 20 

cyclic voltammograms between initial potential (Ein) −1000 mV and switching potential 

(Eswitch) +2200 mV directly in supporting electrolyte. Cycling was terminated at the positive 

potential values, i.e., the final potential (Efin) was +2200 mV. After this step, the working 



electrode was ready for analysis. Between the particular measurements, no regeneration or 

activation step was inserted. This procedure ensured the O-terminated surface because BDD is 

easily oxidizable even by air oxygen.  

Cyclic voltammetry (CV) was utilized for the investigation of the voltammetric 

behavior of MLX. If not defined otherwise, measurements were performed from Ein = 

−500 mV to Eswitch = +2000 mV and back to −500 mV applying the scan rate (v) of 

100 mV s
−1

. In case of the scan rate study, the value of v varied from 25 to 500 mV s
−1

. 

Considering very good sensitivity, differential pulse voltammetry (DPV) was used for the 

development of the method for MLX determination. BRB of pH 3 was chosen as a suitable 

supporting electrolyte. The optimized DPV parameters were as follows: Ein = 0 mV, Efin = 

+2000 mV, v = 40 mV s
−1

, pulse height +60 mV, and pulse width 20 ms (and another 20 ms 

as a current sampling time). The values of the peak height (Ip) were evaluated according to the 

baseline inserted as a tangent to the curve at minimum before and after the peak. 

Hydrodynamic voltammograms were recorded with RDE using LSV at scan rate 10 mV s
−1

 

and rotation speed 500-3000 rpm (52–314 rad s
-1

). Glassy carbon electrode disk was polished 

before each scan with alumina slurry (0.05 μm particle size) on microcloth (Buehler). 

 

2.3.2. Controlled potential electrolysis, HPLC/MS analysis and EC/MS experiments 

Carbon fiber brush electrode (CFBE) used as the working electrode for bulk electrolysis was 

prepared in the laboratory according to the previously described procedure [61]. Before use, 

CFBE was sonicated in acetonitrile and deionized water for 5 minutes. Subsequently, it was 

electrochemically pretreated in 0.1 mol L
−1

 H2SO4 using 50 potential cycles from -1.7 to +2.0 

V (vs. SCE) and thoroughly washed with deionized water. Controlled potential electrolysis 

was performed with 4 mL of 5×10
−4

 mol L
−1

 MLX solution in the mixture of 0.2 mol L
−1

 

aqueous CH3COOH and CH3CN (1/1, v/v) in anodic compartment of the electrolytic cell, at 



potentials of 0.8 V and 1.2 V (vs. SCE) for 60 min on the electromagnetic stirrer. The 

cathodic compartment was filled with 0.2 mol L
−1

 CH3COOH. Electrolyzed samples and 

respective standard solution of MLX were analyzed by UPLC/MS. Chromatographic 

separation was performed on XSelect HSS T3 column (3 mm × 50 mm, 2.5 μm, Waters) at 23 

°C. Mobile phase consisted of 0.01M aqueous ammonium acetate (solvent A) and a mixture 

CH3CN/H2O (90/10, v/v, solvent B). Gradient elution: 0–5 min (0–55 % B), 5–10 min (55 % 

B) was performed with flow rate 0.6 mL min
-1

. After the analysis the column was equilibrated 

with solvent A for 2.5 min. The injection volume was 5 μL. Mass spectrometry conditions 

were set for both positive (ESI+) and negative (ESI-) electrospray ionization modes as 

follows: capillary voltage 0.8 kV, cone 25 V, source temperature 120 °C, heated probe 

temperature 600 °C and the acquired mass range m/z 60–600. 

In on-line EC/MS experiments, MLX solution (c = 5×10
−5 

mol L
−1

) in 0.2 mol L
−1

 

aqueous CH3COOH and CH3CN (1/1, v/v) was pumped through the coulometric cell to the 

electrospray ion source of MS by flow rate 8 μL min
−1

. Potential of the working porous 

graphite electrode in the cell gradually increased from 0 to 0.7 V (vs. Pd/H2) in steps of 

20 mV. At each potential, MS signals were recorded for 60 s in both positive and negative 

ESI modes under the following conditions: drying gas (N2), flow rate 5 L min
−1

, drying 

temperature 180 °C, nebulizer pressure 15 psi, capillary voltage ±3.5 kV, end plate offset 

±0.5 kV. Helium was used as collision gas. Data were processed using DataAnalysis 3.3 

software (Bruker Daltonik, Germany). 

 

2.3.3 Analysis of pharmaceutical sample 

The stock solution for the quantitative experiments was prepared from one blister of MLX 

tablets of “Meloxicam Mylan 15 mg” containing 10 tablets with declared content of 15 mg 

MLX/Tbl. Tablets were powdered in a grinding mortar, and then the sample was 



quantitatively transferred into a 1000 mL standard flask and was dissolved in acetonitrile 

applying the ultrasonic bath. This solution was filtered. The concentration of MLX in the 

prepared solution was about 4.27×10
−4

 mol L
−1

 (calculated according to the content of the 

substance declared by the producer). 35 µL of the sample solution was added to the 

polarographic cell with 15 mL of the supporting electrolyte (BRB pH 3) and the 

determination was carried out by the standard addition method and  two standard additions 

(15 µL of 0.001 mol L
−1

 MLX ) were applied at least. The determination was five times 

repeated and relative standard deviation of repeated determination (RSD) was calculated. 

 

3 Results and discussion 

3.1. Voltammetric behavior of meloxicam 

Oxidation of MLX on BDDE was firstly measured in BRB (pH 3) at 100 mV s
−1

. These 

conditions were taken from the literature [33]. The obtained cyclic voltammogram of 

1.0×10
−5

 mol L
−1

 MLX is depicted in Fig. 1 (red curve). In accordance with the literature, 

MLX provided two oxidation signals at the potential values (Ep) of +900 and +1400 mV. No 

corresponding reduction peak was observed on the cathodic curve, suggesting an irreversible 

course of the ongoing electrode reaction. This finding was confirmed also during the 

measurements with different Eswitch values as it is evident from the inset of Fig. 1.  

According to the authors of the previous publication [33], the first MLX peak 

corresponds to the oxidation of amide function group and the second one to the oxidation of 

enol function. Eroglu et al. [37] assigned the first signal to the oxidation of enol group and the 

second one to the oxidation of amide. None of the research groups provided any evidence to 

support their proposal (e.g., mass spectroscopy analysis of the products of electrolysis). 

Moreover, CV voltammograms of other oxicams (PRX, LRX, and TNX) were preliminary 

measured on the same BDDE and for comparison they are placed in Fig. 1 too. All these 



compounds provide one oxidation signal at the same Ep as the first peak of MLX which 

predicts the same electrochemical process. In the literature [62, 63], this peaks are also 

assigned to the oxidation of enol group. In the following chapters we would like to clarify the 

oxidation mechanism of MLX among others using HPLC-MS technique. 

 

Figure 1 Cyclic voltammograms of oxicams in BRB (pH 3) obtained on BDDE; Ein = 

−500 mV, Eswitch = +2000 mV, v = 100 mV s
−1

, cMLX = cPRX = cLRX = cTNX = 

1.0×10
−5

 mol L
−1

; Inset: Cyclic voltammograms of MLX with Eswitch = +2000 and +1070 mV. 

 

3.1.1. Dependence on pH 

Fig. 2 shows the influence of pH of supporting electrolyte in the range from 1 to 12 on MLX 

(1.0×10
−5

 mol L
−1

) anodic signals obtained by CV (v = 100 mV s
−1

). The acidic medium was 

ensured with the solution of diluted HNO3, and other pH values (2-12) were reached using 

BRB.  It is evident that the best developed two peaks were observed in acidic media (pH 1-3) 

and with the increasing of pH both signals decrease and widen. In alkaline electrolyte the first 

peak became very difficult evaluable and the second one disappeared. Due to the following 



analytical usage, attention was paid especially to the first peak. Its position shifts to more 

negative potential values in the range of pH 1-3 and shows a shift in the opposite direction in 

more basic media (see the inset of Fig. 2). The peak height (Ip) reached maximum in acidic 

medium (pH 1-3) as it is documented in the inset of Fig. 2. Changes in trends of both Ip and 

Ep of the first MLX peak in the dependence on pH indicate the change in protolytic forms of 

MLX. As reported [64], MLX has two pKa values: 1.09 and 4.18. At low pH values (<1.09), 

MLX exists mainly in the cation form, at pH > 4.18 the anion form prevail in aqueous 

solutions. The pH dependence of Ip and Ep shows that the anionic form of MLX is more 

difficult to oxidize than the protonated and uncharged form. BRB of pH 3 was applied as 

suitable supporting electrolyte for all next voltammetric measurements. 

  

Figure 2 Anodic parts of cyclic voltammograms of MLX obtained on BDDE in dependence 

on pH; supporting electrolyte – solution of HNO3 (pH 1) and BRB (pH 2-12), Ein = −500 mV, 

Eswitch = +2000 mV, v = 100 mV s
−1

, cMLX = 1.0×10
−5

 mol L
−1

; Inset: Dependence of Ip and Ep 

of the first oxidation peak on pH of supporting electrolyte. 

 



3.1.2. Dependence on scan rate 

The effect of scan rate on the voltammetric behavior of MLX can be useful for determining 

the controlling process and for proposing mechanism of the observed electrode reactions. CV 

voltammograms of MLX (1.0×10
−5

 mol L
−1

) obtained in BRB (pH 3) on BDDE in 

dependence on v (50-450 mV s
−1

) are shown in Fig. 3. It is evident that both anodic signals 

increased with growing v and simultaneously their Ep shifted to more positive potential values 

confirming the irreversible course of the oxidation reactions. While dependence of Ip on v for 

the first signal, that we are interested in (inset of Fig. 3), did not show a linear pattern, 

dependence of Ip on square root of v (Ip_v
1/2

) was linear and can be described by equation (1) 

with the appropriate correlation coefficient. This indicates the diffusion-controlled process. It 

was verified also with logarithmic dependence (log(Ip)_log(v)) described by equation (2). The 

significant influence of kinetics was also proved because the value of slope lies below the 

theoretical value of 0.5. 

                                                              (1) 

                                                                       (2) 

Consistent with the findings of the pH-dependency study, an increasing effect of 

kinetics with increasing pH was observed. While at pH 1 the slope of log(Ip)_log(v) (equation 

3) is very close to the theoretical value of 0.5 for a pure diffusion-controlled process, at pH 5 

(where the anionic form of MLX predominates) the slope value 0.31 (equation 4) is lower 

than at pH 3 (equation 2), showing that the influence of kinetics on the control process 

increases with pH. 

                                                                        (3) 

                                                                        (4) 



 

Figure 3 Cyclic voltammograms of MLX obtained on BDDE in dependence of scan rate; 

supporting electrolyte – BRB (pH 3), Ein = −500 mV, Eswitch = +2000 mV, v = 50-450 mV s
−1

, 

cMLX = 1.0×10
−5

 mol L
−1

; Inset: Dependence of Ip on pH of supporting electrolyte. 

 

3.2. Oxidation mechanism 

3.2.1. Number of exchanged electrons  

Linear sweep voltammograms of MLX recorded on RDE at different rotation velocity were 

evaluated and used to estimate number of electrons transferred at anodic oxidation of MLX. 

As the electrochemical reaction evinced mixed diffusion-kinetic control, Koutecký-Levich 

equation (5) was used to calculate number of involved electrons from the slope of the 

dependence of 1/I on 1/ω
1/2

 [65]: 

 

 
 

 

         
   

           
 

 

       
 ,            (5) 



where I represents electrode current, n is number of electrons, F is the Faraday constant, A is 

area of the disc electrode (0.196 cm
2
), υ is the kinematic viscosity of the solution 

(8.84×10
−3

 cm
2
 s

−1
), cA - concentration of analyte (9.52×10

−8
 mol cm

−3
), ω – rotating velocity 

(rad s
−1

) and kh – heterogenous rate constant (cm s
−1

). Diffusion coefficient DA of MLX was 

estimated from the Wilke-Chang equation (6) [66]: 

                   

      ,             (6) 

where T is thermodynamic temperature, η is viscosity, x and M are association parameter and 

molar weight of the solvent, respectively, and V is molar volume of the solute. Under the 

respective experimental conditions T = 298.15 K, viscosity of 1:1 (v/v) acetonitrile – water 

mixture η = 0.801 cP [67], x = 2.6, M = 18.015 g mol
−1

 and molar volume of MLX V = 

217.7±3.0 mL (calculated using ACD/ChemSketch software), the value of DA = 

0.746×10
−5

 cm
2
 s

−1
 was obtained. Slopes of the dependence 1/I = f(1/ω

1/2
) were evaluated 

from hydrodynamic voltammograms of MLX (Fig. S1-A, B in Supplementary information 

file) at 5 different potentials (0.8-1.0 V) and each value was used to calculate number of 

electrons with the result: n = 2.09±0.11. This result corresponds to the number of electrons n 

= 1.98 found by convolutive procedure [68] applied to linear sweep voltammogram recorded 

on a static disc electrode (see Fig. 2 in Supplementary material). It can be concluded, that the 

first step of the anodic oxidation of meloxicam is a two-electron process. 

   

3.2.2. UPLC/MS analysis of oxidation products 

The previously proposed mechanisms of electrochemical oxidation of MLX in aqueous 

solutions attribute the first oxidation step to either the amide function group [33] or the enol 

group [37]. Both hypotheses are based on the results of the voltammetric behavior of this 

substance and its similarity to the behavior of structurally related substances. In this work, we 



attempted to elucidate the reaction mechanism based on UPLC/MS analysis of MLX 

electrolysis products produced on large-area CFBE. For comparison, on-line EC/MS 

experiments were performed with flow-through coulometric cell containing working porous 

graphite anode coupled to mass spectrometer with ion trap analyzer. In both types of 

experiments, 0.2 mol L
−1

 aqueous CH3COOH with acetonitrile (1/1, v/v) was used to provide 

the appropriate acidic medium and to maintain MLX in solution. Potentials for the bulk 

electrolysis in the off-line experiment were selected from hydrodynamic voltammograms 

(Fig. S1-A in the Supplementary information file) at the limiting current of the first anodic 

wave and at the steep part of the second waves (to avoid formation of hydrogen bubbles in the 

narrow cathodic compartment at higher potentials).  

UPLC/MS analysis of the standard MLX solution provided a single peak with 

retention time tr = 4.62 min and protonated molecule [M+H]
+
 at m/z 352 (Fig. S3a and S4a in 

the Supplementary information file, respectively). Fragmentation pattern of the spectrum 

acquired in ESI+ mode (Fig. S4a) with fragment ions at m/z 115, 141 and 184 corresponds to 

those reported in the literature [69] Mass spectrum recorded in ESI- mode (Fig. S4b) shows 

fragments at m/z 286 (loss of SO2), m/z 210 and m/z 146 (loss of SO2 from the fragment m/z 

210).   

Total ion current chromatogram of the MLX solution electrolyzed at potential of 

+0.8 V, corresponding to the limiting current of the first voltammetric wave of MLX, 

revealed four main peaks of reaction products (Fig. S3b in Supplementary information file). 

Two peaks with tr = 4.30 min and tr = 5.83 min and m/z 350 appertain to isomeric products 

with the m/z value two units lower than that of MLX. Mass spectra of these products are 

similar (Fig. S5) with common fragment ions at m/z 210 and m/z 141, which differ in their 

intensities. Presence of the fragment m/z 141 corresponding to the methyl-thiazolyl 

carboxamide moiety, which is characteristic of MLX, confirms that this part of the molecule 



remain unchanged. The third peak with tr = 5.32 min belongs to a product with [M+H]
+
 at m/z 

368 (Fig. S6a in the Supplementary information file). The main fragment at m/z 141 indicates 

presence of unchanged methyl-thiazolyl carboxamide moiety of the product. The fourth peak 

with tr = 3.52 min, [M+H]
+
 at m/z 171 (Fig. S6b in the Supplementary information file) 

rendered fragment ions at m/z 143 and m/z 115 corresponding to two consecutive losses of CO 

from two carbonyl groups in the product structure. These results indicate that all products of 

the first step of meloxicam oxidation have an unchanged methyl-thiazolyl carboxamide 

structure. Therefore, in the first step of the electrochemical reaction, oxidation occurs at the 

enol group of the hydroxybenzothiazine ring.      

Chromatogram of the MLX solution electrolyzed at potential of +1.2 V corresponding 

to the steep part of the second oxidation wave of MLX, gave a peak with retention time tr = 

3.18 min and m/z 187 in ESI+ or m/z 185 in ESI- (Fig. S7 in the Supplementary information 

file). Fragments at m/z 143 and 141 formed by losses of CO2 and HCOOH, respectively, 

confirm that the product is a carboxylic acid having unchanged methyl-thiazolyl carboxamide 

moiety (9 in Scheme 2). 

The products detected in the electrolyzed MLX solutions by UPLC/MS were also 

observed in on-line EC/MS experiments that may detect unstable reaction products. MS signal 

intensity of individual reaction products varied with the potential applied to the working 

electrode in accordance with the UPLC/MS analysis of MLX solutions electrolyzed at lower 

and higher potential (Fig. S8 in the Supplementary information file). In addition, in the mass 

spectra obtained at higher potentials of electrolysis, one more product was observed at m/z 

296 in ESI+. Collision spectrum of this product (Fig. S9, Supplementary information file) 

gave major fragments at m/z 253 (loss of NCOH), m/z 235 (subsequent loss of H2O) and m/z 

210, corresponding to unchanged N-methyl benzothiazinone moiety. This product was found 

in UPLC/MS analysis only at very low content, indicating its low long-term stability. 



However, this finding shows that the amide or methylthiazole group of MLX can be subjected 

to an electrochemical reaction at sufficiently high potential. 

 

3.2.3. Reaction mechanism 

Voltammetric experiments revealed that the electrochemical oxidation of MLX proceeds in 

two irreversible steps, preferably under acidic conditions. Based on the identified products of 

electrolysis performed at the limiting current of the first two-electron wave, the following 

reaction mechanism was proposed (Scheme 2): The electrode reaction starts with the electron 

transfer from the hydroxyl oxygen of the enol group. Deprotonation of the formed cation 

radical and subsequent transfer of the second electron leads to intermediate 2, which is 

susceptible to form 3 by addition of water and its ring-chain tautomeric form 4. Formation of 

the structure 3 is consistent with reaction mechanism proposed for electrochemical oxidation 

of a relative drug piroxicam [63]. Under acidic conditions, intramolecular condensation of 4 

leads to benzoisothiazoliminium form 5, which can be hydroxylated to give unstable 

intermediate 6. Decomposition of 6 produces thiazole (7) and benzoisothiazole (8), the two 

main reaction products of the first electrochemical oxidation step of MLX. As the first 

reaction step starts with the electron withdrawing from the “enolic” hydroxyl, after its 

deprotonation at pH > pKa (4.18) the electrode reaction becomes kinetically controlled by the 

rate of protonation of the deprotonated enolate.  

Second step of the electrochemical oxidation includes most likely subsequent 

oxidation of aldehyde group of 7 to give the corresponding monoamide of oxalic acid (9). 

However, oxidation of the methylthiazole moiety to corresponding sulfone and sulfoxide [70] 

can also be supposed according to the results of EC/MS experiment. Hydrolytic cleavage of 

the sulfoxide can lead to formation of the detected product at m/z 296 in ESI+.   
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Scheme 2 Proposed mechanism of the first and second step of electrochemical reactions of 

meloxicam with mass‐to‐charge ratios in positive ion mode ESI‐MS. 

 

3.3. Voltammetric determination of meloxicam 

3.3.1. Optimization of DPV parameters 

DPV was applied for the development of voltammetric method for MLX determination and 

the first oxidation peak was used for this purpose. At the beginning, basic parameters of DPV 

like scan rate, pulse height and pulse width were optimized. All the following experiments 

were carried out in BRB of pH 3 and with the MLX concentration of 5.0×10
−6

 mol L
−1

 in a 

polarographic vessel. One parameter was always changed and the others were kept constant. 

Specific settings are described in the caption of the Fig. 4 which illustrates the courses of the 

particular dependences of Ip on the individual tested parameters. The value of v was changed 

from 10 to 100 mV s
−1

. Fig. 4A shows the peak increased up to 40 mV s
−1

 and therefore this 

value was set for all the following measurements. The pulse height was tested in the range 



from 10 to 100 mV. Ip increased approximately linearly in dependence of pulse height up to 

value 70 mV (Fig. 4B) but simultaneously at the higher values MLX oxidation signal was 

spreading. For further experiments, a pulse height of 60 mV was selected as a compromise 

between peak height and shape. The last examined parameter – pulse width was tested in the 

range of 10-100 ms (Fig. 4C) and the value of 30 ms was applied for all of the future 

experiments. 

 

Figure 4 Dependences of Ip on v (A), Ip on pulse height (B), and Ip on pulse width (C) 

obtained on BDDE using DPV; supporting electrolyte – BRB (pH 3), Ein = 0 mV, Efin = 

+2000 mV, v = 10-100 mV s
−1

 (A), and 40 mV s
−1

 (B, C), pulse height = +50 mV (A), +10-

+100 mV (B), and +60 mV (C), pulse width = 50 ms (A, B), 10-100 ms (C), cMLX = 

5.0×10
−6

 mol L
−1

. 

 

Another factor, that significantly influences the electrochemical properties of BDDE 

surface and thus the height and shape of the measured current signals, is the pretreatment 



procedure [71]. In case of MLX determination we tested four different pretreatment processes 

as follows: (i) anodic pretreatment (E = +2400 mV, t = 300 s), (ii) cathodic pretreatment (E = 

−2000 mV, t = 300 s), (iii) insertion of 20 cyclic voltammograms (Ein = −1000 mV, Eswitch = 

Efin = +2200 mV, v = 100 mV s
−1

), and (iv) polishing on alumina. DPV voltammograms of 

MLX (5.0×10
−6

 mol L
−1

) obtained under the optimized parameters always after the insertion 

of particular pretreatment procedure directly in analyzed solutions before scan are illustrated 

in Fig. 5. It is evident that the highest and the sharpest peaks were obtained similarly after 

cycling and anodic pretreatment that both provide O-terminated BDDE surface. On the other 

hand, the lowest signal was recorded after application of negative potential and reduction of 

the working surface, respectively (H-terminated surface). Concerning polishing, significant 

background increase and worsening of the repeatability of measurement was observed. Due to 

the better repeatability and slightly higher peak, CV was selected as suitable pretreatment 

procedure for all further measurements. Moreover, it was found that it is sufficient to include 

cycling only at the beginning of the work. There is no need to activate or regenerate the 

electrode surface between the individual measurements. The electrode passivation does not 

occur, which is confirmed by the obtained low value of relative standard deviation of 11 

repeated measurements (RSD11 = 0.3 %) of 5.0×10
−6

 mol L
−1

 MLX. 



 

Figure 5 DPV voltammograms of 5×10
−6

 mol L
−1

 MLX obtained on BDDE after different 

pretreatment procedure; supporting electrolyte – BRB (pH 3), Ein = 0 mV, Efin = +2000 mV, v 

= 40 mV s
−1

, pulse height = +60 mV, pulse width = 30 ms, cMLX = 5.0×10
−6

 mol L
−1

; Inset: 

Dependence of Ip on applied pretreatment procedure: (i) anodic pretreatment – E = 

+2400 mV, t = 300 s, (ii) cathodic pretreatment – E = −1000 mV, t = 300 s, (iii) cycling – 20 

cyclic voltammograms, Ein = −1000 mV, Eswitch = Efin = +2200 mV, v = 100 mV s
−1

,  (iv) 

polishing – in alumina. 

 

3.3.2. Analysis of model solutions 

New voltammetric method was applied to measurement of various concentration dependences 

of MLX in model solutions to determine the basic statistical parameters like linear dynamic 

range (LDR), LOD, and LOQ. In Fig. 6, an example of the recorded DPV voltammograms in 

dependence on MLX concentration in the range from 1.0×10
−6

 to 1.7×10
−5

 mol L
−1

 is shown. 

As it is obvious from the inset of this figure, Ip (peak 1) increased linearly with growing 

analyte concentration and the obtained dependence can be described by the equation (7) with 



the corresponding correlation coefficient. Calculated statistical parameters are summarized in 

Table 1. The obtained value of LOD is very low (5.9×10
−8

 mol L
−1

), especially considering 

the use of bare BDDE as working electrode. Our method was also compared with those 

published for MLX determination in literature. As it is obvious from Table 2, best results 

were obtained using adsorptive stripping voltammetry in connection with HMDE [31] or with 

carbon paste electrode modified by molecularly imprinted polymer nanoparticle-multiwall 

carbon nanotubes (MIP@MWCNT/CPE) [36]. On the other hand, BDDE provide 

significantly better value of LOD than bulk CPE [33]. The main advantage of BDDE in 

comparison with other presented modified electrodes [34-37] lies in better repeatability and 

stability of the electrode surface as well as in simple and time undemanding preparation of the 

electrode for measurement. 

                                                                (7) 

 

Figure 6 DPV voltammograms of MLX obtained on BDDE in dependence on concentration; 

supporting electrolyte – BRB (pH 3), Ein = 0 mV, Efin = +2000 mV, v = 40 mV s
−1

, pulse 



height = +60 mV, pulse width = 30 ms, cMLX = 1.0×10
−6

-1.7×10
−5

 mol L
−1

; Inset: 

Dependence of Ip on concentration of MLX. 

 

Table 1 Statistical parameters for MLX determination 

LOD
*
 

[mol L
−1

] 

LOQ
*
 

[mol L
−1

] 

LDR 

[mol L
−1

] 

RSD11
**

 

[%] 

5.9×10
−8

 1.9×10
−7

 2.5×10
−7

-8.5×10
−5

 0.3 

*
Calculated from the recorded concentration dependence in the range of 2.5×10

−7
- 

1.25×10
−6

 mol L
−1

, **calculated from the 11 repeated measurements at the concentration of 

MLX of 5.0×10
−6

 mol L
−1

. 

 

Table 2 Comparison of the obtained results with those published in literature 

Method Electrode Electrolyte LOD [mol L
−1

] Real sample Ref. 

SSOP DME AcB (pH 4.76) 3.0×10
−8*

 tablets 29 

DPP DME AcB (pH 4.88) 5.7×10
−8*

 spiked plasma 30 

CAS SWV HMDE AcB (pH 5.0) 2.0×10
−11*

 spiked plasma 31 

CAS DPV HMDE BRB (pH 4.0) 2.9×10
−9**

 tablets 32 

LSV CPE BRB (pH 3.0) 1.6×10
−7*

 tablets 33 

ASV cysteic acid/GCE BRB (pH 1.86) 1.9×10
−9*

 

tablets 

spiked plasma 

34 

DPV PLL/GO-COOH/GCE BRB (pH 3.0) 8.7×10
−7***

 

tablets 

spiked serum 

35 

AAS DPV MIP@MWCNT/CPE PB (pH 9.0) 9.2×10
−11**

 spiked plasma 36 

ASV GR/CPE BRB (pH 2) 2.6×10
−9***

 tablets 37 

DPV BDDE BRB (pH 3) 5.9×10
−8**

 tablets Pres. 

AAS DPV – anodic adsorptive stripping differential pulse voltammetry, AcB – acetate buffer 

solution, ASV – adsorptive stripping voltammetry, BRB – Britton-Robinson buffer solution, 

CAS SWV – cathodic adsorptive stripping square wave voltammetry, CAS DPV – cathodic 



adsorptive stripping differential pulse voltammetry, CPE – carbon paste electrode, cysteic 

acid/GCE – cysteic acid modified glassy carbon electrode, DME – dropping mercury 

electrode, DPP – differential pulse polarography, DPV – differential pulse voltammetry 

GR/CPE – graphene nanoparticles modified carbon paste electrode, HMDE – hanging 

mercury drop electrode, LSV – linear-scan voltammetry, MIP@MWCNT/CPE – carbon paste 

electrode modified by molecularly imprinted polymer nanoparticle-multiwall carbon 

nanotubes, PB – phosphate buffer solution, PLL/GO-COOH/GCE – poly-L-

lysine/carboxylated graphene oxide modified glassy carbon electrode, SSOP – single sweep 

oscillopolarography  
*
calculated as a signal to noise ratio of 3, 

**
calculated as 3× standard deviation of an intercept 

divided by a slope, 
***

calculation procedure was not specified 

 

Verification of the proposed method was realized by determining a known amount of an 

analyte in model solutions. Concentration of MLX in a polarographic vessel was 

1.0×10
−6

 mol L
−1

 in 15 mL of BRB (pH 3) and standard addition method was applied. Always 

2-3 standard additions of standard solution of MLX (V = 15 µL, cMLX = 0.001 mol L
−1

) were 

added. Analysis was 5× repeated and parameters like average value with confidence interval, 

recovery and RSD of repeated determination were calculated. The obtained results 

summarized in Table 3 suggest that DPV with BDDE allows accurate, correct, and repeatable 

results (RSD5 = 2.11 %).  

 

3.3.3. Analysis of pharmaceutical samples 

Finally, the developed method for voltammetric determination of MLX using BDDE was 

applied in the analysis of the pharmaceutical preparation, namely drug in tablet form 

Meloxicam Mylan with the declared MLX content of 15 mg per tablet. The procedure of 

sample preparation and analysis by standard addition method is described in detail in the 

experimental part. The analysis was 5× repeated again and one example of the obtained 

voltammograms together with the graphical evaluation of standard addition method is shown 

in Fig 7. The appropriated statistical parameters as in case of model solutions are placed in 

Table 3. It can be concluded that the obtained average value (15.25±0.27) corresponds with 



that declared by producer and the determination of MLX in complicate matrix is also very 

well repeatable (RSD5 = 2.33). 

 

Table 3 Repeated determination of MLX in model solutions and pharmaceutical preparation 

 Added [mol L
−1

] Found [mol L
−1

] Recovery [%] RSD5 [%] 

model solution 1.0×10
−6

 (0.981±0.014)×10
6

 97.2-101.1 2.11 

 Declared [mg/Tbl] Found [mg/Tbl] Recovery [%] RSD5 [%] 

Meloxicam Mylan 15 (15.25±0.27) 98.1-103.6 2.33 

 

 

Figure 7 DPV voltammograms of analysis of pharmaceutical preparation “Meloxicam Mylan 

15 mg” obtained on BDDE using standard addition method; supporting electrolyte – BRB 

(pH 3), Ein = 0 mV, Efin = +2000 mV, v = 40 mV s
−1

, pulse height = +60 mV, pulse width = 

30 ms, standard additions – V = 15 µL, cMLX = 0.001 mol L
−1

; Inset: Graphical evaluation of 

standard addition method. 



 

4 Conclusion 

The electrochemical oxidation of a nonsteroidal anti-inflammatory drug meloxicam on BDDE 

proceeds in two irreversible voltammetric steps in wide pH range. Mechanism of the 

electrochemical oxidation was proposed and confirmed using high performance liquid 

chromatography/mass spectrometry analysis of MLX solutions electrolyzed on a carbon fiber 

brush electrode. Thiazole and benzoisothiazole were proved as the main reaction products of 

the first two-electron oxidation step. The second two-electron step includes probably 

subsequent oxidation of aldehyde group of thiazole to give the corresponding monoamide of 

oxalic acid. 

 Voltammetric method for MLX determination utilizing DPV in connection with 

BDDE was developed. The first anodic signal in BRB of pH 3 was found as optimum for 

analytical purposes and the basic parameters of DPV like scan rate, pulse height, and pulse 

width were optimized. The suitable BDDE pretreatment procedure was also suggested. The 

proposed method provides a wide LDR (2.5×10
−7

-8.5×10
−5

 mol L
−1

) and very low LOD 

(5.9×10
−8

 mol L
−1

), which is significantly lower than that achieved for bulk CPE and 

comparable with those reported for various modified electrodes. Using model solutions, 

recovery of this method was ranging from 97.2-101.1 %. The applicability of the proposed 

method for practical samples was verified by successful analysis of pharmaceutical samples. 
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Abstract 

Voltammetric behavior of a nonsteroidal anti-inflammatory drug meloxicam was firstly 

studied using boron doped diamond electrode (BDDE). Two irreversible anodic current peaks 

were observed in wide pH range at potentials +900 mV and + 1400 mV vs. saturated silver-

silver chloride electrode. Mechanism of the electrochemical oxidation was proposed and 

confirmed using high performance liquid chromatography/mass spectrometry analysis of 

electrolyzed meloxicam solutions. Subsequently, an analytical method for meloxicam 

determination was developed using differential pulse voltammetry in connection with BDDE. 

This method provides low limit of detection (5.9×10
−8

 mol L
−1

) and wide linear dynamic 

range (2.5×10
−7

-8.5×10
−5

 mol L
−1

). Finally, model solutions as well as pharmaceutical 

preparations were successfully analyzed, and the meloxicam content was determined. 
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1 Introduction 

Meloxicam (MLX, 4-hydroxy-2-methyl-N-(5-methyl-1,3-thiazol-2-yl)-2H-1,2-benzothiazine-

3-carboxamide-1,1-dioxide, Scheme 1) is a nonsteroidal anti-inflammatory drug from the 

oxicam class (NSAID). Oxicams are a group of structurally closely related substances which 

are widely used in the treatment of both acute and chronic pain syndromes of various origins, 

especially vertebrogenic and joint pain. They are also applied for short-term treatment of 

postoperative and post-traumatic pain. In general, their analgesic, anti-inflammatory and 

antipyretic effects are used. They are also widely utilized in some types of headaches [1]. 

MLX is indicated especially for the treatment of rheumatoid arthritis, osteoarthritis and other 

joint diseases [2-4]. Due to its very low solubility in acidic environment, it can cause only few 

local gastrointestinal side effects [5-8]. MLX was also associated with an increased risk of 

serious cardiovascular adverse events [8-10]. 

 

Scheme 1 Chemical structure of meloxicam. 

 

MLX can be determined using various instrumental methods. High-performance liquid 

chromatography is most commonly used, e.g. in combination with diode or photodiode array 

detector [11, 12], UV spectrophotometric detector [13-16], or with mass spectrometer [17-20]. 

Method for separation and determination of MLX by thin-layer chromatography with 

densitometric detection was also described [21]. UV-VIS spectrophotometry [22-26] or 

fluorimetry [26, 27] represent another options for MLX determination. As an alternative, 

flow-injection chemiluminiscence determination can be also used [28]. These methods are 



usually very sensitive and selective, but often require complex sample preparation for analysis 

and are time-consuming and instrumentally demanding. Because MLX is an 

electrochemically active compound, voltammetry offers a cheap, fast and simple alternative to 

the above mentioned methods. 

In the first instance, reduction of MLX was utilized for its determination by single 

sweep oscillopolarography [29] and polarography [30] using dropping mercury electrode 

(DME). Hanging mercury drop electrode (HMDE) was used for MLX determination applying 

cathodic adsorptive stripping square wave voltammetry [31] as well as cathodic adsorptive 

striping differential pulse voltammetry [32]. The authors found that MLX provides two 

reduction signals on mercury electrode and Beltagi et al. [32] proposed the reduction 

mechanism of MLX. According to them, the first reduction step may be assigned to the 

reduction of the double bond in the enol form, while the second reduction step may 

correspond to the reduction of the carbonyl group of the keto form, to yield a saturated 

dihydrogen derivative. Radi et al. [33] studied the oxidative voltammetric behavior of 

meloxicam at a carbon paste electrode (CPE) and developed method for its determination 

using linear-scan voltammetry. According the authors, MLX gave rise to two voltammetric 

peaks, when the first one corresponds to the oxidation of amide functional group and the 

second one to the oxidation of enol functional group, respectively. Other published methods 

for MLX determination via its electrochemical oxidation used variously modified carbon 

based working electrodes. Wang et al. described method applying glassy carbon electrode 

(GCE) modified with anionic layer of cysteic acid providing electrostatic accumulation of the 

analyte onto the electrode surface [34]. MLX was also successfully determined at a poly-L-

lysine (PLL)/carboxylated graphene oxide (GO–COOH)/modified glassy carbon electrode 

(GCE) [35], carbon paste electrode modified by molecularly imprinted polymer nanoparticle-

multiwall carbon nanotubes [36], or graphene nanoparticles modified CPE [37]. A substantial 



part of the last mentioned article is also devoted to the mechanism of MLX oxidation. In 

contrast to the mechanism reported in [33], the oxidation of the enol group is presumed to 

give rise to the first anodic signal and the oxidation of the amide group the second current 

response.    

In the present work, MLX oxidation was firstly studied using boron doped diamond 

electrode (BDDE) [38-41]. This working electrode provide the number of advantages over 

traditionally employed electrodes, namely extreme hardness, high corrosion resistance, 

chemical inertness, high thermal conductivity, low sensitivity to dissolved oxygen, 

electrochemical stability in both alkaline and acidic media, very low and stable background 

current, and especially a wide usable potential window as well as a resistance to the electrode 

surface passivation [42-49]. These exceptional properties make it widely used in 

electroanalytical measurements in the determination of a number of biologically active 

substances and significant environmental contaminants as stated in various review articles 

[45, 50-52]. A number of studies related to drug determination were also described in the 

literature [53-59]. An oxidation mechanism of MLX was studied in more detail to clarify 

contradictory results reported in literature [33, 37]. The mechanism hitherto published was 

proposed based only on the results of pH effects on peak potential and peak current in cyclic 

voltammograms. Within our study, controlled potential electrolysis and ultraperformance 

liquid chromatography – mass spectrometry (UPLC/MS) with electrospray ionization (ESI) 

were used for generation and identification of products of MLX anodic oxidation. Finally, 

voltammetric method for MLX determination with BDDE was developed and utilized for 

analysis of a commercially available pharmaceutical preparation. 

 

2 Experimental  

2.1 Chemicals 



Standard solution of 0.001 mol L
−1

 MLX (Sigma-Aldrich) was prepared by dissolution of the 

suitable amount in acetonitrile (Penta-Švec, Czech Republic). It was stored in a refrigerator at 

the temperature about +4°C and without light access. More dilute solutions were prepared 

fresh daily by dilution with supporting electrolyte. Britton-Robinson buffer (BRB) formed by 

acidic (0.4 mol L
−1

 H3PO4, H3BO3, and CH3COOH, all from Penta-Švec, Czech Republic) 

and alkaline component (0.2 mol L
−1

 NaOH, Lachema, Czech Republic) was used as a 

supporting electrolyte. The solution of
 
HNO3 (pH 1) was diluted from 65 % HNO3 (Penta-

Švec, Czech Republic). The standard solutions of the other oxicams (Sigma-Aldrich), namely 

piroxicam (PRX), lornoxicam (LRX), and tenoxicam (TNX), were prepared by the same way 

as in case of MLX. Pharmaceutical preparation “Meloxicam Mylan 15 mg” originated from 

Generics (UK) Ltd, Great Britain.  

 

2.2 Instrumentation 

Voltammetric measurements were performed with Eco-Tribo Polarograph (Polaro-Sensors, 

Czech Republic) equipped with software POLAR.PRO version 5.1. The electrochemical cell 

was in a three-electrode arrangement. BDDE (Windsor Scientific, Great Britain, active 

surface area of 7.07 mm
2
, inner diameter of 3 mm, resistivity of 0.075  cm with a B/C ratio 

during deposition 1000 ppm) served as a working electrode, saturated argentchloride 

electrode (Ag/AgCl/KCl) was used as a reference and platinum wire as an auxiliary electrode 

(both Monokrystaly, Czech Republic). A potentiostat Autolab PGSTAT128 N (Metrohm 

Autolab, the Netherlands) was employed for linear sweep voltammetry (LSV) with rotating 

disc electrode (Autolab RDE, glassy carbon disc, diameter 0.5 cm) and controlled potential 

electrolysis with carbon fiber brush electrode (CFBE) [60]. Three-electrode system was 

completed with reference saturated calomel electrode (SCE) and platinum auxiliary electrode, 

which was placed in a cathodic compartment separated by a glass frit for bulk electrolysis.  



Acquity UPLC system (Waters, USA) with PDA detector and mass spectrometric 

detector (QDA) equipped with heated electrospray ionization (HESI) and quadrupole analyzer 

were used for analysis of electrolyzed solutions. Potentiostat ADLC1 (Laboratorní přístroje, 

Czech Republic) with Model 5021A conditioning cell (ESA, Chelmsford, USA) containing 

porous graphite working electrode, Pd counter and a Pd/H2 reference electrode, NE-1002X 

syringe pump (New Era Pump Systems, Farmingdale, USA) and Agilent 1100 Series 

LC/MSD Trap (Agilent Technologies, Palo Alto, USA) with electrospray ionization (ESI) 

were employed for on-line EC/MS experiments.  

All measurements were carried out at laboratory temperature of 23±2 °C.  

Values of pH were measured by pH-meter Accumet AB150 (Fisher Scientific, Czech 

Republic) and dissolution of standards as well as pharmaceutical samples was facilitated 

applying ultrasonic bath Bandelin Sonorex (Schalltec GmbH, Germany). Polishing kit 

(Electrochemical Detectors, Czech Republic) consisted of a polyurethane pad and Al2O3 

powder (particle size 0.3 µm) was used for BDDE pretreatment. 

Parameters of calibration curves and confidence intervals were calculated on the level of 

significance 0.05. Statistical parameters like limit of detection (LOD) and limit of 

quantification (LOQ) were calculated from the calibration dependences as 3× and 10×, 

respectively, of standard deviation of an intercept divided by a slope.   

 

2.3 Procedures  

2.3.1 Voltammetric measurements 

Before beginning of the experiments, BDDE was activated and regenerated employing 20 

cyclic voltammograms between initial potential (Ein) −1000 mV and switching potential 

(Eswitch) +2200 mV directly in supporting electrolyte. Cycling was terminated at the positive 

potential values, i.e., the final potential (Efin) was +2200 mV. After this step, the working 



electrode was ready for analysis. Between the particular measurements, no regeneration or 

activation step was inserted. This procedure ensured the O-terminated surface because BDD is 

easily oxidizable even by air oxygen.  

Cyclic voltammetry (CV) was utilized for the investigation of the voltammetric 

behavior of MLX. If not defined otherwise, measurements were performed from Ein = 

−500 mV to Eswitch = +2000 mV and back to −500 mV applying the scan rate (v) of 

100 mV s
−1

. In case of the scan rate study, the value of v varied from 25 to 500 mV s
−1

. 

Considering very good sensitivity, differential pulse voltammetry (DPV) was used for the 

development of the method for MLX determination. BRB of pH 3 was chosen as a suitable 

supporting electrolyte. The optimized DPV parameters were as follows: Ein = 0 mV, Efin = 

+2000 mV, v = 40 mV s
−1

, pulse height +60 mV, and pulse width 20 ms (and another 20 ms 

as a current sampling time). The values of the peak height (Ip) were evaluated according to the 

baseline inserted as a tangent to the curve at minimum before and after the peak. 

Hydrodynamic voltammograms were recorded with RDE using LSV at scan rate 10 mV s
−1

 

and rotation speed 500-3000 rpm (52–314 rad s
-1

). Glassy carbon electrode disk was polished 

before each scan with alumina slurry (0.05 μm particle size) on microcloth (Buehler). 

 

2.3.2. Controlled potential electrolysis, HPLC/MS analysis and EC/MS experiments 

Carbon fiber brush electrode (CFBE) used as the working electrode for bulk electrolysis was 

prepared in the laboratory according to the previously described procedure [61]. Before use, 

CFBE was sonicated in acetonitrile and deionized water for 5 minutes. Subsequently, it was 

electrochemically pretreated in 0.1 mol L
−1

 H2SO4 using 50 potential cycles from -1.7 to +2.0 

V (vs. SCE) and thoroughly washed with deionized water. Controlled potential electrolysis 

was performed with 4 mL of 5×10
−4

 mol L
−1

 MLX solution in the mixture of 0.2 mol L
−1

 

aqueous CH3COOH and CH3CN (1/1, v/v) in anodic compartment of the electrolytic cell, at 



potentials of 0.8 V and 1.2 V (vs. SCE) for 60 min on the electromagnetic stirrer. The 

cathodic compartment was filled with 0.2 mol L
−1

 CH3COOH. Electrolyzed samples and 

respective standard solution of MLX were analyzed by UPLC/MS. Chromatographic 

separation was performed on XSelect HSS T3 column (3 mm × 50 mm, 2.5 μm, Waters) at 23 

°C. Mobile phase consisted of 0.01M aqueous ammonium acetate (solvent A) and a mixture 

CH3CN/H2O (90/10, v/v, solvent B). Gradient elution: 0–5 min (0–55 % B), 5–10 min (55 % 

B) was performed with flow rate 0.6 mL min
-1

. After the analysis the column was equilibrated 

with solvent A for 2.5 min. The injection volume was 5 μL. Mass spectrometry conditions 

were set for both positive (ESI+) and negative (ESI-) electrospray ionization modes as 

follows: capillary voltage 0.8 kV, cone 25 V, source temperature 120 °C, heated probe 

temperature 600 °C and the acquired mass range m/z 60–600. 

In on-line EC/MS experiments, MLX solution (c = 5×10
−5 

mol L
−1

) in 0.2 mol L
−1

 

aqueous CH3COOH and CH3CN (1/1, v/v) was pumped through the coulometric cell to the 

electrospray ion source of MS by flow rate 8 μL min
−1

. Potential of the working porous 

graphite electrode in the cell gradually increased from 0 to 0.7 V (vs. Pd/H2) in steps of 

20 mV. At each potential, MS signals were recorded for 60 s in both positive and negative 

ESI modes under the following conditions: drying gas (N2), flow rate 5 L min
−1

, drying 

temperature 180 °C, nebulizer pressure 15 psi, capillary voltage ±3.5 kV, end plate offset 

±0.5 kV. Helium was used as collision gas. Data were processed using DataAnalysis 3.3 

software (Bruker Daltonik, Germany). 

 

2.3.3 Analysis of pharmaceutical sample 

The stock solution for the quantitative experiments was prepared from one blister of MLX 

tablets of “Meloxicam Mylan 15 mg” containing 10 tablets with declared content of 15 mg 

MLX/Tbl. Tablets were powdered in a grinding mortar, and then the sample was 



quantitatively transferred into a 1000 mL standard flask and was dissolved in acetonitrile 

applying the ultrasonic bath. This solution was filtered. The concentration of MLX in the 

prepared solution was about 4.27×10
−4

 mol L
−1

 (calculated according to the content of the 

substance declared by the producer). 35 µL of the sample solution was added to the 

polarographic cell with 15 mL of the supporting electrolyte (BRB pH 3) and the 

determination was carried out by the standard addition method and  two standard additions 

(15 µL of 0.001 mol L
−1

 MLX ) were applied at least. The determination was five times 

repeated and relative standard deviation of repeated determination (RSD) was calculated. 

 

3 Results and discussion 

3.1. Voltammetric behavior of meloxicam 

Oxidation of MLX on BDDE was firstly measured in BRB (pH 3) at 100 mV s
−1

. These 

conditions were taken from the literature [33]. The obtained cyclic voltammogram of 

1.0×10
−5

 mol L
−1

 MLX is depicted in Fig. 1 (red curve). In accordance with the literature, 

MLX provided two oxidation signals at the potential values (Ep) of +900 and +1400 mV. No 

corresponding reduction peak was observed on the cathodic curve, suggesting an irreversible 

course of the ongoing electrode reaction. This finding was confirmed also during the 

measurements with different Eswitch values as it is evident from the inset of Fig. 1.  

According to the authors of the previous publication [33], the first MLX peak 

corresponds to the oxidation of amide function group and the second one to the oxidation of 

enol function. Eroglu et al. [37] assigned the first signal to the oxidation of enol group and the 

second one to the oxidation of amide. None of the research groups provided any evidence to 

support their proposal (e.g., mass spectroscopy analysis of the products of electrolysis). 

Moreover, CV voltammograms of other oxicams (PRX, LRX, and TNX) were preliminary 

measured on the same BDDE and for comparison they are placed in Fig. 1 too. All these 



compounds provide one oxidation signal at the same Ep as the first peak of MLX which 

predicts the same electrochemical process. In the literature [62, 63], this peaks are also 

assigned to the oxidation of enol group. In the following chapters we would like to clarify the 

oxidation mechanism of MLX among others using HPLC-MS technique. 

 

Figure 1 Cyclic voltammograms of oxicams in BRB (pH 3) obtained on BDDE; Ein = 

−500 mV, Eswitch = +2000 mV, v = 100 mV s
−1

, cMLX = cPRX = cLRX = cTNX = 

1.0×10
−5

 mol L
−1

; Inset: Cyclic voltammograms of MLX with Eswitch = +2000 and +1070 mV. 

 

3.1.1. Dependence on pH 

Fig. 2 shows the influence of pH of supporting electrolyte in the range from 1 to 12 on MLX 

(1.0×10
−5

 mol L
−1

) anodic signals obtained by CV (v = 100 mV s
−1

). The acidic medium was 

ensured with the solution of diluted HNO3, and other pH values (2-12) were reached using 

BRB.  It is evident that the best developed two peaks were observed in acidic media (pH 1-3) 

and with the increasing of pH both signals decrease and widen. In alkaline electrolyte the first 

peak became very difficult evaluable and the second one disappeared. Due to the following 



analytical usage, attention was paid especially to the first peak. Its position shifts to more 

negative potential values in the range of pH 1-3 and shows a shift in the opposite direction in 

more basic media (see the inset of Fig. 2). The peak height (Ip) reached maximum in acidic 

medium (pH 1-3) as it is documented in the inset of Fig. 2. Changes in trends of both Ip and 

Ep of the first MLX peak in the dependence on pH indicate the change in protolytic forms of 

MLX. As reported [64], MLX has two pKa values: 1.09 and 4.18. At low pH values (<1.09), 

MLX exists mainly in the cation form, at pH > 4.18 the anion form prevail in aqueous 

solutions. The pH dependence of Ip and Ep shows that the anionic form of MLX is more 

difficult to oxidize than the protonated and uncharged form. BRB of pH 3 was applied as 

suitable supporting electrolyte for all next voltammetric measurements. 

  

Figure 2 Anodic parts of cyclic voltammograms of MLX obtained on BDDE in dependence 

on pH; supporting electrolyte – solution of HNO3 (pH 1) and BRB (pH 2-12), Ein = −500 mV, 

Eswitch = +2000 mV, v = 100 mV s
−1

, cMLX = 1.0×10
−5

 mol L
−1

; Inset: Dependence of Ip and Ep 

of the first oxidation peak on pH of supporting electrolyte. 

 



3.1.2. Dependence on scan rate 

The effect of scan rate on the voltammetric behavior of MLX can be useful for determining 

the controlling process and for proposing mechanism of the observed electrode reactions. CV 

voltammograms of MLX (1.0×10
−5

 mol L
−1

) obtained in BRB (pH 3) on BDDE in 

dependence on v (50-450 mV s
−1

) are shown in Fig. 3. It is evident that both anodic signals 

increased with growing v and simultaneously their Ep shifted to more positive potential values 

confirming the irreversible course of the oxidation reactions. While dependence of Ip on v for 

the first signal, that we are interested in (inset of Fig. 3), did not show a linear pattern, 

dependence of Ip on square root of v (Ip_v
1/2

) was linear and can be described by equation (1) 

with the appropriate correlation coefficient. This indicates the diffusion-controlled process. It 

was verified also with logarithmic dependence (log(Ip)_log(v)) described by equation (2). The 

significant influence of kinetics was also proved because the value of slope lies below the 

theoretical value of 0.5. 

                                                              (1) 

                                                                       (2) 

Consistent with the findings of the pH-dependency study, an increasing effect of 

kinetics with increasing pH was observed. While at pH 1 the slope of log(Ip)_log(v) (equation 

3) is very close to the theoretical value of 0.5 for a pure diffusion-controlled process, at pH 5 

(where the anionic form of MLX predominates) the slope value 0.31 (equation 4) is lower 

than at pH 3 (equation 2), showing that the influence of kinetics on the control process 

increases with pH. 

                                                                        (3) 

                                                                        (4) 



 

Figure 3 Cyclic voltammograms of MLX obtained on BDDE in dependence of scan rate; 

supporting electrolyte – BRB (pH 3), Ein = −500 mV, Eswitch = +2000 mV, v = 50-450 mV s
−1

, 

cMLX = 1.0×10
−5

 mol L
−1

; Inset: Dependence of Ip on pH of supporting electrolyte. 

 

3.2. Oxidation mechanism 

3.2.1. Number of exchanged electrons  

Linear sweep voltammograms of MLX recorded on RDE at different rotation velocity were 

evaluated and used to estimate number of electrons transferred at anodic oxidation of MLX. 

As the electrochemical reaction evinced mixed diffusion-kinetic control, Koutecký-Levich 

equation (5) was used to calculate number of involved electrons from the slope of the 

dependence of 1/I on 1/ω
1/2

 [65]: 

 

 
 

 

         
   

           
 

 

       
 ,            (5) 



where I represents electrode current, n is number of electrons, F is the Faraday constant, A is 

area of the disc electrode (0.196 cm
2
), υ is the kinematic viscosity of the solution 

(8.84×10
−3

 cm
2
 s

−1
), cA - concentration of analyte (9.52×10

−8
 mol cm

−3
), ω – rotating velocity 

(rad s
−1

) and kh – heterogenous rate constant (cm s
−1

). Diffusion coefficient DA of MLX was 

estimated from the Wilke-Chang equation (6) [66]: 

                   

      ,             (6) 

where T is thermodynamic temperature, η is viscosity, x and M are association parameter and 

molar weight of the solvent, respectively, and V is molar volume of the solute. Under the 

respective experimental conditions T = 298.15 K, viscosity of 1:1 (v/v) acetonitrile – water 

mixture η = 0.801 cP [67], x = 2.6, M = 18.015 g mol
−1

 and molar volume of MLX V = 

217.7±3.0 mL (calculated using ACD/ChemSketch software), the value of DA = 

0.746×10
−5

 cm
2
 s

−1
 was obtained. Slopes of the dependence 1/I = f(1/ω

1/2
) were evaluated 

from hydrodynamic voltammograms of MLX (Fig. S1-A, B in Supplementary information 

file) at 5 different potentials (0.8-1.0 V) and each value was used to calculate number of 

electrons with the result: n = 2.09±0.11. This result corresponds to the number of electrons n 

= 1.98 found by convolutive procedure [68] applied to linear sweep voltammogram recorded 

on a static disc electrode (see Fig. 2 in Supplementary material). It can be concluded, that the 

first step of the anodic oxidation of meloxicam is a two-electron process. 

   

3.2.2. UPLC/MS analysis of oxidation products 

The previously proposed mechanisms of electrochemical oxidation of MLX in aqueous 

solutions attribute the first oxidation step to either the amide function group [33] or the enol 

group [37]. Both hypotheses are based on the results of the voltammetric behavior of this 

substance and its similarity to the behavior of structurally related substances. In this work, we 



attempted to elucidate the reaction mechanism based on UPLC/MS analysis of MLX 

electrolysis products produced on large-area CFBE. For comparison, on-line EC/MS 

experiments were performed with flow-through coulometric cell containing working porous 

graphite anode coupled to mass spectrometer with ion trap analyzer. In both types of 

experiments, 0.2 mol L
−1

 aqueous CH3COOH with acetonitrile (1/1, v/v) was used to provide 

the appropriate acidic medium and to maintain MLX in solution. Potentials for the bulk 

electrolysis in the off-line experiment were selected from hydrodynamic voltammograms 

(Fig. S1-A in the Supplementary information file) at the limiting current of the first anodic 

wave and at the steep part of the second waves (to avoid formation of hydrogen bubbles in the 

narrow cathodic compartment at higher potentials).  

UPLC/MS analysis of the standard MLX solution provided a single peak with 

retention time tr = 4.62 min and protonated molecule [M+H]
+
 at m/z 352 (Fig. S3a and S4a in 

the Supplementary information file, respectively). Fragmentation pattern of the spectrum 

acquired in ESI+ mode (Fig. S4a) with fragment ions at m/z 115, 141 and 184 corresponds to 

those reported in the literature [69] Mass spectrum recorded in ESI- mode (Fig. S4b) shows 

fragments at m/z 286 (loss of SO2), m/z 210 and m/z 146 (loss of SO2 from the fragment m/z 

210).   

Total ion current chromatogram of the MLX solution electrolyzed at potential of 

+0.8 V, corresponding to the limiting current of the first voltammetric wave of MLX, 

revealed four main peaks of reaction products (Fig. S3b in Supplementary information file). 

Two peaks with tr = 4.30 min and tr = 5.83 min and m/z 350 appertain to isomeric products 

with the m/z value two units lower than that of MLX. Mass spectra of these products are 

similar (Fig. S5) with common fragment ions at m/z 210 and m/z 141, which differ in their 

intensities. Presence of the fragment m/z 141 corresponding to the methyl-thiazolyl 

carboxamide moiety, which is characteristic of MLX, confirms that this part of the molecule 



remain unchanged. The third peak with tr = 5.32 min belongs to a product with [M+H]
+
 at m/z 

368 (Fig. S6a in the Supplementary information file). The main fragment at m/z 141 indicates 

presence of unchanged methyl-thiazolyl carboxamide moiety of the product. The fourth peak 

with tr = 3.52 min, [M+H]
+
 at m/z 171 (Fig. S6b in the Supplementary information file) 

rendered fragment ions at m/z 143 and m/z 115 corresponding to two consecutive losses of CO 

from two carbonyl groups in the product structure. These results indicate that all products of 

the first step of meloxicam oxidation have an unchanged methyl-thiazolyl carboxamide 

structure. Therefore, in the first step of the electrochemical reaction, oxidation occurs at the 

enol group of the hydroxybenzothiazine ring.      

Chromatogram of the MLX solution electrolyzed at potential of +1.2 V corresponding 

to the steep part of the second oxidation wave of MLX, gave a peak with retention time tr = 

3.18 min and m/z 187 in ESI+ or m/z 185 in ESI- (Fig. S7 in the Supplementary information 

file). Fragments at m/z 143 and 141 formed by losses of CO2 and HCOOH, respectively, 

confirm that the product is a carboxylic acid having unchanged methyl-thiazolyl carboxamide 

moiety (9 in Scheme 2). 

The products detected in the electrolyzed MLX solutions by UPLC/MS were also 

observed in on-line EC/MS experiments that may detect unstable reaction products. MS signal 

intensity of individual reaction products varied with the potential applied to the working 

electrode in accordance with the UPLC/MS analysis of MLX solutions electrolyzed at lower 

and higher potential (Fig. S8 in the Supplementary information file). In addition, in the mass 

spectra obtained at higher potentials of electrolysis, one more product was observed at m/z 

296 in ESI+. Collision spectrum of this product (Fig. S9, Supplementary information file) 

gave major fragments at m/z 253 (loss of NCOH), m/z 235 (subsequent loss of H2O) and m/z 

210, corresponding to unchanged N-methyl benzothiazinone moiety. This product was found 

in UPLC/MS analysis only at very low content, indicating its low long-term stability. 



However, this finding shows that the amide or methylthiazole group of MLX can be subjected 

to an electrochemical reaction at sufficiently high potential. 

 

3.2.3. Reaction mechanism 

Voltammetric experiments revealed that the electrochemical oxidation of MLX proceeds in 

two irreversible steps, preferably under acidic conditions. Based on the identified products of 

electrolysis performed at the limiting current of the first two-electron wave, the following 

reaction mechanism was proposed (Scheme 2): The electrode reaction starts with the electron 

transfer from the hydroxyl oxygen of the enol group. Deprotonation of the formed cation 

radical and subsequent transfer of the second electron leads to intermediate 2, which is 

susceptible to form 3 by addition of water and its ring-chain tautomeric form 4. Formation of 

the structure 3 is consistent with reaction mechanism proposed for electrochemical oxidation 

of a relative drug piroxicam [63]. Under acidic conditions, intramolecular condensation of 4 

leads to benzoisothiazoliminium form 5, which can be hydroxylated to give unstable 

intermediate 6. Decomposition of 6 produces thiazole (7) and benzoisothiazole (8), the two 

main reaction products of the first electrochemical oxidation step of MLX. As the first 

reaction step starts with the electron withdrawing from the “enolic” hydroxyl, after its 

deprotonation at pH > pKa (4.18) the electrode reaction becomes kinetically controlled by the 

rate of protonation of the deprotonated enolate.  

Second step of the electrochemical oxidation includes most likely subsequent 

oxidation of aldehyde group of 7 to give the corresponding monoamide of oxalic acid (9). 

However, oxidation of the methylthiazole moiety to corresponding sulfone and sulfoxide [70] 

can also be supposed according to the results of EC/MS experiment. Hydrolytic cleavage of 

the sulfoxide can lead to formation of the detected product at m/z 296 in ESI+.   



S
N

NHN

S

CH3

OO

O O

CH3

OH

S
NH

NHN

S

CH3

OO

O O

CH3

O

S
N+

NHN

S

CH3

OO

O O

CH3S
N

NHN

S

CH3

OHO

O O

CH3

-2e, -H+

m/z 352

+H
2
O, -H+

S

N

NH
N

S
CH3 O

O
O

CH3

O

OH
+H

2
O, -H+

NH
N

S
CH3

O O

OH

NH
N

S
CH3 O

O

+
S

N

O
O

CH3

O

1 2 3 4

4

S

N+

NH
N

S
CH3 O

O
O

CH3

O

+H+, -H
2
O 

5 6 7 8

NH
N

S
CH3 O

O -2e, -2H+

+H
2
O

9

1st step:

2nd step:

7

m/z 350 m/z 368

m/z 350 m/z 368 m/z 171 m/z 198

m/z 198

 

Scheme 2 Proposed mechanism of the first and second step of electrochemical reactions of 

meloxicam with mass‐to‐charge ratios in positive ion mode ESI‐MS. 

 

3.3. Voltammetric determination of meloxicam 

3.3.1. Optimization of DPV parameters 

DPV was applied for the development of voltammetric method for MLX determination and 

the first oxidation peak was used for this purpose. At the beginning, basic parameters of DPV 

like scan rate, pulse height and pulse width were optimized. All the following experiments 

were carried out in BRB of pH 3 and with the MLX concentration of 5.0×10
−6

 mol L
−1

 in a 

polarographic vessel. One parameter was always changed and the others were kept constant. 

Specific settings are described in the caption of the Fig. 4 which illustrates the courses of the 

particular dependences of Ip on the individual tested parameters. The value of v was changed 

from 10 to 100 mV s
−1

. Fig. 4A shows the peak increased up to 40 mV s
−1

 and therefore this 

value was set for all the following measurements. The pulse height was tested in the range 



from 10 to 100 mV. Ip increased approximately linearly in dependence of pulse height up to 

value 70 mV (Fig. 4B) but simultaneously at the higher values MLX oxidation signal was 

spreading. For further experiments, a pulse height of 60 mV was selected as a compromise 

between peak height and shape. The last examined parameter – pulse width was tested in the 

range of 10-100 ms (Fig. 4C) and the value of 30 ms was applied for all of the future 

experiments. 

 

Figure 4 Dependences of Ip on v (A), Ip on pulse height (B), and Ip on pulse width (C) 

obtained on BDDE using DPV; supporting electrolyte – BRB (pH 3), Ein = 0 mV, Efin = 

+2000 mV, v = 10-100 mV s
−1

 (A), and 40 mV s
−1

 (B, C), pulse height = +50 mV (A), +10-

+100 mV (B), and +60 mV (C), pulse width = 50 ms (A, B), 10-100 ms (C), cMLX = 

5.0×10
−6

 mol L
−1

. 

 

Another factor, that significantly influences the electrochemical properties of BDDE 

surface and thus the height and shape of the measured current signals, is the pretreatment 



procedure [71]. In case of MLX determination we tested four different pretreatment processes 

as follows: (i) anodic pretreatment (E = +2400 mV, t = 300 s), (ii) cathodic pretreatment (E = 

−2000 mV, t = 300 s), (iii) insertion of 20 cyclic voltammograms (Ein = −1000 mV, Eswitch = 

Efin = +2200 mV, v = 100 mV s
−1

), and (iv) polishing on alumina. DPV voltammograms of 

MLX (5.0×10
−6

 mol L
−1

) obtained under the optimized parameters always after the insertion 

of particular pretreatment procedure directly in analyzed solutions before scan are illustrated 

in Fig. 5. It is evident that the highest and the sharpest peaks were obtained similarly after 

cycling and anodic pretreatment that both provide O-terminated BDDE surface. On the other 

hand, the lowest signal was recorded after application of negative potential and reduction of 

the working surface, respectively (H-terminated surface). Concerning polishing, significant 

background increase and worsening of the repeatability of measurement was observed. Due to 

the better repeatability and slightly higher peak, CV was selected as suitable pretreatment 

procedure for all further measurements. Moreover, it was found that it is sufficient to include 

cycling only at the beginning of the work. There is no need to activate or regenerate the 

electrode surface between the individual measurements. The electrode passivation does not 

occur, which is confirmed by the obtained low value of relative standard deviation of 11 

repeated measurements (RSD11 = 0.3 %) of 5.0×10
−6

 mol L
−1

 MLX. 



 

Figure 5 DPV voltammograms of 5×10
−6

 mol L
−1

 MLX obtained on BDDE after different 

pretreatment procedure; supporting electrolyte – BRB (pH 3), Ein = 0 mV, Efin = +2000 mV, v 

= 40 mV s
−1

, pulse height = +60 mV, pulse width = 30 ms, cMLX = 5.0×10
−6

 mol L
−1

; Inset: 

Dependence of Ip on applied pretreatment procedure: (i) anodic pretreatment – E = 

+2400 mV, t = 300 s, (ii) cathodic pretreatment – E = −1000 mV, t = 300 s, (iii) cycling – 20 

cyclic voltammograms, Ein = −1000 mV, Eswitch = Efin = +2200 mV, v = 100 mV s
−1

,  (iv) 

polishing – in alumina. 

 

3.3.2. Analysis of model solutions 

New voltammetric method was applied to measurement of various concentration dependences 

of MLX in model solutions to determine the basic statistical parameters like linear dynamic 

range (LDR), LOD, and LOQ. In Fig. 6, an example of the recorded DPV voltammograms in 

dependence on MLX concentration in the range from 1.0×10
−6

 to 1.7×10
−5

 mol L
−1

 is shown. 

As it is obvious from the inset of this figure, Ip (peak 1) increased linearly with growing 

analyte concentration and the obtained dependence can be described by the equation (7) with 



the corresponding correlation coefficient. Calculated statistical parameters are summarized in 

Table 1. The obtained value of LOD is very low (5.9×10
−8

 mol L
−1

), especially considering 

the use of bare BDDE as working electrode. Our method was also compared with those 

published for MLX determination in literature. As it is obvious from Table 2, best results 

were obtained using adsorptive stripping voltammetry in connection with HMDE [31] or with 

carbon paste electrode modified by molecularly imprinted polymer nanoparticle-multiwall 

carbon nanotubes (MIP@MWCNT/CPE) [36]. On the other hand, BDDE provide 

significantly better value of LOD than bulk CPE [33]. The main advantage of BDDE in 

comparison with other presented modified electrodes [34-37] lies in better repeatability and 

stability of the electrode surface as well as in simple and time undemanding preparation of the 

electrode for measurement. 

                                                                (7) 

 

Figure 6 DPV voltammograms of MLX obtained on BDDE in dependence on concentration; 

supporting electrolyte – BRB (pH 3), Ein = 0 mV, Efin = +2000 mV, v = 40 mV s
−1

, pulse 



height = +60 mV, pulse width = 30 ms, cMLX = 1.0×10
−6

-1.7×10
−5

 mol L
−1

; Inset: 

Dependence of Ip on concentration of MLX. 

 

Table 1 Statistical parameters for MLX determination 

LOD
*
 

[mol L
−1

] 

LOQ
*
 

[mol L
−1

] 

LDR 

[mol L
−1

] 

RSD11
**

 

[%] 

5.9×10
−8

 1.9×10
−7

 2.5×10
−7

-8.5×10
−5

 0.3 

*
Calculated from the recorded concentration dependence in the range of 2.5×10

−7
- 

1.25×10
−6

 mol L
−1

, **calculated from the 11 repeated measurements at the concentration of 

MLX of 5.0×10
−6

 mol L
−1

. 

 

Table 2 Comparison of the obtained results with those published in literature 

Method Electrode Electrolyte LOD [mol L
−1

] Real sample Ref. 

SSOP DME AcB (pH 4.76) 3.0×10
−8*

 tablets 29 

DPP DME AcB (pH 4.88) 5.7×10
−8*

 spiked plasma 30 

CAS SWV HMDE AcB (pH 5.0) 2.0×10
−11*

 spiked plasma 31 

CAS DPV HMDE BRB (pH 4.0) 2.9×10
−9**

 tablets 32 

LSV CPE BRB (pH 3.0) 1.6×10
−7*

 tablets 33 

ASV cysteic acid/GCE BRB (pH 1.86) 1.9×10
−9*

 

tablets 

spiked plasma 

34 

DPV PLL/GO-COOH/GCE BRB (pH 3.0) 8.7×10
−7***

 

tablets 

spiked serum 

35 

AAS DPV MIP@MWCNT/CPE PB (pH 9.0) 9.2×10
−11**

 spiked plasma 36 

ASV GR/CPE BRB (pH 2) 2.6×10
−9***

 tablets 37 

DPV BDDE BRB (pH 3) 5.9×10
−8**

 tablets Pres. 

AAS DPV – anodic adsorptive stripping differential pulse voltammetry, AcB – acetate buffer 

solution, ASV – adsorptive stripping voltammetry, BRB – Britton-Robinson buffer solution, 

CAS SWV – cathodic adsorptive stripping square wave voltammetry, CAS DPV – cathodic 



adsorptive stripping differential pulse voltammetry, CPE – carbon paste electrode, cysteic 

acid/GCE – cysteic acid modified glassy carbon electrode, DME – dropping mercury 

electrode, DPP – differential pulse polarography, DPV – differential pulse voltammetry 

GR/CPE – graphene nanoparticles modified carbon paste electrode, HMDE – hanging 

mercury drop electrode, LSV – linear-scan voltammetry, MIP@MWCNT/CPE – carbon paste 

electrode modified by molecularly imprinted polymer nanoparticle-multiwall carbon 

nanotubes, PB – phosphate buffer solution, PLL/GO-COOH/GCE – poly-L-

lysine/carboxylated graphene oxide modified glassy carbon electrode, SSOP – single sweep 

oscillopolarography  
*
calculated as a signal to noise ratio of 3, 

**
calculated as 3× standard deviation of an intercept 

divided by a slope, 
***

calculation procedure was not specified 

 

Verification of the proposed method was realized by determining a known amount of an 

analyte in model solutions. Concentration of MLX in a polarographic vessel was 

1.0×10
−6

 mol L
−1

 in 15 mL of BRB (pH 3) and standard addition method was applied. Always 

2-3 standard additions of standard solution of MLX (V = 15 µL, cMLX = 0.001 mol L
−1

) were 

added. Analysis was 5× repeated and parameters like average value with confidence interval, 

recovery and RSD of repeated determination were calculated. The obtained results 

summarized in Table 3 suggest that DPV with BDDE allows accurate, correct, and repeatable 

results (RSD5 = 2.11 %).  

 

3.3.3. Analysis of pharmaceutical samples 

Finally, the developed method for voltammetric determination of MLX using BDDE was 

applied in the analysis of the pharmaceutical preparation, namely drug in tablet form 

Meloxicam Mylan with the declared MLX content of 15 mg per tablet. The procedure of 

sample preparation and analysis by standard addition method is described in detail in the 

experimental part. The analysis was 5× repeated again and one example of the obtained 

voltammograms together with the graphical evaluation of standard addition method is shown 

in Fig 7. The appropriated statistical parameters as in case of model solutions are placed in 

Table 3. It can be concluded that the obtained average value (15.25±0.27) corresponds with 



that declared by producer and the determination of MLX in complicate matrix is also very 

well repeatable (RSD5 = 2.33). 

 

Table 3 Repeated determination of MLX in model solutions and pharmaceutical preparation 

 Added [mol L
−1

] Found [mol L
−1

] Recovery [%] RSD5 [%] 

model solution 1.0×10
−6

 (0.981±0.014)×10
6

 97.2-101.1 2.11 

 Declared [mg/Tbl] Found [mg/Tbl] Recovery [%] RSD5 [%] 

Meloxicam Mylan 15 (15.25±0.27) 98.1-103.6 2.33 

 

 

Figure 7 DPV voltammograms of analysis of pharmaceutical preparation “Meloxicam Mylan 

15 mg” obtained on BDDE using standard addition method; supporting electrolyte – BRB 

(pH 3), Ein = 0 mV, Efin = +2000 mV, v = 40 mV s
−1

, pulse height = +60 mV, pulse width = 

30 ms, standard additions – V = 15 µL, cMLX = 0.001 mol L
−1

; Inset: Graphical evaluation of 

standard addition method. 



 

4 Conclusion 

The electrochemical oxidation of a nonsteroidal anti-inflammatory drug meloxicam on BDDE 

proceeds in two irreversible voltammetric steps in wide pH range. Mechanism of the 

electrochemical oxidation was proposed and confirmed using high performance liquid 

chromatography/mass spectrometry analysis of MLX solutions electrolyzed on a carbon fiber 

brush electrode. Thiazole and benzoisothiazole were proved as the main reaction products of 

the first two-electron oxidation step. The second two-electron step includes probably 

subsequent oxidation of aldehyde group of thiazole to give the corresponding monoamide of 

oxalic acid. 

 Voltammetric method for MLX determination utilizing DPV in connection with 

BDDE was developed. The first anodic signal in BRB of pH 3 was found as optimum for 

analytical purposes and the basic parameters of DPV like scan rate, pulse height, and pulse 

width were optimized. The suitable BDDE pretreatment procedure was also suggested. The 

proposed method provides a wide LDR (2.5×10
−7

-8.5×10
−5

 mol L
−1

) and very low LOD 

(5.9×10
−8

 mol L
−1

), which is significantly lower than that achieved for bulk CPE and 

comparable with those reported for various modified electrodes. Using model solutions, 

recovery of this method was ranging from 97.2-101.1 %. The applicability of the proposed 

method for practical samples was verified by successful analysis of pharmaceutical samples. 
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