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Applicability of voltammetric determination of Diclofenac at
carbon paste electrodes to the analysis of aqueous solutions

purified by adsorption and/or ionic liquids based ion-exchange
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Abstract This contribution summarises the results from an initial
electrochemical study of anti-inflammatory drug Diclofenac at carbon paste
electrodes focused on the applicability to the determination of this substance in
environmental samples; namely, in aqueous solutions containing Diclofenac.
The substance of interest could be readily oxidized at carbon paste electrode
modified in situ with cetyltrimethylammonium bromide enhancing the response
of Diclofenac. The respective voltammetric method has been characterised with
respect to the linear range, detection capabilities, and the overall analytical
performance. Applicability of the procedure developed was examined on a set of
model samples polluted with Diclofenac before and after treatment with
charcoal and/or various lipophilic ionic liquids in order to define the efficiency

of such treatment process.
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Introduction

In the environment, there are numerous chemical substances of anthropogenic
origin that can be accumulated into a degree at which they may endanger most
of living organisms, including human beings [1]. This is also the case of some
massively used pharmaceuticals, such as Diclofenac sodium [2-(2,6-
Dichlorophenyl)amino]benzeneacetic acid sodium salt; see Fig. 1) known as
analgesic-antiflogistic drug and effective in treating acute inflammations and
painful condition [2].

o
Cl CH,COO N>
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Cl
Fig. 1 Chemical structure of studied sodium salt of anti-inflammatory drug

Diclofenac

This medicament belongs to the most frequently used pharmaceuticals at
all, when the global market produces the amounts approaching 1000 tons [3]. In
the recent years, there is also growing interest in monitoring of Diclofenac in the
environment [4], because of its more pronounced occurrence in natural waters,
where it represents a severe pollutant with proved toxicity towards some fishes,
as well as other inhabitants of the aquatic realm [5,6].

And highly poisonous can also be certain derivatives of Diclofenac

formed either by natural disintegration of the original molecule or synthetically,
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after man-induced biodegradation [7]. Diclofenac itself comes into the
environment mainly from the biological and clinical waste, but may also be
delivered via improper disposal of unused medicaments and other
pharmaceutical products. Based on systematic analysis in waste- and drinking
waters, it can be estimated that the content of Diclofenac in aquatic systems
varies in the order of ng/dm? [8]. Because common purification processes in
waste water treatment plants are mostly incapable to remove Diclofenac and/or
its potentially present metabolites, it is inevitable to utilise special procedures
that are able of doing so. Typically, these approaches include highly effective
physicochemical interactions, such as adsorption onto carbonaceous materials or
ion-pairing with suitable ion-exchangers, when their performance can first be
tested on model systems in laboratory conditions [9,10].

An integral part of such modelling must be a reliable tool by means of
which one can perform the respective comparative analyses. Regarding
Diclofenac, one of the choices can be electroanalysis, offering a high analytical
performance with inexpensive instrumentation. Usually, the main principles for
electroanalytical determination of Diclofenac is its anodic oxidation at graphite
electrodes and related configurations. For example, Madsen et al. studied the
oxidation of Diclofenac at a solid graphite electrode in a 0.1 M phosphate buffer
(pH 7.4) with 25% (v/v) acetonitrile [11]. These authors have proposed by two-

step reaction pathway involving the formation of 5-hydroxy-Diclofenac and its
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subsequent oxidation to the quinone-imine structure; both according to the

overall scheme (Fig. 2).

CH,COOH CH,COOH CH,COOH

Fig. 2 Two-step mechanism of the electrode oxidation of Diclofenac involving

the formation 5-OH derivative of Diclofenac and the subsequent quinone imine

as the final product (according to cit.[11])

A decade later, Cid-Ceron et al. [12] studied the oxidation pathway of
Diclofenac newly, in this case, using a carbon paste electrode (CPE) and pure
aqueous solution with pH ~ 7. Their reaction mechanism is different to that
commented above, stating that the oxidation of the title substance yields first a
radical intermediate which is, in the neutral medium used, immediately
hydrolysed and the doubly charged molecule thus disintegrated in the following

way (Fig. 3).

CH,CO0° CH,CO0° CH,c00”
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Fig. 3 Two—step mechanism of the electrode OX|dat|on of chlofenac Q)

involving the formation of radical and the subsequent hydrolysis to the final
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products 2,6-dichloroaniline (2) and salt of o-hydroxybenzeneacetic acid (3)

(according to cit.[12])

Most of recent electroanalytical measurements devoted to Diclofenac [12-
15] have employed the so-called carbon paste electrodes (CPEs; see e.g. [16]);
either as traditional carbon paste mixtures [12,13] or in the form of some
advanced configurations based on carbon nanotubes [13] and specially modified
variants [14].

In this article, the results and observations from initial studies on the
electrode behaviour of Diclofenac at CPEs with traditional composition (made
of powdered graphite and highly viscous silicone oil as a binder) and modified
with cationic surfactants are summarised, followed by other electroanalytical
experiments. These measurements have included optimisation of a newly
proposed voltammetric method and its testing on model water samples
containing Diclofenac and being analysed before and after adsorption or ion-

exchange selected for purification the title substance from aquatic systems.

Results and Discussion

Electrochemical study of Diclofenac at carbon paste electrodes

Already the first preliminary experiments has shown that Diclofenac is fairly
electroactive in the linear voltammetric mode (LSV or CV, respectively), when

being kept in neutral aqueous media. The respective conditions for such
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measurements were mostly taken from the previous literature [11-15]; partly,
from the measurements with similar configurations [11-13], in part from
experimentation with special and chemically modified variants [11,14,15].

It was confirmed that the anodic oxidation of Diclofenac at the CPE gives
rise to a well-developed signal with a peak potential of about +0.6 V vs.
Ag/AgCI/3.5M KCI (further denoted as "ref."). Because of the fact that our
working electrode could be polarized toward more positive potentials in
comparison with those reported previously [11,12], the oxidation of Diclofenac
could be examined in a wider potential range, revealing a second oxidation
signal with a peak potential of ca. +1.1 V vs. ref. The electrode transformation
of Diclofenac at the CPE over a wide potential range is illustrated in Fig. 4,
depicting the overlay of cyclic voltammograms obtained by five consecutive

scans from —0.5 V to +1.5 V vs. ref. and reversely.



MCCM_Template_Vers 4 May 2014

25 -
20 T - B b
15 - ¢ —d
e
< 10 1
-
=~
5 .
-10 —— — . —
0.5 0.0 0.5 1.0 15

E/V vs. Ag/AgCI

Fig. 4 Cyclic voltammetry of Diclofenac and two oxidation peaks within the
potential range from —0.5 to 1.5 V vs. ref. Legend: a) 1% anodic-cathodic cycle,
b-e) other four cycles. Experimental conditions: CPE (unmodified), BRB (pH

~T), ¢ (Diclofenac) = 5x10~* mol/dm?3; scan rate, 100 mV/s

This result corresponds to the reaction pathway presented in Fig. 2
(according to [11]); however, when taking into account the revised mechanism
(Fig. 3; after [12]), it should be completed with an additional step explaining the

occurrence of the second peak observed.
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Again, when considering the oxidation depicted in Fig. 3, one hypothesis
behind the rise of the second signal is a possible oxidation of 2,6-dichloroaniline
2 to 2,6-dichlorophenylhydroxylamine; see Fig. 5, Pathway on the left. Or, yet
another explanation can be based on some interpretations of consecutive
enzymatic oxidation of Diclofenac [17], when the formation of p-hydroxy-
derivative can be assumed; see Pathway right. In contrast to these pathways, an
oxidation of the second hydrolytic product, o-hydroxyphenylacetate 3, seems to
be much less probable [18].

Such an ambiguous interpretation suggests one that the oxidation of
Diclofenac at highly positive potentials has to be studied further and in more
detail; best, by using preparative electrolysis in combination with a suitable

identification technique like FT-IR, MS or NMR [18,19].

1. Oxidation to hydroxylamine derivative (or) 2. Oxidation to p-hydroxy-derivative

Cl
cl -2e@, +H,0 C -e@,+HZO

NHOH — _, 4@ NH; o y® NH,

Cl Cl HO Cl

Fig. 5 Two possible pathways for the subsequent oxidation of 2

Despite the previous recommendation about the suitability of neutral

media for oxidation of Diclofenac, a special pH-study was performed,

10



MCCM_Template_Vers 4 May 2014

examining in detail the interval of pH 5-10, when using the corresponding
solutions of BRBs. Once again, it was confirmed that the most favourable
response could be obtained in neutral media, whereas more alkaline solutions
had already caused a decrease of the first peak and the total disappearance of the
second one. Thus, pH 7.0 was definitely set as optimal, but the originally tested
BRB was replaced with a mixture of PBS (see Experimental), offering better
signal-to-noise characteristics. The results from LSV and CV studies have also
led to the choice of the proper analytical signal — the first peak corresponding to
the formation of the Diclofenac radical (in Fig. 3 and [12]) or to the rise of 5-
OH-Diclofenac if one considers older interpretation (Fig. 2 and [11]),
respectively.

Finally, almost identical responses for measurements with differential
pulse and square-wave voltammetry (DPV and SWV, respectively) have
indicated that the reaction of interest is not kinetically controlled and hence
suitable for (electro)analytical purposes.

The last part of the electrochemical study with Diclofenac (DCF) and
CPE was devoted to the effect of a modifier on a possible enhancement of the
response of interest, when some commercial surfactants had been used for these
assays being chosen based on the previous results [10,15], as well as coming
from own experience (see [16] and refs. therein). Such a modification is very
simple as it can be realised in-situ; i.e., by adding a small amount of surfactant

directly to the sample analysed. This can be exemplarily illustrated in Fig. 6,

11
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portraying the effect of cetyltrimethylammonium bromide (CTAB) that had
been found the most effective for this function among all the surfactants tested.
Because the respective experiments had not exhibited any accumulation
tendencies at the CPE surface (and therefore a possibility to incorporate a pre-
concentration step into the voltammetric procedure), the observed benefit of
CTAB was attributed to the (pre)treatment of CPE by means of “erosion effect".
(In brief, it is a hydrophilisation of the CPE surface by repelling the lipophilic

molecules of the binder by similarly lipophilic surfactant [20,21].)

12

DCF +CTAB

10

1/ A

E 1V vs. Ag/AgCI

Fig. 6 The main oxidation peak of Diclofenac and the effect of the presence of
CTAB surfactant in the (sample) solution. Legend: see both insets and quartet of
steps of the experiment depicted. Experimental conditions: CPE; SWV; 0.1 M

PBS + 100 uM CTAB; c(Diclofenac) = 5x10™* mol/dm?; potential scan: +0.2

12
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—1.2 V vs. ref.; SW-ramp: frequency, fsw = 60 Hz, amplitude, Esw = 40 mV,

potential step increment, p.i. =5 mV

Electroanalytical determination of Diclofenac in model aqueous samples before
and after treatment

After a routine optimisation of important instrumental parameters, such as the
potential range, scan rate, and the key parameters of differential-pulse and
square-wave potential ramps, the procedure with CTAB represented the method
of choice for the determination of Diclofenac.

Its analytical performance had been characterised with respect to the
linearity range and detection abilities in both voltammetric modes with
modulated ramp, resulting in an observation that the DPV offers somewhat
worse performance than SWV. Typical calibration measurements for the latter

in the micromolar range are shown in Fig. 7.
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Fig. 7 Dependence of the analytical signal of Diclofenac on concentration in the
low micromolar range.

Legend: Calibration voltammograms obtained by analysing the model agqueous
solutions with 1, 3, 5, 7, and 10 uM Diclofenac (left), the corresponding
calibration plot and its evaluation by linear regression (right). Experimental
conditions: CPE, SWV; model solution, 0.1 M PBS + 100 uM CTAB; potential
scan, from +0.2 to +1.0 V vs. ref.; SW-ramp: fsw = 60 Hz, Esw =40 mV, p.i. =5

mV, number of measurements n=3.

From the results of five replicate measurements in model solutions with
sub-micromolar concentrations of Diclofenac, the detection capabilities for DPV
and SWV modes could be estimated. When using the criterion "3s", the
respective LODs were about 2x10-" mol/dm? and therefore comparable for both
voltammetric techniques with modulated potential ramp.

After the inevitable analytical characterisation, the method proposed was
tested for analysis of model samples simulating the real aqueous systems (i)
polluted with Diclofenac and (ii) after the respective treatment chosen.

The treatment of model waste water contaminated with Diclofenac itself
had been examined using three different approaches: (a) sorption onto active
charcoal added to the sample as small pellets, (b) ion-exchange/ion-pairing with

selected sparingly water-soluble ionic liquid/ion exchanger of the quaternary

14
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ammonium [R;R'R""N*]X- type, and (c) capture onto the used charcoal/ionic
liquid mixture using deactivated charcoal as possible carrier for lipophilic ionic
liquids. Adsorption is effective but quite expensive method for removal of
Diclofenac since the high quantity of consumed sorbent, it was published earlier
[22-24]. Precipitation method applicable for removal of biocidal organic acids
from aqueous effluents is based on addition of sparingly water-soluble ionic
liquid accompanied by formation of insoluble ion pair by ion exchange
mechanism [25]. The main disadvantage of this method is complicated removal
of produced fine precipitate in many cases. Due to this reason, application of
some carrier with high affinity to the produced ion pairs R,N*Ar-COO" is crucial
for their simple removal from treated water [26].

Spent charcoal serves as promising carrier due its good affinity to the non-
polar ionic liquids [27]. The effect of ionic liquid(s)/spent charcoal mixture
application on removal of Diclofenac is documented in Table 1 as well as Tables
3 and 4.

All the measurements of this kind had involved model solutions with the
known content of Diclofenac, which allowed us to define the purification
efficiency via the corresponding difference (in %) between the content of
Diclofenac added and the residual concentration found by voltammetry with the

in-situ modified CPE.

15
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Table 1: Removal of Diclofenac (1) by adsorption onto active charcoal.

i Efficiency
Efficiency
1 found AOX of
EXp. 1 added + added of removal 2
by SWV (mg/dm?) removal
No. sorbent by SWV
(mM) by AOX
(%)
(%)
blank 25 mM ag. 1 25 - 1775 -
500 cmof 25 mM aq.1
a-1 ] 087 965 84.6 95.7
+259 GAC
200 cmiof 25mM ag.1
a-2 +10gof GAC used in 11.4 55.4 1120 43.3

exp. a-1

Due to the initial character of the whole study, the respective reference
determinations with independent technique(s) were not performed.

The individual experiments with all the prepared and then-purified
solutions, together with all three ways of purification, are summarised in Tables
1-4, offering also the full specification on the composition of the respective
solutions, as well as all the efficiencies calculated from electroanalytical
determinations. The data gathered in the tables document some important
findings. For instance, the respective in Table 1 and 3 indicate that Hydraffin
charcoal (GAC) cannot be used repeatedly for reaching of high removal of
Diclofenac which is in agreement with our expectation. Or, that isolation of
Diclofenac via the formation of ion-pairs is the most effective way, allowing to

purify the solutions almost completely (Table 2), however, separation of

16
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precipitated ion pair by filtration is time consuming and accompanied by
clogging of filter pores in these cases. In addition, ionic liquids used in these
experiments are the very expensive pure representatives of ionic liquids, which
are much more expensive in comparison with charcoal. For economical reason,
industrially produced mixtures Arquad 2HT-75 (dialkyldimethylammonium
chloride), benzalkonium chloride (alkylbenzyldimethylammonium chloride) and
Aliquat 336 (trialkylmethylammonium chloride) should be used for potential
water treatment applications.

On the other hand, method c, adsorption using charcoal and its subsequent
reuse in combination with hydrophobic ionic liquid(s) is a proper approach,
enables both saving of charcoal consumption and futhermore simple separation
of produced ion pairs resulting in higher than 90% removal of Diclofenac
(Table 3). Examples a-1, c-7, ¢-8, ¢-9, ¢-10 and c-11 illustrate repeated
application of GAC in 4 steps using very efficient co-action of aqueous
equimolar benzalkonium chloride (BAC) and Aliquat 336 mixture (Table 4).
This equimolar aqueous BAC + Aliquat 336 mixture is very usefull for simple
application, because commercially available and cheap but in water insoluble
Aliquat 336 forms homogenous non-viscous fluid with commercially available
agueous 50 wt.% BAC solution. As could be seen in Table 3, the efficiencies of
1 removal according to SWV are quite similar and above 90 % in all cases
(Table 4). The lower efficiencies measured by summary parameter adsorbable

organic halogens (AOX) are probably caused by high concentration of chlorides

17
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in analyzed samples (chlorides are produced by ion exchange and used ionic
liquids are R4NCI salts, moreover). Higher values of chemical oxygen demand
(COD) parameter are influenced by the excess of ionic liquids used and its

negligible but measurable solubility in water.

Table 2: Removal of Diclofenac (1) by ion-exchange. Survey of results

1 found Efficiency

Exp.
N);pa Quantity of added ionic liquid by SWV  of removal
' (mM) (%)
b-0 - 50 -
b-1 200 cm? of 5 mM dilauryl- 6x1073 99.9
dimethylammonium chloride
5 | (2 g) of methyltrioktyl [
b- mm_o (2 g) of methyltrioktylammonium 0.58 977
chloride
100 cm® 5 mM benzyl-
b-3 = 0.07 99.7

dimethystearylammonium chloride

2100 cm® of ag. 50 mM 1 solution was used in each experiment

Regarding quite high contents of Diclofenac in model solutions that did
not correspond to typical real samples, they were maintained to the experiments
surveyed in Tables 3-4, studying the efficiency of the effect of used charcoal as
ionic liquid carrier at limiting conditions of eventual saturation in the presence

of especially high contents of the target substance.

18
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Table 3 Removal of Diclofenac 1 by GAC impregnated with ionic liquids.

- AOX  Efficiency of
T 1 found Efficiency
Exp Added ionic liquids (mg/ removal by
. . by SWV  of removal 2
No.  + additives to aqg. solution of 1? (MM) %) dm?) AOX
Y (cop) (%)
-1 2 + 8
c g GAC + 100 cm® H.O 0.67 94.6 454 77
(191)
3 g used GAC (from exp. a-1) +
oz 100 cEn3 H oXIO ) 10.30 576 10X 48.4
’ ' ' (8470) '
2 cm® 20wt.% aq.
polydilauryldimethylammonium 333
c-3  chloride + 3 g of used GAC (after 0.73 94.2 (11400) 83.1
exp. a-1) + 98 cm® H20
2 cm? soln. of Luviquat FC 370 +
3 g used GAC (from exp. a-1) + 440
c-4 3 0.80 93.6 7.7
198 cm® H.O (225)
20 cm?® of ag. 125mM solution
c-5 610TW + 2 g used GAC (from 451
g used GAC ( 0.64 94.9 772
exp. a-1) + 80 cm® H20 (1800)
20 cm?® soln. of 125mM 610TW +
c-6 3 gused GAC (from exp. a-1) + 645
3 0.55 95.6 67.3
80 cm® H20 (19900)
1 g aqg.sol. of 104BK (Aliquat
c-7 336+BAC) + 2 g used GAC 632
)+ 2gused C 0.98 92.2 68
(from exp. a-1) + 99 cm*® H20 (1720)
1 g ag.sol. of "104BK" (Aliquat
c-8 336+BAC) + 666
0.79 93.7 66.3
3 g used GAC (from exp. a-1), (2250)

diluted with 99 cm?® H,0

2100 cm? of ag. 25 mM 1 solution was used in each experiment

19
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Table 4 Removal of Diclofenac 1* on recycled GAC impregnated with

BAC+Aliquat 336 mixture

AOX  Efficiency of
1 found Efficienc
Exp Added ionic liquids b StJNV of r:erlnov;/I (m93/ removal by
No.?  + additives to ag. solution of 12 y dm-) ADX
(mM) (%) (COD) (%)
5 g used GAC (from exp. a-1) +
¢-9 (.42 g Aliquat 336 +0.85 g 50 L0l 90.0 201 899
wt.% ag. BAC (2320)
deccanted GAC (from exp. c-7) +
¢-10  0.42 g Aliquat 336 +0.86 g 50 0.58 94.2 197 90
wt.% ag. BAC (3201)
deccanted GAC (from exp. c-8) + 236
c-11 . 0.8 92
0.42 g Aliquat 336 (401) 88

+0.86 g 50 wt.% aqg. BAC

2100 cm? of ag. 25 mM 1 solution was used in each experiment

Conclusions

In this article, we have shown that carbon paste electrodes prepared from

traditional mixtures of graphite powder with paraffin oil [16] and modified in

situ with cationic surfactant of the quaternary ammonium salt — in our case,

cetyltrimethylammonium bromide (CTAB) — can be utilised for cheap, simple

and rapid determination of Diclofenac in water samples at sub-millimolar

concentration level. When coupled with voltammetric measurement, either in

the DPV or SWV mode (both offering nearly comparable performance), the

resultant combination represents a suitable analytical tool with a potential in

analytical practice.

20
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As shown on a series of model solutions obtained from a study on
physicochemical treatment of aqueous solutions spiked with Diclofenac, the
respective method developed can be useful for occasional or even systematic
monitoring of this worldwide used medicament. This statement corresponds to
the main results from optimisation and characterisation measurements that
fulfilled our anticipations that detection capabilities of the newly proposed
method are sufficient for environmental samples polluted by Diclofenac;
typically, at the micromolar concentration level or even below.

With respect to the fact that this study was first of a kind, the samples had been
prepared by treatment of aqueous solutions of Diclofenac. In other words,
incidental interferences from related compounds and other possible matrix
constituents have not been studied here and will be the subject of interest in our
further investigations.

Last but not least, this report also documents that modern electroanalysis may
still offer valuable contributions in resolving actual problems, including those

arising in present-day's environmental analysis [28].

Experimental

Chemicals and reagents

The appropriatte quantity of drug Diclofenac sodium (sodium salt of [2-(2,6-
dichlorophenyl)amino]benzeneacetic acid, 1; Sigma-Aldrich, USA) was

dissolved in deionized water to prepare 0.025 mol/dm? (7.96 g of 1 per dm? of

21
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H,O), 25 mM ag. stock solution of Diclofenac, and this in the individual
experiments was diluted as required using demineralized water in all cases.

The first set of surfactants, serving as purification agents, was made 10% (w/w)
in concentration and purchased from Sigma-Aldrich unless stated otherwise. The
individual ionic liquids were as follows: (i) cetyltrimethylammonium bromide
(CTAB, Alfa Aesar, USA), (ii) benzalkonium chloride (BAC, 50 wt.% ag.
solution), (iii) poly(dilauryldimethylammonium) bromide (20 wt.% ag.
solution), (iv) dilauryldimethylammonium chloride, (V)
benzyldimethylstearylammonium  chloride, (vi) trioctylmethylammonium
chloride, (vii) Aliquat 336®, (viii) Arquad 2HT-75® (Brenntag, Czech republic),
and (ix) Luviguat FC 730®. Furthermore, two special mixtures of ionic liquids
were employed: (x) "104BK" soln.: prepared by dissolving of 20.1 g (50 mmol)
Aliquat 336 in 30.4 g of 50 wt.% aqueous solution of (50 mmol) BAC and (xi)
"610TW" soln.: Aliquat 336 + Arquad 2HT-75; prepared by dissolution of 15
mmol of lactic acid (1.78 g of 85-90 wt.%) in 15 mM aqueous KOH and
subsequently 75 mmol of Arquad 2HT-75 and 50 mmol of Aliquat 336 was
homogenized in the obtained sodium lactate solution (125 mM ag. mixture of
guaternary ammonium salts was obtained). Finally, an alternate purifier was the
active charcoal Hydraffin CC® (Donau Carbon, Austria) applied in the form of
small compact pellets.

The second set of surfactants, namely: (a) CTAB; (b) sodium dodecylsulphate,

SDS; (c) potassium dibutylsulphate, DBSK; and (d) Nonindet® was applied as

22
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more diluted ag. solns. (1x10* mol/dm?3), enabling the in-situ modification of
the working electrode; see below.

Britton-Robinson buffers (BRBs) were prepared from the prescribed chemicals
(Solution "A":  HsPO,; CH3;COOH, H3BOs; and solution "B": NaOH,
respectively) and at concentrations according to the literature data; see e.g. [29].
Their mixtures at recommended ratio then formed a set of solutions with pH 1.5
- 12.0. The stock solutions of other electrolytes (HCI, H,SO4, Na,HPO,, and
NaCl) were made as 0,5 mol/dm?® in concentration and, for the individual
experiments, diluted again as required.

Electroanalytical measurements of quantitative nature were then performed in a
solution of ultimate composition — the appropriately diluted mixture of KH,PO,
+ Na,HPO, + NaCl ("PBS"; abbreviated from "Phosphate Buffer-Based
Solution"). Finally, all the solutions were prepared from doubly deionised water
obtained by passing the already distilled water through a Milli-Q water

purification unit (Millipore, USA).

Instrumentation and other accessories

All  electrochemical measurements were carried out using an AUTOLAB
analyser (model "PGSTAT-128N; Autolab / Metrohm, The Netherlands /
Switzerland), coupled with the three-electrode cell incorporating (i) the working

carbon paste electrode (CPE) containing the hand- homogenised carbon paste

23
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containing 0.5 g graphite powder (product "CR-5"; Maziva Tyn, Czech
Republic) and 0.3 cm? paraffin oil (Uvasol® grade; Merck, USA).

This paste mixture was then manually filled into a piston-driven electrode body
(of own construction described in ref. [30]). The remaining electrodes were (ii)
a Ag/AgCI/3.5M KCI reference and (iii) a platinum auxiliary electrode (both
from Metrohm). For certain comparative experiments, the glassy carbon
electrode (GCE; Metrohm), when its geometric surface was the same as that of
the CPE used.

The pH values were measured and/or controlled by a contact pH-sensor based
on ISFET principles and calibrated by the manufacturer (Hanna, Germany). If
needed, the individual solutions were measured and introduced to the cell by

automatic pipettes (Finpipette; Labsystems, Finland).

Samples and their processing

AOX (adsorbable organically bound halogens) analyses were performed
according to European I1SO 9562 standard; COD (Chemical oxygen demand)
was analyzed using COD sample cuvette tests LCK 514 (measurable range 100-
2000 mg O./dm®), LCK 1014 (measurable range 1000-10000 mg O,/dm?),
LCK914 (measurable range 5-60 g O./dm?®) with spectrophotometric method
using a DR 2800 device (Hach, Austria [31-33]).

Experiments allowing one the removal of 1 from the model ag.solutions

prepared were performed in 250 cm® and 500 cm® volumetric flasks,
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respectively, placed on a special pad (model "Starfish"; Radleys Discovery
Technologies, UK) devised with magnetic bar stirring. The model mixtures were
then subjected by the effect of purification agent / medium, always under
moderate stirring for a period of ca. 24 hours at ambient temperature and under
atmospheric pressure; in some tests, stirring being prolonged to three days. After
this procedure, the individual solutions were yet filtered by passing through a
ceramic filter and subjected to the voltammetric analysis. The individual types
of model solutions and their exact composition are specified in the Results-and-

Discussion chapter; namely, in a series of the Tables 1-4 presented.

Specification of voltammetric measurement(s)

The experiments within the basic electrochemical study were performed either
by linear voltammetry (LSV) in one direction (usually as anodic scan) or by
cyclic voltammetry allowing both anodic and cathodic polarisations
continuously, in one run. In electroanalytical measurements, both differential
pulse (DP) and square-wave (SW) modulations were tested, the latter being
chosen as the potential ramp of choice used for analyses of model solutions with
1 before and after purification. Typical experimental and instrumental conditions
had included the following parameters: supporting electrolyte, 0.1 M PBS +
1x10™* M CTAB; potential scan from +0.2 to 1.2 V vs. ref.; and scan rate of 50
mV.s; the remaining parameters being specified again in the Results and

Discussion chapter, inside the respective figure captions. All three solutions
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analysed had to be purified by bubbling with inert gas (nitrogen with purity
99.99; Linde, Czech Rep.) in order to remove the dissolved oxygen.

Finally, prior to each voltammetric measurement, the CPE surface had to be
renewed by wiping off a thin layer of the carbon paste with a wet filter paper,
which was, with the piston-based CPE, quite simple and achievable in a few

seconds.
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Figures:

o
Cl CH,COONa

NH

Cl
Fig. 1 Chemical structure of studied sodium salt of anti-inflammatory drug

Diclofenac
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Cl HO Cl 0] Cl

Fig. 2 Two-step mechanism of the electrode oxidation of Diclofenac involving

the formation 5-OH derivative of Diclofenac and the subsequent quinone imine

as the final product (according to cit.[11])
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CH,CO0° CH,CO0" CH,cod”
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Fig. 3 Two—step mechanism of the electrode OX|dat|on of chlofenac Q)

involving the formation of zwitterion and the subsequent hydrolysis to the final
products 2,6-dichloroaniline (2) and salt of o-hydroxybenzeneacetic acid (3)

(according to cit.[12])
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Fig. 4 Cyclic voltammetry of Diclofenac and two oxidation peaks within the
potential range from —0.5 to 1.5 V vs. ref. Legend: a) 1% anodic-cathodic cycle,
b-e) other four cycles. Experimental conditions: CPE (unmodified), BRB (pH

~T7), ¢ =5x10"*mol/dm3; scan rate, 100 mV/s
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1. Oxidation to hydroxylamine derivative (or) 2. Oxidation to p-hydroxy-derivative

Cl
cl -2e@, +H,0 C -e@,+HZO

NHOH — _,p® NH; o y® NH,

Cl Cl HO Cl

Fig. 5 Two possible pathways for the subsequent oxidation of 2
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E [V vs. Ag/AgCI

Fig. 6 The main oxidation peak of Diclofenac and the effect of the presence of
CTAB surfactant in the (sample) solution. Legend: see both insets and quartet of
steps of the experiment depicted. Experimental conditions: CPE; SWV; 0.1 M
PBS + 100 uM CTAB; c(Diclofenac) = 5x10~* mol/dm?; potential scan: +0.2
—1.2 V vs. ref.; SW-ramp: frequency, fsw = 60 Hz, amplitude, Esw = 40 mV,

potential step increment, p.i. =5 mV
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Fig. 7 Dependence of the analytical signal of Diclofenac on concentration in the
low micromolar range.

Legend: Calibration voltammograms obtained by analysing the model aqueous
solutions with 1, 3, 5, 7, and 10 uM Diclofenac (left), the corresponding
calibration plot and its evaluation by linear regression (right). Experimental
conditions: CPE, SWV; model solution, 0.1 M PBS + 100 uM CTAB; potential
scan, from +0.2 to +1.0 V vs. ref.; SW-ramp: fsw = 60 Hz, Esw =40 mV, p.i. =5

mV, number of measurements n=3.
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Tables:

Table 1: Removal of Diclofenac (1) by adsorption onto active charcoal.

i Efficiency
Efficiency
1 found AOX of
Exp. 1 added + added of removal 2
No sorbent by SWV by SWV (mg/dm®) removal
| mvy Y by AOX
(%)
(%)
blank 25 mM ag. 1 25 - 1775 -
500 cmof 25 mM aq.1
a-1 ] 087 965 84.6 95.7
+259g GAC
200 cmiof 25mM ag.1
a-2 +10gof GAC used in 11.4 55.4 1120 43.3

exp. a-1
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Table 2: Removal of Diclofenac (1) by ion-exchange. Survey of results

1 found Efficiency

EXp.
Nopa Quantity of added ionic liquid by SWV  of removal
' (mM) (%)
b-0 - 50 -
b-1 200 cm? of 5 mM dilauryl- 6x1073 99.9
dimethylammonium chloride
5 mmol (2 g) of methyltrioktylammonium
b-2 _ (29) Y y 0.58 97.7
chloride
100 cm® 5 mM benzyl-
b-3 0.07 99.7

dimethystearylammonium chloride

2100 cm® of ag. 50 mM 1 solution was used in each experiment
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Table 3 Removal of Diclofenac 1 by GAC impregnated with ionic liquids.

- AOX  Efficiency of
T 1 found Efficiency
Exp Added ionic liquids (mg/ removal by
. . by SWV  of removal 2
No.  + additives to aqg. solution of 1? (MM) %) dm?) AOX
Y (cop) (%)
-1 2 + 8
c g GAC + 100 cm® H.O 0.67 94.6 454 77
(191)
3 g used GAC (from exp. a-1) +
oz 100 cEn3 H oXIO ) 10.30 576 10X 48.4
’ ' ' (8470) '
2 cm® 20wt.% aq.
polydilauryldimethylammonium 333
c-3  chloride + 3 g of used GAC (after 0.73 94.2 (11400) 83.1
exp. a-1) + 98 cm® H20
2 cm? soln. of Luviquat FC 370 +
3 g used GAC (from exp. a-1) + 440
c-4 3 0.80 93.6 7.7
198 cm® H.O (225)
20 cm?® of ag. 125mM solution
c-5 610TW + 2 g used GAC (from 451
g used GAC ( 0.64 94.9 772
exp. a-1) + 80 cm® H20 (1800)
20 cm?® soln. of 125mM 610TW +
c-6 3 gused GAC (from exp. a-1) + 645
3 0.55 95.6 67.3
80 cm® H20 (19900)
1 g aqg.sol. of 104BK (Aliquat
c-7 336+BAC) + 2 g used GAC 632
)+ 2gused C 0.98 92.2 68
(from exp. a-1) + 99 cm*® H20 (1720)
1 g ag.sol. of "104BK" (Aliquat
c-8 336+BAC) + 666
0.79 93.7 66.3
3 g used GAC (from exp. a-1), (2250)

diluted with 99 cm?® H,0

2100 cm? of ag. 25 mM 1 solution was used in each experiment
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Table 4 Removal of Diclofenac 1 on recycled GAC impregnated with

BAC+Aliquat 336 mixture

AOX  Efficiency of

1 found Efficienc
Exp Added ionic liquids b StJNV of r:erlnov;/I (m93/ removal by
No.?  + additives to ag. solution of 12 y dm-) ADX
(mM) (%) (COD) (%)
5 g used GAC (from exp. a-1) +
¢-9 (.42 g Aliquat 336 +0.85 g 50 L0l 90.0 201 899
wt.% ag. BAC (2320)
deccanted GAC (from exp. c-7) +
¢-10  0.42 g Aliquat 336 +0.86 g 50 0.58 94.2 197 90
wt.% ag. BAC (3201)
deccanted GAC (from exp. c-8) + 236
c-11 . 0.8 92
0.42 g Aliquat 336 (401) 88

+0.86 g 50 wt.% aqg. BAC

2100 cm? of ag. 25 mM 1 solution was used in each experiment
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