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ABSTRACT

A flow injection analysis (FIA) system having a chlormequat selective electrode is proposed. Several electro-
des with poly(vinyl chloride) based membranes were constructed for this purpose. Comparative
character- ization suggested the use of membrane with chlormequat tetraphenylborate and
dibutylphthalate. On a single-line FIA set-up, operating with 1 x 1072 mol L™ ionic strength and 6.3 pH,
calibration curves presented slopes of 53.6 +0.4mV decade™ within 5.0x107° and 1.0 x 10> mol L™%, and
squared correlation coeffi- cients > 0.9953. The detection limit was 2.2 x 10®mol L™* and the
repeatability equal to +0.68 mV (0.7%). A dual-channel FIA manifold was therefore constructed, enabling
automatic attainment of previous ionic strength and pH conditions and thus eliminating sample
preparation steps. Slopes of 45.5 + 0.2 mV dec- ade™* along a concentration range of 8.0x107° to 1.0x 1073
mol L™! with a repeatability £0.4 mV (0.69%) were obtained. Analyses of real samples were performed,
and recovery gave results ranging from 96.6 to 101.1%.
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INTRODUCTION

Plant growth retardants are applied in agronomic and horticultural crops to reduce
unwanted longitudinal shoot growth without lowering plant productivity. Most
growth retardants act by inhibiting gibberellin biosynthesis. To date, four different
types of such inhibitors are known, among which are the onium compounds such
as chlormequat chloride (CMQ-Cl), the 2-chlorethyltrimethylammonium [1].
Chlormequat (CMQ) is extensively used in agriculture for its growth regulating
properties as it also presents the ability to control ozone damage to wheat by
protecting it against yield reduction [2]. Overall, the attainment of better crops is
connected to the mode and concentration of its application. This feature is
directly associated with the amount of active compound among the commercial
preparations and for which they must be accurately controlled. Furthermore, this
widespread practice may



promote contamination of waters, fruits, cereals and vegetables and thus its
quantifica-tion becomes fundamental.

With respect to residues in food and water, the quantification of CMQ-Cl is
exten- sively described in the literature and some of the methods have also been
applied to the analysis of commercial preparations. Due to the overall complexity of
the relevant sample matrices, as well as the low concentrations expected in
contaminated samples, almost all methods require a detection system capable of
producing both quantitative and qualitative information. For this reason mass
spectrometry is nearly the only detec- tion system proposed in the literature, and
may be associated with liquid chromatogra- phy [3—13], thin layer chromatography
[14] and electrophoresis systems [15,16]. Independently of the separation
approach, the use of mass spectrometry is connected to high capital investment,
which makes it unsuitable for routine applications. Conductimetric detection
coupled to ion chromatography [17,18] and indirect UV detection coupled to
electrophoresis [15,19] are alternative strategies suggested in the literature. In
some cases they may be difficult to implement if the equipment is not available in
the analytical laboratory. Chemical transformation of the analyte with sodium
phenylsulfide [20] or potassium pentafluorothiophenolate [21] has also been
exploited in order to enable a gas chromatographic detection. The latter has
been considered not sufficiently specific for CMQ and this may be misleading to an
analyst using it or adapting it to other procedures[22].

Other proposals in the literature concern electroanalytical systems. Since CMQ is
not an electroactive compound, the glassy carbon electrode of a voltammetric
detector has been modified with a cation-exchanger membrane [23]. This approach
has advantages concerning the environment but it has not been applied to
natural samples. Also a potentiometric-based method has been described in the
literature and this has advantages regarding emission of effluents of low toxicity
[24]. It is not specific for the analyte. It involves a titration with tetraphenylborate
and other compounds within samples may react with this chemical and promote
analytical errors.

An alternative to previous methods would be a potentiometric determination by
means of a CMQ selective electrode. The required equipment is of low cost and
is common in analytical laboratories. The system allows a selective detection of the
analyte with emission of low toxicity aqueous effluents. In order to obtain adequate
working characteristic for performing direct readings of CMQ in various sample
matrices, several selective membranes will be proposed and discussed.

The widespread use of growth regulators suggests the need for a routine control
of this compound and especially for industries with a daily production of
phytopharma- ceuticals. In this sense, a simple automatic system such as the flow
injection analysis (FIA) technique will be implemented and selective detectors will
be constructed with a tubular configuration which is a suitable shape for this flow
method.

EXPERIMENTAL

Apparatus



The potential differences between indicating and reference electrodes were
measured by means of a Crison mpH 2002 decimillivoltammeter (0.1 mV sensitivity)

coupled to a Metrohm E 586 recorder. The reference electrode was an Orion
(90-02-00)
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FIGURE 1 FIA set-up for evaluation of working characteristics of the potentiometric detector (channel C;)
and analyzing real samples (channels C; and C;). P: peristaltic pump; S: sample; Cy: IS or buffer solution,
both with 1x 107" mol L™ of CMQ, or water regarding the analysis of samples; C,: buffer solution with 2
x 107" mol L™ of CMQ; IV: injection valve (500 mL); Q; % Q,: 4 mL min™%; X: confluence point; R: reactor
length of 20 cm; GE: ground electrode; CMQ SE: CMQ selective electrode; RE: reference electrode; w: waste;
POT: decimillivoltammeter; and REC: recorder.

double junction electrode. The selective electrode, with no internal reference
solution presented a tubular configuration and was constructed as described
elsewhere [25]. When necessary, pH values were monitored by means of a GAH 110
combined glass electrode connected to a decimillivoltammeter.

The FIA system (Figure 1) comprised a Gilson Minipuls 2 peristaltic pump, fitted
with PVC tubing (0.80, 1.60 and/or 2.00 mm i.d.) and a four-way Rheodyne 5020 injec-
tion valve holding loops of 100, 200, 500 or 1000 mL. All components were gathered by
PTFE tubing (Omnifit, Teflon, 0.8 mm i.d.), Gilson end-fittings and connectors. The
support devices for tubular and reference electrodes, as well as the confluence
pointaccessory were constructed in Perspex” as reported elsewhere [26].

Reagents and Solutions

All chemicals were of analytical grade and deionised water (conductivity <0.1mS
cm™') was employed. Several reagents were used throughout, namely CMQ-C|
(Fluka), barium chloride (Merck), o-phosphoric acid (85%, Merck), and calcium
hydroxide (96%, Riedel-deHae n). For the selective membrane preparation,
tetraphenyl- borate (TPB) sodium (Aldrich), bis(2-ethylhexyl)sebacate (bEHS, Fluka), o-
nitrophenyl octyl ether (o0NFOE, Fluka), dibutylphthalate (DBP), poly(vinyl chloride) of
high mol-
ecular weight (PVC, Fluka) and tetrahydrofuran (THF, Riedel-deHae” n) were used.
Evaluation of the effects of both pH and interfering ionic species at the
potentiometric response required sodium hydroxide (Merck), hydrochloric acid (37%,
Merck), sodium chloride (Merck), potassium chloride (Merck), magnesium chloride
(Riedel-deHae™ n), calcium chloride (Merck), ammonium chloride (Merck),
hydroxylammonium chloride (Riedel-deHae™ n) and diquat (Riedel-deHae™ n).

Concentrated standard stock solutions were prepared by rigorous weighing of
the corresponding solids and subsequent dilution with ionic strength (IS) adjuster,
buffer solution or water. Less concentrated solutions were obtained by careful
dilution of the stock solution with the appropriate diluent.

The IS adjuster was a 3.3x10 >mol L™! BaCl, solution, with an IS equal to 1
x 1072 mol L™%. The simultaneous pH and ionic strength adjustment was obtained with
a H3PO4/Ca(OH), buffer solution having a pH of 6.3 and an IS of 1x 10 ?mol L™



This buffer was prepared by mixing 125.0mL of a 1x 10" ?>mol L™ H3PO, solution
with 75.0mL of a 1x 10 ?mol L™* Ca(OH); solution, subsequently diluting to a final
volume of 500.0 mL. In the double channel set-up (channel Cs in Figure 1), this buffer
solution was prepared with double concentration values but maintaining the same
pH. Apart from other chemicals, the carrier solution (either in channel C; or C; in
Figure 1) included an amount of CMQ-Cl equal to 1x10~7 or 2x10 " mol L%,
respectively. This small amount of analyte was included to improve baseline stabiliza-
tion and preserve the selective membrane thus avoiding a continuous leaching of
sensor
towards waste. Standard solutions were prepared in carrier solutions, having no
cMQ-Cl.
For the study of the effect of pH upon the potentiometric response, a solution of
5.0x10"*mol L™ CMQ, prepared in IS adjuster, was selected. The interference
of other chemicals was studied for 5.0x 107>, 1.0 x 10™* and 5.0 x 10™*mol L™ con-
centrations of CMQ-Cl and sodium chloride, potassium chloride, magnesium chloride,
calcium chloride, ammonium chloride, hydroxylammonium chloride or diquat. All
these solutions were made in 3.3x 10 >mol L™" of BaCl,.

Construction of CMQ Selective Electrodes

The ionic sensor (CMQ-TPB) was prepared by precipitation, mixing 25.0 mL of a
1.0x10?mol L™' CMQ-Cl solution and 50.0mL of a 1.0x10 °>mol L™* sodium TPB
solution. The resulting solution was allowed to stand for 24 h, protected from light
and in an ice-bath. The precipitate was removed from the solution by filtration.
After thorough washing with water, the filtered precipitate was kept in a dark
flask inside a dessicator to prevent changes caused by light and humidity.

Sensor solutions were obtained by dissolving about 0.0200 g of the previous ionic
sensor in 1.0000 g of oNFOE, bEHS or DBP. The corresponding membrane solutions
were prepared by mixing 0.20 mL of the previous solution with 0.09 g of PVC, formerly
dissolved in about 2 mL of THF. The overall composition of the previous membranes,
designated types A, B and C, respectively, as indicated in Table |I.

The selective electrodes were prepared by applying membrane solutions to a
tubular conductive support of graphite and epoxy resin [25]. The membrane was
allowed to dry for 24 h and then put into 1x10~>mol L™* CMQ-Cl solution prepared
in water. The electrodes were stored in these conditions when not in use.

Procedures

The general working characteristics of the potentiometric detectors were assessed
in a single-channel FIA manifold (channel C; in Figure 1) using as carrier IS adjuster
or

TABLE | Overall membrane composition (%,
w/w) of the CMQ selective electrodes

Components A B C
CMQ-TPB 1.3 1.3 1.3
oNFOE 67.5 - -
BEHS - 66.6 -
DBP - - 67.2

PVC 31.2 32.1 315






buffer solution to which had been added a small amount of CMQ-Cl. The injection
volume was 500mL and the flow rate 4mL min~! (Q1). The results reported are
mean values of at least four calibrations. Repeatability was represented by the
standard deviation of at least 15 injections of a standard CMQ solution and the
response time was estimated in terms of sampling rate.

The influence of pH on the potentiometric response was evaluated for a
5.0x10™*mol L™' cMQ-Cl solution at different pH values. A small adaptation of
the single-channel manifold consisting of a closed loop circuit with continuous circula-
tion of 200 mL of the previous standard solution was required. The pH was altered
by addition of small amounts of a saturated NaOH solution or concentrated HCl, and
was monitored by an additional potentiometric cell consisting of a combined glass
electrode connected to a second decimillivoltammeter. The solutions selected for
changing the pH values were highly concentrated in order to prevent significant
alterations of the concentration of CMQ in solution. Additionally, and with the
exception of NaP, they also avoided the introduction of other chemical species
into the system (other than those already present: Ba’P, CI~ and CMQ). NaOH
was selected instead of

Ba(OH), because of the low solubility of the latter. For each pH measurement an

amount of 500mL was inserted into a 4mL min~" carrier stream of IS adjuster.
Ranges of pH defined as satisfactory allowed a £5 mV variation in the analytical signal.

The selectivity was evaluated by the separated solutions method [27], and
performed by separately injecting 500 mL of a CMQ-Cl solution andother possible
interfering com-pound solutions into a single-channel FIA manifold with a
carrier stream of
3.3x 10 *mol L™* BaCl,, flowing through the detector at 4mL min™™.

Prior to the analysis of natural samples, total flow-rate and injection volume

were optimized in a multivariate way by recording the operating characteristics of the
detec- tor for a 1x107° to 1x 10 >mol L™! concentration range, and under pH
and IS adjustment conditions. For this, a double-channel FIA manifold was set-up
with 100, 200, 500 or 1000 mL injection volumes, and 3, 4, 5,6, 7 or 8 mL min~! overall
flow-rates. For the analyses of samples, the potentiometric response was recorded in
the double- channel FIA manifold, operating simultaneously with channels C; and C;
(Figure 1). Water and buffer solution with a small amount of CMQ-Cl respectively were
selected as carriers. This last solution had IS and CMQ concentration values double to
those of the single-channel carrier as it would be diluted by half at the confluence point
(X, Figure 1).

Sample Preparation

The only phytopharmaceutical preparation of CMQ, commercialized in Portugal as
Cycocel® was labeled as containing 400 g L™! of CMQ, expressed in the hydrochloride
form. To perform recovery trials, and considering the extremely high concentration
of CMQ in the sample, a stock solution of sample was first prepared by measuring
an exact amount of 39.5 mL and diluting it with water to a final volume of 100.00
mL. A 3000 mL volume of this solution was diluted with water to a final
volume of

50.00 mL; the expected concentration was 7.7 x 10> mol L™! CMQ. Recovery trials
were then performed with a similarly prepared solution of 3000 mL of a
1.00x 10 *mol L' CMQ standard solution before completing the final volume up



to 50.00 mL; expected concentration was 7.0x 10 *mol L™* cMQ.
Since it was not possible to find contaminated waters in Portuguese territory, a
river water sample was collected and doped with the Cycocel” leading to an expected
final



contamination 160 mg L~'. This was considered as the stock sample solution.
Further dilutions for the potentiometric analysis and recovery trials were performed
similarly to those previously mentioned with respect to the phytopharmaceutical
preparation.

Results regarding analysis of samples correspond to mean values of eight
determina- tions.

RESULTS AND DISCUSSION

To effect the construction of CMQ selective electrodes with proper working character-
istics, three polymeric membranes were prepared, presenting basically the same
overall composition but with different plasticizing solvents (oNFOE, bEHS and DBP).
Apart from different chemical structures they presented very different polarity
characteristics, with dielectric constants equal to 23.6, 6.4, and 4.6 respectively [28].
This property was very important for the ion exchange process within the selective
membranes.

The behavior of each CMQ selective electrode was assessed so that the best
detector could be selected for the analysis of natural samples.

Working Characteristics of CMQ Selective Electrodes

The working characteristics of the several CMQ selective electrodes, established in a
single-channel FIA manifold (Figure 1), were evaluated for both IS and simultaneous
pH and IS adjustment conditions. The latter required a pH of 6.3, in agreement
with the following pH study. A 500 mL injection volume and a 4 mL min~! flow-rate
were selected with the purpose of establishing experimental conditions close to
those in the stationary state. The three types of electrodes presented a very low
limit for the linear range, equal to 5% 10"®mol L™, a similar and low response time,
and a quite different repeatability, varying within 0.8 and 1.7 % (Table II).

Regarding the IS adjustment trials, results indicated a slightly higher sensitivity for
type C detectors (Table Il), suggesting that a low polarity solvent could improve
the behavior of the selective electrodes. However, the variation within these results
could not probably be attributed only to the physical properties of the solvent,
especially considering the small difference between the dielectric constants of the
DBP and bEHS. Supporting this possibility, Amstrong et al. reported a decrease of
the oNFOE dielectric constant to +12 when incorporated in 33% of PVC [29].
This

TABLE Il Working characteristics of CMQ selective electrodes with the single-channel FIA  manifold

Working IS (1x1072mol L™ pH (6.3) and IS (1x 1072 mol L™} A
characteristics

B C A B C
LLLR® (mol L) 5.0%x107° 5.0x107° 50%x10™® 50x10™® 5.0x107° 5.0x107°
DL® (mol L7 2.5%107° 3.9%107° 29%x107°  2.8x107®  3.6x107° 2.2%x107°
Slope (mV decade™?) 46.9+1.1 42.5+0.3 49.7+0.6 39.5+1.0 51.1+2.6 53.6+0.4
Repeatability® +0.59(0.9%)+0.51(0.8%)+1.11(1.2%) +1.02(1.7%) +1.06 (1.4%) +0.68 (0.7%)
(xmV)
R squared > 0.9995 >0.9936 >0.9989 >0.9906 >0.9909 >0.9953

Sampling rate (h™) 80 84 75 85 80 72



pH working range® 2.3-9.8 4-11 2.3-11.8 -

@Lower limit of linear range; ®detection limit; “at 1.0x10™*mol L™ ¥ at 5.0x 10 *mol L™%.



phenomenon was explained as the restriction of the free rotation of the mediator
sol- vent molecules while in a polymeric matrix.

Studies with solutions of adjusted pH and IS confirmed the better operating
charac- teristics of type C detector (Table Il), mainly because of an increase of 8% in
sensitivity of the potentiometric response when compared with previous results.
Under these conditions, type B working characteristics also improved, particularly in
the slope increase of 20%. While slopes of type B and C electrodes improved,
those of type A indicated a decrease of 16% in sensitivity. In fact these results
demonstrate that low polarity solvents would be more appropriate for preparing CMQ
selective electro- des although the chemical structure of DBP must have influenced
the potentiometric response leading to the best electrodes.

Operational pH ranges were unusually wide for the three types of electrodes
(Table I1). Only at very low pH values did the analytical signals show a tendency to
a small increase, which would be linked to HP interference at the potentiometric
response. Increasing pH to a value of 10 gave rise to constant potentials at all
electrodes, which may be linked to the extent of ionization of CMQ remaining
constant even at very high pHs. As the pH increased after 10-12 units, the
potentials showed a slight tendency to decrease.

Interference of several ionic species on CMQ determinations was evaluated
in terms of potentiometric selectivity coefficients. The three membranes
showed a similar behavior (Table Ill), with a relative order of interference of
Mg?P<Ca?®P ::: diquat « NaP ::: K® « NH4?, HONHsP. Basically, interference of all
cations concerned was considered negligible. Very low coefficients were
recorded for Mgzb and Cazb, both doubly charged ions. Considering type B and C
detectors, potassium showed a slightly stronger effect than sodium, most
probably due to its ionic size, closer to
that of an ammonium ion. Both ammonium and hydroxylammonium showed the
strongest interfering effect, a consequence of the similarity of the ionized group
to the CMQ structure. Injection of pure solutions of ammonium ions always gave
rise to analytical signals much lower than those produced by the main ion.
Because it isincluded in the same pesticide group as CMQ, diquat interference was
evaluated and found to be negligible.

In the single-channel FIA manifold, the preparation of any natural samples
would require the use of buffer solution instead of water. If this requirement were
only con- nected to a previous dilution, it would be practically indifferent using either
of the two as solvent. However, in a routine application, other samples may be the
object of other

TABLE Ill  Potentiometric selectivity coefficients of CMQ selective electrodes
Interference' IS (1x10™ %mol L™1)
A B C

Potassium -2.350+0.256 -1.877+0.008 -1.699+0.105
Sodium -2.329+0.143 -2.116+0.012 -2.170+0.113
Magnesium -4.409+0.160 -4.134+0.027 -4.329+0.248
Calcium -4.282+0.097 -3.947+0.145 -4.137+0.115
Ammonium -1.604+0.101 -1.907+0.037 -1.995+0.259
Hydroxylammonium -0.758+0.256 -1.583+0.024 -2.118+0.126

Diquat -3.177+0.080 -3.936+0.008 -3.182+0.186




@3t 5.0% 10" *mol L.



treatments that could promote an undesired high consumption of reagents, leading
to resources dissipation as well as to higher amount of effluents. For this reason a
double- channel manifold that enabled automatic adjustment of required conditions
inside the manifold, thus permitting sample preparation with only water, was
established.

Optimization of a Double-channel FIA Manifold

Prior to analysis of natural samples, suitable experimental conditions should be
selected. Thus, the effect of parameters such as flow-rate and injection volume
was object of study. After the confluence point of the two channels (X, Figure 1), a
reactor was included in order to guarantee adequate mixing of the solutions. A length
of 20 cm was found appropriate for this purpose and kept constant during the
several trials.

For each injection volume selected, the increase in flow-rate led to both a
slope increase and a lower limit of linear range decrease. These variations were not
very per- ceptible when the flow-rate was changed from 7 to 8 mL min~". The latter
was however selected, since it promoted an increase in sampling rate that ranged
from 5% (in case of 100 and 200 mL injection volumes) to 24% (in case of 500 mL
loop) therefore reduced the estimated time for analysis.

Though peak heights increased as injection volume was augmented, the recorded
sen- sitivity did not change significantly. The highest slope values were attained
with the injection of 500 and 1000 mL sample volumes. Regarding sampling-rate,
the former volume enabled the analysis of a larger number of samples per time unit,
which decreased to about 42% when 1000 mL was used.

The overall optimization process indicated that satisfactory operating
characteristics would be obtained by the injection of 500 mL into a stream crossing the
detector at 8 mL min~'. Because the sample plug was here divided by two, the
operating characteristics of the type C detectors altered and again characterized
giving the mean values indicated in Table IV. Under these conditions, the proposed
method has a detection limit of
0.8 mg mL™! and is able to quantify at least 1.3 mg mL™%. When compared with
similar conditions at the single-channel manifold, the slope decreased in about 15%
but the sampling rate increased to more than double about 108%.

Analysis of Samples

Before analysis, the potentiometric system was calibrated under the
optimum conditions. After dilution with water the mean potentiometric results for
the technical concentrate (Cycocel®) were near the labeled amount, at about —4.8%
(Table V). They

TABLE IV Working characteristics of CMQ selective electrodes with
the double-channel FIA manifold

Working characteristics pH (6.3) and IS (1x10~>mol L™Y)
C

LLLR® (mol L7Y) 8.0x107°

DL® (mol L™Y) 5.2x107°

Slope (mV decade™) 45.5+0.2

Repeatability'® (+ mV) +0.41 (0.69%)



R squared >0.9912 Sampling rate
(/h) 150

@) ower limit of linear range; ®'detection limit; “at 1.0x10™*mol L™%.



also presented low standard deviations with a relative value of 2.2%, indicating a good
precision. A typical fiagram of this analysis is depicted in Figure 2. .

River water was collected and doped not with pure standard but with Cycocel . The
estimated amount, expressed in the hydrochloride form, was 160mg L™* of CMQ.
Mean potentiometric results were near this value (p5.1%), and the precision of
the method was confirmed by a low standard deviation (Table V).

Because it was not possible to perform the reference procedure, based on ion-
chromatography and conductimetric detection [30], the accuracy of the currently
proposed method was estimated only by recovery experiments (Figure 2).
Recovery trials presented mean values of 97 and 101% with low standard deviations
(Table V), demonstrating the accuracy of the proposed method and again confirming
good preci- sion.

TABLE V Determination of CMQ in Cycocel® and contaminated river water by the FIA
proposed method, the corresponding recovery trials, and the relative error (RE)

Samples Nominalvalue FIA RE®
(cMQ-Cl)
cma-cl Recovery
Cycocel’ 400.0g L™t 380.1+8.3 (2.2%) g L™* 101.1+25% —4.8%
River water ~ 160.0mg L™* 168.1+7.4 (4.4 %) mg L™* 97.0405%  p5.1%

@estimated in terms of nominal value.

!
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FIGURE 2 Fiagram for CMQ standard solutions (A-D), diluted Cycocel® (E,G), and the correspond- ing
recovery trials (F,H). A: 50x10°mol L% B: 1.0x10™*mol L™} C: 5.0x10™*mol L™%D: 1x1073
mol L™ E, G: estimated concentration of 7.7x 10> mol L™} F, H: estimated concentration of 7.0 x 107
mol L%,
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CONCLUSIONS

The type C membrane presents a good alternative to other methods previously
described in the literature, by CMQ determination in phytopharmaceuticals using
potentiometric detection. The proposed system is simple, accurate and
inexpensiveespecially regarding reagent consumption and equipment involved. It is
therefore suit-able for routine procedures. The sample is prepared by making
simple dilution withwater, therefore contributing to the preservation of both
resources and quality ofenvironment. In terms of inorganic compounds, barium and
phosphate generallycomprise the majority of the effluents produced at a pH of
6.3. For this reason, anadjustment of pH before discard is not required and the
intensity of further pollutionfrom phosphate depends on the receptor; phosphate is
of interest to agriculture. Thebarium may be isolated from solution by a simple
precipitation reaction with anappropriate amount of sulphate. Taking into account the
need for calibration and assuming 2 readings for each of four standard solutions,
the FIA analysis of twosamples would produce about 40 mL of effluents. The
intrinsic toxicity of the CMQis low, it is rapidly degraded in soil by microbiological
activity and has no influence on soil microflora or fauna [31].
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