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Abstract: A measuring system based on sequential injection analysis (SIA) for the detection of the herbicide glyphosate and
its main metabolite aminomethylphosphonic acid (AMPA) in natural waters is presented. The system is automated to enable an
unattended monitoring of the analytes. Due to its compact manifold it can easily be integrated into existing observing systems
or could be used on board of research vessels. Here we show the experimental setup and the results of the system’s
performance during experimental periods of 20 hours in the laboratory as well as in an observing station situated at the Elbe
river in Hamburg, Germany. An incident with elevated glyphosate and AMPA concentrations was simulated by injecting

spiked river water samples. The results show a good stability of the system over the experimental period.
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1. Introduction

The target compound in this study is glyphosate, the active
ingredient of one of the most widely applied herbicides. It
was introduced as “Roundup” by Monsanto in the 1970s.
718,600 tons of glyphosate containing pesticides were
employed worldwide in 2012 [1] and a continuing increase is
to be expected. The herbicides are extensively used to control
weeds in agriculture but also in urban areas and railway
properties [2]. Glyphosate and its main metabolite amino-
methylphosphonic acid (AMPA) are frequently detected in
ground and surface waters despite their good adsorption
properties in soil. Especially after rainfall events shortly after
application glyphosate and AMPA leach into the water phase
[3]. An evaluation of measurements in European surface
waters between 1993 and 2009 summarized findings of
glyphosate in almost one third of the samples. AMPA was
even detected in half of the samples [4]. A study investigated
the runoff of glyphosate and AMPA from an urban Area in

Belgium. Maximum concentrations of 6.1, and 5.8 pg L,
respectively, were reported [5]. Glyphosate is frequently
found in groundwater in agricultural areas in Denmark with
maximum values of 31 pug L' [6]. In the Spanish river
Llobregat glyphosate concentrations between 20 and 60 pg L'
were found. Three days after application a maximum of 139
pg L was reached [7].

In general glyphosate is marketed as relatively nontoxic,
because its mode of action is assumed to exclusively target
plant organisms [8]. However, lately there have been
increasing concerns about its impact on the environment due
to the large quantities applied. In May 2015 the IARC
(International Agency for Research on Cancer) classified
glyphosate as probably carcinogenic to humans [9].
Glyphosate is currently re-evaluated as its approval at the
European level expires in June 2016 [10].

Analyses of pesticides in surface waters show that the
concentrations are highly dynamic and largely influenced by
point sources. The few continuous measurements resulted in
high hourly fluctuations [11]. A monitoring of glyphosate
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could give important information about the extent of its
application or events that lead to an increased leaching into
the water phase.

Monitoring of contaminants captures temporal events or
spatial variations of concentration and thus is an important
tool for the assessment of ecosystem condition. Based on this
knowledge, particular problems can be addressed and the
status of the ecosystem can be improved [12].

Sampling with subsequent analysis at a laboratory is most
commonly used, but a trend towards on-site analyses can be
observed. The motivation is a higher spatial and temporal
resolution of measurement data and the avoidance of typical
challenges concerning sampling and transportation of
samples to the laboratory, e.g. the risk of contamination or
transformation of the analyte of interest between sampling
and analysis [13]. Furthermore, incident reaction times can
be significantly reduced if the data are constantly reevaluated
by e.g. a software.

Existing measuring systems are operated on board of
research vessels or integrated in observing systems.
Established observing systems operated by research institutes
or public authorities offer an infrastructure with power and a

rotary selection

central sampling device. Time and effort of analyses are
drastically reduced.

In this study an automated measuring system for the
detection of glyphosate and its main metabolite AMPA
(aminomethylphosphonic acid) in environmental waters is
developed. Its principle is based on sequential injection
analysis (SIA). The method emanated from flow injection
analysis (FIA) and was introduced by Ruzicka and Marshall
in 1990 [14].

SIA allows the automation of wet chemical analyses.
Various components, e.g. detectors or reactors can easily be
integrated into the manifold and several parameters can be
adapted by simply modifying the software [15]. Its plain
structure and versatility make SIA suitable for use in a
compact and mobile measuring system [14]. The method has
good green chemical credentials with only small amounts of
reagents used. Its portability makes it very suitable for on-site
analysis [12].

The working principle is based on the computer-controlled
interaction of a syringe pump and a rotary selection valve
(Figure 1). The components are connected via flexible tubes
(generally made of Teflon).

reaction
holding coil valve loop
carrier v
) m detector —— waste
solution M
syringe sample reagent
pump

Figure 1. Scheme of sequential injection analysis (SIA).

The central port of the rotary selection valve is alternately
switched to the other ports so that sample and reagents are
drawn into the system and the reaction product generates a
detectable measuring signal.

Associated with water monitoring FIA and SIA methods
are mainly applied for the observing of industrial sewage
discharges and leachates from agriculture and landfills, for
nutrient budget studies and for the data acquisition for
environmental databases. Since the early 1980s FIA and
later SIA systems are often deployed on board of research
vessels [16]. Existing systems applied in the freshwater

environment mainly concentrate on nutrients (e.g.
phosphate, ammonium, nitrate), (heavy) metals (e.g.
mercury, cadmium, lead, copper, iron, chromium) or

different ions (e.g. chloride, fluoride) [17].

Only a few measuring systems for the monitoring of
organic compounds have been described so far. Xu et al.
presented a FIA method for the determination of p-
aminophenol in industrial waste water with a detection limit
of 19 ng/L [18]. Cetylpyridiniumchloride, a cationic tenside,
was also detected by a FIA system in pond water, waste
water, sediment and soil. In this system, an LOD (limit of
detection) of 110 pg/L was reached [19]. Mulchandani et al.

developed a FIA method for the analysis of
organophosphorus pesticides. The amperometric biosensor
detected paraoxon and methyl parathion in distilled water and
simulated well water with LODs of 5,5 and 5,3 pg/L,
respectively [20]. A flow injection method for the deter-
mination of dissolved organic carbon (DOC) in estuarine and
coastal waters with an LOD of 800 pg/L was developed by
Koshy et al [21].

The analysis of glyphosate and AMPA in this work is
based on the o-phthaldialdehyde (OPA) derivatization of
primary amines in presence of a thiol as a nucleophile to
form a fluorescent product (Figure 2).

AMPA as a primary amine is directly derivatized.
Glyphosate is a secondary amine and needs to be oxidized
with calciumhypochlorite (Ca(OCl),) to glycine before the
derivatization reaction. This detection principle is generally
realized as an HPLC method with post-column derivatization
[22, 23]. Its implementation in a SIA system [24, 25] or as a
sequential-injection reversed-phase chromatography method
[26] is also described. The OPA derivatization of glyphosate
and AMPA is very sensitive and the detection is realized
using an optical detector, which allows its implementation in
a SIA system.
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Figure 2. Derivatization reaction: Glyphosate is oxidized by calciumhypochlorite to glycine which reacts with OPA in the presence of a thiol to form a

fluorescent isoindole derivative. AMPA is directly derivatized by OPA with a thiol.

The proposed method is considered to be a potential
incident monitoring tool for the detection of glyphosate and
AMPA in areas where leaching of the contaminants into the
water phase is likely to occur.

2. Experimental
2.1. Chemicals and Reagents

All chemicals were of analytical grade and purchased from
Sigma-Aldrich (Seelze, Germany) or Merck (Darmstadt,
Germany) unless stated otherwise. All reagents were
prepared with purified water obtained from a Milli-Q system
(Millipore, Schwalbach, Germany) and were filtered (0.2
pm) and degassed. The carrier solution was 0.005 M
KH,PO,. The pH value of the mobile phase utilized for
chromatographic separation was adjusted to 2.0 with H;PO,.
A stock solution of Ca(OCl), (for synthesis) with a
concentration of 2.3 g L' was prepared. The stock solution
was stored at -20°C. The phosphate buffer of the Ca(OCl),
working solution was prepared by dissolving 17.4 g of
K,HPO, and 0.5 g of NaCl in 50 mL purified water. The pH
was adjusted to 11.0 with NaOH (30%). 11.25 mL of this
buffer and 13.75 mL purified water were mixed and 164 pL
of the Ca(OCl), stock solution was added in order to obtain a
final Ca(OCl), concentration of 15 mg L. For the OPA
reagent a borate buffer solution was prepared by dissolving
10.25 g of Na,CO;, 3.25 g of H;BO; and 4.75 g of K,SO, in
ca. 240 mL purified water. The pH was adjusted to 10.0 with
NaOH (30%). 400 mg of o-phthaldialdehyde and 500 mg of
N-acetyl-L-cysteine was dissolved in 7 mL ethanol and
added to the borate buffer. 1.0 mL Brij 35 solution (10%) was
added and the volume was adjusted with purified water to
250 mL. This solution was stored at room temperature in a
dark glass bottle. Water samples were collected from the Elbe
river in Hamburg, Germany. The samples were filtered
through 0.45 pm mixed cellulose ester membranes and stored
in glass bottles. Filtered river water was spiked by adding 50
pg L' (laboratory study), or 300 pg L' (field study)
glyphosate and AMPA. The standard solution contained

glyphosate and AMPA in mobile phase (pH 2.0) with a
concentration of 50 pg L™ (laboratory study) or 500 pg L™
(field study) each.

2.2. Instrumentation

The experimental setup is depicted in Figure 2. An
HPLC-pump (Knauer Smartline 100, Berlin, Germany) is
connected to an ion exchange column (Hamilton PRP-
X400, Reno, NV, USA) via a 6-ports/3-channel injection
valve (Knauer A1370). This setup is coupled via a T-piece
to a 7-port/l-channel valve (Knauer A1374) which is
connected via a holding coil (PTFE tubing, 0.8 mm i.d.) to a
2.5 mL syringe pump (Hamilton PSD/4). A heated reactor
(45°C) containing 1 m woven PTFE tubing (0.8 mm i.d.) in
a heating block is used as reaction coil (Global FIA, Fox
Island, WA, USA). All other connections are made of PTFE
tubing (0.5 mm i.d.). The syringe pump and the valve are
connected via USB to a personal computer and are
controlled by scripts written in the python programming
language according to Frank [27, 28]. An Agilent
fluorescence detector (1200 Series, Boeblingen, Germany)
with an 8 puL flow cell is employed in the laboratory setup
(ex. 230 nm, em. 445 nm). For the field study this detector
is replaced by a compact modular detector: A high power
LED (ex. 365 nm, Prizmatix Mic-LED-365, Givat Shmuel,
Israel) is coupled to a cuvette holder with a fluorescence
cuvette (100 pL, Hellma Analytics, Miillheim, Deutsch-
land). The cuvette holder is connected to a photomultiplier
(Counting Unit C8855-01, Hamamatsu Photonics, Hama-
matsu, Japan) via an optical fiber (core diameter 1.5 mm)
with subsequent collimating lens (Avantes, Apeldoorn, the
Netherlands) and bandpass filter (460 nm). The
photomultiplier is connected via USB to the personal
computer and is also controlled by scripts written in the
python programming language.

The setup of the SIA system is shown in Figure 3. The
derivatization and analysis of glyphosate and AMPA is
carried out according to our recently published method [24].
To allow for a continuous measurement, the setup is com-
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pleted by a peristaltic pump and a glyphosate standard (500
pug L' in mobile phase, pH 2.0). The peristaltic pump
provides for a constant flow of filtered river water through

the sample loop of the injection valve. The glyphosate
standard is directly connected to the rotary selection valve.
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Figure 3. Scheme of the SIA system utilized for the detection of glyphosate and AMPA.

For the field study the SIA system was integrated into the
observing station Seemannshoft, operated by the Hamburg
Institute for Hygiene and Environment and situated at the
Elbe river in Hamburg, Germany.

Each measurement cycle consists of four analyses in
succession. At first the standard is analyzed by the AMPA-
program (addition of OPA-solution) in order to account for a
potential drift of the detector’s base line. Subsequently the
same standard is analyzed by the glyphosate-program
(successive addition of Ca(OCl),- and OPA-solution) to
confirm the stability of the calciumhypochlorite solution.
Afterwards the injection valve is switched to inject river
water into the system and the sample is analyzed by the
AMPA program. After completion of the AMPA program,
another sample is taken by the injection valve and the
glyphosate program starts. The sequence of four
measurements is started automatically every 30 minutes over
a time range of 20 hours.

In order to simulate an incident, spiked river water is
manually introduced into the sample loop of the injection
valve with the peristaltic pump temporarily separated from
the valve.

3. Results and Discussion
3.1. Laboratory Conditions

Over a period of 20 hours the base line (Standard 0) did

not notably fluctuate with a standard deviation of only 1.6%
(Figure 4). Also the measurement of the glyphosate standard
(Standard 50) showed a standard deviation of only 1.2%.
Thus both trends proved a very good stability of the system
over the experimental period. No loss of activity of both
OPA- as well as Ca(OCl),-solutions could be observed.
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Figure 4. Analysis of standards over a time range of 20 hours (LU:
luminescence units).

The analysis of the standard was integrated in order to act
as an additional parameter for the system’s stability. In case
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of a baseline drift or a deterioration of reagents measured
values could be converted based on the results of the
standards. According to the data demonstrated, the frequency
of the standard’s analysis could be reduced in order to further
minimize reagent consumption and to decrease the duration
of an individual measurement.

Leaking incidents were simulated by introducing spiked
glyphosate and AMPA samples into the sample loop of the
injection valve. The results of the elevated glyphosate and
AMPA concentrations in comparison to samples without the
addition of both analytes are depicted in Figure 5.
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Figure 5. Results of the laboratory on-line measurement of glyphosate and
AMPA (labelled: spiked samples, 50 ug/L).

Again the results of the on-line measurement of glyphosate
and AMPA reflected a good stability of the system over a
period of 20 hours with standard deviations of less than
+3.5%. The results are in good agreement with the system’s
typical sensitivity evaluated from the slopes of the calibration
curves of 20.8 (LU's)/(ug-'L™") and 7.3 (LU-s)/(ng-L™") for
AMPA and glyphosate, respectively. The limits of detection
are 16 pg/L (glyphosate) and 9 pg/L (AMPA) [24].

3.2. Field Study

Within the observation station the SIA system could be
easily connected to an available ultrasonic filter from which
the peristaltic pump continuously drew filtered river water
into the sample loop of the injection valve. After a few
measurements the filtered river water blocked the column
which was traced back to the filter’s pore size of 2.0 um.
Afterwards a river water sample was filtered (0.45 um) and
stored in a glass bottle from where the peristaltic pump drew
the water for the time of the further experiment.

Figures 6 and 7 show the respective results from the above
described setup under field conditions. The results of the
field study were comparable to those obtained in the
laboratory. The standard deviations of the repeated
measurements of the standard of 3.7% (standard 0) and 3.9%
(standard 500) again show a good reliability of the SIA
system even integrated into an observing station.

350.000 -
300.000
250.000 g ....... -...l..-l...-.l.l.lI.ll. -
— 1 Jor 8.0 O Q
= 200.000 —%g Ooo 000”0 0000 0PI o
= o 0
s |
& 150.000
4
© 4
o}
0 100.000 |
50.000 m Standard 0
E O Standard 500
0 T '
0 10 20

Time [h]

Figure 6. Analysis of standards over a time range of 20 hours during the
field study.

Actual concentrations of glyphosate and AMPA in the Elbe
river are well below the detection limits of the proposed
method. However the results of the spiked water samples
show that the detection of elevated glyphosate and AMPA
concentrations in case of a leaking incident would be
possible. The spiked water samples show higher fluorescence
signals (labelled values in Figure 7) than river water without
the addition of the analytes. In order to detect both analytes
in environmentally relevant concentrations a preconcentra-
tion would be necessary.

Due to the setup with a constant flow of filtered river water
through the sample loop of the injection valve an on-line
measurement of glyphosate and AMPA could easily be
implemented. The compact size of the system made the
temporary integration into an existing observing station
feasible.

350.000 -
300.000 1 ¥ %
4
250.000 - o o o
_ 0 00 00000 0P o000 0.0
3 200000 Y Y ¥¥ b AL AL AAL v
= v v v
p v
[
& 150.000 -
9
©
[
2 100.000
50.000 -
v AMPA
0 O Glyphosate
T T
0 10 20

Time [h]

Figure 7. Results of the on-line measurement of glyphosate and AMPA
(labelled: spiked samples, 300 ug/L) during the field study.

Still the values of the spiked samples taken at the end of
the measurement period were lower than those at the
beginning of the experiment. This effect could also be
observed in preceding experiments in the laboratory, where
an occasional manual injection of KOH (0.1 M) in order to
regenerate the column resulted in an amelioration.
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4. Conclusion

The presented SIA system was evaluated with regard to its
applicability as an incident monitoring tool for the detection
of glyphosate and AMPA in natural waters. The method was
successfully tested over a time range of 20 hours. A potential
leaking incident of glyphosate and AMPA was simulated by
injecting spiked river water samples. The measurement was
fully automated and stable during this period.

We showed that this system is applicable for the detection
of higher glyphosate and AMPA concentrations in case of a
leaking incident. In order to detect lower analyte concen-
trations a preconcentration of water samples would be neces-
sary. The compact fluorescence detector needs to be
optimized for further field studies in order to reach better
detection limits. The integration of another syringe pump for
the dosing of KOH would be necessary for prolonged
experimental periods.

The compact manifold could easily be integrated into an
existing observing station. Water continuously flows through
the injection valve, which makes the implementation of an
on-line measurement very facile. In case of a sufficient
system pressure the SIA system could be linked to an
existing filter without the peristaltic pump, resulting in an
even smaller manifold.
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