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Behavior of Glyphosate in Wastewater
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Abstract: The herbicide glyphosate is frequently detected in surface waters and its occurrence is linked to agricul-
tural as well as urban uses. Elevated concentrations downstream of wastewater treatment plants (WWTPs) sug-
gest that municipal wastewater is an important source of glyphosate in surface waters. We therefore conducted
a study at a typical municipal WWTP in Switzerland to characterize the seasonality of glyphosate occurrence,
the removal efficiency, and the processes involved in glyphosate removal. Glyphosate was present in raw (me-
chanically treated) wastewater during the whole study period (April to November). A lab incubation experiment
with activated sludge indicated negligible degradation of glyphosate. Lack of degradation combined with strong
adsorption lead to substantial enrichment of the compound in the sludge. Due to this enrichment and the long
residence time of activated sludge (several days, compared to hours for wastewater itself), concentrations in
treated wastewater show comparatively little variation, whereas concentrations in raw wastewater may fluctuate
considerably. Overall removal efficiencies were in the range of 71-96%. This behavior could be described quali-
tatively using a numerical model that included input of glyphosate via raw wastewater, adsorption to activated
sludge, and export via treated wastewater and excess sludge, but excluded degradation processes.
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1. Introduction

Glyphosate is the most used herbicide worldwide with an esti-
mated annual application of 8.3x10% kg active substance in 2014,
primarily on GMO crops.[! In Switzerland, annual glyphosate use
in agriculture reached 3.8x10° kg in 2011 and since then decreased
to 1.5x10° kg in 2018,[2! with main areas of application (by area)
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as pre-emergence treatment in maize and post-harvest treatment
in cereals. Hence, glyphosate is widely detected in surface waters.
In Swiss streams, concentrations frequently exceeded 1 ug/L.BI
While arguably a large portion of glyphosate in surface waters
originates from agricultural fields, primarily due to runoff during
rain events, urban areas also contribute to overall loads as the com-
pound is consistently detected in municipal wastewater.[3:4]
Aminomethylphosphonic acid (AMPA) is the main metabo-
lite of glyphosate in soils (Scheme 1).51 AMPA is also frequently
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Scheme 1. Structures of glyphosate and its main soil metabolite amino-
methylphosphonic acid (AMPA).
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detected in surface waters and municipal wastewater at somewhat
higher concentrations than glyphosate.3®) AMPA is also a me-
tabolite of many other phosphonate compounds that are expected
to be discharged with municipal wastewater.!%! Therefore, its oc-
currence in surface waters may not necessarily be indicative of
glyphosate use in the catchment.

Municipal wastewater as a source of glyphosate in surface
waters was investigated in this study with respect to the seasonal-
ity of occurrence, the dynamics of glyphosate concentrations in
in- and effluents of WWTPs, the elimination of glyphosate during
treatment and the mechanisms responsible for this elimination.

2. Experimental

2.1 Wastewater and Activated Sludge Samples

Most samples were collected at the municipal WWTP of
Horgen, Switzerland. Wastewater treatment at this WWTP con-
sists of mechanical, biological (activated sludge treatment; hy-
draulic retention time excluding secondary clarification, 3.6 h;
sludge retention time, 4-6 days), and chemical (phosphate remov-
al by co-precipitation with iron oxides during activated sludge
treatment) stages. The effluent from activated sludge treatment is
further clarified by sand filtration.[’l Wastewater was collected on
49 days between 15. April and 12. November, 2009, as 24-h flow-
proportional composite samples (7 a.m. — 7 a.m.) at the primary
effluent (effluent of mechanical treatment), secondary effluent
(after biological/chemical treatment) and final effluent (after sand
filtration). Activated sludge was sampled on 29 days during the
study (as grab samples directly from the activated sludge basin) on
the same days as the water samples were collected. Water samples
were spiked with internal standards (see below) upon arrival at the
laboratory and then stored at 4 °C until analysis (within 2-3 d of
collection). Activated sludge samples were processed within 2—-3
h of collection.

Additional (grab) samples of primary effluent, activated
sludge, and recycled sludge were collected for laboratory incu-
bation experiments from the municipal WWTP Widenswil. This
WWTP is very similar to the WWTP Horgen.[8!

2.2 Analytical Methods

Glyphosate and AMPA were analyzed as described previ-
ously.B3* Briefly, isotopically labelled internal standards (*C,"*N-
glyphosate and “C'”"ND _-AMPA) were added and an aliquot of the
sample was subjected to derivatization with FMOC-CI. The de-
rivatized sample was analyzed after on-line solid-phase extraction
by HPLC-MS/MS. Activated sludge samples were first brought to
pH=12 by addition of 1 M aqueous NaOH (and left for =1.5 h to
release the fraction of glyphosate and AMPA adsorbed to the sus-
pended solids), centrifuged, and the supernatant was diluted 1:10
with ‘fossil’ groundwater (Aqui, Zurich) and then processed in the
same way as the water samples (to yield the sum of the dissolved
and the adsorbed fraction). More details of the analytical method
for glyphosate and AMPA in activated sludge are provided in the
Supplementary Information.

2.3 Adsorption Experiments

Adsorption of glyphosate and AMPA was studied in freshly
collected activated sludge from WWTP Widenswil (pH = 7.2;
suspended solids content, 2.7 g/L). Aliquots of 20 mL were spiked
with 10 pg/L glyphosate or AMPA and the pH was adjusted in the
range of 5.0-11.7 by addition of 0.1 M aqueous HCI or NaOH,
respectively. The samples were left for 1.5 h with occasional shak-
ing to allow for equilibration. The adequacy of this equilibration
time was verified in preliminary experiments (Supplementary
Information, Fig. S4). Then, the samples were centrifuged at an
RCEF of 405 g for 5 min, and an aliquot of the clear supernatant
was diluted 1:10 with ‘fossil’ groundwater, spiked with internal

standard, derivatized, and analyzed by LC-MS/MS. The measured
concentration was considered to correspond to the dissolved frac-
tion and was expressed in % of the total concentration.

2.4 Degradation Experiment in a Simulated Activated
Sludge Treatment

Biodegradability of glyphosate and AMPA was investigat-
ed under laboratory conditions in a simulated activated sludge
treatment system. Primary effluent (0.5 L) from the WWTP in
Widenswil was mixed with recycled sludge (0.5 L; suspended
solids content, 3.62 g/L), thus simulating typical operating con-
ditions. The suspension was spiked with glyphosate and AMPA
corresponding to 20 ug/L each. A sterile control (autoclaved at
120 °C during 20 min before incubation) was run in the same way.

The suspensions were kept at ambient temperature (=20 °C)
and aerated with water-saturated, compressed air through a glass
frit at a flow rate of =100 mL/min. Periodically, duplicate 10 mL-
samples were removed and analyzed for ‘dissolved’ and ‘total’
concentrations as described above.

2.5 Simulation of Glyphosate Behavior During
Activated Sludge Treatment

A basic model of an activated sludge system was set up to
simulate the behavior of glyphosate and the removal efficiency un-
der varying conditions. The simulation tool AQUASIM Ver. 2.1g
was used.l The system was defined with a small set of adjustable
parameters including the hydraulic residence times of wastewater
and activated sludge, the volumetric mixing ratio of recycled sludge
and primary effluent at the inlet of the activated sludge basin, the
concentration pattern in primary effluent, and the adsorption coef-
ficient of glyphosate to sludge. A more detailed description of the
model setup is provided in the Supplementary Information.

3. Results & Discussion

3.1 Seasonal Occurrence of Glyphosate and AMPA in
Wastewater

Concentrations of glyphosate in primary effluent, secondary
effluent, and final effluent of WWTP Horgen over the course
of 8 months are shown in Fig. 1. During this period, glypho-
sate was always detectable (limit of quantification, 0.005 pg/L).
Concentrations in primary effluent showed maxima in May, June,
and August (up to 8.3 ug/L) and were comparatively low at the be-
ginning of the campaign in April and towards the end, in October
and November. Concentrations in final effluent followed the same
qualitative trend, but were clearly lower (range, 0.047-0.58 pg/L;
median, 0.16 pg/L). Overall, concentrations in treated wastewater
were within the range measured at other WWTPs and at the upper
end of those measured in Swiss streams.[3! Urban use of glypho-
sate thus appears to lead to significant discharge via wastewater
over prolonged periods of time.

Elimination of glyphosate during activated sludge treatment,
as calculated from the concentrations in primary and secondary
effluent, ranged from 33-93% (median, 67%). An additional 16—
79% (relative to secondary effluent; median, 65%) were elimi-
nated during sand filtration, highlighting the importance of this
treatment step. Overall elimination of glyphosate ranged from
71 to 96% (median, 87%). Note that water samples from the
respective sampling points were always taken during the same
24 h period. As the residence time of the water in the activated
sludge basin, secondary clarifier, and sand filter is in the range
of 5-10 h, the sampled water is thus not from the exact same wa-
ter package. Nevertheless, while single values of the calculated
elimination rates may contain some degree of uncertainty, the
dataset as a whole should be indicative of the elimination behav-
ior of glyphosate. For AMPA (Supplementary Information, Fig.
S1), similar removal rates were observed during activated sludge
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Fig. 1. Seasonal variation of glyphosate concentrations in wastewater at different treatment stages at the WWTP Horgen, Switzerland, from April to
November 2009. Symbols represent data from 24 h flow-proportional composite samples; lines connect points where samples were taken on con-

secutive days.

treatment (36-89%; median, 64%), but elimination during sand
filtration was lower (3 - 51%; median, 31%). Overall elimination
was 51-94% (median, 74%).

On three occasions (April, July, and August), consecutive
samples were analyzed over 8-10 days. In all three cases, day-
to-day fluctuations were more pronounced in primary effluent.
Particularly in August, fluctuations were evident with a factor of
8 between highest and lowest concentration. In comparison, con-
centrations fluctuated much less in secondary effluent and hardly
at all in final effluent. The two treatment stages thus appear to act
as a buffer that smooths out short fluctuations in primary effluent.

3.2 Strong, pH-Dependent Adsorption to Activated
Sludge

Adsorption of glyphosate and AMPA to activated sludge was
strong at pH <8, but weak at pH >10 (Fig. 2). Glyphosate has
3 ionizable protons (2 at the phosphonic acid group and 1 at
the carboxylic acid group). Furthermore, the secondary amino
group can be protonated (Scheme 1). AMPA has 2 ionizable
protons and a primary amino group that can be protonated. In
the pH range 1-10, glyphosate is zwitterionic, thus carrying a
positive charge at the (protonated) amino group and 1-3 nega-
tive charges.ll% Above pH=10, glyphosate is anionic (e.g. the
amino group is uncharged). If the adsorption curve in Fig. 2 is
interpreted as a titration curve, fitting yields a pK, value of 9.8
(for AMPA, 8.9). This is somewhat lower than the range of pK,
values for glyphosate compiled by Franz er al.,['01 which are
in the range of 10.0 to 10.9. However, iron oxides seem to be
decisive for the adsorption of glyphosate (and AMPA) to acti-
vated sludge.l!l] These iron oxides are formed from iron salts
added to the activated sludge basin to remove phosphate via co-
precipitation. The adsorption of glyphosate and AMPA to these
iron oxides not only depends on the speciation of glyphosate but
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Fig. 2. Sorption of glyphosate and AMPA to activated sludge (2.7 g sus-
pended solids/L) as a function of pH.

also on the changes in the surface properties of the iron oxides
with changing pH.

Atambient pH (7.2) glyphosate was mostly adsorbed to sludge
particles with only #2.9% remaining in solution. Considering the
suspended solids concentration in the sludge (2.7 g dry weight/L),
this leads to an apparent adsorption K, value of 12’400 mL/g
which is much higher than the range of adsorption values for
glyphosate observed in soils (K 33-700 mL/gl51). This stronger
sorption is probably due to the high proportion of amorphic iron
oxides in sludge. Adsorption K, values determined in a total of
29 activated sludge samples taken at the WWTP Horgen over the
course of this study ranged from 6’800 to 33’000 mL/g (median,
197700 mL/g), those for AMPA from 3’900 to 17’000 mL/g (me-
dian, 8’400 mL/g).

Concentrations in activated sludge samples observed during
the monitoring campaign at WWTP Horgen thus always were 1-2
orders of magnitude higher than corresponding concentrations in
secondary effluent (Supplementary Information, Fig. S2). The
sludge, which is recycled in the system, can be considered as a
reservoir that accumulates or releases glyphosate, depending on
the concentration in the primary effluent.

3.3 Negligible Degradation During Activated Sludge
Treatment

In soil, glyphosate is fairly rapidly degraded (median half-life
in soil, 5.8 d), but often with a considerable deceleration over
time (time to 90% degradation up to 1600 d).51 However, in our
laboratory-scale activated sludge system, glyphosate was not de-
graded during an incubation time of 4.5 h (Fig. 3). Likewise, no
degradation was observed for AMPA (Fig. 3) and no degradation
was observed in the sterile controls (Supplementary Information,
Fig. S5).

Further indication that glyphosate is not degraded in the ac-
tivated sludge system comes from the fact that the herbicide is
strongly enriched in the sludge compared to the concentration
in the input water. In fact, concentrations in activated sludge, on
average, were =30 times higher than in primary effluent. Indeed,
for strongly adsorbing compounds, not only the hydraulic resi-
dence time of the wastewater in the activated sludge system (a
few hours) is relevant, but also the average residence time of the
sludge, which is in the order of days. Substantial enrichment in
activated sludge, however, means that degradation of glyphosate
not only is negligible during a few hours of water treatment but
also during the residence time of the sludge.

3.4 Simulation of Glyphosate Behavior in Activated
Sludge Treatment

To better understand the behavior of glyphosate in the acti-
vated sludge system (including enrichment of the compound in
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Fig. 3. Incubation experiment with glyphosate (left) and AMPA (right) in a
simulated activated sludge treatment system. The dashed line indicates
the mean of all measured total (dissolved + adsorbed) concentrations.

sludge and recycling of the sludge in the system), a basic model
of an activated sludge system was set up. In this model, elimina-
tion was assumed to occur solely due to adsorption to activated
sludge while degradation of glyphosate was not included. The
mass flows of glyphosate calculated with the model are quali-
tatively illustrated in Fig. 4. In a steady-state situation, the input
mass flow from primary effluent is at least one order of magnitude
smaller than the mass flow entering the basin with recycled sludge
(not drawn to scale). Export of glyphosate from the system occurs
at two points, via treated water and via excess sludge (primarily
adsorbed fraction).

The dynamic behavior simulated with this model is illustrated
in Fig. 5 based on an assumed input pattern with constant input
during 10 d, followed by a peak input during 2 d, then another 8 d
of constant input followed by a period where the input is 60% low-
er. At the beginning, effluent concentrations increase slowly until
a steady state is reached after several days of continuous loading.
During this time, glyphosate is accumulated in the sludge, which
remains in the system much longer than the wastewater.

The peak input results in only a small increase in effluent
concentrations. Likewise, the effluent response to reduced input
loading is slow so that, for a short period, concentrations in in-
and effluent are actually equal. Qualitatively the model thus de-
scribes the observed behavior of glyphosate well, both in terms
of removal efficiency and in terms of smoothening of fluctuating
influent concentrations.

4. Conclusions
Glyphosate is present in municipal wastewater almost year
round, pointing to considerable urban use in the catchment.
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Fig. 4. Model setup of an activated sludge system. The arrows quali-
tatively indicate the glyphosate mass associated with different water
masses. The model assumes sorption to sludge but no degradation.
Consequently, the only two export routes are secondary effluent (high
volume/low concentration) and excess sludge (low volume/high con-
centration). Note the large glyphosate mass that is recycled within the
system (not to scale, mass flow of glyphosate in recycled sludge is ~30
times that in primary effluent).

Days
Fig. 5. Simulated glyphosate concentrations in secondary effluent as-
suming different glyphosate input regimes (dashed line). The shaded

area corresponds to the glyphosate mass that is eliminated during treat-
ment.

The compound was removed at WWTP Horgen to varying ex-
tents (overall elimination was in the range of 71-96%). Based on
our findings, in WWTPs employing activated sludge treatment
as means of biological treatment, biodegradation of glyphosate
is not expected to contribute significantly to the removal. This
may, however, be different in WWTPs employing other biological
treatment processes. Adsorption to sludge was demonstrated to be
the primary removal process in activated sludge treatment (me-
dian elimination, 67%). Given the strong adsorption of glyphosate
to activated sludge, much higher elimination may be expected.
However, due to the continuous input, glyphosate accumulates in
sludge, which in turn limits the removal efficiency. The observed,
strong adsorption to activated sludge most likely is due to the pres-
ence of iron oxides which are formed from iron(1r) salts added to
chemically remove phosphate via co-precipitation. Even though
this is the most common type of treatment, other systems, such as
biological phosphate removal are also employed and it is conceiv-
able that in such systems, elimination of glyphosate via adsorption
may be far less important.

Supplementary Information
Supplementary information is available on https://www.ingentacon-
nect.com/content/scs/chimia
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