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Abstract

Pesticides are the most applied substances in agricultural activities which can
contaminate water bodies by direct or indirect discharge, but large volumes
and natural transformation processes can decrease the concentration of
these substances and their degradates in watershed. Currently, conventional
extraction methods such as: solid phase extraction (SPE) and solid phase micro
extraction (SPME) among others do not permit low detection limits. However
low levels of pesticides and degradates could produce chronic toxicity
in different species. Nowadays, passive sampling is widespread used for
monitoring pesticides and for ensuring the water quality and bioaccumulation
studies due to this methodology allows the detection of pollutant from
parts per quadrillion (ppq). The most popular membranes used in passive
sampling are the semipermeable membrane devices (SPMD), which permit
the concentration of lipophilic substances and the polar organic chemical
integrative sampler (POCIS), which permits concentration of the hydrophilic
ones. This review is about the application of passive samplers in pesticides
analysis, the importance of these devices in the bioaccumulation studies and
the evaluation of the ecotoxicological risks. Finally, passive sampling allows
reducing costs, time and the amount of organic solvent used which classifies
it within the environmental trends of “green analytical chemistry”.
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sampling, SPMD, POCIS and green analytical chemistry
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Resumen

Los plaguicidas son las sustancias con mayor aplicacion en la agricultura las
cuales pueden contaminar los cuerpos de agua por descarga directa o indirecta,
pero los grandes volumenes y los procesos transformacion pueden disminuir
la concentracion de estas sustancias y sus productos de degradacion en las
cuencas. Actualmente, los métodos convencionales de extraccion tales como:
la extraccion en fase sélida (SPE) y la micro extraccion en fase solida (SPME)
entre otras, no permiten bajos limites de deteccidn, sin embargo bajos niveles
de pesticidas y productos de degradacion podrian producir toxicidad crénica
en diferentes especies. Actualmente el muestreo pasivo es ampliamente usado
en el monitoreo de plaguicidas y para el aseguramiento de la calidad del agua
debido a que esta metodologia es aplicada in estudios de bioacumulaciéon y
deteccion a partes por cuatrillon (ppq). Las membranas con mayor uso en el
muestreo pasivo son las membranas tipo SPMD (Semi-permeable membrane
devices), las cuales permiten la concentracion de sustancias lipofilicas y las
membranas tipo POCIS (Polar organic chemistry integrative sampler), las
cuales permiten concentrar sustancias hidrofilicas. Esta revision cubre la
aplicacion de los muestreadores pasivos en el analisis de plaguicidas, en los
estudios de biacumulacion y en la evaluacion de los riesgos ecotoxicoldgicos.
Finalmente los muestreadores pasivos permiten reducir costos, el tiempo de
concentraciony la cantidad de solventes organicos empleados en el tratamiento
de muestra, lo que conduce a su clasificacion dentro de las tendencias de la
“quimica analitica verde”.

---------- Palabras clave: Persistencia, xenobidticos, metabolitos,
muestreadores pasivos, SPMD, POCIS y quimica analitica verde

Recent studies have found that low levels of
xenobiotics in the water could produce endocrine
disruption, carcinogenicity and teratogenicity.
Some pesticides such as organochlorines and
some metabolites such as ETU are considered
endocrine disruptors [3-4].

Introduction

Population growth and pesticides used in the
agriculture have increased pollution of water
bodies. Those substances can arrive to the
water from crops or by direct discharge in
water bodies where pesticides are transformed
by biodegradation, photodegradation, chemical
hydrolysis and other processes. However,

Detection of metabolites and parent compounds
are one of the major problems in the ecotoxicity

metabolites may have higher toxicity than the
parent compounds [1-2]. In Colombia, some
pesticides such as chlorpyrifos, diazinon and
mancozeb are widespread used in agricultural
activities, but in many cases the presence in
water of this substances and their degradates
3,5,6-trichloro-2-pyridinol (TCP), 4-hydroxy-
2-isopropyl-6-methylpyrimidine (IMHP) and
ethylene thiourea (ETU) respectively is still
unknown.
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and dynamic study of these substances. As long
as conventional methods do not allow detection
of these xenobiotics, their environment impact
will be unknown. Techniques such as GC and
HPLC represent only a small percentage of the
analytical success compared with the larger part
represented by separation methods and sampler
treatments [5]. Although some conventional
methods such as solid-phase micro extraction
(SPME), solid phase extraction (SPE), Matrix
solid-phase dispersion (MSPD), liquid-liquid



extraction, soxhlet extraction, microwave/
sonication-assisted extraction, pressurized liquid
extraction are widespread used to concentrate
pesticides and their metabolites from water
samples, in many cases the low levels of these
substances are undetectable by those methods

[6].

Passive sampling is a new methodology used
in monitoring pharmaceutical and personal-
care products, metabolites, pesticides and
heavy metals in aquatic ecosystems, because it
can concentrate different substances found in
very low concentrations in water bodies. Some
countries such as USA, Canada and European
countries have used the passive sampling in
pesticides’ monitoring. Only Chile and Brazil in
South America have used these methodologies.
Passive sampling has been used for more than two
decades; the first work about passive sampling for
organic micro pollutants in water was published
in 1987. This methodology allows a holistic
understanding of the behavior of pesticides in
aquatic ecosystems and allows obtaining values
of the time-weighted average (TWA) for different
substances [7].

The SPMDs are membranes used in monitoring
pesticides or other substances with log K
between 4 and 8 (lipophilic organic compounds),
as organochlorines and organophosphorus
pesticides. On the other hand, the POCIS are
membranes used widely in monitoring polar
organic compounds which log K < 4 such
as degradates, some antibiotics and other
pharmaceutical compounds [8-9]. These devices
can be located atkey points in bodies of water (e.g.
effluent treatment plants or tributary streams),
thus substances present in water are transported
across the membrane of the device by diffusion
and finally the substances are retained by packed
phase present on the membranes.

This paper discusses the importance of passive
sampling in ecotoxicological analysis, and
explains some basic topics, such as selecting and
implementing passive samplers in water bodies.
Furthermore, this paper shows the importance
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of passive sampling in pesticides’ monitoring
in Colombia. These substances are widely used
in agricultural activities, for this reason it is a
priority to evaluate the ecotoxicological impact
and human risk of pesticides and metabolites in
water bodies and especially in drinking water
supplies [10].

Passive sampling: basic principles

Passive sampling includes any technique that
enables the free transfer of substances in water,
soil and air into a collector medium [11].
Therefore aquatic and terrestrial organisms
are considered passive samplers because they
concentrate different substances by free transfer.

The passive sampler has a packed phase that
interacts with the analytes and permits their
absorption in equilibrium with the concentration
in the water body [12]. The passive samplers
are membranes in which Fick’s law is
applied to estimate the diffusion of analytes.
The analytes diffuse from higher concentration
to lower concentration in a time (t) when the flux
is linear and the membrane efficiency is 100%.
Equation 1 describes the diffusion process:

M=Uxt=22xCot (1)

Where
*  M: Mass of a substance transported
*  U: Diffusive transport rate (mol/s).

e D: Molecular diffusion coefficient of the
analyte (cm?/s).

*  A: Cross section of the diffusion path (cm?).
*  L: Total length of the diffusion path (cm).

e Co: Analyte concentration in the medium
(mol/cm?).

e t: Diffusion time (s).

Therefore, DA/L is the flux (cm’/s). In some
literature it is known as Rs and is related to the
temperature and biofouling in the water body
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[13]. These conditions determine the device
efficiency and the analyte losses by leaching. For
this reason, often it is necessary to calibrate each
sampler [14-16].

Through calibration, the analyst determines the
field sampling time in order to determine how
much time the passive sampler should remain
in the water for detecting the possible analyte
concentration. Furthermore, analyte losses by
photodegradation or by leaching are controlled
injecting performance reference compounds
(PRC). These PRC allow finding the correction
factor for the result (i.e. pesticides level in the
water). Many substances monitored by SPMDs
are susceptible to ultraviolet-A (UVA) and
ultraviolet-B (UVB) due to the UV transparency
of the SPMDs [10]. Some PRC such as the PAHs
are used in studies of photodegradation processes.
These are quantified at the beginning and at the
end of the sampling time. The percentage loss
of PAHs will be considered as the correction
factor. On the other hand, PRCs like PBCs are
commonly used in the detection of analyte losses
during the fugacity process. For example, PCBs
congeners 14, 29, and 50 are often used as PRCs
since they do not occur in the environment under
natural conditions [17].

The obtained correction factors are used to
find the sampling rate (Rs). This value is
fundamental to determine the concentration of
pesticides monitored in the water. The models
include the variables: log K, the PRC’s release
rate constant (K) and SPMD-water partition
coefficient (K ) to find the Rs and, finally, the
pesticide concentration [18]. Equation 2 shows
the calculation of concentration:

N
Cw =22 )
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Where:

e Cw: Chemical concentration in the water
(ng/L).

*  N: Amount of the chemical accumulated by
the sampler (typically in ng).

*  Rs: Sampling rate (L/d)
*  t: Exposure time (d).

Currently, the U.S. Geological Survey (USGS)
has two free versions in Microsoft Excel on their
website to calculate the Rs [19].

Some factors, such as temperature, dissolved
organic carbon and the flux, are related to the
calculated Rs. Therefore Rs takes a specific value
for each monitoring place [18].

Membranes used for pesticides
monitoring and other pollutants

Passive sampler membranes can have ionic,
lipophilic and hydrophilic packed phases which
ensure the interaction between the membrane
and the analytes present in the water. Some
polyethylene membranes with organic internal
solvent (TRIMPS) are adequate for capture of
lipophilic pesticides such as endosulfan and
chlorpyrifos [20]. However, polar pesticides and
their degradates are not retained by this type
of membrane. Therefore, packed cellulose and
enzymatic inhibitors have been incorporated into
polyethylene membranes for sampling water-
soluble xenobiotics. Enzymatic inhibitors are
added to increase resistance to biodegradation of
cellulose which are known as passive sampling
stained-cellulose or CIDS, which have shown
stability for 21 days [21].

Some commonly used membranes are shown in
the table 1.
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Table 1 Types of membranes used in passive sampling and some some characteristics

Passive sampling Characteristics Analytes monitored Reference
Ch tcher® (metal dmi hromi
emeate (.e (metals cellulose acetate membrane cadmium, meredry, ¢ r9m|um, [22-23]
version) copper, lead and zinc
Chemcatcher® (polar polyethersulphone sheet with polar organic compounds monitoring [(17.24]
organic version) water-filled micropores (log K, <4) ’
llegal drugs, pol ticides,
Polar organic integrative polyethersulphone sheet with ega' fugs, poar p(.as ICI. e
i ) metabolites and endocrine disruptor [25-26]
sampler (POCIS) water-filled micropores
compounds
Lipophili ani d
Semi-permeable membrane  Flat tube of low density poly ethylene ‘pophilic orgaTmcl compotinds
device (SPMD) filed with triolein monitoring [27-28]
' (3<log K,<8)
Chemcatcher® (non-polar C18 chromatographic Some pesticides such as: [13.29)
organic version) adsorbent saturated with n-octanol ~ Hexazinone, atrazine and Ametryn '
Membrane Enclosed polydimethylsiloxane Persistence pollutants, (PCB) y PAH [15.30]

Sorptive Coating (MESCO) or silicone layer

monitoring.

SPMDs and POCIS are the most popular
membranes used for monitoring of pesticides and
their degradate due to their affinity for metabolites
and parent compounds. For example, substances
with log K between 1-8 can be easily monitored
using SPMDs and POCIS [31-32].

For the optimal membrane selection, log K is
considered as an important physicochemical

property due to necessary affinity between the
membrane and the analytes. For example, triolein
as packed phase in SPMDs absorbs lipophilic
substances while the packed phase polyether
sulfone used in POCIS absorbs polar pesticides.
Table 2 shows the appropriate membrane (SPMDs
or POCIS) for monitoring some pesticides and
metabolites.

Table 2 Appropriate membranes for monitoring some pesticides and some metabolites according to Jog K,

Pesticides with log K, suitable for SPMD

Pesticides with log K_, suitable for POCIS

monitoring monitoring

Pesticide logK,, Pesticide logK,,
cypermethrin 5.30 Glyphosate -3.20
Amitraz 5.50 Carbofuran 1.80
Lambda cyhalothrin 6.90 Dimethoato 0.74
Hexaconazole 3.90 Methomyl 1.24
Difenoconazole 3.58 Thyametoxan -0.13
Parathion 3.83 Malathion 2.75
Diazinon 3.69 Methamidophos -0.79
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Pesticides with log K_, suitable for SPMD

Pesticides with log K, suitable for POCIS

monitoring monitoring
Chlorpyrifos 4.7 Mancozeb 1.33
Fipronil 3.75 Carbendazim 1.48
Aldrin 6.5 Metabolites logK,,
DDT 6.91 ETU 0.56
Lindano 3.69 TCP 3.01

Selection of membranes number and
field sampling time

An initial survey is fundamental in order to know
what kinds of substances are used in a specific
place. Also, log K ,log K  and solubility provide
information about the dynamics of specific
pesticides and allow selecting the appropriate
membrane [33-34].

Additionally, the analyst needs to know what the
frequency and quantity of pesticides applied for
the study zone is and what the pesticides half-life
is. These values allow estimating the pesticide
concentration in the water and the amount of
membranes required. Some equations allow to
find the possible number of membranes necessary
in the monitoring [18]. See equation 3.

Rstn CcPr Et > MQLYVi 3)

Where.

o Cc: Predicted environmental
concentration (ng/L).

chemical

e t: Deployment time in days.

*  Rs: Sampling rate in liters of water extracted
by the passive sampler per day (L/d).

e Pr: Overall method recovery for the analyte
(expressed as a factor of one, therefore 0.9 is
used for 90 percent recovery).

* n: Number of passive samplers combined
into a single sample.

e Et: Fraction of the total sample extract
that is injected into the instrument for
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quantification (0.001 if 1 microliter, uL, of a
1-milliliter, mL, sample is injected).

*  MQL: Method quantification limit (ng/L).

o Vi: Volume of standard injection (commonly
1ul).

As an example, for determining the amount of
passive sampling for monitoring chlorpyrifos in
a reservoir the analyst could apply the following
steps:

1. The analyst needs to know:

* Possible quantity applied in the zone
study.

e The possible quantity transformed in the
time of study.

e The possible attenuation factor
*  The volume of water body

2. The analyst could use the equation 4, which
explains a first natural decay rates:

Cp=Cox e “)

Where:

e Cf = Final concentration or final quantity
(Kg).

e C, =Initial concentration or initial quantity
(Kg).

* K = Degradation constant (1/d)

e t=Time (d)



Therefore, the half time in the nature is given by
equation 5:

0.693
t1/2 = Tk ®)

Finally the possible pesticides in water are given
by equation 6:

Cr = Cy* AF (6)
Where:
e AF = Is the attenuation factor

Equations 4, 5 and 6 are applied in order to
determine the level of pesticides in water after
transformation and leaching processes. In this
paper, the following values were used in order to
find the possible concentration of chlorpyrifos in
a drinking water reservoir in Colombia:
*  Quantity of application of chlorpyrifos in
the zone of influence: 9.42 Kg (This value
was calculated according to application

frequency)
*  Halftime in soil: 50 days [35]

e Degradation constant: -0.0139/ d (Obtained
by Equation 5)

e The possible attenuation factor: 0.001
e Reservoir volume in liters: 2.5 x 10’ L
e Time of study: 15 days

To find the quantity of chlorpyrifos in soil, It was
applied the equation 4.

Cr = 9.42 % 0013915 = 7,65 Kg

According to equation 4, in the zone of influence
there are 76.49 Kg of chlorpyrifos after 15 days.

To calculate the possible quantity of chlorpyrifos
in the reservoir, It was applied the equation 6.

Cr = 7.65%0.001 =0.0076 Kg

Passive sampling in the study of dynamic and environmental impact of pesticides in water

According to equation 6, 0.0076 kg of chlorpyrifos
arrives at the reservoir.

Using the reservoir volume, it was found that the
possible concentration of chlorpyrifos in the water
is 0.031 ng/L. This concentration is undetectable
by conventional separation methods, but passive
sampling methodology does detect it.

Equation 1 and the estimated chlorpyrifos
concentration are used in order to find the number
of passive samplings through the following
values in table 3.

Table 3 Values used for finding the possible
concentration of chlorpyrifos

Variable Value
Rs 5.2 L/d
t 26 days
n= ?
Cc 0.031 ng/L
Pr 0.85
Et 0.001
MQL 0.01 ng/uL
"4 1

1

Results indicate that three passive samplers are
necessary to detect 0.031 ng/L of chlorpyrifos
in the reservoir. Also, according to log K of
chlorpyrifos (see table 2), SPMDs membranes
could be appropriate for monitoring this pesticide.

The analyst has the possibility of modifying
either the number of passive samplers or the
field sampling time. For example, when the
analyst uses less time, he should increase the
amount of passive samplers, and if the analyst
uses more time, he could decrease the amount of
passive samplers. Figure 1 shows the relationship
between the number of passive samplers and the
field sampling time.
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Relationship between passive samplers number and field
sampling time for chlorpyrifos monitoring
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Figure 1 Passive sampling number and Field
sampling time

Figure 1 shows the exponential relationship
between the number of passive samplers and
the field sampling time for the chlorpyrifos
monitoring. According to figure 1, 25 days
of monitoring are necessary using 3 passive
samplers in order to determine a chlorpyrifos
concentration of 0.031 ng/L in the reservoir.
Similarly, according to the figure, it is possible
shorten the time by using more passive samplers.
As comparative methods, some conventional
separation methods, such as SPE, require about
1000-1200 liters of water in order to detect this
chlorpyrifos concentration with 0.01 ng/ulL limit
of detection (LOD).

The deployment of passive sampling is presented
in the figure 2.

Floats system .

Membranes SPMD and
POCIS before to be
introduced in the canister

Deployment in waterbody
in a reservoir

Canister-Before to be
introduce in the waterbody

Figure 2 Passive sampling deployment in a reservoir

Processing spmds and pocis:
analyte desorption

To recover the trapped analytes in the packed
phase of the passive samplers, desorption methods
are used. Some desorption methods for pesticides
trapped in SPMDs and POCIS are described
below [36].

SPMDs dialysis

After elapse of the field sampling time, the
passive samplers are recovered and transported
to a laboratory. Each SPMD is removed from
the canister and immediately cleaned with a soft
toothbrush to remove biofouling and particles.
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Then the SPMD membrane is immersed in dilute
hydrochloric acid to remove salts and rinsed with
deionized water. The cleanliness is improved
with acetone and hexane [37].

The SPMD membrane needs a dialysis time to
desorb the analytes trapped in the triolein packed
phase. Membranes are placed in a glass container
with sufficient volume of hexane at 18 © C for 18
to 24 hours. Repeating this step using hexane as
solvent and a minimum dialysis time of 6 hours
improves the desorption process. The dialysis
times may vary depending on the properties of the
analytes that are extracted. Usually, a period of
18 hours followed by another 6 hours is sufficient
for most analytes, though, some pesticides, such



as pyrethroids, may require up to three periods
of 24 hours to achieve an adequate recovery
[18]. However, long dialysis times increase the
number of interferences in the assay.

The hexane extract is passed through the SPE
cartridge to increase the purity of the sample. This
process protects the equipment and decreases the
interference in GC and HPLC chromatograms.
Some investigations suggest using gel permeation
chromatography to remove the triolein residues
in the sample, although, with a better dialysis, the
last step is not needed. The extracts are finally
concentrated and injected into the analysis
equipment. The GC is more common in pesticide
analysis after SPMD dialysis [38-41].

POCIS dialysis

After field recovery, the POCIS membranes
are removed from each canister. The analyte
extraction methods may vary according to
available resources in the laboratory. Due to
high polar characteristics of the chemicals
absorbed, the extraction methods include
the use of chromatographic columns or SPE
cartridges. Contrary to SPMD dialysis, the
POCIS membranes are opened gently on the top
of chromatography column or directly on the top
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of the SPE cartridge. Afterward, the absorbent is
washed with a suitable solvent in order to ensure
the complete transfer of analytes. Methanol and
water are commonly used as solvents in this
procedure [36].

The combination of three solvents: methanol,
tolueneand dichloromethane are the mostcommon
solvent mix used for analyte extraction. The
solvent proportions in this combination depend
primarily on the POCIS configuration (type of
absorbent) and specific substances studied. A
mixture of methanol: toluene: dichloromethane
can be used for pesticide analysis, while for drug
analysis only methanol (40 ml) is used [18].

When analytes are volatile, for example
tetrachloroethylene, methanolisnotrecommended
as a solvent, because it requires high temperatures
of evaporation (Rota—evaporation), resulting in
the loss of some volatile analytes. An alternative
method includes the use of 25 mL of a mixture
of dichloromethane:methyl-tert-butyl ether 8:2
(viv) [36].

Regardless of the method of extraction of
analytes from the membranes, analysts should
consider evaluation of recoveries by the method
applied. The passive sampling treatments in the
laboratory are showed in figure 3.

Membranes
SPMD cleaning

SPMD dialysis

Membranes POCIS

POCIS extraction

treatment

Figure 3 Processing SPMDs and POCIS: analytes desorption
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Passive samplers and assessment
of eco-toxicological risks

Some environmental organic pollutants have high
toxicological risk on biota. Lipophilic substances
can bioaccumulate in fish tissue or other aquatic
organisms and trigger environmental problems
related to the bio-magnification process [42-43].

Pesticide and metabolite monitoring ensure
the control of exposure of aquatic organisms to
these substances. Organochlorine pesticides such
as DDT, PCBs and PAHs have high affinity to
fish tissue because their non-polar structure.
The passive sampler is an adequate monitoring
device for this purpose, because the packed phase
mimics the fish tissue and allows paralleling
the bioaccumulation process [44]. Also, some
passive samplers, such as POCIS, mimic the
intake of contaminants in aquatic organisms by
respiratory exposure [45].

Therefore, after the SPMD cleanup, the desorbed
analytes or extract obtained can be used in toxicity
bioassays such as Daphnia spp, Vibrio fischeri or
Pseudokirchneriella subcapitata [46-48]. These
kinds of bioassays describe the toxicity behavior
for many compounds in the environment. Toxicity
results can be compared with determinations
by instrumental techniques. Both represent the
possible bioaccumulation during the field sampling
time. For example, passive sampling applied in
wastewater treatment plants allows analyzing
the efficiency of the removal process for the
substances of interest [49]. Some substances such
as PAHs and PCBs were analyzed with GC/MS in
sewage plants in Asia through SPMD monitoring
[50]. The results indicate a low concentration of
these persistent substances in wastewater. Also, the
toxicity analysis demonstrated the low reduction
of toxic impact and therefore the low reduction
of persistent organic compounds by conventional
processes, such as pretreatment (screens, grit traps,
pre-aeration), primary clarifiers, aeration tanks,
and secondary clarifiers [50].

Monitoring by passive sampling is appropriate
in ecotoxicity analysis for different organic
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substances present at low levels in water [51-52].
The passive sampling technique combined with
chemical analyses and bioassays are a valuable
tool for monitoring priority organic pollutants in
aquatic ecosystems [53-54].

Conclusions

Some environmental problems such as endocrine
disruption, carcinogenicity and teratogenicity
have a major impact on global public health.
Substances such as pesticides and metabolites
induce chronic and acute toxicity at low
concentration levels. Therefore, passive sampling
is a new methodology used in some countries
for monitoring pesticides, their degradates and
other organic pollutants at low concentrations in
the water. These methodologies provide a better
assessment of environmental risk and help to
improve the understanding what is the possible
effect of substances to low level. Passive sampling
methods such as SPMDs and POCIS have a wide
range for monitoring organic pollutants in water.
These membranes provide a dynamic approach
and can estimate the ecotoxicity and risk factor
for major substances of anthropogenic origin.
Analysts should consider the physicochemical
properties of specific analytes to select adequate
membranes, the number and the field sampling
time. Passive sampling permits evaluation of the
exposure of humans and aquatic organisms to
low levels of pollutants where the impact of these
substances at low levels remains unknown.
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