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1. Introduction

The use of herbicides in agriculture has helped to improve crop quality and yield. However,
the presence of such substances has also caused serious environmental pollution problems.
Triazine herbicides are a group of herbicides applied in agriculture for pre- and post-emer‐
gence weed control. The first report of the use of triazine derivatives was in 1952 by J.R. Geigy
from Switzerland but it was not until 1954 that chlorazine was used as a herbicide, followed
by simazine in 1955 [1]. During subsequent years the amount of commercially available
triazines increased. The main triazine herbicides are derived from s-triazine, a six member
heterocycle with symmetrically located atoms in which positions 2, 4 and 6 are substituted.
The stereochemical stability of s-triazines is large enough to persist in environmental samples
from several months to many years [2].

A list of common s-triazines and some of their properties are given in Table 1. The two most
common s-triazines analyzed in waters are atrazine and simazine. The chemical common name
depends on the substituent in position 2 (or R1 in Table 1), when a –Cl group is contained the
names end with –azine, while –SCH3 and –OCH3 end with –tryn and –ton, respectively. The
thermodynamical properties also depend on the substitutes, the acidity decreases according
the following order -OCH3<-SCH3<-Cl and the solubility in water are higher in acidic condi‐
tions. The s-triazines which contain –SCH3 group are more polar than the –Cl and –OCH3

compounds according to the partition coefficient between n-octanol and water Kow (log P) [3].
The toxicity of these substances has promoted the development of new analytical methodol‐
ogies to evaluate their impact to the environment and human health.

© 2013 Rodríguez et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



Maximum residue limits for s-triazines in water samples are in the µg l-1 order. This fact
demands better quality and accurate analytical methodologies. Moreover, these concentration
levels require performing an initial stage of concentration and purification of the analytes prior
to their analysis. The analytical procedure usually is comprised of five steps: sampling, sample
preparation, separation, detection and data analysis, but sampling and sample preparation are
the critical steps of the analytical process. Over 80% of the analysis time is spent on these two
steps. If one of these steps is not followed adequately, the performance of the procedure will
be affected and the results will be inconsistent [4].

Compound R1 R2 R3 pKa Kow (log P)

N

N

N

N
H

N
H

R2R3

R1

Atrazine Cl C2H5 CH(CH3)2 1.68 2.7

Propazine Cl CH(CH3)2 CH(CH3)2 1.85 2.9

Simazine Cl C2H5 C2H5 1.65 2.3

Terbutylazine Cl C2H5 C(CH3)3 1.88 3.1

Terbutemon OCH3 C2H5 C(CH3)3 4.20 3.6

Ametryn SCH3 C2H5 CH(CH3)2 4.00 3.1

Prometryn SCH3 CH(CH3)2 CH(CH3)2 4.05 3.3

Simetryn SCH3 C2H5 C2H5 4.00 2.8

Terbutryn SCH3 C2H5 C(CH3)3 4.40 3.7

Table 1. pKa and Kow (log P) of common s-triazines herbicides

Adequate sample preparation is a requisite for analytical techniques. Analysts have responded
to this challenge, so in this work recent sample extraction techniques for analysis of s-triazines
in water samples are overviewed.

2. Sample preparation

The sample preparation concept is based on converting a real matrix into a sample suitable for
analysis. This process involves a change in the chemical environment of the sample. An initial
step in the design of an extraction method is the knowledge of the physical and chemical
properties such as lipophilicity and the predominance of acid-basic species neutral or ionic.
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Matrix effects are the main problem in extracting analytes. A matrix effect can be defined as
the influence of a property of the sample, independent of the presence of the analyte, on the
recovery efficiency. In water samples a pre-concentration step is required prior to measure‐
ment of triazines. A pre-concentration factor of several orders of magnitude (200-1000 fold) is
mandatory to reach the low detection limits necessary for identification and analysis of these
herbicides, especially in highly organic matter content samples such as wastewaters. The
common extraction methods used for isolation of polar compounds from water matrices are
the liquid-liquid extraction (LLE) and the solid phase extraction (SPE).

2.1. Liquid-liquid extraction

LLE has been used in the past for the extraction of triazines from environmental water samples
[5]. LLE is based on the partition coefficient of the analytes between two liquid phases of low
solubility. In the case of triazines the common sample volume used is 1 l (pH adjusted to 7)
and it is mixed with an organic solvent, such as methylene chloride (at least 2x50 ml). The
aqueous layer is then discarded, the organic phase evaporated and concentrated to a volume
of 5 ml and the solvent is exchanged. The obtained extract is analyzed by a separation technique
(gas or liquid chromatography). The main disadvantages of this procedure are: the use of large
volumes of organic solvents, limited pre-concentration factors and tedious procedures.

In recent years, the scientific community has shown an increased interest in the development
of environmentally friendly laboratory activities. Green analytical chemistry pursues the aim
of replacing toxic reagents by clean ones. Also the development and improvement of new
sample preparation techniques is a fast growing trend in analytical chemistry. In this context,
liquid phase microextraction techniques have evolved from the use of tens of ml of solvent to
the use of drop-based (µl) systems. The different approaches employed for the liquid micro‐
extraction of triazine herbicides from environmental matrices are mainly: hollow fiber liquid
phase microextraction (HFLME) and dispersive liquid-liquid microextraction (DLLME).

2.1.1. Hollow fiber liquid phase microextraction

HFLME is a membrane based separation technique. It can be sub-classified into two-phase and
three-phase systems. The two-phase system is the most used system in the extraction of
trazines from aqueous samples. The two-phase systems are also referred as microporous
membrane extraction. It is comprised of an aqueous phase and a hydrophobic porous mem‐
brane impregnated with a suitable organic solvent (Figure 1). The aqueous phase usually
contains the analyte and it is called the donor phase while the organic solvent is the receiving/
acceptor phase [6].

The extraction process involves partitioning of the analyte from the aqueous sample into the
organic solvent which impregnates the hollow fiber (HF) and the diffusion through the
membrane into the bulk receptor/acceptor phase. These systems are suitable for extraction of
compounds with large partitioning coefficients in the organic phase. Polypropylene is the
material commonly used for triazines using two-phase HFLME systems.
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The common steps included on the HFLME are: a) cleaning of the HF, b) conditioning of the
HF impregnating it with the extraction solvent, c) adding a specific volume of the solvent into
the HF, d) immersing the HF into the sample for a definite time, e) aspiring the preconcentrated
sample for its analysis.

A system based on the use a polypropylene HF (1.5 cm Χ 0.6 mm i.d.) containing 3 µl of toluene
as organic solvent was used for the extraction of simazine, atrazine, propazine, simetryn and
prometryn from 3.0 ml of water samples. The organic phase was analyzed by gas chromatog‐
raphy-mass spectrometry (GC-MS). The effect of salt addition, agitation, pH and exposure time
were evaluated. The most critical variable was the pH value required (>4.0) which determines
the formation of the suitable extractable analyte form. The method described provides good
enrichment factors (<150), good precision (<3.5%, expressed as relative standard deviation,
RSD) with limits of detection (LODs) in the range of 0.007-0.063 µg l-1[7].

The use of phosphorus-oxygen compounds as co-extraction solvents has been proposed for
isolation of pesticides from water samples including triazine herbicides. Atriazine, simazine
and propazine were extracted using a polypropylene HF (3.3 cm Χ 0.3 mm i.d.) filled with a
n-dihexylether solution containing 10% of tri-n-octylphosphine oxide ((C8H17)3PO) and 10% of
tri-n-butylphosphonate ((C4H9O)3PO). The dipolar moment from the P-O bond increases the
polarity of the extraction solvent, allowing the isolation of the triazines and the other pesticides
evaluated. The extraction was optimal when the donor pH was fixed to 8.0, using the organic
phase, above mentioned and a contact time of 4 h in a 250 ml of a water sample. The system
was coupled to high performance liquid chromatography- mass spectrometry (HPLC-MS) as
separation and detection technique. Under these conditions LODs from 0.061 to 0.26 were
obtained for triazine compounds [8].

Over the past decades, carbon nanotubes have elicited interest due to their chemical and
physical properties. At the nanoscale, an increase of the contact surface area is observed.

(a)
(b)
(c)

Figure 1. Representation of a hollow fiber liquid phase microextraction system. (a) donor phase, (b) hollow fiber with
organic phase, (c) acceptor phase.

Herbicides - Advances in Research258



Following the new tendencies, a polypropylene HF (3.0 cm X 0.6 mm i.d.) was impregnated
with a suspension composed by n-octanol and multiwalled carbon nanotubes, intended for
simazine, simetryn, propazine, and prometryn isolation. The HF was immersed into the
sample (15.0 ml) containing 30 µl of chlorobenzene and 2.25 g of NaCl for 20 minutes. Then,
the HF was washed with water and immersed in 50 µl of methanol for elution of the analytes.
The analysis of the methanolic solution by HPLC with ultraviolet detection (HPLC-UV) gives
a LOD of in the range of 0.08-0.15 µg l-1 [9].

2.1.2. Dispersive liquid-liquid microextraction

DLLME is a miniaturized LLE technique based on a ternary component solvent system
composed of a certain amount of the sample, a disperser solvent and an extraction solvent.
The extraction steps involved on the DLLME are (Figure 2): a) a volume of the sample is placed
in a tube with conic bottom, b) the disperser and extraction samples are injected into the
sample, c) the mixture is then mixed and a cloudy solution is formed in the test tube. A higher
contact area between the organic-aqueous phases is obtained due to the formation and
dispersion of micro-drops of organic phase. Subsequently, equilibrium state is achieved
quickly, resulting in a reduction in the extraction time. The final step is the centrifugation and
depending on the density of the extraction solvent, d) it sediments at the bottom of the test
tube or e) floats at the top of the solution. Finally, a definite volume of the pre-concentrated
sample is recovered and analyzed.

Centrifugation 

(a) (b) (c)

(d)

(e)

Figure 2. Representation of the dispersive liquid-liquid microextraction methodology

Chlorobenzene is a suitable extraction solvent for triazine isolation, and it was applied for
DLLME of atrazine, simazine, prometryn, propazine and simetryn from water samples. The
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methodology uses 5.0 ml of water samples containing 4% (w/v) of sodium chloride mixed with
12.0 µl of chlorobenzene and 1.0 ml of acetone (disperser solvent). The mixture was centrifuged
and a 2 µl sample was analyzed by GC-MS. The method proposed has a LODs between 0.021
and 0.12 µg l-1 with a precision <5%, expressed as RSD [10].

The search for new extraction solvents is a key trend in the solvent extraction evolution. In this
sense, ionic liquid, which is an ionic media resulting from the combination of organic cations
with various anions has attracted attention for its special features such as: low-vapour
pressure, high viscosity, dual polarity and a wide range of miscibility with water and other
organic solvents [11].

The ionic liquid 1-hexyl-3-methylimidazolium hexafluorophosphate has been evaluated as
extraction solvent of atrazine, prometryn, and simazine. The proposed methodology prepared
a solution mixing water sample (10 ml) and the ionic liquid (60 µl) in a conical test tube. The
test tube was heated in water bath at 70 °C for 5 min and was thereafter cooled with ice for 30
min until the solution became turbid. The dispersion was centrifuged for 10 min at 3800 rpm,
the upper aqueous phase was removed and the ionic liquid phase was dissolved in 100 µl of
methanol for HPLC-UV analysis. Under optimal condition the LODs of the reported method
are in the range from 0.46 to 0.89 µg l-1, with precisions below 10% (RSD) [12].

Following the same tendency, a DLLME method coupled to microwave assisted extraction
(MAE) was design for extracting ametryne, prometryne, and terbutryn. A 10 ml microwave
tube was filled with 5.0 ml of water sample. Then, 40 µl of 1-butyl-3- methylimidazolium
tetrafluoroborate and 500 µl of a 0.2 g ml-1 disperser solution of lithium bis[(tri-fluorome‐
thane)sulfonyl]imide were added. The suspension was irradiated under microwave power of
30 W during 90 seconds. After cooling, the suspension was centrifuged at 5000 rpm for 6
minutes. The aqueous phase was removed and the ionic liquid phase was stored for HPLC-
UV analysis. The LODs were between 0.52 and 1.30 µg l-1 with precisions <10%, as RSD [13].

In the case of DLLME using extraction solvents with lower density than water, there has been
reported the use of DLLME based on the solidification of a floating organic droplet for analysis
of atrazine and simazine in water samples. The conditions proposed for the sample treatment
are: 10 µl of 1-undecanol (ρ=0.83 g ml-1) as extraction solvent, 100 µl of acetonitrile as disperser
solvent, NaCl 5% (w/v) and 5ml of water sample. The mixture was then centrifuged for 3 min
at 400 rpm and then transferred into an ice bath. After 5 minutes the extraction solvent
solidified and was transferred into a clean conical tube, where it melts quickly at room
temperature. The extract was then analyzed by GC-MS. The LODs reported were in the range
of 0.52-1.30 µg l-1 with precisions <5.0%, as RSD [14].

Simultaneous DLLME and microwave assisted extraction was also applied in the analysis of
cereal samples. The method involved the use of 1-dodecanol, methanol and water in order to
extract the solid sample. Although the technique reported does not involve the analysis of
water samples, it is an interesting example of coupled techniques which generates a dynamic
and simple methodology for extraction of triazines from complex samples [15].
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2.2. Solid phase extraction

Solid phase extraction (SPE) is the main separation technique used for trace enrichment of
triazines from aqueous samples. The use of cartridges or disk forms, allows a high degree of
flexibility. In the last years, there has been a considerable interest in designing new selective
and sensitive stationary phases for extracting triazine compounds. Selectivity is related with
the extraction mechanism used during isolation of the analytes. The most important interac‐
tions between the solid phase and the analytes are represented in Figure 3.

Si
R2

N
H

H
O

R1

Si R

R

SO3 R- +

R

(a)

(b)

(c)

(d)

(e)
Solid phase

N

O

Non-polar interaction

Polar interaction

(f)

Figure 3. Representative interactions mode between the solid phase and the analytes during SPE

SPE using polar solid phases (Fig 3.a) has been applied for isolation of atrazine, ametryn,
prometryn, terbuthylazine, terbutryn and simazine. Initially, a solution of 10 ml of water
sample, 50 ml of acetonitrile and 10 g of NaCl was prepared. Then a 25 ml portion of the mixture
was evaporated to dryness in a vacumm evaporator at 50 ºC. The residue was dissolved in
hexane and it was then subjected to SPE clean-up with Florisil cartridges using hexane and
acetone/hexane (80:20) as condition and elution solvents. The sample extract was analyzed by
HPLC-MS, achieving limits of quantification (LOQs) in the range of 0.02-0.05 mg l-1 with
precisions < 10% [16].

SPE, based on C18 and polymeric phases (Fig 3.b and c), has been widely used for determi‐
nation of triazine in water samples [17-23]. The common amount of water sample passing
through the cartridge is 100 ml, followed by a drying step. Triazine compounds are eluted with
a few ml of a solvent such as acetonitrile, ethyl acetate or methanol. The LODs achieved depend
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on the type of separation technique (GC or HPLC) and the detector used (MS, UV, etc.). In
some cases it is reported limits in the ng l-1 when sensitive detectors are used.

Strong cation exchange SPE (SCX-SPE, Fig 3.d) has been proposed for ametryn, atrazine,
propazine, prometryn, simazine, simetryn and terbutryn isolation. The positive charge of the
acid form of triazines allows the isolation of the analytes. Elution was performed by adding a
0.07 M KCl aqueous-methanolic solution. The obtained extract was analyzed by HLPC-UV.
The LODs reported using spikes water samples was 0.01 µgl-1 [24].

In order to increase the selectivity of extraction, the use of immunosorbents was reported (Fig.
3.e). The production of polyclonal antibodies was done by immunization of rabbits with
caprolyl-atrazine. The immunosorbent was applied in the analysis of ametryn, atrazine,
propazine, prometryn, simazine, simetryn and terbutryn in water samples. The system could
be used in off- or on-line modes. The pre-concentration of 50 ml water samples and the use of
methanol 70% (v/v) as elution solvent prior to HPLC-UV analysis provided LODs of 1-2 µg
l-1 [25-26].

A highly specific method for atrazine isolation was developed using a moleculary imprinted
polymer (MIP, Fig 3.f). The MIP was synthesized using atrazine : methacrylic acid: ethylene
glycol dimethyl methacrylate in a molar ratio of 1:4:20. The polymer exhibited a high selectivity
to atrazine isolation, achieving LOD of 0.5 µg l-1 when it is coupled to HPLC-UV [27].

Multiwalled carbon nanotubes have been evaluated as adsorbent for atrazine and simazine
isolation. The atrazines were retained on the solid phase in their neutral form and they were
eluted from the solid using acetonitrile or acetone. The methodology was tested using different
geometries (disk and cartridge) and volumes (200 and 500 ml) and also different detection
methods (GC-MS and HPLC-DAD). The LODs were in the µg l-1 order [28-29].

During the last decades, different techniques have been proposed to improve the SPE.
Extraction of triazines has been usually carried out by solid phase microextraction (SPME), stir
bar sorptive extraction (SBSE) and dispersive solid phase extraction (DSPE).

2.2.1. Solid phase microextraction

SPME (Figure 4) has become popular for the analysis of organic compounds because it
combines sampling and pre-concentration in a single step. In this technique a fused silica fiber
coated with a polymeric film is immersed into the sample (Fig. 4.a and b). The analytes are
adsorbed into the stationary phase and later desorbed for its ulterior analysis (Fig. 4.c and d).
SPME has the following advantages: (i) the extraction time is reduced, (ii) it provides good
results over a wide range of analyte concentrations and (iii) it can be easily automated.
Obviously, the composition of the fibers is a great importance in this methodology.

Atrazine, simazine, terbuthylazine and terbutryn have been extracted from water and soil
samples using SPME with a carbowax-divynilbenzene fiber. Extraction was carried out by
direct immersion of the fiber into the sample (3.0 ml) containing 10% of NaCl to adjust the
ionic force. The mixture was stirred for 30 min and desorption of the herbicides was carried
out at 240 ºC in the hot GC-MS injector. The LODs were below 0.1% µg l-1 with precision intra-
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and inter-day below 10 and 20%, respectively. The absence of organic solvent during sample
preparation was the main advantage of the proposed method [30].

Carbon solids are one of the most important adsorption materials since they exhibit high
isolation capacity for organic compounds. Graphene is a novel carbon material with large
delocalized π-electron system that can form strong π-stacking interaction with the aromatic
ring presented in the triazine structure. Atrazine, ametryn, prometron and prometryn were
extracted using iron fibers coated with graphene. The fiber was immersed into 10 ml water
sample solution for 30 min with stirring at 950 rpm. Afterwards, the extracted analytes on the
SPME fiber were desorbed with 50 µl of acetone. The extract was then analyzed by HPLC with
diode array detection (HPLC-DAD). The LODs of the method were in the range of 0.05-0.2 µg
l-1 with precision <5%, as RSD [31].

2.2.2. Stir bar sorptive extraction

SBSE is a relatively new technique. It has been used with success for the extraction of organic
compounds from aqueous, food, biological and environmental samples. In SBSE the sample
is stirred for a given time with a stir bar coated with a sorbent (Fig. 5.a), until the analyte reaches
equilibrium between the polymer and the aqueous phase according to their distribution
constant. The sorbed analytes are then desorbed by high temperatures into the injector port of
the GC (Fig. 5b) or by liquid removal for HPLC analysis (Fig. 5.c). The main disadvantage of
SBSE is the high extraction time required during sample treatment.

to GC column

(a) (b)

(c)

to HPLC injector

(d)

Figure 4. Representation of the solid phase microextraction methodology
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0

0

Figure 5. Representation of the solid phase microextraction methodology

A stir bar of 10 mm length and 0.5 mm polydimethylsiloxane was used to extract ten triazines
from water samples. The SBSE step was carried out by introducing the stir bar into a vial
containing 20 ml of the sample, 30% of NaCl and stirred (31.4 s-1) during 60 min. The stir bar
was washed with water and then thermally desorbed and analyzed by GC-MS. The LODs
obtained were in the range from 0.2 to 3.4 ng l-1 [32].

The use of thermal desorption requires a cold trap during elution process. The hyphenation
of SBSE with HPLC-DAD using solvent desorption was applied to atrazine, simazine and
terbuthylazine in environmental water samples. A polyethylene bar impregnated with
activated carbon (15 mm length and 0.5 mm thickness) was used to extract 10 ml of water
samples. The extraction time required was 16 h, followed by desorption of the analytes using
acetonitrile as solvent. The reported LODs were around 0.1 µg l-1 with precision <15%, as RSD.
This method was an alternative to the analysis of analytes with polar characteristics [33].

2.2.3. Dispersive solid phase extraction

DSPE involves a sorbent addition to a water sample to form a dispersion (Fig. 6.a and b). The
solid used has been derivatized to produce a bound organic phase (e.g., octadecyl, MIP, etc.)
on its the surface similar to those used for packing SPE columns. The contact between the
analytes and the support is higher than in traditional SPE, increasing the equilibrium rate and
providing higher extraction yields. After centrifuging the suspension, the solid phase sedi‐
ments are at the bottom of the test tube. An appropriate organic solvent is then used to elute
the analytes from the solid sorbent prior to the organic extract analysis (Fig. 6.c).

DSPE has been applied to determine atrazine, prometryn, simazine, terbumeton and terbu‐
thylazine in lettuce and corn acetonitrile extracts. Although this method is not used in water
matrices, it is a good example for the isolation of triazine herbicides by DSPE. A MIP was
synthesised using methacrylic acid, ethylenglycol, dimethacrylate, dithioester compounds and
atrazine. The retention mechanism is based on the electrostatic interaction between the acid
monomer and the basic properties of the target molecule. 100 mg of the MIP were dispersed
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in 5 ml of sample solution for 1 hour. Once the extraction was concluded, the solid phase was
collected in a membrane filter. The solid was washed with methanol and then the atrazine was
eluted with 5 ml of desorption solvent (methanol/acetic acid, 9:1 v/v). The extract was dried
and redissolved in acetonitrile before its analysis by HPLC-UV. The LOD reported was 2.8 µg
l-1 with precisions <10% [34].

2.2.4. Magnetic solid phase extraction

Recovery of the solid phase in DSPE requires the use of filtration or centrifugation techniques
that may lead to a solid phase loss and the subsequent decrease in precision and accuracy. The
use of magnetic solids is an alternative for the selective preconcentration of different chemical
species. It offers adequate surface area, the possibility of functionalization and paramagnetic
properties. Their application as dispersed sorbents in liquid samples is so-called magnetic solid
phase extraction (MSPE, Fig. 7). This technique has demonstrated several advantages such as:
the decrease in sample treatment time, the decrease in solvent use, and the easy treatment of
high volume samples. MSPE has been applied for the selective separation of many organic
contaminants including antibiotics, anti-inflammatory drugs, pesticides, etc. which are present
in different matrices [35].

MSPE has been applied for  the extraction of  atrazine,  prometon,  propazine and prome‐
tryn  in  environmental  water  samples  using  graphene-Fe3O4  nanoparticles.  The  effect  of
the amount of magnetic solid, extraction time and pH of the sample were evaluated. 20
mg of the magnetic support was dispersed into a 250 ml aqueous sample solution for 20

(a) (b) (c)

Figure 6. Representation of the dispersive solid phase extraction methodology
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minutes.  The  solid  was  isolated  from  the  sample  solution  using  a  magnet.  The  liquid
phase was discarded and the solid was vortexed with acetone to desorb the analytes pri‐
or  to  its  analysis  by  HPLC-DAD.  The  LODs  of  the  method  ranged  between  0.025  and
0.040 µg l-1 with reproducilities <5.2% [36].

In this study, the effect of polarity of the solid phase on the interaction between triazines with
magnetic supports used as part of a MSPE system coupled to HPLC-UV was evaluated. The
developed methodology was used to determine atrazine and simazine in surface water
samples.

3. Experimental conditions

3.1. Reagents and solutions

Ferrous sulfate heptahydrate (FeSO4 7H2O), ammonium solution (NH3 25%, w/w), sodium
hydroxide 99%, and hydrochloric acid 36% were purchased from J.T. Baker (Phillipsburg, NJ,
USA). Triton X-100, cetyltrimethylammonium bromide (CTAB), tetramethoxysilane (TMOS),
phenyltrimethoxysilane (PTMS), octyltriethoxysilane (C8-TEOS), chlorotrimethylsilane
(CTMS), and methanol (HPLC grade) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
1-chloro-3-ethylamino-5-isopropylamino-2,4,6-triazine standard 99.5% (atrazine) and 6-
chloro-N,N'-diethyl-1,3,5-triazine-2,4-diamine standard 98.5% (simazine) were provided by
Dr. Ehrenstorfer GmbH (Augsburg, Germany).

Stock solutions of  triazines were prepared at  a  concentration of  250 mg l-1  in  deionized
water.  These  solutions  were  protected  from light  and  stored  under  refrigeration  (4  °C)
until  use  to  avoid possible  decomposition.  Calibration standards  were  prepared at  con‐
centrations of 5-1000 µg l-1 by mixing adequate volumes of each standard solution in de‐
ionized water.

(a) (b) (c) (d)

(e)

Figure 7. Representation of the magnetic solid phase extraction methodology
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3.2. Equipment

Magnetic solids were characterized by X-ray diffraction in a PHILIPS PW1710 (Almelo, The
Netherlands) instrument equipped with a Cu anode, automatic divergence slit and a graphite
monochrometer under the following experimental conditions: CuKα radiation, 1.54 Å;
generator tension, 40 kV; generator current, 30 mA; intensity ratio (α2/α1), 0.500; divergence
slit, 1°; receiving slit, 0.1; start angle (2Ѳ°), 5; end angle (2Ѳ°), 70. A JEOL JSM-820 (Tokio,
Japan) scanning electron microscope (SEM) was used for obtaining the magnetic solid
microphotographs.

The separation and analysis were performed using HPLC equipment consisting of a Gilson
(Middleton, WI, USA) model 302 pressure pump, a Rheodyne mod. 7525 injection valve and
a UV–VIS diode array HP8453 spectrophotometer (Hewlett Packard, Palo Alto, CA, USA). The
absorbance of atrazine and simazine was monitored at 220 nm [37]. The quantification of
triazines was made by comparison of peak height with those of the standards. The chromato‐
graphic separation was achieved with a Scharlau C18 column (5 µm; 150 mm×4.6 mm i.d.)
(Barcelona, Spain). The mobile phase consisted of methanol-deionized water (2:1, v/v). A flow
rate of 1.0 ml min-1 was established at 25 °C.

3.3. Analytical method

3.3.1. Synthesis and characterization of magnetic supports

The magnetic solids were synthesized by emulsion polymerization. Magnetite particles Fe3O4

were synthesized by a co-precipitation method [38] (Figure 8.a). The magnetite obtained was
washed three times with 50 ml portions of deionized water and added to a flask containing a
mixture methanol/water 3:1, Triton X-100 2%, CTAB 0.05% and the precursors indicated in
Table 2. The mixture was heated and refluxed at 120 °C for 16 h with stirring (Figure 8.b). The
solids were washed with two portions of 20 ml of deionized water and then a portion of 20 ml
of ethanol then were dried at 60 ° C. In order to block superficial silanol groups (–Si–OH), the
solids obtained in the previous process were derivatized using a mixture of 0.9 g of chlorotri‐
methylsilane (CTMS), and 1 ml of pyridine per gram of support in 50 ml of toluene (Figure
8.c). The supports were then washed with 20 ml portions of each of the following solvents:
toluene, ethanol and deionized water until the washing liquid was colorless. The obtained
magnetic particles were dried at 60 °C for 24 h [39]. Subsequently, all the magnetic solids were
characterized by different techniques like SEM, X-ray diffraction and infrared spectroscopy.

3.3.2. Sampling and sample treatment

Surface water samples were collected from an agricultural area in Zamora, Spain in October
2009. Polypropylene bottles previously washed with deionized water and H2SO4 solution of
2% (v/v) were used. Once at the sampling site, the bottles were rinsed several times with the
water to be collected and the temperature was measured. The samples were stored at 4°C
before analysis. They were filtered through 0.45 µm cellulose acetate filters (Sartorius,
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Göttingen, Germany) in a glass filtration device connected to a hand-operated vacuum pump
(Sartorius, Göttingen, Germany).

Parameters such as the water samples’ pH and the nature of the functionalized magnetic solids
(mainly polarity) were modified to find the adequate extraction conditions. All the experiments
were carried out with five replicates.

The optimal developed MSPE procedure involves the following steps: First, 1 ml of methanol
is added to 0.1 g of the magnetic support (PH1) for activation and the magnetic solid is washed
with 5 ml of deionized water. After addition of a known volume of water sample (0.2, 0.5 or
1.0 l) and pH adjustment to a value of 5 with HCl 1 M, the mixture is dispersed in an ultrasonic
bath for 10 min. Then, a neodymium magnet is placed on the bottom of the beaker providing
the isolation of the magnetic supports with the adsorbed analytes from the solution. The water
sample is then eliminated by decantation. After the adsorption process, the solid is rinsed twice
with 10 ml of deionized water. Finally, 1 ml of methanol was added to the magnetic solid and
dispersed in an ultrasonic bath for 10 min. A neodymium magnet was placed on the bottom

Fe2+
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Figure 8. Synthetic methodology for magnetic supports preparation; a) magnetite preparation by co-precipitation
method, b) silica polymerization onto magnetite particles by emulsion polymerization, c) silanol block reaction.

Magnetic Solid Name Ratio SiO2 monomer-Fe3O4 (w/w)

Polar 1 (P1) 1:1 / TMOS

Polar 2 (P2) 1:2 / TMOS

Phenyl 1 (PH1) 1:1 / PTMS

Phenyl 2 (PH2) 1:2 / PTMS

Octyl 1 (C8-1) 1:1 / C8-TEOS

Octyl 2 (C8-2) 1:2 / C8-TEOS

Table 2. SiO2/Fe3O4 ratio (w/w) and functionalized monomers for magnetic supports used such as adsorbents in
MSPE for atrazine and simazine isolation
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of the beaker, and using a syringe the extract was isolated, dried, redisolved in 50 µl of
methanol and injected into the HPLC system for their separation and analysis.

The SPE procedure for comparison was performed as described [40]: C18 SPE cartridges (500
mg, Bound Elut, Varian, Netherlands) were conditioned using 5 ml of ethyl acetate, 5 ml of
methanol and 5 ml of deionized water at a flow rate around 2 ml min-1. Water samples (1 l)
were flowed through the cartridges with a flow rate between 10-15 ml min-1 under vacuum
and the loaded cartridges were rinsed with 3 ml of methanol:water (5:95, v/v). The elution was
performed with three aliquots (1 ml) of ethyl acetate at a flow-rate of about 1 mL min-1. The
combined aliquots were evaporated to dryness by a gentle stream of nitrogen and the residues
were dissolved in 50 µl of methanol and injected into the HPLC system.

4. Results and discussion

4.1. Triazine extraction by MSPE

Figure 9 shows the effect of the polarity of the magnetic solid and the pH value of the aqueous
phase on the recovery of each analyte. The results obtained demonstrate the high affinity
achieved by phenyl based supports. The best extractions were observed when using the PH1
solid at pH 5 with recoveries of 90% and 100% for simazine and atrazine, respectively. Based
on this performance, solid PH1 and pH 5 were selected for further experiments.
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Figure 9. Effect of magnetic solid polarity and sample pH value on the triazine recoveries in spiked surface water (10
ng ml-1)

The adsorption of analytes on the solid surface depends on acid-base interactions (hydrogen
bonds), π-π interactions, and Van der Waals forces (hydrophobic interactions). However, it
has been observed that solid absorbent with aromatic groups improve the adsorption of
triazines, due to π-π interactions, improving significantly recovery percentages [41-43]. This
type of interaction has been reported for adsorption of triazines on mineral oxides coated with
surfactants, the hydrophobic interaction between adsorbents and analytes improve the
adsorption [44]. On the other hand, the acid-base equilibrium has an important role during
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adsorption, in this case is evident that the better adsorption onto the surface solid is presented
at pH 5. In these conditions the triazines are neutral without electric charges increasing the
hydrophobic interactions. At pH values >7.0 the remaining surface silanol groups acquire a
negative charge, increasing the repulsions between the surface of magnetic solid and the
triazines decreasing the percentage recoveries for both analytes [45].

4.2. Characterization of magnetic solids

The magnetic solid characterization has been previously reported [39]. In this paper, we focus
on the characterization of the most adequate solid for the selected triazine preconcentration.
The magnetic particle morphology is spherical with core-shell type, where the core particle is
magnetite, with super paramagnetic properties (20-50 emu g-1) [46]. On the other hand, the
shell is formed by silica phase functionalized with phenyl groups. The micrograph shown in
Figure 10 confirms the spherical morphology of magnetic particles, with an approximated
diameter of 2 µm. The diffraction pattern shows the magnetite line diffraction (m) and a
broadband signal between 2Ѳ° of 10° and 40°, corresponding to the amorphous silica phase.
The physiochemical and magnetic properties of the magnetic particles were adequate for their
application as adsorbents in MSPE.
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Figure 10. Microphotography and diffraction pattern of PH1 support

4.3. Analytical parameters of the MSPE

In the optimized conditions, the analytical parameters and precision data were determined
using spiked tap water samples. Different volumes of spiked surface water samples (0.2, 0.5
and 1.0 l) with an interval concentration of 10-1000 µg l-1 were used. The results obtained are
listed in Table 3. The limits of detection (LODs) were calculated for a signal/noise relation equal
to (S/N = 3.29). The limits of quantification (LOQ) were determined using a signal/noise relation
equal to 10 (S/N = 10). The calibration curves were constructed from the high signal versus
concentration µg l-1.
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According to the results from Table 3, it is possible to observe that the LODs decrease when
higher initial sample volumes are used. The lowest limits of detection were reached between
0.01 and 0.02 µg l-1 using 1 l of initial sample. LOD and LOQ obtained by the method are
comparable to those reported by other methods.

Sample

volume

(l)

Analyte LOD

(µg l-1)

LOQ

(µg l-1)

Repeatability Reproducibility

50

µg l-1

100

µg l-1

50

µg l-1

100

µg l-1

0.2 Simazine 4 12 2.8

2.3

6.2

5.1

4.8

3.2

2.8

2.6Atrazine 3 9

0.5 Simazine 1 3 2.4

1.6

6.7

5.6

2.5

4.2

2.9

2.2Atrazine 1 3

1.0 Simazine 0.01 0.03 1.4

1.6

2.8

3.9

1.5

1.2

2.0

1.5Atrazine 0.02 0.06

Table 3. Analytical parameters for different sample volumes, repeatability and reproducibility (%RSD, n = 5) for two
concentration levels.

The precision of method expressed as the repeatability and reproducibility values (%RSD <
5%) and the high recoveries obtained make the proposed method a viable alternative to be
routinely implemented in the analysis of simazine and atrazine in water samples, without the
necessity of expensive or difficult access equipment.

4.4. Analysis of superficial water samples

The developed method was applied to the determination of triazines in surface water samples
from agricultural lands in Zamora, Spain. Only one of the four samples analyzed showed
contamination by triazines, being this water sample was collected in a waterhole near a corn
field, which shows that pesticides applied to crops, migrate to nearby water bodies.

The concentrations found with the MSPE-HPLC (mean and %RSD, n=5) method were 9.9(3.0)
and 12.2(2.5) µg l-1 for simazine and atrazine, respectively. The concentrations determined
using the SPE-HPLC were 9.8(3.0) and 11.8(2.3 µg l-1. The average of each analyte (determined
by both methods) was compared by a t-test for comparison of means, assuming comparable
variances (verified by a F-test). Calculated t values were compared with the tabulated t value
for 8 degrees of freedom and a significance level of α= 0.05 (t = 2.30). Thus, the null hypothesis
was accepted meaning that there were no significant differences between the results provided
by both methods.

Figure 11 showed the chromatogram of surface water sample collected from Zamora, Spain,
extracted with MSPE and SPE and a standard chromatogram. The clean-up process results for
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both preconcentration methods are similar, showing that MSPE can be used as an alternative
method for the determination of atrazine and simazine.
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Figure 11. Chromatograms obtained at the optimized conditions: (a) surface water sample obtained by MSPE pre-
concentration method, (b) surface water sample obtained by SPE pre-concentration method and (c) simazine and
atrazine standard solution 20 µg l-1. S: simazine and A: atrazine.

5. Conclusions

Due to the wide application of herbicides, it is necessary to develop fast and reliable methods
for their determination in different analytical matrices providing a correct risk assessment to
human health and the environment.

The results obtained by the optimized and validated MSPE method are comparable with other
reported methods, concluding that the developed MSPE-HPLC procedure can be used for the
screening and quantification of atrazine and simazine in water samples.

Although there are more sensitive methods, they require expensive and inaccessible instru‐
mentation such as mass spectrometry, representing the MSPE-HPLC-DAD a rapid and low
cost determination method of atrazine and simazine in water samples.
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