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Application of sequential injection–square wave voltammetry (SI–SWV)
to study the adsorption of atrazine onto a tropical soil sample
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Abstract

Square wave voltammetry automated by sequential injection analysis was applied to determine the Freundlich adsorption coefficients
for the adsorption of atrazine onto a clay rich soil. The detection limit in soil extracts was between 0.18 and 0.48�mol L−1, depending
on the medium used to prepare the extracts (0.010 mol L−1 KCl, CaCl2 or HNO3 and 0.0050 mol L−1 H2SO4), all of them conditioned
in 40 mmol L−1 Britton–Robinson buffer at pH 2.0 in presence of 0.25 mol L−1 NaNO3. Also in soil extracts the linear dynamic range
was between 1.16 and 18.5�mol L−1 (0.25–4.0�g mL−1), with a sampling frequency of 190 h−1. TheK Freundlich adsorption coefficient
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was 3.8± 0.2�mol1−1/n Ln kg−1 in medium of 0.010 mol L−1 KCl or CaCl2, but increased to 7.7± 0.1 and 9.0± 0.3�mol1−1/n Ln kg−1 in
0.010 mol L−1 HNO3 and 0.0050 mol L−1 H2SO4, respectively. The increase ofKf was related to the decrease of pH from 6.4–6.7 in
and CaCl2 to 3.7–4.0 in presence of HNO3 or H2SO4, which favors protonation of atrazine, facilitating electrostatic attractions with ne
charges of the clay components of the soil. The 1/nparameters were between 0.76 and 0.86, indicating that the isotherms are no
suggesting the occurrence of chemisorption at specific adsorption sites. No statistically significant differences were observed in
to the adsorption coefficients obtained by HPLC. The advantage of the proposed SI–SWV method is the great saving of reagen
does not use organic solvent as in the case of HPLC (50% (v/v) acetonitrile in the mobile phase). Additionally the start up of S
immediate (no column conditioning necessary) and the analysis time is only 19 s.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Triazines have been used in diverse crops as herbicides
and, nowadays, atrazine and simazine are among the pre- and
post-emergence herbicides most used around the world[1].
After application the herbicide can be adsorbed in soil compo-
nents such as clays and natural organic matter (NOM), having
a significant decrease in their effectiveness. Adsorption of
atrazine to soils is directly related to the content of organic
matter and humidity[2]. Because triazines are weakly basic
substances, they can be protonated in acidic soils, interacting
with negative charges of clays and NOM[3]. Such interac-
tions decrease the concentration of triazines in the soluble
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fractions of the soil, decreasing the geochemical mobili
the herbicide. Despite of these interactions, a great co
about triazines is their runoff to ground waters and sur
waters[4]. Atrazine and simazine, as well as their meta
lites, are the herbicides most often detected in natural w
[4–6].

The geochemical mobility and the potential runoff of h
bicides to natural waters can be evaluated by adsor
isotherms obtained with the soil under study, using diffe
conditions of pH, ionic strength and chemical compositio
the aqueous phase[7]. Adsorption isotherms can be obtain
by the batch approach, in which a constant mass of
is equilibrated with a wide range of herbicide concen
tions, using a constant total volume of soil suspension
each assay. After the equilibrium is reached, the soil is
arated, and the residual concentration of the herbicide i
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aqueous phase is determined by an appropriate analytical
method, which should be fast and sensitive, having a wide
linear dynamic range. Additionally, because a large number
of samples are generated to construct the isotherms, the ana-
lytical method should have low cost, low consumption of
sample and reagents and, as a consequence, low generation
of residues.

Triazines are commonly determined by gas chromatogra-
phy with the nitrogen–phosphorus detector (NPD)[8], flame
ionization detector (FID)[9] and mass spectrometry (MS)
[10]. Other analytical techniques used for atrazine determina-
tion are the high performance chromatography (HPLC) with
UV detection[11], immunoassay[12] and electroanalytical
techniques, especially pulse voltammetry with different kinds
of working electrodes[13–15].

The use of electroanalytical techniques for determination
of herbicides has increased, but only few cases describe their
application in adsorption studies[14,16]. A drawback of
batch electroanalytical methods that use the hanging mer-
cury drop electrode (HMDE) is the low sampling frequency,
which is a consequence of the need of cell changing and clean-
ing between each determination. To overcome this limitation
several flow devices[17] have been coupled to the capil-
lary of the HMDE, enabling the use of this electrode under
continuous flow[18] or flow injection and sequential analy-
sis[19]. This paper describes the application of a sequential
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was made of 3 m× 0.8 mm i.d. Teflon (polytetrafluoroethy-
lene, PTFE) tubing. The tubing connecting RV to the flow
cell was 27 cm long, made of 0.5 mm i.d. PTFE tubing. All
other tubing connections were made of 0.5 mm i.d. PTFE
tubing and PTFE nuts and ferrules (Upchurch, Oak Harbor,
WA). An auxiliary peristaltic pump (not shown inFig. 1) was
used to continuously draw off the excess of solution inside
the glass three-electrode cell, as described previously[18].

An LC 9A Shimadzu high performance liquid chromato-
graph (HPLC), equipped with a SPD 6 AV UV detector,
and the LC Workstation Class-LC 10 software was used in
all experiments for quantification of atrazine. A SB C-18
Zorbax—HP column (3.5�m, 150 mm× 4.6 mm) connected
to a C-18 Phenomenex guard column was used. Sample injec-
tion was made with a rotary Rheodyne valve using a 20�L
sample loop.

All reagents used in this work were of analytical grade and
all working solutions were prepared in deionized water (Sim-
plicity 185 system from Millipore coupled to an UV lamp) A
stock 20�g mL−1 atrazine (AT) was prepared dissolving the
solid standard (Riedel-de Haën, purity >99%, molar mass of
215.69 g mol−1) in deionized water. Working solutions were
prepared by diluting this stock solution in distilled deion-
ized water. The voltammetric experiments were performed
in medium of 40 mmol L−1 Britton–Robinson (BR) buffer of
pH 2.0 in presence of 0.25 mol L NaNO. The BR buffer was
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njection–square wave voltammetry (SI–SWV) method[19]
sing the HMDE to study the adsorption of atrazine on

ropical soil sample, under distinct conditions of pH and io
trength. The results and the proposed method were eva
n comparison with the performance of an HPLC method
etermination of atrazine.

. Experimental

.1. Apparatus and reagents

Voltammetric measurements were carried out usin
G&G PAR model 263A potentiostat. An EG&G PAR mo
03A static mercury drop electrode (SMDE) was use
ll experiments. The flow cell adapted to the Hg capil
as already described in the literature[18]. The electro
hemical cell was completed with an Ag/AgCl refere
lectrode (KCl saturated) and a platinum auxiliary electr
Metrohm 654 pH-meter was used with a Mettler Tole
A405-60-88G-S7/120—Ag/AgCl combination glass e

rode for pH measurements. Ultrapure N2 (O2 <2 ppm) was
sed to remove dissolved O2 from the solutions and to pr
ide an inert atmosphere inside the cell. Purified and do
istilled mercury was used in the working electrode.

A Fialab 3500 (FIAlab Instruments, USA, Bellevue, W
nstrument was used in all experiments in the sequential i
ion mode according toFig. 1. Solutions were driven by
.00 mL syringe pump and an eight port rotary valve,
Valco Instrument Co., Houston, TX). The holding coil, H
3
repared from a mixture of phosphoric acid (pKa 2.14, 7.20
nd 12.15), acetic acid (pKa 4.75) and boric acid (pKa 9.24,
2.74 and 13.80), with all components at concentratio
0 mmol L−1. The pH of the BR buffer was monitored w
ombination glass electrode and adjusted to 2.0 by ad
aOH solution.

.2. Soil sample

The soil sample was collected at the experimental
f the Escola Superior de Agricultura Luiz de Queiroz
niversidade de S̃ao Paulo (ESALQ-USP) in the Piracica
unicipality, S̃ao Paulo state, Brazil, in a 500 m2 area with
o history of application of herbicides. Fifteen surface s
les were collected at depths between 0 and 20 cm from
ifferent points and mixed to form a composed sample.
oil was air-dried and gently ground with a pestle and m
ar to pass in a 1.0 mm sieve. The sieved sample was fu
ried in a vacuum oven at 35◦C until constant weight,
rocess that required approximately 48 h, and finally st

n a desiccator. The CHN composition was: 1.58± 0.04% C
.76± 0.04% H; 0.07± 0.01% N. Sand, silt and clay conte
ere 29, 18 and 53%, respectively. Kaolinite is the domi
lay in this soil, with some contributions of sesquioxides[20].

.3. Adsorption experiments

A mass of 1.000 g (±1 mg) of the dried soil was transfe
o polypropylene centrifuge tubes (Corning) with cap
ty of 10 mL. A volume of 50�L of 1.0 mol L−1 KCl, or
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Fig. 1. Sequential injection manifold to perform SI–SWV. C: carrier
(40 mmol L−1 BR buffer, pH 2.0, in 0.25 mol L−1 NaNO3); SV: syringe
valve; SP: syringe pump; HC: holding coil (made of 3 m of PTFE tubing of
0.8 mm internal diameter); RV: eight port rotary selection valve; SD or S:
standard or sample reservoir; ECFC: electrochemical flow cell (connection
between ECFC and RV is made of 0.27 m of PTFE tubing of 0.5 mm i.d.);
W: waste. More details about the ECFC are given in Ref[18].

1.0 mol L−1 CaCl2, or 1.0 mol L−1 HNO3, or 0.50 mol L−1

H2SO4 was added to each tube, followed by a suitable volume
of a 20�g mL−1 (92.7�mol L−1) atrazine stock solution to
provide initial atrazine concentrations of 0.25, 0.50, 1.00,
2.00, 4.00, 6.00, 8.00 and 10.0�g mL−1 after completing the
total solution volume to 5.00 mL with deionized water. All
centrifuge tubes were sealed, protected from light and shaken
in a thermostated orbital shaker for 24 h at 25.0± 0.1◦C.
The contact time of 24 h was previously determined to allow
the system to reach the chemical equilibrium[21,22]. After
equilibration the solid phases were let to decant and the super-
natant solution was filtered through 0.45�m cellulose acetate
membranes. A volume of 2.50 mL of this solution was pipet-
ted and properly conditioned for square wave voltammetry
measurements by adding 2.50 mL of 80 mmol L−1 BR buffer
(pH 2.0) in 0.50 mol L−1 NaNO3.

2.4. Standards in soil extracts

To correct for matrix effects, calibration of the system
was made in soil extracts prepared in the same medium
used to perform the adsorption experiments. To prepare the
standard solutions in the matrix solution, a mass of 10.0 g
of soil was equilibrated with 49.50 mL of deionized water
plus 0.50 mL of 1.0 mol L−1 CaCl2, or 1.0 mol L−1 KCl, or
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buffer in 0.50 mol L−1 NaNO3. For comparison, another set
of standard solutions was prepared in the 40 mmol L−1 BR
buffer (pH 2.0) in 0.25 mol L−1 NaNO3 using only deionized
water.

2.5. Determination of the free concentrations of atrazine

The first step of the SIA program was to fill HC and
the electrochemical cell (Fig. 1) with the carrier solu-
tion (40 mmol L−1 BR buffer in presence of 0.25 mol L−1

NaNO3). The tubing connecting the port 1 of RV was filled
with standard or sample solutions (SD or S). The potentio-
stat and the SIA programs were started simultaneously[19].
The potentiostat is programmed with a delay time of 19 s
before scanning the potential to allow the SIA system to
perform aspiration of carrier into the syringe and the appro-
priate sample volume to the holding coil: while this time
runs, with SV at position “OUT” (Fig. 1) the syringe pump
aspirated 800�L of C inside the syringe at a flow rate of
500�L s−1. Next, with SV at position “IN”, 100�L of air
and 500�L of standard/sample solution were sequentially
aspirated to HC at 50�L s−1 from ports 8 and 1 of RV, respec-
tively. Then, RV switched to port 3 and SP dispensed 400�L
of standard/sample toward the flow cell at 50�L s−1, while
the potentiostat scanned the potential from−0.5 to−1.2 V
u mV.
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.0 mol L HNO3, or 0.50 mol L H2SO4. This extrac
ion was performed for 24 h in a thermostated orbital sh
rogrammed at 25.0± 0.1◦C. After extraction, the soli
hases were let to decant and the supernatant solutio
ltered through 0.45�m cellulose acetate membranes. S
ard solutions of atrazine with concentrations 0.060, 0
.25, 0.50, 1.0, 2.0 and 4.0�g mL−1 were prepared by dilu

ng suitable volumes of a 10.0�g mL−1 stock atrazine solu
ion (prepared in 80 mmol L−1 BR buffer and 0.50 mol L−1

aNO3) in 2.50 mL of the filtered soil extract, completi
o 5.00 mL with appropriate volumes of 80 mmol L−1 BR
sing the frequency of 300 Hz and pulse height of 25
he excess of sample/standard solution and the air b
ere expelled from HC dispensing 500�L through port 6 o
V. Finally, RV switched back to port 3 and SP emptied
yringe at 100�L s−1 washing the system for the next sam

If necessary, the sample solutions were diluted with
olution composed by 50% (v/v) soil extract in 40 mmol L−1

R buffer and 0.25 mol L−1 NaNO3.

.6. HPLC analysis

The HPLC analyses were carried out using an isoc
lution mode with a mobile phase constituted by 50% (
.5 mmol L−1 ammonium acetate–acetic acid buffer (pH 4
nd 50% (v/v) acetonitrile. Both solutions constituting
obile phase were previously filtered through 0.45�m PTFE
embranes. Helium was used as degassing gas in all e

ments. The analyses were performed under a flow ra
.0 mL min−1. Under these analytical conditions, the atraz
etention time is close to 4.2 min. The UV detector monito
he absorbance at 220 nm[15].

.7. Data treatment

Sorption data were treated by the linearized Freund
quation:

og(q) = logKf + 1

n
logC (1)

here q is the concentration of the studied compound
he solid phase (�mol kg−1), C the solution concentratio
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(�mol L−1) after a given contact time (24 h in the present
study), andKf and 1/nare the empirical constants related to
sorption.

3. Results and discussion

3.1. Analytical curves

The analytical experimental parameters used in the present
work are based on the development of the SI–SWV method
for determination of atrazine in spiked river water sam-
ples described previously[19]. An optimization of the flow
rate and square wave frequency in the medium of 50%
(v/v) soil extracts in 40 mmol L−1 BR buffer at pH 2.0 and
0.25 mol L−1 NaNO3 lead to optimal values of 50�L s−1

and 300 Hz, in agreement with the optimal conditions pre-
viously found in solutions prepared with deionized water
[19].

Table 1shows the statistical parameters of the analytical
curves obtained in the several media in which the adsorp-
tion isotherms were obtained. The linear dynamic range in
solutions prepared using only deionized water was between
0.1 and 1.0�g mL−1, but for solutions prepared in 50%
(v/v) soil extract the linear dynamic range was between 0.25
and 4.0�g mL−1. The relative standard deviations for the
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The slope of the analytical curves decreased signifi-
cantly for the solutions prepared with 50% (v/v) soil extract
(Table 1). This behavior may be related to interactions of
atrazine with extracted soil components such as complex
colloidal species of Fe and Al oxyhydroxides, which might
slow down the electron transfer rate between the electrode
and the atrazine molecules. The interaction of atrazine with
soil solution components is also evidenced by the switch of
peak potentials from−860 mV in solutions prepared with
deionized water to−890 mV in presence of the soil extract.
The switch of peak potentials to values 30 mV more nega-
tive is related to an extra energy necessary for reduction of
atrazine at the Hg electrode, giving support to the hypothesis
of interaction of atrazine with soil components in the extract.
Another possibility is the interaction of the extractable soil
species with the Hg surface, resulting in a decrease of the
electron transfer rates. Castanho et al.[16] also observed a
decrease in the slope of the analytical curve prepared in soil
suspensions for determination of methyl parathion by differ-
ential pulse polarography, but the authors attributed the fact to
the presence of contaminants in the soil solution. Because of
the significant differences between the slopes of the analyti-
cal curves in soil extracts and deionized water, the Freundlich
adsorption coefficients were obtained by computing the free
atrazine concentrations using the calibration curves obtained
in soil extracts.
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.010 mol L−1 CaCl2 soil extract solutions with atrazine co
entrations of 0.25 and 2.0�g mL−1 were 5.7 and 1.3%
espectively (10 measurements), denoting a good rep
ility for the measurements. The relative standard devia
f the slope and intercept of analytical curves obtained in
ifferent working days did not exceed 4%, and the magni
f this deviation was mostly dependent on the positionin

he flow cell in the Hg capillary when the system was ass
led[18].

The best sensitivity was found for strong acid solut
n medium prepared with deionized water. This beha

ay be related to a greater extension of atrazine proton
pKa 1.71) in these media because one proton is involve
he rate-determining step of the reduction process, as
iously described by Vaz et al.[14] and dos Santos et
15].

able 1
tatistical parameters (±standard deviations) for typical analytical curv
R buffer at pH 2.0 and 0.25 mol L−1 NaNO3

edium Deionized watera

Slope
(nA L �mol−1)

Intercept
(nA)

r2

.010 mol L−1 KCl −410± 7 26± 20 0.9993

.010 mol L−1 CaCl2 −503± 5 70± 15 0.9998

.010 mol L−1 HNO3 −560± 15 25± 20 0.9993

.005 mol L−1 H2SO4 −609± 11 57± 15 0.9993

imit of detection (LOD) and limit of quantification (LOQ) are also sho
a Statistical parameters valid for the concentration range between 0
b Statistical parameters valid for the concentration range between 0
c LOD and LOQ were computed from 3sy/x and 10sy/x, respectively, whe
.2. Adsorption experiments

Fig. 2shows the adsorption isotherms obtained by the
osed SI–SWV method in comparison to the curves obta
y HPLC analysis of free atrazine in the adsorption soluti
dsorption data were represented by L-type isotherms, w
ere properly fitted by the Freundlich equation (r2 > 0.998)
sing linear regression analysis to calculate theKf and 1/nval-
es (Table 2). Thet-test revealed that there are no eviden
f systematic differences between the adsorption coeffi
alues obtained by SI–SWV and HPLC.

The 1/ncoefficient in all situations was between 0.76
.86, suggesting that adsorption occurs predominantly in
ific binding sites, rather than following the partition mod
or which a 1/nvalue much closer to 1 would be expect

ined by SI–SWV deionized water and soil extract, both in presence of 4−1

Soil extractb

D/LOQc

mol L−1)
Slope
(nA L �mol−1)

Intercept
(nA)

r2 LOD/LOQ
(�mol L−1)

.17/0.57 −273± 6 63 ± 31 0.9991 0.39/1.1

.11/0.35 −267± 6 31 ± 29 0.9990 0.48/1.0

.13/0.44 −301± 3 39 ± 16 0.9998 0.18/0.60

.10/0.31 −310± 5 110± 27 0.9995 0.30/1.0

nd 1.0g mL−1 (0.28–4.64�mol L−1) atrazine.
d 4.0mL−1 (1.16–18.5�mol L−1) atrazine.
the standard deviation ofy-residuals[27].
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Fig. 2. Adsorption isotherms obtained by SI–SWV proposed method (�) and by HPLC (×) in medium of 0.010 mol L−1 KCl (A), 0.010 mol L−1 CaCl2, (B)
0.010 mol L−1 HNO3 (C) and 0.0050 mol L−1 H2SO4 (D).

Adsorption of atrazine is stronger in acidic medium (mean
valuesKf of 9.0± 0.3 and 7.7± 0.1�mol1−1/n L1/n kg−1 in
0.010 mol L−1 HNO3 and 0.0050 mol L−1 H2SO4, respec-
tively) than in medium of CaCl2 and KCl, both of them
showingKf values of 3.8± 0.2�mol1−1/n L1/n kg−1. TheKf
values are strongly related to the proton intensity of the sus-
pension after the contact time, that is, the largerKf were found
in medium of lower pH (Table 2). Such a behavior is related to
protonation of atrazine and electrostatic attractions with the
permanent negative charges of clays. TheKf and 1/nadsorp-
tion coefficients found in the present work are in reasonable
agreement with the parameters reported for other soils with
similar contents of clays, organic carbon and pH[21,23,24].

Because the soil studied has a low content of organic
matter, the adsorption process is predominantly governed
by interaction of atrazine with the mineral phases of the
soil, especially clay minerals. Kaolinite is the major clay

component in the studied soil, with significant concentration
of sesquioxides. Kaolinite crystals in Brazilian soils contain
high concentrations of Fe, and are generally poorly crys-
talline[25]. Much of this Fe is probably substituting for Al in
the octahedral sheet, a composition that favors the formation
of protonated atrazine in the interlayer water due to the
hydrolysis of the trivalent cations, enhancing the adsorption
by electrostatic interactions between the protonated atrazine
and negative charges in the soil surface, as proposed by
Herwig et al. [26]. This hypothesis is supported by the
enhancement of adsorption in medium with higher proton
intensities, as observed in the present work.

3.3. Evaluation of the analytical methods

The major advantages of the proposed SI–SWV over
HPLC are the low consumption of reagent and the short

Table 2
Mean (±standard errors) FreundlichKf (�mol1−1/n L1/n kg−1) and 1/nparameters for adsorption of atrazine onto a tropical soil sample obtained by SI–SWV
and HPLC

Medium SI–SWV HPLC tKf
a t1/n

a pHb

Kf 1/n r2 Kf 1/n r2

10 mmol L−1 KCl 3.8± 0.2c 0.86± 0.01 0.999 3.9± 0.1 0.83± 0.01 0.999 0.40 2.53 6.7
10 mmol L−1 CaCl2 3.8± 0.2 0.79± 0.02 0.998 3.8± 0.2 0.79± 0.02 0.999 0.06 0.18 6.4
1 −1 8.
5 8.

level i
0 mmol L HNO3 9.0± 0.3 0.76± 0.01 0.998
mmol L−1 H2SO4 7.7± 0.1 0.77± 0.01 0.9997
a The criticalt value for 2 degrees of freedom at the 95% confidence
b pH measured after 24 h of equilibration with soil.
c Results are average of duplicate of adsorption experiments.
7± 0.2 0.76± 0.01 0.999 1.11 0.06 3.7
2± 0.3 0.76± 0.01 0.998 2.06 1.28 4.0

s 4.30[27].
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time of analysis. In the HPLC method a consumption of
2.1 mL of acetonitrile per analysis can be estimated because
the retention time of atrazine is 4.2 min and the flow rate of
the mobile phase (consisted by 50% (v/v) of acetonitrile) is
1.0 mL min−1. Additionally, the HPLC method requires near
30 min of column conditioning before starting up the serial
analyses, which requires approximately 15 mL of acetoni-
trile at the flow rate of 1.0 mL min−1. The SI–SWV method
does not require conditioning and use of organic solvent.
The start up is immediate, with consumption of 400�L
of sample and 800�L of carrier per analysis. The time of
analysis in SI–SWV is 19 s, implying in a sampling fre-
quency of 190 h−1. On the other hand, the HPLC method
is more sensitive, having a detection limit of 0.8�g L−1

(3.7× 10−9 mol L−1) [22] and can be calibrated with stan-
dards prepared in deionized water. No significant differences
in retention times were observed for pure atrazine standards
and solutions resulting from the adsorption study, suggesting
that under the HPLC conditions, atrazine is dissociated from
the solution soil components during the elution. This fact
may be explained by the interactions with the C18 column
and with the mobile phase.

4. Conclusion
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