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The adsorption of the herbicide paraquat (PQ?*) on goethite and on the binary system humic acid-goethite
has been studied in batch experiments by performing adsorption isotherms under different conditions
of pH, supporting electrolyte concentration and temperature. The results were completed with capil-
lary electrophoresis (CE) in order to measure the binding isotherm between PQ%* and humic acid (HA)
molecules in solution. PQ?* adsorption is negligible on the bare goethite surface but important on the
HA-goethite adsorbent. In this last case, the adsorption increases by increasing pH and decreasing elec-

{j(:;r/:(qur:ts : trolyte concentration. There are no significant effects of temperature on the adsorption. The adsorption
Goethite takes place by direct binding of PQ?* to adsorbed HA molecules leading to the formation of surface species
Humic acid of the type goethite-HA-PQ?*. The results are consistent with a mechanism where PQ?* binds negatively
Adsorption charged groups of HA (carboxylates and phenolates) forming ionic pairs or outer-sphere complexes. Since

goethite in nature usually contains adsorbed HA molecules, it may act as a good adsorbent for cationic
herbicides. This will not only benefit the deactivation of the herbicides but also reduce their leaching and

Surface complexes
Capillary electrophoresis

transport through groundwater.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

From its appearance with commercial purposes in 1961,
paraquat (1,1’-dimethyl-4,4’-dipyridinium chloride), has became
one of the most used herbicides in the world with a variety of appli-
cations owing to its physical and chemical properties, such as high
solubility in water, low vapor pressure and high binding potential,
which make it suitable for many agriculture uses [1]. However, it is
known that this herbicide is one of the most toxic poisons if delib-
erately or accidentally ingested [2]. In recent years, investigations
on paraquat toxicity have suggested that this herbicide might be an
environmental factor contributing to a neurodegenerative disorder,
such as Parkinson’s disease [3]. Paraquat (PQ2*), also known under
the name of methyl viologen, is frequently used as an efficient elec-
tron transfer-reagent in electrochemistry and bioelectrochemistry
[4]. It is easily reduced to stable, highly colored PQ** radical. The
herbicidal activity is, in effect, also a consequence of the formation
of PQ** radicals.

Binding of herbicides to soils and soil components is considered
to be the major cause of herbicide deactivation once in soils and it is
important both from the point of view of inhibiting herbicides toxic
properties and in restricting their transport into water systems
[5]. Through adsorption-desorption and precipitation-dissolution
reactions, minerals and/or soil organic matter can regulate the con-
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centration of PQ%* and its metabolites in aqueous solutions [6].
However, it is known that the adsorption of PQ%* varies largely
with the nature of the adsorbent. PQ%* adsorbs strongly on clay
minerals and somewhat less on activated carbon and humic sub-
stances [7-9]. The adsorption on inorganic oxides seems to be weak,
although data about this in the literature are scarce [10].

Goethite (at-FeOOH) is one of the most common and stable crys-
talline iron oxide in sediments and natural systems. This mineral
has a relative high surface area and high reactivity [11,12] which
would be suitable for the adsorption and deactivation of pesticides,
nutrients, and hazardous compounds in natural conditions, and
may also affect greatly the distribution and transport of contam-
inants in the environment. Goethite is also found associated with
organic matter in soils. This mutual interaction can modify the indi-
vidual reactivity of both organic matter and the mineral surface
affecting the cycle of the various chemical species present in soil
[13].

It is known that the adsorption and mobility of different her-
bicides increase by increasing the organic matter content in soils
[14,15]. For soils that have relatively high organic matter levels
(>5%), the mobility of the herbicides has been related to the total
organic matter content, with the nature of the organic matter hav-
inglittle apparentinfluence on sorption processes [16]. Humicacids
(HAs) represent a very important and active fraction of the organic
matter in soils, sediments and water and play a part in many of
the physical, chemical and geochemical processes in the natural
environment, including the binding and transport of herbicides
and pesticides [17,18]. In the case of PQ**-HA system, Senesi et


dx.doi.org/10.1016/j.jhazmat.2010.08.028
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:brigante@uns.edu.ar
dx.doi.org/10.1016/j.jhazmat.2010.08.028

242 M. Brigante et al. / Journal of Hazardous Materials 184 (2010) 241-247

al. [19] suggested that multiple binding mechanisms may occur
in the adsorption process with the formation of (a) ionic bonds
between carboxylate groups of HA and the cationic herbicide; and
(b) charge-transfer (7 bonding) between the aromatic ring of the
herbicide and complementary electron-donor or electron-acceptor
structural moieties of HA. Brigante et al. [20] also suggested through
dissolution experiments that PQ2* ions can also interact with HA
molecules by hydrophobic interactions promoting the dissolution
of humic particles.

Various experimental techniques have been used to study HA
and their interaction with herbicides, such as NMR [21], mass
spectrometry [22], fluorescence spectroscopy [23], infrared spec-
trophotometry [24], equilibrium dialysis method [25], etc. Capillary
electrophoresis (CE) has been found to be one of the most effi-
cient methods for characterization of HA [26,27]. Due to its high
sensitivity and efficiency, some physicochemical properties, i.e.,
aggregation and stability have been studied using this technique
[28]. However, despite the high number of studies done and
reported in the literature, information concerning the mechanisms
of interaction between these pollutants with HA is not well under-
stood and needs to be clarified.

The aim of this article is to present a study of PQ2* adsorption on
goethite and on a HA-modified goethite (HA-goethite). The effects
of varying pH, temperature and ionic strength on the adsorption
isotherms are investigated. The binding isotherm of PQ%* to HA
moleculesin solution is also presented and compared. The obtained
results will be useful to gain insights into the general mechanisms
involved in the adsorption of PQ%* to soil and sediment compo-
nents, and will serve as a basis for further studies evaluating the
mobility of herbicides in the environment.

2. Materials and methods

2.1. Goethite and HA-goethite. Synthesis and general
characterization

Goethite was prepared using a procedure similar to that
described by Atkinson et al. [29]. Briefly, a 5 M NaOH solution was
added dropwise (10mLmin~!) to a 0.1 M Fe(NOs3)3-9H,0 solution
until the pH was 12. Carbon dioxide contamination was avoided
during the synthesis by bubbling water-saturated N,. The result-
ing ferrihydrite dispersion was aged at 60°C in a capped Teflon
container during 3 days and then it was washed with doubly dis-
tilled water until the conductivity was lower than 10 uScm1.
After that, the dispersion was freeze-dried in order to obtain a dry
powder.

The HA used to modify the goethite was extracted from
an alfalfa-cultivated soil (INTA Manfredi experimental station,
Cérdoba, Argentina) and purified according to the procedures rec-
ommended by the IHSS. Its elemental composition is C (54.43%), H
(4.00%), N (1.62%), and O (39.95%). The ash content of the sample is
1.18% and the total acidity is 9.90 mmol g~! of which 4.71 mmol g~
is ascribed to carboxylic groups and 5.19mmolg-! to phenolic
groups. More information about the general characteristics of this
HA sample can be found elsewhere [30]. The HA-goethite sample
was prepared by treating 50 mL of a 23.17 gL~! goethite disper-
sion (pH 8.7 in 0.1 M KCl) with 450 mL of a 200 mg L~! HA solution
(pH 8.7 in 0.1 M KClI solution). This experiment was carried out
in a cylindrical plastic vessel covered with a plastic cap. Mixing
was done with a magnetic stirrer, and carbon dioxide contamina-
tion was avoided by bubbling water-saturated N,. The mixture was
stirred for 4 h at 450 rpm and 25 42 °C and centrifuged to separate
the phases. An aliquot of the supernatant was analyzed to quantify
the HA remaining in the supernatant and to calculate the adsorbed
amount of HA. The solid was then washed twice with water at

pH 8.7 in order to remove the unadsorbed HA and freeze-dried to
obtain a dry powder. The resulting HA-goethite sample contained
48.8 mg of HA per gram of goethite.

Quantification of HA in the supernatant was performed by
UV-vis spectroscopy, using an Agilent 8453 UV-Vis diode array
spectrophotometer equipped with a Hellma 1-cm quartz cell. The
spectra were recorded in the 200-900 nm wavelength range and
the concentration of HA in the supernatant was then evaluated
from the absorbance at 500 nm. Calibration curves at the working
pH were constructed with several HA solutions having concentra-
tions that ranged between 10 and 200mgL-1. Very good linearity
was found in all cases.

The general characterization of the synthesized samples was
performed by X-ray diffraction (XRD), FT-IR and the N, -BET method
for surface area determination. XRD patterns were obtained using
a Bruker D8 X-ray diffractometer with CoK, radiation (1.7890A).
Scans were recorded between 5° and 80° (26) with a step size
of 0.02°. FT-IR spectra were obtained with a Nicolet FT-IR Nexus
470 Spectrophotometer. The samples were dried under vacuum
until constant weight was achieved and diluted with KBr powder
(1%) before the FT-IR spectra were recorded. The N,-BET adsorp-
tion at 77K was measured with a Quantachrome Nova 1200e
instrument. Each sample was degassed under vacuum at 30°C
for 60 min prior to analysis. The point of zero charge (PZC) of
goethite was measured by potentiometric titrations at three KCI
concentrations with a method similar to that reported by Antelo
etal. [31].

2.2. Adsorption of PQ?* on goethite and HA-goethite

Paraquat adsorption isotherms on goethite were obtained with
a batch equilibration procedure using 15 mL polypropylene cen-
trifuge tubes covered with polypropylene caps. Before starting an
experiment, a stock goethite suspension (23.17gL~!) and a PQ%*
solution (5.05 x 10~4 M) were prepared by adding the correspond-
ing solid to doubly distilled water. Its pH was then adjusted to the
desired value by adding HCl or KOH solutions. 635 L aliquots of
the stock goethite suspension were introduced into the tubes and
mixed with varying quantities of PQ%* and KCl (used as support-
ing electrolyte) solutions. The range of initial PQ2* concentration
was 7.78-77.8 M, and the final volume was 7 mL. The suspensions
were then mixed on a rotator stirrer (FAES, Argentina) for 4 h and
the pH was checked and kept constant by adding small volumes
(microliters) of concentrated KOH or HCl solutions. After equilibra-
tion, the tubes were centrifuged at 5000 rpm during 20 min and
the supernatants were filtered using 0.2 um pore-diameter cellu-
lose acetate filters (Osmonic) prior to analysis. Adsorbed PQ2* was
calculated from the difference between the initial PQ2* concentra-
tion and the concentration of the herbicide that remained in the
supernatant solution.

The procedure to obtain paraquat adsorption isotherms on
HA-goethite was equal to the described above, except that the con-
centration of the stock HA-goethite suspension was 29.40 mgL~!
and that 0.5 mL of this suspension were introduced into each cen-
trifuge tube. In most experiments the supporting electrolyte was
1.64 x 1072 M KCl (except when effects of ionic strength were
investigated). The working temperature was 25°C (except when
effects of temperature were investigated).

Quantification of PQ%* was performed by UV-vis spectroscopy
at 258 nm. Calibration curves at the working pH were also con-
structed with several PQ2?* solutions having concentration that
ranged between 1.55 and 155 M. Very good linearity was found
in all cases.

The adsorption isotherms were fitted using the Langmuir
isotherm, which was used in the adsorption of herbicides on several
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adsorbent systems [6,32,33]:

24 _ qma\xKLPQgélr

= , (1)
M1 4 K PQE

where PQZ;. is the adsorbed amount of PQ?* (mol g~1), PQz; is the
equilibrium concentration of PQ?* in the supernatant (M), gmax
is the maximum amount of PQ2?* adsorbed (wmolg=1), and K is
the Langmuir constant (wM~1). From the linearized form of the
Langmuir equation,

1 1 L1
PQ%.  gmaxKiPQZ  dmax’

(2)
gmax, Ki and the correlation coefficient, r2, can be calculated.

2.3. PQ?* binding to HA by capillary electrophoresis (CE)

PQ2*-HA interaction in solution was followed by CE. Before
starting the experiment, stock solutions of HA (1000 mgL-') and
PQ2* (1.40 x 103 M) were prepared by adding the corresponding
solid toa 1.30 x 10~3 M KCl solution at room temperature. The pH of
the resulting solutions was then adjusted to pH 8.7 using small vol-
umes of HCl or KOH. In 25 mL balloon flasks, the HA stock solution
was diluted to 500mgL-! with KCI solution and was mixed with
varying volumes of the PQ2* solution. The range of PQ2* concen-
trations in the experiment was 0-700 wM and the ionic strength
was 1.30 x 10~3 M. The mixed solution was shaken for 1-2 min,
transferred to 2 mL CE glass vials, injected and analyzed. All sam-
ple solutions were filtered using 0.2 wm pore-diameter cellulose
acetate filters (Osmonic) prior to injection.

The CE experiments were carried out on a Beckman P/ACE MDQ
instrument equipped with aUV-vis diode array detection system. A
fused silica capillary tube of 57 cm (effective length 50 cm) x 75 pm
internal diameter was used. The normal polarity mode of the CE
system (cathodic pole at the side of detection) was applied. The
background electrolyte (BGE) was 44 mM borate buffer (pH 9).
Before sample loading, the capillary was conditioned for with 0.1 M
NaOH (3 min, 50 psi), doubly distilled H>O (1 min, 20 psi), and BGE
(5min, 20 psi) at 25 °C. Optimal separation conditions used in this
study were separation voltage of 20 kV, 30 °C, hydrodynamic injec-
tion (10s, 5 psi), and the detection wavelength was set at 254 nm.
Calibration curves at the working pH were also performed using
several PQ%* solutions (all previously prepared in 1.30 x 10-3 M
KCI solution) having concentrations that ranged between 140 and
700 WM. Peak area was used for calibration and quantification of
bonded PQ?*.

3. Results and discussion

3.1. General characteristics of the synthesized goethite and
HA-goethite

The specific surface areas of goethite and HA-goethite samples
were 57.6 and 38.7m2 g~ !, respectively. A decrease in the specific
surface area with the HA content was also reported by Nachte-
gaal and Sparks [34] for HA-kaolinite complexes. These authors
attributed this decrease to the presence of HA at the kaolinite sur-
face, because HA has a surface area that is much lower than that
of the mineral. This might be also the case for the HA-goethite
sample. The presence of adsorbed HA may also block some pores
of the solid and induce particle aggregation, processes that could
also contribute to the decrease in the area. Fig. 1 shows the X-ray
diffractogram of the goethite sample. It also shows the position
of goethite peaks as calculated from data published by Hazemann
et al. [35]. The peak coincidence and the absence of extra peaks
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Fig. 1. XRD patterns of the synthesized goethite. Vertical lines show the results
reported by Hazemann et al. [35] for a well-crystallized goethite.

in the experimental diffractogram indicate that the studied sam-
ple was a well-crystallized goethite, and that no other crystalline
phases were detected by XRD. Goethite characteristic peaks are
located at 24.66°, 38.78°, 42.80° and 62.60° and are associated to
the planes (110),(130),(111) and (221), respectively [35]. The
point of zero charge of the goethite was 8.9, indicating that the net
surface charge is positive at pH <8.9 and negative at pH >8.9 [31].
Transmission FT-IR spectra of HA, goethite and HA-goethite are
shown in Fig. 2. The most important features of HA are a broad band
at 3400 cm~! associated to OH stretching of OH groups, a peak at
2933 cm~! due to aliphatic C-H stretching, a shoulderat 1716 cm™!
attributed to C=0 stretching of COOH and ketones, a strong peak at
1615 cm™! associated to structural vibrations of aromatic C=C and
antisymmetrical stretching of COO~ groups, a medium intensity
peak at 1400 cm~! due to symmetrical stretching of COO~ groups
and another one at 1230cm™! attributed to C-O stretching and
OH bending of COOH groups [36]. Goethite shows characteristic
absorption bands at around 3419 and 3145 cm~! due to OH stretch-
ing, 890 and 795 cm~! due to OH bending and 638 cm~! due to Fe-0
stretching [11,37,38]. Some differences can be observed in the FT-IR
spectra of HA-goethite. One such difference is the decrease in the
intensity of the 3419 cm~! band, corresponding to the O-H stretch-
ing of the hydroxyl surface groups. In addition, the band situated at
1632 cm! corresponding to water molecules at the mineral sur-
faceis shifted towards lower wavelength with decrease in intensity.
Similar results were obtained by Gu et al. [39,40] for the adsorp-
tion and desorption of organic matter on iron oxides. According to
these authors, these changes are significant evidence that HA inter-
acts with the goethite surface through hydrogen bonds and surface
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Fig. 2. Infrared spectra of (a) HA, (b) goethite, and (c) HA-goethite.
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Fig. 3. Effect of pH on the adsorption of PQ?* on goethite (open symbols) and
HA-goethite (solid symbols). Circles, pH 4.5; triangles, pH 6; squares, pH 7.5; and
diamonds, pH 8.7. Lines show predictions of Eq. (1) with parameters from Table 1.

complexation reactions, mainly between carboxylate and pheno-
late groups present in the HA molecules and active sites of goethite
(surface Fe and OH).

3.2. Adsorption of PQ?* on goethite and HA-goethite

Fig. 3 shows the effects of pH on the adsorption of PQ%* on
goethite and HA-goethite at 25 °C and 1.64 x 10~2 M ionic strength.
The adsorption on goethite was negligible in all experimental con-
ditions (pH range between 4.5 and 8.7). At pH values lower than the
PZC, the goethite surface has a net positive charge and electrostat-
ics restricts the adsorption of the dication. In addition, PQ%* does
not have the ability of transition metal cations to form inner-sphere
surface complexes with surface sites of goethite and overcome elec-
trostatics, as seen by Saito et al. [41] for the adsorption of Cu2*
on goethite. The experimental results are in agreement with those
reported by Hseu et al. [42], who showed that Fe oxides reduced the
adsorption of PQ%* on different clayey soils of Taiwan by blocking
the adsorption sites.

On the contrary to the adsorption on goethite, PQ%* adsorp-
tion readily takes place on HA-goethite, showing that the presence
of HA favorably affects this process. The shape of the isotherms
is similar to the shape of the isotherms reported by Rytwo et al.
[43], Iglesias et al. [9] and Burns et al. [44] for the adsorption of
PQ?2* on negatively charged clays, HA and Ca-humate, respectively.
Fig. 3 also shows that the adsorption on HA-goethite is strongly
dependent on the pH. It is relatively high at high pH and decreases
significantly at lower pH values. No desorption of HA could be
detected in all these experiments.

PQ2* adsorption on HA-goethite could take place either by
direct binding to the uncovered goethite surface or by direct bind-
ing to HA molecules. The first case does not appear to be important
under our experimental conditions since it was shown that attach-
ment to the bare goethite surface does not take place. The second
case seems to be the most probable. The direct binding between
PQZ%* and adsorbed HA molecules generates ternary surface species
goethite-HA-PQ2*, whose formation is mainly driven by PQ**-HA
interactions. The herbicide contains a delocalized m-electron sys-
tem and thus some w-bonding could be postulated between PQ2*
and regions with aromatic rings in the adsorbed HA molecules. In
addition, electrostatic interactions are also possible between HA
and PQ?*, where negatively charged groups (carboxylates and phe-
nolates) of adsorbed HA could bind the dication by forming ionic
pairs or outer-sphere complexes. The increase in adsorption by
increasing pH is qualitatively understood irrespective of whether
the binding process is mw-bonding or ionic pairs or outer-sphere
complexes formation. If it is m-bonding, increasing the pH will
increase the degree of dissociation of HA, leading to an increased
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Fig. 4. Effect of ionic strength on the adsorption of PQ?* on HA-goethite at pH 8.7.
KCI concentrations: open triangles, 1.30 x 103 M; solid diamonds, 1.64 x 10-2 M;
and stars, 0.1 M. Lines show predictions of Eq. (1) with parameters from Table 1.

electrostatic attraction between PQ%* and HA-goethite and a higher
adsorption. If the binding mechanism is formation of ionic pairs or
outer-sphere complexes between negatively charged groups and
PQZ*, the increased amount of carboxylates and phenolates at high
pH will enhance the adsorption.

The effects of ionic strength on the adsorption of PQ2* on
HA-goethite at pH 8.7 and 25°C are shown in Fig. 4. The adsorp-
tion depends on the ionic strength, decreasing as the ionic strength
increases. These results suggest that formation of ionic pairs or
outer-sphere complexes is the prevailing adsorption process: the
competition between PQ%* and K* for negatively charge groups
leads to an important decrease in PQ%* adsorption by increasing
K* concentration. The results resemble those reported by Tsai et al.
[7] for the adsorption of PQ%* on activated clays, where competition
between PQ2* and electrolyte cations was proposed to play a key
role. Adsorption by m-bonding should not be strongly affected by
changing the supporting electrolyte concentration, and thus this is
not the prevailing adsorption process.

The effects of temperature on the adsorption of PQ%* on
HA-goethite at pH 8.7 are shown in Fig. 5. PQ%* adsorption is not
significantly affected by varying the temperature from 5 to 45°C,
and the maximum uptake was between 19.5 and 20.5 wmolg~!
at all investigated temperatures. Several reports exist about the
effect of temperature in the adsorption behavior of PQ2* on differ-
ent adsorbents. Tsai et al. [7] showed that the adsorption of PQ2*
on clay minerals increased by increasing temperature suggesting
that a chemisorption-like process may play an important role in
the PQ%*—clay adsorbent system. These observations are signifi-
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Fig. 5. Effect of temperature on the adsorption of PQ?>* on HA-goethite at pH 8.7.
Open circles, 45 °C; solid diamonds, 25 °C; and stars, 5 °C. Lines show predictions of
Eq. (1) with parameters from Table 1.
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Table 1

Best-fit parameters for Eq. (1).
T(°C) pH (M) Gmax (nmolg=1) Ki (uM1) r2
25 4.5 0.0164 8.90 0.070 0.989
25 6.0 0.0164 11.49 0.094 0.998
25 7.5 0.0164 14.87 0.140 0.997
25 8.7 0.0164 20.44 0.187 0.990
25 8.7 0.0013 43.14 0.226 0.992
25 8.7 0.1000 8.33 0.040 0.994

5 8.7 0.0164 18.70 0.190 0.990

45 8.7 0.0164 19.04 0.192 0.984

cantly different from those reported by Nakamura et al. [8], who
reported that PQ%* adsorption on activated carbon decreased by
increasing temperature (physical adsorption). None of these mech-
anisms are in agreement with data shown in Fig. 5, indicating that
temperature effects on PQ%* adsorption are strongly dependent on
the type of adsorbent. The independence of the adsorption of PQ2*
with the temperature is not inconsistent with formation of ionic
pairs or outer-sphere complexes, where there is competition with
the cations of the supporting electrolyte. If changes in temperature
affect in a similar way the affinity of PQ%* and K* for negatively
charged sites, there will be no significant temperature effects by
changing the temperature.

In Figs. 3-5, symbols correspond to data points whereas solid
lines correspond to the best-fitting Langmuir isotherms calculated
by adjusting the parameters gmax and K;. These parameters are
listedin Table 1. Even though the formulated model is rather simple,
it can fit reasonably well the adsorption of PQ2*, i.e., the goodness-
of-fit of Eq. (1) was checked through the r? values, which was
between 0.984 and 0.997 in all cases. Changes in pH and ionic
strength result in important changes in the adsorption isotherm,
i.e., gmax and K increase as pH increases or ionic strength decreases.
On the other hand, significant changes in these parameters were
not obtained by changing the temperature from 5 to 45°C.

3.3. PQ?* binding to HA by capillary electrophoresis (CE)

The overall results suggest that HA molecules are the responsi-
ble for the adsorption of PQ?* on HA-goethite and that the PQ2*
molecules are directly attached to the adsorbed HA. Therefore,
CE was used to determine if really exists an interaction between
PQ2* and HA in absence of goethite. CE is an effective tool in the
analysis and characterization of herbicides and their metabolites
of degradation, humic substances, and interaction between them
[26,45,46]. Fig. 6 shows the electropherograms corresponding to
PQ2*, HA, and the mixture of HA and PQ2*. The electropherograms

0 4 8 12 16 20 24
t (min)

Fig. 6. Electropherograms corresponding to: (a) PQ%**, 1.40 x 10~3M; (b) HA,
500mgL-; and (c) PQ%**-HA mixture solutions.

can be evaluated by plotting the absorbance as a function of migra-
tion time.

PQZ* appears as a broad peak at migration time of 3 min, elec-
troosmotic flow (EOF) at 4.5 min, and HA at 10.4min. The broad
not-resolved peak of HA is due to the fact that HA is constituted
by a complex and heterogeneous mixture of molecules. Addition of
the herbicide to the humic solution (electropherogram c) results in
a decrease in the intensity of the PQ%* peak and in a shift of the HA
peak towards higher migration times. The decrease in peak inten-
sity of PQ%* is clear evidence that the herbicide concentration in
solution decreases by direct interaction with the humic molecules.
Similar results were obtained by Pacheco et al. [46] for addition
of PQ%* to a 100mgL-! HA solution. According to these authors,
PQ%* binds to HA molecules by ionic bonds resulting in charge
neutralization.

From electropherograms as the illustrated in Fig. 6, it is possible
to quantify the binding of PQ%* to HA at different initial concen-
trations of PQ2* by integrating the PQ%* absorption peak. These
results are shown in Fig. 7. Fig. 7a compares the binding of the
herbicide to HA in solution with the adsorption on HA-goethite
under similar conditions. The binding to HA is higher than the
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Fig. 7. Adsorption isotherms of PQ?* on HA (open triangles) and HA-goethite (solid
diamonds) at pH 8.7 expressed in: (a) amount of bonded PQ?* per mass of adsorbent;
and (b) amount of bonded PQ2* per mass of HA.
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adsorption on HA-goethite. However, if the data are expressed as
bonded/adsorbed PQ2* per mass of HA, without considering the
mass of goethite, the curves result to be rather similar (Fig. 7b). This
rather good agreement between the curves confirms the fact that
PQZ%* adsorption on HA-goethite takes place mainly on adsorbed HA
molecules, and that goethite is mainly acting as a support for HA.
Actually, Fig. 7b shows that adsorbed HA molecules have a slightly
lower binding capacity than HA molecules in solution. This can be
easily understood since some reactive groups (carboxylate and phe-
nolate) of adsorbed HA should be blocked because they may be
involved in the interaction with the goethite surface.

4. Conclusions

The results shown in this article reveal that the adsorption of
PQ?* on the bare goethite surface is negligible. The electrostatic
repulsion between PQ%* and positively charged goethite surface
seems to be the main factor that prevents the attachment of this
herbicide. However, the presence of HA adsorbed to the goethite
surface strongly enhance the adsorption capability of PQ2*.

The adsorption of PQ%* on HA-goethite takes place by direct
binding of the herbicide to adsorbed HA molecules and thus ternary
surface species of the type goethite-HA-PQ2* are formed. The
adsorption process is mainly formation of ionic pairs or outer-
sphere complexes between negatively charged groups of HA and
PQ?*, as deduced from adsorption experiments performed at dif-
ferent ionic strengths.

Capillary electrophoresis demonstrates that direct binding
between PQ2* and HA occurs, and allowed to construct binding
isotherms of PQ2* to HA molecules solution.

The obtained results have a significant importance in envi-
ronmental processes, where goethite plays a key role. Goethite
is known to be a very good adsorbent for anionic species (phos-
phate, arsenate, carbonate, humic substances, etc.). However,
since goethite in nature also contains adsorbed HA molecules,
the goethite—-HA system may also act as a good adsorbent for
cationic herbicides. This will not only benefit the deactivation of
the herbicides but also reduce their leaching and transport through
groundwater.
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