
Introduction

Adsorption of natural organic compounds from aqueous
solutions can be influenced by inorganic salts when water
structure effects [1] compete with the adsorption process.
The influence of salt addition is expected for neutral
organic compounds, which are weakly adsorbed from
aqueous solutions. For instance, the adsorption of nuclein
bases such as adenine and cytosine from aqueous solu-
tions on montmorillonite was strongly enhanced by the
addition of NaCl, NaNO3, NaI, and KSCN. The effect
followed the Hofmeister series [2]. In general, the effect is
scarcely studied. In a few papers [3–7] enhanced adsorp-
tion is explained by the salting out effect which, however,
only operates at distinctly higher salt concentrations.

The effect of inorganic salts on the adsorption of
neutral organic compounds is, in particular, of interest
in the context of the effect of salinity on the adsorption
of pesticides on soils and sediments. Many of these
compounds are only weakly soluble in water. Never-
theless, their distribution in the environment produces
serious problems.

Salt effects on the adsorption of pesticides, specially
herbicides, can influence their immobilization or mobi-
lization in soils or sediments. A recent study [8] showed
that the adsorption of polycyclic aromatic compounds
on harbor sediments increased with increasing salinity.
The effect was related to changes in the solubility of
these compounds in water. Adsorption of chlorpyrifos
was greatly enhanced by addition of NaCl [9, 10]. Zagyi
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Abstract Adsorption of the herbi-
cide linuron on organo-bentonites
was measured in the presence of
several salts. The bentonites had
been modified by cation exchange
with hexadecylpyridinium and hex-
adecyl tributylphosphonium ions.
The organo-bentonites adsorbed
distinctly higher amounts of linuron
than calcium bentonite and desorp-
tion was also reduced. The binding
coefficient K (derived from the
Freundlich adsorption isotherm)
was several times higher than for
calcium bentonite. The adsorption
isotherms of linuron on the organo-
bentonites from salt-free aqueous
solutions were of S-type but of
J-type from saline water. In the
presence of many salts, the amount
of linuron adsorbed decreased with

increasing salt concentration. These
salts reduced the linuron adsorption
(at a salt concentration of 20 g/L) in
the order NaClO4 � KClO4

< NaCl < NaBr < RbCl
< CsCl. Only NaI, CsBr, and CsI
increased the adsorption of linuron
in comparison to salt-free solutions.
Desorption of linuron was also
reduced in saline (NaCl) solutions.
The salt effect may have environ-
mental importance in developing
environmentally friendly formula-
tions of herbicides with reduced
mobility in soil and enhanced
ground water protection.
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et al. [11] reported the effect of salts on the binding of
some environmental pollutants to corn proteins. Ionic
strength also played a role on retention and overloading
behavior of ionizable compounds in reverse phase liquid
chromatography [12]. El-Nahhal and Safi [13, 14] re-
ported the effect of NaCl on the adsorption of phenan-
threne on modified clay minerals.

Another field where the effect of salts has to be con-
sidered is the design of herbicide formulations. Several
herbicides are strongly adsorbed by modified clays,
mostly bentonites, and reduce leaching in the soil [13–29].
The bentonites were made hydrophobic by exchanging
the inorganic cations (Na+,Ca2+) of themontmorillonite
(the clay mineral in bentonites) by organic cations.

The effect of salinity in clay-pesticide formulations
has to be considered from two points: addition of salts
changes (1) the adsorption of herbicides on the bento-
nites and (2) can affect the leaching behavior.

For the present study, we have selected linuron
(Fig. 1), a herbicide widely used in agriculture for weed
control. In spite of its relatively low solubility in water
and the low vapor pressure, the use of linuron provides
environmental problems such as water and soil con-
tamination. Tauler et al. [30] found linuron residues and
other 19 organic pollutants in surface water in Portugal.
Among other herbicides linuron was frequently detected
in drinking water wells in the USA [31]. Linuron was
found in potatoes, carrots, and mixed vegetables in Italy
[32], in carrots grown from seed in soils spiked with
[14C=O]-linuron in Canada [33].

The affinity of linuron to montmorillonite is certainly
weak because of the hydrophilic nature of thismineral. To
increase adsorption, the bentonite wasmade hydrophobic
by exchanging a part of the Ca2+ ions by hexadecylpy-
ridinium and hexadecyl tributylphosphonium ions.

Materials and methods

Materials

We used a Ca2+-bentonite from Greece (Milos, Prassa
Carys, mined 1992, M48 in our collection). This ben-

tonite contains about 95% Ca2+-montmorillonite with
an average layer charge of 0.33 eq/(Si,Al)4O10 unit. The
cation exchange capacity CEC of the raw bentonite was
96 cmol(+)/kg (=96 meq/100 g) [34, 35].

The bentonite was modified by cation exchange
with N-hexadecylpyridinium bromide (HDP+Br)) and
N-hexadecyl tributylphosphonium bromide (HDTBP+

Br)) (from Sigma Chemical Comp., Germany).
Linuron (HPLC grade, N-(3,4-dichlorophenyl)-

N-methoxy-N-methylurea, molecular weight 249.11,
Fig. 1) was purchased from Fluka (Germany). It is
hydrophobic with an octanol/water partitioning coeffi-
cient Kow=3.0043 [36] and weakly soluble in water
(81 mg/L). The volatility is low (vapor pressure at room
temperature is 2 mPa).

Preparation of the organo-bentonites

The organo-bentonites were prepared by the addition of
5 mmol of the solid organic salt to 1 L of a 1% (w/v)
aqueous dispersion of Ca2+-bentonite under stirring
which was continued for 3 days. The organo-bentonite
was separated by centrifugation (4,000 g, 30 min). The
sediments were washed three times with distilled water,
freeze-dried, and ground to <50-lm aggregates. In all
cases, 0.5 mmol organic salts were added per gram
bentonite. The amount of organic cations bound was
calculated from the carbon content (CNSHO analyzer,
Euro EA 3000 Elemental Analyzer), and related to gram
silicate (Table 1).

Adsorption experiments

The stock solution of linuron was prepared by dissolving
30 mg in 2–3 mL methanol and diluting to 1 L with
deionised water. The low concentration of methanol in
the adsorption experiments had no influence on linuron
adsorption.

The adsorption of linuron on the organo-bentonite
was measured at 10±2 �C. Appropriate aliquots of the
aqueous stock solution of linuron were diluted with
water to 25 mL and added to 5 mg organo-bentonite in
30-mL centrifuge tubes. The concentration of linuron
ranged between 1.2 and 31 mg/L. The final concentra-
tion of the adsorbent was 0.2 g/L. The dispersions were
kept under continuous rotary agitation during 48 h. The
supernatant was separated by centrifugation at 20,000 g
for 0.5 h.

The concentration of linuron in the supernatants was
determined by Waters 717 HPLC with UV detector
(detection wavelength 254 nm). Column: Nova-Pak
C18 (inner diameter 3.9 mm, length 150 mm), flow rate:
1 mL/min. The mobile phase was methanol/water 51/49
(v/v).Fig. 1 Structural formula of linuron
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The relationship between concentrations of linuron
and peak areas of the HPLC chromatogram was linear
for 0.03–6 mg/L linuron. Linear regression was used to
determine the equilibrium concentration of linuron in
the solutions. The regression showed R2 value close to
unity (0.9992). The amount of linuron adsorbed (cor-
rectly the specific reduced surface excess nr (n)/m) was
calculated from the depletion of the linuron concentra-
tion by adsorption [37].

For each isotherm a reference solution with an
intermediate linuron concentration was stirred without
organo-bentonite to evaluate adsorption on the glass or
other losses. Analysis showed that linuron was not ad-
sorbed on the glass of the centrifuge tubes. All adsorp-
tion experiments were made in duplicate.

The influence of salts (NaCl, NaBr, NaI, RbCl, CsCl,
CsBr, CsI, NaClO4, and KClO4 in concentrations 1–
80 g/L) was studied at a fixed addition of linuron
(6.2 mg/L). The final concentration of organo-bentonite
was 0.2 g/L so that 31 mg linuron was added per gram
organo-bentonite.

Desorption experiments

The sediments obtained from the adsorption experi-
ments were immediately dispersed in 25 mL water. After
stirring overnight the linuron concentration in the
supernatant was determined.

Results

Organo-bentonites

Studies on the adsorption of several herbicides have
shown that the highest amounts of herbicides are ad-
sorbed when the inorganic exchangeable cations of the
montmorillonite are not completely exchanged by or-
ganic cations [19–21, 38]. In this case, the clay mineral
becomes sufficiently hydrophobic but the organic ca-
tions are not densely packed in the interlayer space and
provide more adsorption sites for the herbicide. The
organo-montmorillonites used in this study contain
organic cations in amounts of 25–43% of CEC
(Table 1).

Adsorption in the absence of salts

Ca2+-bentonite adsorbed modest amounts of linuron
(Fig. 2). Hydrophobization strongly increased the
adsorption. About 6% of the added amounts were ad-
sorbed on Ca2+-bentonite and 39% on HDP+-benton-
ite (sample II). HDTB+-bentonite adsorbed still higher
amounts (58%). The adsorption isotherm of linuron on
Ca2+-bentonite was linear and S-shaped for HDP+-
bentonite (Fig. 3).

We fitted adsorption data by the Freundlich equa-
tion:

log
nrðnÞ

m
¼ logK þ 1

n
log ce ð1Þ

The term nr (n)/m is the specific reduced surface ex-
cess of linuron adsorbed (expressed in mg/g bentonite)
[37], ce the equilibrium concentration (mg/L), K and n
are the experimental parameters. The adsorption coef-
ficient K gives the affinity between adsorbent and
adsorptive, 1/n is related to the surface heterogeneity
[39]. However, a direct comparison of K values is dif-
ficult because the dimension of K, e.g. (mg/g)(mg/L)n,
changes with n.

The adsorption isotherms of linuron on Ca2+-ben-
tonite and the modified bentonites may be described by
the Freundlich model with correlation coefficients (R2)
exceeding 0.98 (Table 2). The adsorption coefficient for
linuron on Ca2+ and HDP+-bentonite reveals the

Table 1 Composition of the
organo-bentonites

HDP+ hexadecylpyridinium,
HDTBP+ hexadecyl tributyl-
phosphonium

System Carbon
content
(% w/w)

Content of organic cations
(mmol/g organo-bentonite)

Content
of organic cations
(mmol/g silicate)

Bentonite 0 0 0
HDP+-bentonite, sample I 6.116 0.24 0.26
HDP+-bentonite, sample II 9.165 0.36 0.41
HDTBP+-bentonite 7.366 0.22 0.24

Fig. 2 Adsorption of linuron by Ca2+-bentonite (a), two
HDP+-bentonites (samples I and II, see Table 1) (b, c), and
HDTBP+-bentonite (d). Initial linuron concentration 6.2 mg/L;
0.2 g /L bentonite or organo-bentonite. Bars indicate deviation
between parallel measurements
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increased affinity of the organo-bentonite for this her-
bicide (Table 2). Desorption of the herbicide was also
reduced (Table 3).

Adsorption in the presence of NaCl

Adsorption of linuron on the HDP+-bentonite de-
creased with increasing concentration of NaCl (Fig. 4).
At salt concentrations above 4 g NaCl/L the amount of
linuron adsorbed was almost constant. However, addi-
tion of larger amounts of salts (>4 g/L) changed the
shape of adsorption isotherms from S-type as in Fig. 3b
to L- or J-type [40] (Fig. 5). The adsorption coefficient
for HDP+-bentonite decreased at salt contents of 4 or
40 g/L NaCl (Table 2) but reached a distinctly higher
value when 80 g/L NaCl was added.

Adsorption in the presence of different salts

Most salts reduced the adsorption of linuron in com-
parison to salt-free solutions. The effect increased in the
order NaClO4 � KClO4 < NaCl < NaBr < RbCl
< CsCl. NaI, CsBr, and CsI increased linuron adsorp-
tion (Figs. 4, 6).

Discussion

At the first sight, the behavior of alkylammonium
montmorillonites in water is unexpected. Alkylammo-
nium montmorillonites intercalate larger amounts of
water only when the alkyl chains are long, e.g. con-
taining more than 15 carbon atoms [41]. The adsorption
of larger amounts of water by alkylammonium ion
beidellites and vermiculites starts with distinctly shorter
alkyl chains (number of carbon atoms in the alkyl chain
nC>6). The reason is the different alkyl chain arrange-
ment in the dried alkylammonium clay minerals. The
alkyl chains in alkylammonium montmorillonites are
parallel to the silicate surface forming strong van der
Waals contacts with the surface oxygen atoms because
the methylene groups fit perfectly the oxygen atoms of
the silicate layer [42–44]. The van der Waals interaction
between the alkyl chain and the silicate layer is partic-
ularly strong for monolayers of alkyl chains when each
chain is in direct contact with both silicate surfaces. In
contrast, the alkyl chains in (more highly charged)
vermiculites are in paraffin-type arrangements and only
the chain ends are in contact with the surface [45–47].
Interlayer adsorption (intercalation) of water or other
neutral solvents by alkylammonium montmorillonites
requires the movement of the alkyl chains from parallel
orientation into the paraffin-type arrangement [48]. For
shorter alkyl chains which are in direct contact with both
silicate layers the high van der Waals interaction be-
tween the flat-lying alkyl chains and the surface oxygen
atoms impedes the intercalation of larger amounts of
water; some water molecules only fill the pores between
the alkyl chains. Longer alkyl chains which are arranged
in bilayers or pseudo-trimolecular layers require a
smaller energy per methylene group to move into the
paraffin-type arrangement, and larger amounts of water
can penetrate between the layers as indicated by the
distinct increase of the basal spacing. When the alky-
lammonium ions in the dried samples are already in
paraffin-type arrangement as in vermiculites, the
adsorbing water molecules expand the interlayer space
normal to the layers [41, 48–50]. In this state, the par-
affin-type arrangement provides enhanced conforma-
tional freedom to the alkyl chains. The conformational
entropy of the alkyl chains pointing away from the
surface is considered an important contribution to the
free energy change during interlayer adsorption [50, 51].

Fig. 3 Adsorption isotherms of linuron on Ca2+-bentonite (a) and
HDP+-bentonite (sample II) (b) from salt-free linuron solutions.
Bars indicate deviation between parallel measurements

Table 2 Adsorption of linuron from salt-free and saline aqueous
solutions: adsorption coefficient K (in (mg/g)(mg/L)n) and n values
of the Freundlich equation

System K n R2

Calcium-bentonite 0.418 1.028 0.985
HDP+-bentonite, sample II, 0 g/L NaCl 4.828 1.408 0.994
HDP+-bentonite, sample II, 4 g/L NaCl 2.399 0.943 0.982
HDP+-bentonite, sample II, 40 g/L NaCl 0.703 0.600 0.988
HDP+-bentonite, sample II, 80 g/L NaCl 2.02 1.090 0.997

Table 3 Desorption of linuron

System Percent desorbeda

Calcium-bentonite 62.8±9.8
HDP+-bentonite, sample I, 0 g/L NaCl 27.6±2.7
HDP+-bentonite, sample II, 0 g/L NaCl 26.9±0.3
HDP+-bentonite, sample II, 40 g/L NaCl 18.3±2.2
HDP+-bentonite, sample II, 80 g/L NaCl 17.4±1.5

aMean value averaged over all adsorption points
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Because the swelling of the alkylammonium clay
minerals in water is limited, i.e. the basal spacing does not
exceed the value of expanded paraffin-type monolayers
[41], the number of intercalated water molecules is re-
stricted. These clusters of water are in an almost hydro-
phobic environment because not only the alkyl chains but
also the siloxane groups of the silicate surface are hydro-
phobic [52]. A certain degree of hydrophobicity results
from tetrahedral Al3+ for Si4+ substitution. The extent of
such substitutions is small for montmorillonites but con-
siderable for beidellite and vermiculites which also favors
the interlayer adsorption of water.

The almost hydrophobic environment in alkylam-
monium montmorillonites promotes the adsorption of
linuron as a hydrophobic solute. Small amounts are also
adsorbed by Ca2+-montmorillonite, very likely enriched
on the hydrophobic patches of the siloxane groups of the
silicate surface [15]. The S-shaped isotherm for HDP+-
bentonite, initially convex to the concentration axis, is
indicative of weak adsorbent–adsorbate interactions.
With increasing equilibrium concentration, linuron
molecules adsorb more and more at sites already cov-
ered by linuron molecules [39].

There are only a few papers reporting the thermo-
dynamics of adsorption of compounds with limited
solubility in water on hydrophobized clay minerals. The
adsorption of linuron from aqueous solutions on alky-
lammonium montmorillonite may be compared with the
adsorption of butanol, hexanol, and octanol from
aqueous solutions on alkylammonium montmorillonites
[53–55] and of butanol on alkylammonium vermiculite
[56, 57].

Because of the clustering of the water molecules be-
tween the alkyl chains [41], alkyl chain arrangement and
intercalation of water are expected to be influenced by
the addition of salts. The pronounced ability of anions
to influence the alkyl chain conformation was recently
reported [58]. The basal spacing of tetradecylammonium
beidellite dispersed in water increases by salt addition,
the maximum increase of 1.4 nm is observed with
KSCN. Breaking of the water structure promotes an
additional uptake of water. The effect of different salts
shows analogy to the variation of the turbidity points of
aqueous poly(ethylene oxide) solutions [49, 59]. The
anions exert the dominant effect.

The strong influence of salts on the structure of
water [59–69] should also influence the adsorption of a
second component, in our case linuron. As the salt
concentrations are relatively high, salt penetrates into

Fig. 4 Adsorption of linuron by HDP+-bentonite (sample II) as a
function of salt concentration. a Sodium chloride, b rubidium
chloride, c cesium chloride, d sodium bromide, e sodium iodide.
Initial linuron concentration 6.2 mg/L; 0.2 g/L organo-bentonite.
Bars indicate deviation between parallel measurements

c
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the interlayer space, indicated by small concentration
changes measured in some systems [70]. In most cases a
very modest increase of the bulk salt concentration
indicates that the salt concentration in the interlayer
space is smaller than in the bulk. However, the screening
effect of these ions seems to be strong enough to reduce
the adsorption of hydrophobic molecules between the
alkyl chains on the external surface and in the interlayer
space. On the other hand, strongly water-structure
breaking ions can lead to the enrichment of the hydro-
phobic molecules between the alkyl chains.

Many salts change the shape of the linuron adsorp-
tion isotherm (Fig. 5) and reduce the amount adsorbed
(Fig. 4a–d). The opposite change of K and also of n
between 40 and 80 g/L NaCl addition (Table 2) may be

considered indicative of a different adsorption mecha-
nism. The linearity of the initial section of the isotherms
indicates that the addition of the salts leads to a distri-
bution process of linuron between the bulk and the in-
terlayer phase. In this respect the adsorption of linuron
is comparable to the distribution of hexanol between the
interlayer space of alkylammonium montmorillonites
and the aqueous bulk solution [53].

Enhanced adsorption of linuron by salt addition is
only observed (Figs. 4e, 6) when the structure-breaking
power of the anion is very strong, i.e. in the presence of
iodide ions. Bromide ions which are less effective struc-
ture-breaking anions only enhance linuron adsorption
when the cation like the cesium ion is also structure-
breaking. When only the cations are structure-breaking
as in the case of RbCl and CsCl, linuron adsorption is
not enhanced.

Conclusions

The adsorption of the hydrophobic molecules from
aqueous solutions on hydrophobized adsorbents can be
influenced by the addition of salts. This is shown here
for the adsorption of the herbicide linuron on hydro-
phobized montmorillonite. Most salts reduce the
adsorption of the herbicide between the alkyl chains on
the external and internal surface. Only strongly struc-
ture-breaking salts increase the adsorption.

For practical aspects only the effect of NaCl is
important. The reduced adsorption of linuron in the
presence of this salt can promote leaching of the herbi-
cide in soils at saline conditions.
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Fig. 6 Adsorption of linuron by HDP+-bentonite (sample II) in
the presence of different salts (concentration 20 g/L). Initial linuron
concentration 6.2 mg/L; 0.2 g/L organo-bentonite. Bars indicate
deviation between parallel measurements

Fig. 5 Adsorption isotherms of linuron on HDP+-bentonite
(sample II) from saline solutions. a 4 g/L NaCl, b 40 g/L NaCl,
c 80 g/L NaCl. Bars indicate deviation between parallel measure-
ments
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