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THE INTERACTION BETWEEN ROUNDUP (GLYPHOSATE)
AND MONTMORILLONITE. PART II. ION EXCHANGE
AND SORPTION OF ISO-PROPYLAMMONIUM
BY MONTMORILLONITE
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Abstract—The adsorption mechanism of iso-propylammonium (PAH*), the cationic component of Roundup, by various
homeionic montmorillonites and the structures of the associations obtained in the interlayer space were investigated, using
infrared, X-ray, and carbon analysis methods. Adsorption from aqueous and ethanol solutions of Roundup was studied.
The infrared spectra were compared with those obtained by the treatment of montmorillonites with ethanol and CCl,
solutions of the free iso-propylamine (PA). The adsorption of PA from ethanol gives rise to protonation of the amine. PA
sorbed from CCl, solution forms an ammonium-amine association. Adsorption of PAH* from alcohol solution of Roundup
occurs by the mechanism of cation exchange. With transition metal exchangeable cations, PAH* is sorbed in excess,
forming hydrogen bonds between NH,* groups and hydroxyls resulting from dissociation of water molecules. The process
of adsorption of PAH* from aqueous solutions of Roundup depends on the concentration of the solution. If montmorillonite
is reacted with 0.5% solution of Roundup, PAH* is adsorbed by exchanging metal cations and the adsorption capacity of
the clay does not exceed the c.e.c. If the montmorillonite is reacted with 5.0% solution of Roundup, the PAH* exchanges
protons originating from the hydrolysis of the interlayer water. Protons which are transferred from the interlayer space
to the water solution are accepted by the anion component of Roundup. The amounts of PAH* adsorbed from concentrated
Roundup solutions are much higher than the cation exchange capacity of montmorillonite. Hydrogen bonds are formed
between the ammonium and water or hydroxyl groups on the interlayer space. With the trivalent exchange ions Al and
Fe, which tend to polymerize in the interlayer space, excess sorption gives rise to hydrogen bonding of NH;* to oxygen

of the polymer.
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INTRODUCTION

The interaction between the anionic component of
Roundup and montmorillonite was described in Part 1
of the present series (Shoval and Yariv, 1978). The
present paper deals with the interactions between

2. For amine molecules which serve as proton donors:
a. hydrogen bond formation with water bonded to
the oxygen plane of the silicate layer;
b. hydrogen bond formation with hydroxyls; and
¢. hydrogen bond formation with atoms of the oxy-

montmorillonite and the cationic component of Round- 3. F gen pla{'le. I hich d fel
up, namely the iso-propylammonium cation (PAHY). ) troornaml}'le molecules wiuch serve as donors ol elec-
pair:

Amines sorbed in the interlayer space of montmoril-
lonite may exist either in the form of positively charged
ammonium ions or as neutral amine molecules. The in-
teractions occurring in the interlayer space during the
sorption of the amines can be summarized as follows:

1. For ammonium ions which serve as proton donors:

a. hydration through the formation of hydrogen

bonds between the ammonium ion and water
molecules;

b. hydrogen bond formation between NH and O
atoms from the oxygen plane of the silicate
layer;

¢. hydrogen bond formation between NH and hy-
droxyls obtained by the reversible dissocia-
tion of water molecules in the interlayer space
under the influence of the metallic cation; and

d. hydrogen bond formation between NH and oxy-
gens of polymeric AIOH and FeOH com-
plexes.

' On sabbatical leave at Laboratorio Fisico-Quimica de Materiales,
Instituto Venezolano de Investigaciones Cientificas, Caracas.
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a. formation of ammonium ions by proton accep-
tance from water molecules;
interaction with ammonium ion and the forma-
tion of ammonium-amine;
¢. coordination to metallic cations; and
d. hydration through the formation of hydrogen
bonds between the amine and water mole-
cules.

b.

Many investigators have shown that under various
conditions the adsorption of amines by montmorillon-
ites may highly exceed the cation exchange capacity of
the clay, a phenomenon known as ‘‘excess adsorp-
tion,”” but no satisfactory explanation has been given
to this phenomenon. Vansant and Uytterhoeven (1973)
attributed the excess adsorption of weak bases to the
inclusion of ammonium salts. Yariv and Heller-Kallai
(1975) attributed it to the formation of ammonium-
amine associations in the interlayer space.

The present communication deals with the adsorp-
tion of PAH* by montmorillonites from solutions of
Roundup, (PAH),G. The structures of the various as-
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Fig. 1. Infrared spectra of (A) iso-propylammonium chloride (in KBr disk) and (B) iso-propylammonium montmorillonite (self-supporting film).

sociations in which PA is involved and which are ob-
tained in the interlayer space are investigated, and ad-
sorption mechanism is proposed and an explanation is
suggested for the excess adsorption.

To clarify the reaction mechanism which takes place
during the adsorption of the cationic component of
Roundup by montmorillonite and to interpret the var-
ious infrared spectra the spectrum of (PAH)-mont-
morillonite prepared from 0.1 N aqueous solution of
(PAH)CI was studied. The spectrum of PA sorbed by
the various homoionic montmorillonites from solutions
of pure amine in ethanol and in CCl, was also studied.

EXPERIMENTAL

Roundup was supplied by Monsanto and was puri-
fied by extracting impurities with CCl,. Iso-propylam-
ine and iso-propylammonium chloride were supplied
by BDH. The homoionic montmorillonites used in the
present study and their preparation were previously
described (Yariv et al., 1968). They were stored in the
form of ~1.5% aqueous suspensions. A homoionic
sample of iso-propylammonium montmorillonite was

prepared by repeated saturation of a sample of Wyo-
ming bentonite with 0.1 N solution of (PAH)CL. It was
then washed 3 times with distilled water, at which time
no Cl was detected.

Adsorption from aqueous solutions

Aliquots of the suspensions, containing 50-mg por-
tions of clay, were placed in glass tubes, 10 ml of
Roundup solutions with varying concentrations up to
5 wt % were then added and the suspension was well
stirred for a few minutes. After 24 hr, or after 2 weeks,
the solution was separated and the clay fraction was
washed 3 times with distilled water. The clay was made
into a self-supporting film by allowing it to settle out
from the aqueous suspension of ~1.5% on a section of
polyethylene and air drying.

Adsorption from ethanol and CCl, solutions

Air-dried self-supporting films (prepared by drying
4 ml of ~1.5% aqueous clay suspension on a section of
polyethylene) were immersed in 10 ml of 5% ethanol
solutions of Roundup or of iso-propylamine and in 5%
CCl, solution of iso-propylamine. The film was sepa-
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Table 1. NH,* symmetric deformation frequencies (in cm™) of
(PAH)-montmorillonite obtained during the adsorption of PA from
organic solvents.

Exchange cation From CCl, solution From ethanol solution

H 1507 1492 1498
Li 1508sh 1491 1500
Na 1507 1492sh 1500
K 1506 1496sh 1500
Cs 1505sh 1492 1502
NH, 1505sh 1491 1501
Mg 1507sh 1490 1499
Ca 1509sh 1495 1499
Ba 1506sh 1491 1486
Al 1510sh 1492 1500
Fe 1510sh 1492 1498
Ag 1510sh 1492 —

Mn 1506sh 1492 1500
Co 1507 1492sh 1502
Ni 1505sh 14%0 1497
Cu 1509 1491sh 1501
Zn 1507sh 1492 1499
Cd 1509sh 1492 1499
Hg 1505sh 1491 1501

sh—shoulder.

rated from the solution after 24 hr, or after 2 weeks, and
washed by immersion in the pure organic solvent.

Carbon content, infrared, and X-ray powder
diffraction measurements

The carbon content of the clay samples was estimat-
ed with a Leco Carbon Analyzer. Infrared spectra were
recorded on a Perkin-Elmer Spectrophotometer, Mod-
el 237. X-ray powder diffraction patterns of oriented
aggregates were recorded on a Seifert Iso-Debyeflex
IIIA diffractometer.

RESULTS AND INTERPRETATION

Iso-propylammonium montmorillonite

The carbon analysis showed that PAH*-capacity of
montmorillonite is 84 meq/100 g, which is in the nor-
mal range for ion-exchange capacity of the Wyoming
bentonite. The c-spacings for films which were air-
dried, dried for | week over saturated Mg(NQO,), solu-
tion, and dehydrated under vacuum at 200°C are 13.2,
13.1, and 12.9 A, respectively. The infrared spectra of
(PAH)-montmorillonite and of (PAH)CI are shown in
Figure 1.

The spectrum of (PAH)-montmorillonite differs from
that of the (PAH)CI. The most striking differences are
in the location of the absorption bands of the NH;*
group. These frequencies are dependent on whether or
not the clay is hydrated. They are at 3255, 1620, and
1498 cm~! in the spectrum of air-dried (PAH)-mont-
morillonite; 3230, 1610, and 1492 cm™! in the spectrum
of (PAH)-montmorillonite dried under vacuum at 200°C
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and at 3030, 1580, and 1503 cm™* in the spectrum of
(PAH)CI. It is therefore concluded that the NH;* group
forms hydrogen bonds with water molecules in the in-
terlayer space of the clay.

Adsorption of iso-propylamine from
ethanol solution

Adsorption of the amine by the montmorillonites
studied here (excluding Ag-montmorillonite) gives rise
to spectra similar to that of (PAH)-montmorillonite in-
dicating that the amine is protonated in the interlayer
space. The symmetric bending vibration absorbs at
1498-1503 cm~! (Table 1), indicating that the organic
ion is hydrated. After dehydration under vacuum at
200°C this band shifts to 1490-1492 cm™'. The effect of
the exchangeable cation on the wave number of the
NH,* band is very small because a great portion of the
exchangeable metal cation has been extracted by the
PA alcohol solution (the presence of metal cations in
the alcohol supernatant was confirmed by various qual-
itative tests).

The reaction can be summarized as follows:

1. The first stage:

H
I
CsH~NH, (ethanol) + H-O- - -Me (montmorillonite)

— [C3H~NH; + Me(OH)] (montmorillonite)
2. The second stage:
yCs;H~NH, (ethanol) + Me(OH), (montmorillonite)
— [Me(NH,-C;3H,),J(OH), (ethanol)

where Me is the metal cation and x and y are, respec-
tively, the oxidation state and the coordination number
of the metal cation.

The spectrum obtained with Ag-montmorillonite
shows that this clay adsorbs free amine (Figure 2) in-
dicating that a complex of the type [Ag- - - NH,-C;H,]*
is formed between the silver ion and the amine in the
interlayer space. The NH, absorption bands appear at
3330, 3285, and 1588 cm™1.

Adsorption of iso-propylamine from
CCly solution

The spectra of species obtained by the adsorption of
PA from CCl, solution differ from the spectra of species
obtained by the adsorption of PA from alcohol solution.
In the first case the spectra show two maxima charac-
teristic for the NH;* symmetric band (Table 1). The
first maximum appears at 1492 cm™! and is character-
istic for anhydrous ammonium ion. The second maxi-
mum appears at 1507 cm~!. New bands appear at 1599,
3260, and 3350 cm™! which are characteristic for the
presence of free amine. There is a relationship between
the intensity of the band at 1507 cm™* and those of the
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Fig. 2. Infrared spectra of iso-propylamine sorbed by (A) Na-montmorillonite from ethanol solution; (B) Ag-montmorillonite from ethanol

solution; (C) Na-montmorillonite from CCl, solution. Spectrum (A) is characteristic for ammonium montmorillonite. Spectrum (B) is charac-
teristic for free amine coordinated to an exchangeable transition metal cation. Spectrum (C) is characteristic for ammonium-amine-
montmorillonite.

NH, bands and it is suggested that an ammonium amine
complex, such as (C;H~NH,---H,0---H;N-C;H)*
is formed in the interlayer space. The formation of this
complex is associated with the elevation of the baseline
in the 1430-1700 cm™! range.

Adsorption of iso-propylammonium from an
aqueous solution of Roundup

PAH* is adsorbed from an aqueous solution of
Roundup by the mechanism of ion exchange. The re-
action is fast and there are no considerable differences
between the amounts sorbed during 1 or 14 days. The
amounts of PAH* sorbed after 14 days from 0.5 and
5.0% aqueous solutions of Roundup (in meq per 100
g of clay) are given in Table 2.

The capacity of the clay to adsorb PAH* from a so-
lution of Roundup of a concentration of 0.5% was equal
to ~100 meq/100 g clay which is in the range of the
cation exchange capacity of montmorillonite. Exclud-
ing Cs-montmorillonite, the infrared spectra of these
clay samples are similar to that of (PAH)-montmoril-

lonite. The NH;* asymmetric bending band absorbs at
1500 cm™! indicating that the ammonium cation is hy-
drated in the interlayer space. In Cs-montmorillonite
the ion-exchange reaction is not complete and the water
structure in the interlayer space is determined solely by
the hydrophobic character of the residual Cs rather
than by the hydrophilic character of the ammonium
head of the organic ion. The NH;* band shifts to 1509
cm~! and it is possible that it forms a hydrogen bond
with atoms of the oxygen plane of the silicate sheet.

The capacity of the clay to adsorb PAH™ from a so-
lution of Roundup of a concentration of 5.0% was 2 and
3 times as much as the cation-exchange capacity of the
clay indicating that the adsorption of PAH* occurs by
a process other than a reversible cation-exchange re-
action. The infrared spectra of the various homoionic
montmorillonites reveal that the amine is present in the
clay in the form of ammonium ion. Spectra of Na-mont-
morillonite treated with aqueous solutions of Roundup
are shown in Figure 3. The frequencies of the charac-
teristic absorption bands of PAH* adsorbed by the var-
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Table 2. Iso-propylammonium (in meqg/100 g clay) adsorbed by
homoionic montmorillonites from aqueous solution (0.5 and 5%) and
ethanol solution (5%) of Roundup.

0.5% 5% 5%
Exchange aqueous aqueous ethanol

cation solution solution solution
H 72 221 154
Li 78 229 69
Na 86 253 129
K 100 221 94
Cs 78 164 82
NH, 80 268 108
Mg 69 180 42
Ca 69 180 35
Ba 94 229 47
Al 97 201 259
Fe 122 170 239
Ag 100 238 105
Mn 72 220 130
Co 100 268 166
Ni 119 177 234
Cu 116 257 268
Zin 119 228 159
Cd 11 201 155
Hg 108 206 109

ious homoionic montmorillonites are tabulated in Ta-
ble 3.

Two types of interaction of the NH;* group in the
interlayer space can be distinguished. With H-, Al-, and
Fe-montmorillonite the NH;* band appears at 1520
cm™! and is not shifted when the film is heated under
vacuum up to 200°C. This is characteristic for hydrogen
bond formation between the NH;* group and oxygen
of a polymeric hydroxy iron or aluminum cation com-
plex which is formed in the interlayer space. With all
other montmorillonites this band absorbs at 1512 cm™!
and this frequency does not change on dehydration un-
der vacuum. The HOH stretching band which normally
absorbs at 3400 cm~! is weakened and instead a band,
characteristic of hydrogen bonded OH group, appears
at 3060 cm™!. It is therefore suggested that hydrogen
bonds are formed between NH;™ groups and hydroxyl
ions in the interlayer space. The intensity of the H;O"
band at 1710-1720 cm™! increases remarkably with the
sorption of PAH" indicating that the dissociation of
water in the interlayer space increases with increasing
hydrophobic character of the interlayer space.

The c-spacings of the homoionic montmorillonites
untreated and treated with 5% Roundup solution are
given in Table 4. The c-spacings of the air-dried films
of the treated clays range between 12.9 and 13.3 A and
are an integral series of diffraction. After heating the
films at 200°C under vacuum the c-spacings drop only
slightly to 12.6—13.2 A. The c-spacings of the untreated
homoionic montmorillonites, on the other hand, drop
to 10.0 A after being heated under vacuum to 200°C.
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Table 3. Characteristic absorption bands (in cm™) of iso-pro-
pylammonium adsorbed on homoionic montmorillonites from 5%
aqueous solution of Roundup.

NH,* NH;*
asym. def. sym. def.
Exchange

cation ) (1) [¥3] 3)
H 1620 1518 1512 1500
Li 1620 1512 1515 1503
Na 1622 1512 1512 1500
K 1616 1506 1507 1504
Cs 1615 1513 1512 1509
NH, 1615 1512 1512 1498
Mg 1620 1512 1510 1502
Ca 1620 1513 1514 1505
Ba 1615 1511 1510 1500
Al 1613 1520 1516 1501
Fe 1612 1519 1513 1501
Ag 1610 1512 1515 1500
Mn 1620 1512 1512 1499
Co 1620 1512 1511 1505
Ni 1615 1511 1510 1500
Cu 1610 1513 1510 1502
Zn 1620 1516 1512 1500
Cd 1620 1512 1510 1505
Hg 1615 1510 1510 1503
sh—shoulder.

(1) Air-dried.

(2) Dried under vacuum at 200°C.
(3) Adsorbed from 0.5% solution of Roundup.

This is proof that the ammonium ion is located in the
interlayer space preventing its collapse. The ammoni-
um ion together with the hydration water form a mono-
layer in the interlayer space. The c-spacings of the am-
monium-treated samples are smaller than those of the
untreated samples because PAH* increases the hydro-
phobic nature of the clay and water is excluded from
the interlayer space.

When the adsorption was carried out from a solution
of 0.1% the absorption bands of NH;* shift from 3030,
1580, and 1503 cm~! (in the spectrum of (PAH)CI re-
corded in a KBr disk) to 3250, 1620, and 1492-1495
cm™! in montmorillonite indicating that the ammonium
ion enters into the interlayer space of the mineral. The
appearance of NH;* bending frequency at 1492-1495
cm™'is characteristic for an anhydrous ammonium ion.
This can be explained as follows. Since the amount of
PAH™ adsorbed by the clay is very small the structure
of the interlayer water in montmorillonite is determined
by the metal exchange ions. The PAH* which cannot
destroy this water structure remains anhydrous.

Adsorption of iso-propylammonium from an
alcohol solution of Roundup

The adsorption of PAH* from an ethanol solution of
Roundup is very slow compared with the adsorption
from aqueous solution. The adsorption after 24 hr is
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Fig. 3. Infrared spectra of self-supporting films of iso-propylammonium montmorillonite prepared by the treatment of Na-montmorillonite

with an aqueous solution of Roundup. (A) 0.5%; (B) 5.0%; (C) sample (B) heated at 200°C under vacuum; and (D) sample (C) left 24 hr in air.

very slight, especially with the divalent cation mont-
morillonites (excluding Cu- and Hg-montmorillonite).
The adsorption increased with time and considerable
amounts of PAH* were adsorbed by the montmorillon-
ites after 14 days. The adsorption from a methanol so-
lution of Roundup or from an ethanol solution to which
a few drops of water has been added, is much faster.
The amounts of PAH* adsorbed by the various ho-
moionic montmorillonites within 2 weeks are given in
Table 2.

The monovalent cation montmorillonites studied
here adsorb PAH* by the mechanism of a reversible
cation exchange. The divalent cation montmorillonites
(excluding Mn- and Hg-montmorillonite) are only part-
ly susceptible to cation exchange reactions with PAH™.
The trivalent cation montmorillonites and H-montmo-
rillonite adsorb PAH™ in great excess of the cation ex-
change capacity of the clay.

The frequency of the characteristic infrared absorp-
tion bands of PAH* adsorbed on the various homoionic
montmorillonites from the 5% ethanol solution are giv-
enin Table 5. The NH,* symmetric bending is affected

by the drying time of the clay film. After 1 hr drying the
film still contains considerable amounts of ethanol and
the NH;* band appears at 1510 cm™*. This frequency
is characteristic for the solvation of NH;* by ethanol.
After air-drying for 6-8 hr the band is shifted to 1500
cm~!. This frequency is characteristic for the hydrated
ammonium ion. Shoulders appear at 1492 (anhydrous
ammonium) and 1510 cm™! (ethanol solvated ammoni-
um). After vacuum drying at 200°C the 1492 cm~! be-
comes the dominant absorption band.

From X-ray powder diffraction data (Table 4) it is
obvious that the PAH™ is adsorbed in the interlayer
space. Most montmorillonites (excluding Mg-, Ca-, and
Ba-montmorillonite) have c-spacings ranging between
12.7-13.9 A with air-dried films, and between 11.6-13.6
A with films heated under vacuum at 200°C. Air-dried
films of Mg-, Ca-, and Ba-montmorillonites have c-
spacings of 13.9, 14.0, and 12.6 A, respectively. When
heated under vacuum the c-spacings drop to 10.9, 10.6,
and 10.7 A, respectively, and the peaks do not have an
integral series of diffraction. This indicates that the dis-
tribution of the PAH* in the clays is inhomogeneous.
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Table 4. Basal spacings of montmorillonites treated with 5% aqueous and ethanol solutions of Roundup.

Untreated clay

Treated with aqueous solution

Treated with ethanol solution

Exchange
cation m @ ©) 0] o) ) m @ %)
H 14.6 A 14.6 A 9.9 A 133 A 13.14A 13.0 A 127 A 132 A 124 A
Li 12.6 12.4 9.8 13.3 13.0 12.8 12.9 13.1 12.7
Na 12.3 12.3 9.7 13.4 13.2 12.9 13.0 13.0 12.4
K 12.0 11.9 9.9 13.4 12.9 12.8 13.0 12.9 12.3
Cs 12.4 12.3 11.2 12.9 12.6 12.6 12.8 12.8 12.6
NH, 123 12.1 10.4 13.1 12.9 12.6 13.0 13.1 13.0
Mg 14.7 14.7 10.5 13.1 12.8 12.7 13.9 14.6 10.9
Ca 15.4 15.4 9.9 13.2 13.1 12.8 14.0 14.4 10.6
Ba 12.7 1.7 11.2 13.3 13.2 12.9 12.6 12.7 10.7
Al 15.4 15.2 11.4 13.3 13.4 13.2 13.9 13.8 13.6
Fe 13.6 13.9 9.8 13.2 13.3 13.2 13.1 13.5 12.8
Ag 12.1 12.2 10.7 13.6 13.3 13.2 13.0 12.9 12.3
Mn 15.0 14.4 9.9 13.3 13.4 12.8 12.9 13.4 11.9
Co 15.0 14.7 10.0 13.1 13.2 12.8 13.0 13.2 12.5
Ni 15.2 14.7 10.2 13.1 12.8 12.7 12.9 13.4 12.8
Cu 12.5 124 9.9 13.0 13.2 12.7 13.5 13.5 13.0
Zn 15.1 13.7 10.2 13.1 13.3 12.7 13.2 13.0 13.0
cd 15.3 14.8 9.9 13.1 13.0 12.9 13.1 13.8 11.6
Hg 13.0 13.2 9.6 13.2 13.2 13.1 12.9 12.9 12.1

(1) Before heating.
(2) Hydrated at 40% relative humidity 1 week.
(3) After heating at 200°C under vacuum.

Only some of the interlayer spaces contain PAH* and
their c-spacings cannot be smaller than 12.0 A, even
under vacuum. Interlayers which do not contain PAH*
collapse to a spacing of 10.0 Aasa consequence of the
dehydration of the film.

DISCUSSION

The maximum of the NH;* symmetric bending ab-
sorption band at 1490-1520 cm™! can give useful infor-
mation on the character of the ammonium ion in the
interlayer space. The characteristic maxima of the var-
ious forms of association of PAH* are summarized in
Scheme 1.

Hydrated ammonium ion is the major association
form of the amine obtained when the adsorption takes
place from 0.5% aqueous solution of Roundup with all
forms of montmorillonite or from the ethanol solution
with montmorillonites saturated with the major ele-
ments (excluding Al-montmorillonite). In all these
cases the adsorption of PAH™ takes place by the mech-
anism of a reversible cation exchange reaction as fol-
lows:

3Me* (montmorillonite) + (PAH);G (solution)
= 3(PAH)* (montmorillonite) + Me;G (solution).
The ammonium content in the clay does not exceed its
cation exchange capacity.
Anhydrous ammonium ion is the chief PAH* form in
the clay for the following cases:

1. When the hydrated ammonium ion is thermally
dehydrated under vacuum.

2. When the adsorption is carried out from free amine
solutions in organic solvents such as ethanol or CCl,.
When such clay films are dried in the atmosphere the
organic solvent molecules are replaced by water mol-
ecules and the ammonium ion is hydrated.

3. When the adsorption is carried out from very dilute
(0.1%) aqueous solutions of Roundup. The water struc-
ture is determined by the exchangeable metal cation
and the amount of adsorbed PAH™ is too small to break
this structure. These results are in agreement with the
thermodynamic calculations of Vansant and Uytter-
hoeven (1972) who showed that an interlayer, in which
both metal and ammonium ions are present, is not sta-
ble in contrast to an interlayer which contains either
metal or ammonium ions solely.

Ammonium-amine is obtained by the treatment of
montmorillonites with a CCl, solution of PA and is iden-
tified by the appearance of perturbed bands character-
istic for the ammonium ion and perturbed bands char-
acteristic for an amine. Ammonium-amine associations
of aliphatic amines are obtained only in the presence of
excess of free amines (Yariv and Heller, 1970; Heller
and Yariv, 1970; Yariv et al., 1971). In the present study
they were not formed during the interaction of Roundup
with any of the montmorillonites.

Hydrogen bonds between ammonium and hydroxyl
ions in the clay interlayer of all montmorillonites (ex-
cluding Al- and Fe-montmorillonite) are formed during
the adsorption of PAH" from a 5% aqueous solution of
Roundup. They are also formed with transition metal
montmorillonites treated with a 5% ethanol solution of
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Roundup. In all these cases the adsorption of the am-
monium ion is in great excess of the cation exchange
capacity of the clay. When such clays are thermally
dehydrated under vacuum the frequency of the absorp-
tion bands of NH;* are not shifted and it is therefore
concluded that this ammonium-hydroxyl association is
anhydrous. H* and OH " ions are produced by the dis-
sociation of interlayer water. Since G<? is a proton ac-
ceptor, exchange reaction between ammonium and hy-
drogen takes place according to:

[(PAH)* + G~%] (solution) + [H* + OH™]
(montmorillonite) — [HG] 2 (solution)

+ [PAH* + OH] (montmorillonite)

The association which is obtained when the amine is
present in excess is very stable and repeated washings
of the clay with distilled water do not remove the excess
amine to any considerable extent. (Most investigators
who observed sorption of amines in excess of cation
exchange capacity of the clay succeeded in removing
this excess by repeated washings of the clay with dis-
tilled water.) It appears that the OH~ ion is intercalated
in a ““cage” formed by several amphipathic PAH*
species. The following structure is suggested:

CH3 CHs
| 1
CHs~ CH CH-CH3
N-H H-N
I\ ya
H H H H
OH”
H
1
H~N-H
t
CH
AN
HsC  CHy

Since the carbon adjoining the NH;* group is a sec-
ondary carbon, the washing out of the OH ™ ion by water
is sterically hindered.

Polymeric cationic species are formed in Al- and Fe-
montmorillonite during the adsorption of organic pro-
ton acceptors (Heller-Kallai et al., 1973). In the present
study, although the proton acceptor G4 is not adsorbed
by the clay from the aqueous solution, it accepts pro-
tons donated by the clay and Al and Fe polymerize in
the interlayer space forming polymeric cations. The
ammonium cation is expelled from the aqueous solution
and is adsorbed in excess of the cation exchange ca-
pacity of the clay, forming hydrogen bonds with oxy-
gens belonging to the polymeric metallic cations. The
following reaction is suggested for exchangeable alu-
minum polymerization:

Clays and Clay Minerals

Table 5. Characteristic absorption bands (in cm™) of iso-pro-
pylammonium adsorbed on homoionic montmorillonite from 5%
ethanol solution of Roundup.

NH,* asym. def. NH;* sym. def.

Exchange
cation ) [0} @
H 1610 1497 1492
Li 1612 1500 1495
Na 1611 1500 1493
K 1610 1498 1495
Cs 1612 1504 1493
NH, 1613 1502 1492
Mg 1613 1500 vw
Ca 1611 1501 vw
Ba 1615 1500 —
Al 1625vb 1520 1510
Fe 1610vb 1510 1506
Ag 1610 1497 1491
Mn 1610 1510sh vw
Co 1610 1510 1492
Ni 1610 1510 vw
Cu 1620 1513 1515
Zn 1615 1513 1510
Cd 1610 1510 vw
Hg 1612 1501 1495

sh—shoulder; vw—very weak; vb—very broad.
(1) Air-dried.
(2) Dried under vacuum at 200°C.

{y/3(PAH);G] (solution) + [xAl + yHOH]
(montmorillonite) — [y/3H,G] (solution)

+ [y(PAH) + Al,(OH),] (montmorillonite)

where Al denotes a monomeric aluminum cation and
Al,(OH), denotes a polymeric aluminum cation in the
interlayer space. This type of polymerization of Al ions
gives rise to fixation of exchangeable cations. Heller-
Kallai et al. (1973) showed that cations other than Al
(and even Na) can become fixed in the presence of Al
during the polymerization of the latter by the interac-
tion with organic proton acceptors.

CONCLUSIONS

Iso-propylammonium from Roundup is adsorbed by
montmorillonite. The adsorption occurs by two differ-
ent ion-exchange mechanisms: (1) the ammonium ion
exchanges metal cations in the interlayer space, and
(2) the ammonium ion exchanges protons originating
from the hydrolysis of interlayer water. In the latter
process, which takes place from concentrated solutions
of Roundup, protons are transferred from the interlayer
space to the aqueous solution, where they are accepted
by the anionic component of Roundup, that is G™3.
Mechanism (1) gives rise to the adsorption of amounts
not greater than those equivalent to the cation exchange
capacity of the clay whereas the amount of ammonium
sorbed by mechanism (2) is much higher. Exchangeable
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aluminum and iron in the interlayer space are poly-
merized during the interaction between montmorillon-
ite and Roundup. The adsorbed PAH"* forms hydrogen
bonds with water molecule hydroxyl ions or with poly-
meric cations in the interlayer space of the montmoril-
lonite. Hydrogen bonds between the NH;* group and
the hydroxyls or polymeric metal cations stabilize as-
sociations which are formed by the excess adsorption
of the ammonium ion by montmorillonite from concen-
trated solutions of Roundup.
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Scheme I. The associations formed by iso-propylammonium in the
interlayer space of montmorillonite and the characteristic frequencies
(in cm™!) of NH,* symmetric deformation band.

1. Adsorption in the range of the CEC of montmoril-
lonite.

A. 1492 cm~'—anhydrous.

H3C H
|
H—C-N-H
t
HaC H

Sorption of glyphosate by montmorillonite. II.
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B. 1500 cm~'—hydrated.
HsC H H
N e
H—C-N—H-0
1 AN
HsC H H

C. 1510 cm™'—solvated by ethanol.

HyC.  H H
AN
CoHs

2. Adsorption of amounts in excess of the c.e.c. of
montmorillonite.

A. 1507 cm~'—ammonium amine formation.
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and/or
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B. 1512 cm~'—hydrogen bonds with hydroxyl ions.
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C. 1518 c¢cm '‘—hydrogen bonds with polymeric
AlOH and FeOH cations.

HsC H M
N Vs
H— C-N—H---0
S AN
HsC H M — OH
o/ H
AN
M



38 Shoval and Yariv Clays and Clay Minerals

Pe3swMe—- H3y4yaJMCh MEXaHH3M aZcopO6LUH Hso—nponnnaMMOHHn,PAH+,(KaTnonHuﬁ KOMIIOHEHT
Payspana) pPas/IMYHEMH TI'OMOHOHHHMH MOHTMOPHJIFIOHMTaMH M CTPYKTYPH accolLHalLuill,obpasyio-
mHeCcs B MEeXCJIOHHHX [IPOMEXYTKaX C HCIoJNIb3OBaHHEeM HHPpaAKpPacCHHX M PEeHTI&@HOBCKHUX JIy-
uyen M yTrJIEPOOHHX METONOB aHaliisa. Hayuanack amcopblHa U3 BOOHEX U 3TAHOJIOBHX DacT-
BOpPOB PayHpana. HHOpaxpacCHHE CreKTPH CPaBHHUBAJIHCL CO CIEKTPaMH,IIOJIyYEHHHMH B pe-—
3ynpTare OB6pabOTkH MOHTMOPHISIOHHTOB TaHOJIOBEMM M CCl, pacTBOpamMH CBOGOJZHOrO H30-
nponunamuaa (PA) . Ancop6uus PA H3 3TaHONa CHOCOGCTBYET NPUCOSOUHEHMI0 NPOTOHOB K
amuHy. PA,COpPGHPOBAHHHM H3 pacrtBopa CCly,o6pa3syeT aMOHHEBO—aMHHOBYK AaCCOLHANHO.
Ancop6uus PAH'Y u3 cmuprosoro pacTBOpa PayHpnana MNPOUCXOOHUT B pe3yijbTaTe KATHOHHOTO
o6meHa.C OGMEHHHMHM KaTHOHAMM [ePEeXOOHHX MeTajlloB PAHT copSUpyeTca B H36HTKe,ob6pa-
3y BONOPOIHHE CBf3U MexXOy Tpyrriamu NH§ c of6pa3OBaHHEM THIPOKCHIIOB B pe3yJipTaTe
OUCCOHHalUH BOOHHX MOJIeKyJ. llpouecc ancopbuuu pABY us BOOHHX PacTBOPOB PayHpamna
3aBUCHT OT KOHUEHTpAalMM PacTBOPOB. ECIM MOHTMOPHIUIOHHT pearupyeT ¢ 0,5-npoueHTHEM
PacTBOPOM PayHnana,PAH+ ancopbupyeTcs C IMOMOmbBI0 O6MeHa MeTallJIMYeCKHUX KAaTHOHOB H
ancopBbUUMOHHAA CNOCOOHOCTE TJIMHH HEe NPEeBOCXOIHT KATHOHHOU O6MeHHOM CIIOCOOHOCTH.
Ecnyd MOHTMOPW/IJIOHUT pPearupyeT ¢ 5-NPOUEHTHHM PacTBODPOM PayHnana,PAH+ o6MeHuBaer
NPOTOHH,O0pa3yinHecss B pe3yJsbTaTe I'HOPONH3a MEeXCJIOMHON BOJIH. [IPOTOHH,KOTOpPHE Ilepe-
MemawTCsa H3 MEeXCJIONHOTC NMPOMEeXyTKa B BOLHHN pPacTBOP,NPHCOEOUHANTCA K aHHOHHOMY
KOMIIOHeHTY PayHnana. KoauyecCcTBoO PAH+,ancop6HpOBaHHoro U3 KOHUEHTPHUPOBAHHHX pacTBO-
pPoB PayHpzana, HaMHOI'O BHIIE,YeM KaTHOHHAasg O6MeHHAsd CIIOCOBHOCTHL MOHTMOPHIIJIOHUTA. B
MEXCJIOMHHX NPOMEeXYTKAaX BO3HHKAaWT BONOPOOHHE CBA3H MeXIy aMMOHHEM M BOIOM WUJIM THIO-
DOKCUNIBHEME TpPylmnaMH. C TPeXBaJIeHTHHMH OOMEHHEMHY HoHamu Al U Fe,KOTOPpHE CKIIOHHH
NOMTUMEPH3OBATBCA B MEXCIIOMHHX TNPOMEXYTKAax,H36HTOUHAA COp6UMA NMPUBOOUT K BOOOPOLHO-

MY CBSI3HBAHMUIO NHg C KHCJIOPpOOOM IoJiuMepa.

Kurzreferat- Der Mechanismus der Adsorption von Isopropylammonium (PAH'),dem Kationenanteil
von Roundup,auf verschiedene homionische Montmorilloniten und die Strukturen der Kombinatio-
nen,die im Zwischenschichtraum entstehen,wurden mit Infrarot-,Réntgen- und Kohlenstoffanaly-
se untersucht.Adsorption von Roundup aus widssrigen- und Athanollésungen wurde untersucht.Die
Infrarotspektra wurden mit den Spektra verglichen,die durch die Behandlung von Montmorillo-
niten mit Athanol und CCl, L8sungen des freien Isopropylamins (PA)} erhalten wurden.Die Ad-
sorption von PA aus Athanol verursacht Protonation des Amins.Wenn PA von CCl, L3sungen ad-
sorbiert wird,formt es eine Ammonjum-Amin Assoziation.Die Adsorption des PAH aus Alkohol-
lésungen von Roundup nimmt durch Kationenaustausch Platz.Mit austauschbaren Ubergangsmetall—
kationen wird PAH' im UberschuB adsorbiert und formt Wasserstofbriicken zwischen NH, Gruppen
und Hydroxygruppen,die ein Resultat der Dissoziation von Wassermolekiilen sind.Der Ablauf der
Adsorption von PAH' aus widssrigen Ldsungen von Roundup hidngt von der Konzentration der L&-
sung ab.Wenn Montmorillonit mit einer 0,5 % LOsung von Roundup reagiert wird,dann wird PAH?
von austauschenden Metallkationen adsorbiert und die Adsorptionskapazitdt des Tones iiber-
schreitet die Kationenaustauschkapazitdt nicht.Falls das Montmorillonit mit einer 5,0% L&-
sung von Roundup reagiert wird,dann tauscht das PAH* Protonen aus,welche von der Hydrolyse
des Zwischenschichtwassers herstammen.Protonen,welche von dem Zwischenschichtraum an die
Wasserldsung libergeben werden,werden von dem Anion des Roundup akzeptiert.Der Anteil von PA
Ht,der von konzentrierten Roundupldsungen adsorbiert wird,ist viel hdher als die Kationen-
austauschkapazitdt des Montmorillonit.Wasserstoffbriicken werden zwischen dem Ammonia und
Wasser oder Hydroxylgruppen auf dem Zwischenschichtraum geformt.Mit den trivalenten Aus-
tauschionen Al und Fe,welche eine Tendenz zur Polymerisation im Zwischenschichtraum haben,
ein UberschuBf an Adsorption ergibt Wasserstoffbriicken von NH;t zum Sauerstoff des Polymer.

Résumé-Le mécanisme d'adsorption d'iso-propylammonium (PAH*),(le constituant cati-
onique de Roundup) par diverses montmorillonites homoioniques,et les structures des
associations obtenues dans l'espace interfeuillet ont été étudiés,utilisant des mé-
thodes d'analyse 3 l'infrarouge,aux rayons-X et au carbone.L'adsorption de solutions
aqueuses et de solutions d'éthanol de Roundup a &été &tudiée.Les spectres infrarouges
ont été comparés avec ceux obtenus par le traitement de montmorillonite 3 des solu-
tions d'éthanol et des solutions CCl, d'iso-propylamine (PA) libre.L'adsorption de
PA de 1'éthanol entraine la protonation de 1'amine.PA sorbée de la solution de CCl.
forme une association ammonium-amine.Le mécanisme d'échange de cations entrailne 1!
adsorption de PAH* d'une solution d'alcohol de Roundup.Avec des cations de métal de
transition échangeables,PAH" est sorbée de maniére excessive,formant des liens d'hy-
drogéne entre les groupes NHs* et les hydroxyles résultants d'une dissociation de mo-
lécules d'eau.Le processus d'adsorption de PAH* de solutions aqueuses de Roundup dé-
pend de la concentration de la solution.Si la montmorillonite réagit avec une solu-
tion de 0.5% de Roundup,PAH' est adsorbé par des cations de métal de transition en
échange,et la capacité d'adsorption de l'argile ne dépasse pas la capacité d'échan-
ge de cations.S5i la montmorillonite réagit avec une solution de 5.0% de Roundup,le PAH'
€change des protons venant de 1'hydrolyse de 1l'eau interfeuillet.Les protons trans-
férés de l'espace interfeuillet a la solutjon d'eau sont acceptés par le constituant
anionique de Roundup.Les quantitées de PAH adsorbées de solutions concentrées de
Roundup sont beaucoup plus &levées que la capacité d'échange de cations de la montmo-
rillonite.Des liens d'hydrogéne sont formés entre l'ammonium et l'eau ou les groupes
hydroxyles sur 1l'espace interfeuillet.Avec les ions d'échange trivalent AL et Fe qui
ont tendance & se polymériser dans l'espace interfeuillet,un excds de sorption entrai-

-~

ne la liaison de 1'hydrogéne de NHs' i 1'oxygéne du polymére.



