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Absiract The adsorption investigations of argon, n-hexane and benzene va-
pours were carried out to find out the influence of exchangeable cations of specific
chemical properties (Cr3+, Fedt, Zn®t Cuft, Co+, Nit, [Fe?t and Cd*t) on the sorp-
tion capacity of montmorillonite in relation to non-polar substance vapours. The
results have shown thal saturation of montmorillonite with Cr?* cation increases
remarkably the sorption of non-polar substance vapours. The polarizing power of
cation determines the sorption capacity of m-hexane vapours. Benzene sorption de-
pends on the kind of cation, Cu?+, Cr3t Ni*t and Fe*t cations take presumably
active parl in the formation of benzene-montmorillonite complexes through m-ele-
ctrons from benzene aromatic rings,

INTRODUCTION

In recent years great has been attention drawn to investigations of
montmorillonite eontaining transition metal cations in interlayer spaces
(Tarasevich et al. 1970, Tarasevich et al. 1972; Masar, Gregor 1972; Mocik
et al. 1972; Sung, Condrate 1972a, b; Yamanaka et al. 1974). Because of
their specific structure of electronic shell, the atoms of transition elements
tend to attach to atoms having free electron pairs (Pauling 1959; Lejaren,
Herber 1965). Thanks to this tendency, very strong coordination bonds are
formed between a cation and the molecules which are donors of binding
electron pairs (ligands). The most important ions which are able to form
such complexes, are Cu?*, Cu*, Zn?*, Cd?*, Ni*t, Crit, Cr?*, Felt, Fedt
Co?+ and Co®*. More important ligands are the following groups: NH;
(ammine), H,O (aquo), ROH (alkano), CO (carbonyl), NO (nitroso), CN-
(cyano) and OH~ (hydroxy). In addition, transition metal cations are able
to form very stable chelated complexes (Pauling 1959; Lejaren, Herber
1965) and coordination bonds with n-electrons (Amiel 1975). The latter are
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formed by hydrocarbons containing one or more double bonds, conjugated
i ulgcgﬁfsugggitxion, the intercalation of transition metal cathns 11-.1. inter-
layer spaces of montmorillonite considerably affects the sorption oJf. orga_‘
nic compounds, mainly by forming stable complexes in interlayer spaces
(Mortland 1966; Bodenheimer, Heller 1967; Sung, Condrate 1972a, b).
Montmorillonite adsorption properties are, to a great extent, due fo
the degree of polarity of the used adsorbate (Zyta 1871). Polar substangres
like water, alcohols, acids and other organic subs’c_ances are sorbed by in-
tercalation into the interlayer spaces to a considerably greater extent
than in the case with non-polar substances. ) .
Previous papers have very seldom dealt with the influence of transi-
tion metal cations on non-polar substances’ sorption e.g. argon, n-hexane,
benzene or other hydrocarbons. Therefore it seems useful to carry out an
investigation of the influence of montmorillonite surface modification by
transition metal cations on the sorption process of non-polar substances.

EXPERIMENTAL

The investigation was carried out on montmorillonite samples collected
by sedimentation from water suspension of bentonite from Milowice.
Montmorillonite with particle sizes of less than 1 pm was considered as
a relatively pure sample, and used as basic material for the intercalation
of cations; Cr®*, Fed*, Ni?t, Co?f, Zn?*, Fe?t, Cd?* and Cu2*, into the in-
terlayer spaces.

The saturation with these cations was followed using the Jackson
method (1958). The binding of cations in the interlayer spaces takes place
through their electrostatic interaction with negatively charged oxygen
layers of monfmorillonite. The strength of the binding depends on cation
valency and their ionic radius. It appears from previously published data
(Stoch 1974) that multivalent ions are considerably more strongly bound
between montmorillonite layers. The purity grade of the samples was
tested using X-ray and thermogravimetric analysis (Popiel, Zyla 1976).
Sorption experiments were carried out with samples thus prepared. As
non-polar substances the following were used: argon, n-hexane and benze-
ne. Before the measurement was made, the sample was heated in a tem-
perature of 110—120°C, and simultaneously evacuated up to 10~ mm Hg,
Such conditions enable the full determination of a sorption capacity since
all of the water has been removed from the interlayer spaces.

Sorption and desorption isotherms were measured for n-hexane and
benzene vapours in 298K in a liquid microburette apparatus (Lason, Zyla
l~963) while low temperature argon adsorption was measured using sorp-
tion manostats (Ciembroniewicz, Lason 1972). Sorption equilibration time

for C¢H,y and CyH,; was found experimentally to be 4—5 hours and in
case of argon, 1 hour.,

RESULTS

_ The results of non-polar vapours sorption in investigated montmorillo-
nite samples were set up as isotherms (Fig. 1, 2, 3), to show the depen-
dence of sorbed amount (in cm?) of liquid sorbate/g on relative pressure,
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Specific areas, which were treated as an indication of a sorption capa-
city in the range of the low relative pressure, were calculated from the
part of an isotherm due to relative pressure of 0.05 to 0.35 using BET
equation. Calculated area values are summarised in Table 1, where ionic
radii and values of cation polarizing powers are also collected.

Isotherms determinated in the liquid nitrogen temperature for argon
vapours (Fig. 1) form the pencil of curves, which all belong to the type
II by BET theory (Os$cik 1973). They are characterised by a great shape

Fig. 1. Argon vapours sorption J
isotherms determined for mont-
morillonite modified with tran-
sition metal cations
1 — montmorillonite containing as
exchangeable cation Felt, 2 -
Cri+, 3 — Nitt, 4 — zntt, 5 — curt, 0081
§ — Cot, 7 — Fei*, § — Cd*t, 9 —
Nat
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regularity and a steep increase in relative pressure range of 0.7 to 0.97
which is likely caused by capillary condensation in the intergranular spa-
ces. One notices major differences in the sorption capacity according to
the type of a cation. Among the investigated samples, Cr3+-montmo-
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i i i e the saturation of the montmo-
riilulml'1a:‘.e \}:r?fhtlclg?il I%Ihigff ;2?32?3 Cvé};*l‘l ?:ations ma;'kec_lly }owers the sorp-
iior?réla;acity in co;nparison with Na-montmorillonite (initial sg.:ingle). I?;l}f_
ferences are also visible in the Sspeciiip a?l‘i bxiaéllll]es determin Tom the
i adsorption : \
ISGt;fI?lnrzog tsh}foif 0??—1‘;:521%? sorptign isotherms. They have a different
Shapegfrom the argon sorption isotherms in the same samplesi‘ln t(l;ae ;eéﬁ\_
tive pressure range of 0.05 to 0.30 tpey show a lower s(,:lcnl"p ;flaln rgssur;i
than the adsorption isotherms determined using argon and 1n the p:
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Fig. 2, Sorption isotherms for

n-hexane determined for mont-

morillonite modified with the
transition metal cations

1 — montmorillonite containing as

exchangeable cation Fe'*, 2 —

crat, 3 — NitH, 4 — Znit, 5 — Cu't,

0,047 F— peit, & — cat, § — Nat

amount adsorbed afcm’lg]

0,021

T T

0 0;2 04 06 08 P/B, 10

range of 0.3 to 0.9 — the higher sorption capacity. The highest sorption
capacity in comparison with n-hexane vapours is shown by Cr3+, Fed+
and Zn**-montmorillonite. The specific surface area values calculated from
the n-hexane adsorption isotherms (Table 1) are markedly lower than the
argon area values. The differences can be explained by the varying availa-
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Fig. 3. Sorption isotherms for benzene vapours determined for montmorillonite mo-
dified with transition metal cations
i — montmorillonite containing as exchangeable eation Fe'f, 2 — Cr¥, 3 — Nizt, 4 — Znp¥,
5 — Cult, § — Col*, 7 — Felt, § — Cdst, 9§ — Nat

'

Table 1

Vm and specific surface area values caleculated from the adsorption isotherm for
argon, n-hexane and benzene vapours in relation to the kind of the exchangeable
cation in montmorillonite

Adsorbate
Ionic |Polari- argon n-hexane benzene
radius | zing T
Sample R power | Vm S ! Vo S Vin S
55 Z/g | mmol/ me/g mmol/ m?/g i mmol/ m2/g
iz /g {178
Felt— 0.64 4.7 0.49 46.6 0.135 36.1 | 0.14 26.2
Cr3+— 0.69 4.34 0.79 79.7 0.18 44.0 | 0.26 49.5
Niz+— 0.69 2.8 0.43 43.8 0.11 26.5 | 0.25 46.6
Znt+  WONEWO-| ggg | g8 0.56 | 5645 | 0.14 | 34.7 0.13 41.1
cuzr— Tillonite | g99 | 997 | o056 | 569 | 011 | 284 | 029 | 543
Co®*+— 0.74 2.7 0.43 l 43.4 0.11 | 262 | 0.22 25.0
Fe?t— 0.76 | 2.6 0.59 58.9 0.10 l 25.9 0.18 35.3
Cd2+— 0.97 2.0 | 048 48.9 0.08 20.4 0.156 | 275
Na+— unireated 0.98 1.0 | 0.59 50.7 0.11 ‘ 26.8 0.25 47.3
montmo- ‘ |

|1 rillonite

2 — Mineralogia Polonica
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bility of the montmorillenite structure according to the dimension of the

.cules of the used adsorbates. L B
mr:léc nzene vapours sorption isotherms are shown in Figure 3 An}:ong i:e
i sii ated samples, Cu?*, Cr®* and Ni"*-montm_grlllomte 0? oW 1 e
g‘i;;estgsorption capacity for benzene, while Zn?*, Fett and Cd**-samples

0,06+ %
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Fig. 4. Sorption and desorption isotherms for argon vapours determined for Nat,
Fedt, Ni** and Co?t-montmorillonite

have much lower capacity in comparison with Na*-montmorillonite.
The specific surface area values collected in Table 1 corroborate the
foregoing observations.

Together with the sorption investigations, desorption isotherms were
measured. The curves obtained are, as an example, shown in Figure 4—17.
The desorption isotherms of argon vapours (Fig. 4) lie higher than the
adsorption isotherms forming a distinct, closed by pressure of 0,25 to 0.30,
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hysteresis loop, which includes an area between an adsorption and desorp-
vion branch,

Analysis of the n-hexane vapours desorption curves allow us to see
that the hysteresis loop remains opened i.¢, the desorption isotherms do not
meet the adsorption ones even under very low relative pressure. Only

0,141
Co montmorillonit, n-hexane
012
x
Na®mantmoritions,
-=hexane 0104

0,08

0,06

0,04

0,02 1

Fe?“montmoritlon: 1,

- hexane

/

D 02 U4 06 U8 WP/, 0 02 04 05 05 PR

1

Fig, 5. Sorption and desorption isotherms for n-hexane vapours determined for Nat,
Coft, Fe?t and Cu?*+-montmorillonite

in the case ofo Na-motmorillonite a closed hysteresis loop is observed,
which is evidence for the reversible character of the n-hexane sorption
on this adsorbent. Desorption curves for benzene vapours form an opened
hysteresis loop in the case of Cu?t, Cr®*+, Ni2* and Fe®*-montmorillo-

zn
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Fig. 6. Sorption and desorption isotherms for benzene vapours determined for Na*
and Cu?*-montmorillonite

nite and this is clear proof of an irreversible sorption process for this
adsorbate on the montmorillonite surface. The amount of benzene contai-
ned in montmorillonite structure depends on the kind of cation which
saturates montmorillonite (Fig. 6, 7).

DISCUSSION

The sorption of non-polar substances vapours occurs in a radically
different way in comparison with the sorption of polar substances’ vapo-
urs. Non-polar molecules are retained on the surface only by dispersion
forces. This type of interaction is rather weak and because of that, the
adsorptiori process of these substances is revarsible (Zyta 1971). Many
authors suggest that molecules of non-polar compounds can be adsorbed
only on montmorillonite external surfaces (Nelson, Heindricks 1944).
However, it was suggested in the paper of Zyla (1971), that montmorillo-
nite heated in vacuum in 120—150° lets, to a great extent, non-polar
adsorbate molecules go into the interlayer spaces. In this connexion, it
seems useful to consider the relation between the non-polar substances
sorption and the kind of interlayer cation in heated montmorillonite, It is
noticeable that the sorption of non-polar substances may occur as a result

of the formation of dipols induced by electrostatic field of montmorillonite
surface (Klapyta 1974).
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It'is also known (Sheinberg, Kemper 1966) that interlayer cations of
montmorillonite bring about some changes in the electronic structure of
oxygen atoms in the tetrahedral layer, which causes a perturbation in
surface charge distribution. This suggest that we should look for a correla-
tion between the existence of cations in the interlayer spaces and the sorp-
tion of non-polar substances.

In the case of the argon sorption, only a remarkable increase of the
sorption capacity of the Cr’f-montmorillonite is noticeable, which may
be explained by the great polarizing power of Cr®t-cation (the little
radius and the large charge). However, a comparison between the sorp-
tion isotherms of n-hexane and the analysis of the values of the specific
surface areas enable us to relate the sorption capacities of the investigated
samples and the kind of cation.

The Cr®* and Fe’* cations, characterised by a large polarizing power
(Table 1) cause a remarkable increase in the sorption capacity of mont-
morillonite which is saturated with these cations.
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e degree of the reversibility of the previcu;;ly
asis of this degree we may make a conclusion
the adsorbate molecules and the adsorbent

It is important to fix th
adsorbed vapours. On the b
about the bond type between

surface. , )
The sorption investigations of the non-polar substances on montmo

i i i for argon and n-hexane, sho-
i t have made hitherto, especially for _ 1
fw.lrggntlhz ‘::versible adsorption, the desorption isotherms meeting the ad-
sorption ones and forming a closed hysteresis 100p},1 ol S
i ] i i : 5 by a steady
Th orption and adsorption isotherms share PO
pressu?'edti? p,?pn — (0.3, whatever the dimensions of the adsorbate mole-

cules are.
In this study, the desorption isotherms for n-hexane vapours on mont-

i i urated with transition metal cations do not meet the ad-
ggi;tﬂfg:ltigo?}?tems even by very low relative pressures. This seems to
indicate that a part of m-hexane vapours IS being st_rongly bound' Wlli’_l
montmorillonite surface. It is likely to occur by forming induced dipoles
in adsorbate molecules under the influence of the electrostatic field of
the mineral, which is perturbated in the presence of exchangeable cations.

The benzene vapours sorption has a slightly different character. In
spite of its large critical diameter (6,8 A), benzene is able, because of geo-
metrical Teasons, to penetrate into the interlayer space of montmorillonite
with a larger probability than n-hexane (Badger 1971). Therefore the
over-all sorption of benzene vapours on the investigated samples is higher
than the n-hexane vapours sorption. It is also known (Amiel 1975) that
benzene is able to form complexes with transition metal cations through
x-bond. The characteristic example may be dibenzochromium with for-
mula Cr(C4H;)s, in which the existing bonds are formed through n-elec-
trons originating from aromatic rings. Important data regarding the sorp-
tion mechanism arises from the analysis of the benzene desorption. In the
case of Cu?*, Cr**, Ni?* and Fe?‘-montmorillonite, a broad hysteresis
loop becomes opened even under very low relative pressures. It suggests
that some amount of benzene vapours is bound to the montmorillonite
surface. It is likely to be caused by the formation of bonds between Cu?*,
Cr*=, Ni** and Fe?® cations and benzene molecules, which results in the
formation of benzene—montmorillonite complexes. The same suggestions
have been put forward in the paper of Pinnavaia and Mortland (1971), in
which, it was shown, that simultaneously with the physical adsorption of
toluene and other benzene derivatives, a chemical adsorption (chemisorp-
tion) oceurs on Cu-montmorillonite resulting in the formation of eomple-
xes which are bound with Cu®* ions through n-electrons. The benzene ring
remains flat and its aromatic character is preserved.

CONCLUSION

2, The modifé;lzation ct:f montmorillonite surface with transition metal ca-

ns causes the sorption capacity change fo ineral i i

argon, n-hexane and benzene vapoyurs. el
It is very profitable to introduce the Cr®+ cation into the interlayer

space because it increases argon, n-hexan ion i
( : ‘ ; xane and benzene sorpti om-
parison with the pure (sodium) montmorillonite, G
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In case of n-hexane sorption a visible correlation is to be noticed bet-
ween the polarizing power of the montmorillonite saturating cation and
the amount of n-hexane sorption. Montmorillonite with exchangeable
Cr?+, Fe?* and Zn2t cations has the highest sorption capacity for n-hexane
vapours among the investigated samples and it decreases with the lowe-
ring of the cation polarizing power. Moreover the transition metal cations
cause the strong binding of n-hexane vapours with the montmorillonite
surface.

On the other hand the montmorillonite saturation with cations able to
form complexes with benzene through n-electrons affects the benzene
vapours sorption. In the range of the investigated samples Cu®*, Cr?f and
Ni2t-montmorillonite is characterised by the high sorption capacity
for benzene vapours and the existence of the broad opened hysteresis loop
indicates the presence of chemisorption, by which the benzene-montmo-
rillonite complexes are formed with Cu?*, Cr** and Ni** cations.
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Bosena POPIEL, Mieczystaw ZYEA

' ONTMORILLONICIE
A SUBSTANCJI APOLARNYCH NA M ) .
SOII:;I%CI.),YFIKOWANYM KATIONAMI METALI PRZEJSCIOWYCH

Streszczenie

Przeprowadzone badania adsorpcy jne par argonu, ﬂ~1}ek3f{r_1u 1 bc;nzunq
mialy na celu okreslenie wplywu modyfikacji montmom}lomtu l{utm-nunp
Crit, Fedt, Zntt, Cut, Co?*, Ni*t, Fett, Cd#t o specyficznych wilasnos-
ciach chemicznych, na chlonno$¢ sorpeyjng w stosunku do par substancji
apolarnych. Uzyskane wyniki wykazaly, ze nasycenie montmorillonitu ka-
tionem Cr#* wyraZznie zwigksza sorpcj¢ par substanc]i apolarnych. O chton-
nogci sorpeyjnej par n-heksanu decyduje sita polaryzacyjna kationu,
a gorpcja benzenu zalezy od rodzaju kationu. Prawdopodobnie kationy
Cu?t, Crit, Ni#t | Fe?t biora aktywny udzial w tworzeniu sie kompleksow
montmorillonitowo-benzenowych za pomocyg n-elektronow pochodzacych
z pierécieni aromatycznych benzenu.

OBJASNIENIA FIGUR

Fig, 1. Izotermy sorpeji par argonu wyznaczone na montmorillonicie modyfikowanym

kationami metall przejéeiowych

1 —— montmorillonit zawlerajaey jako katlon wymlenny Fe't, 2

Zntt, § — Cuit, § — Cott, 7 — Feit, § — Cdit, § — Nat

Izotermy sorpeji par n-heksanu wyznaczone na montmorillonicie modyliko-

wanym kationamil metall przejéciowych

1 — montmorillonit zawiernjgey jako kation wymienny Feit, 2 — Crot, 3 — NI, 4 —

Zntt, § — Cuit, 7 — Fett, § — Cdit, §— Nat

Fig. 8. Izolermy sorpejl par benzenu wyznaczone na monimorillonicle modylikowa-
nym kalionami metlall przejéeiowych
1 — monimorillonit zawlerajgey jako katlon wymlenny Fe't, 2 — Crit, § — NI3¥, 4
Znt, 5 — Cutt, § — Col*, 7 — Tett, 8.— CA*, p — Nat

Fig. 4. Tzotermy sorpeji | desorpejl par argonu wyznaczone na Nat, Fedt, Ni#t, Co*'-
-montmorillonicie

— O, — N, g -

Pig, 2

Fig, 5. Izotermy sorpejl § desorpeji par n-heksanu wyznaczone na Nat, Coft, Fe*!,
X Cutl-montmorillonicle ;
g, 6. :.izitlnéelji'riw sorpefl 1 desorpeji par benzenu wyznaczone na Nat i Cut-montmo-
nicie
Fig, 7, Tzotermy sorpeii 1 desorpeil par benze r 2 + &k | Znit-
~montmorillonicle 2 SEEBIU TS RfeaeRaRaR (E ey T T 20
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Bomena [TOHENDL, Mewucanse HHJITA

COPBUUS HEMOJISIPHBIX BEULECTB HA MOHTMOPHIIJIOHHUTE
BHUAOUZMEHEHHBIM KATHOHAMH NEPEXOJHbBIX METAJIJIOB

Pesiome

Lleabino agcopOunoHnbIX HCCAeA0BANNK NapoB aproda, n-rekcana Gen-

g OLLIo onpelenenite BAHAHRE MOAH(GUKALIE MOHTMOPHIIONHTA KaTHO-
namu Crdt, Fedr, Zn2t, Cudt, Co?t, Ni**, Fe?t, Cd*" o creundHIecknx xu-
MIMECKIX CBONCTRAX 1A COPOUHOIHYIO CNOCODHOCTE 110 OTHOWIEHHIO K Mapam
Henoaapubx pewecrs. Tloayuettsie pesyiabTaTol MOKASAMH, UTO HACBIULEHHE
MoHTMOpHASOLHTE Katnonom Crdt gpHo yRENHUHBAET copOuHio 1apoB He-
nossipubix Beiects. Ha cop6uuonnyio ¢nocoGHOCTL 1aPOB n-reKcata ocHonR-:
HpiM 06PA3OM BANLET HOAAPHIAUMOIIAS CHIA KAaTHOUA, a copOunst Genaend
sABMCHT 0T THhA Karnoua. [lo-supumomy, katuoust Cudt, Crdt, Ni?* u Fe?t
HPHHHMAIOT AKTHRHOE YHACTHE B 06PASOBAHHE GEH3EH-MONTMOPHITOHHTOBLIX
KOMIJICKCOD ¢ NMOMOILLIO 7-9J0eKTPOHOB HPOHEXO/SIHX H3 apOMaTHUECKHX
Koaei Gersena.
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OBBICHEHMS K dHIYPAM

. Maorepmul copOuiin NAPOR Aproda ONpeileyientble Ha MOHTMOPILLIOHITE MO UL

POBAHHBIM KATHOHAMIE NEPeXOLHBIX METAIION
| — MOWTMOPHLIORIT comeparaunil 1 KauecToe oOMennoro knmona Fedt, 7 — Crit, § — NiA¥,
4 — Znit 5 — Cutt, § — Colt, 7 - Fert, § — Cdt, 4 — Nat

. Maorepmil copOuiin NapoR n-rekcana onpeieetibie Ha MOHTMODHIAOHKTE MO -

WHPOBAHHLIM KATHOWAMIL NEPEXOLHBX METANION

f — MOIFMOP IO cofepRattitl KK oOmennuifl KaTHon Fedt, @ — @riv § — NPV, 4 — Zndt,
& — Cut, 7 — Fel* § — Cd¥, § — Nat

FlaorepMul copbuint napon Oensena OupeAeaeiiue na MOITMOpIAJIoHITEe MOJLH Y HILH-
POBAHOLIM KATHOHAMI DEPCXOLHLIE METHAI0R

| — MONTMOPIAAOHIE CONEPMANIN KK oOMenunfl kaTHon Felt, 2 — it § — Nift, 4 — Znit,
J — Qurt, f — Catt, 7 — Feit, § — Cd*", § — Na*

. Msorepmo copOuin it accopGuun napon aproma oupeiesennsie va Nat, Fe't, Nist,

CoB - MOHTMOPIIIOH TS

Haorepmul copOunn 11 AecopbUin MApoR n-rexcans onpeteaennsie na Nat, Co*f,
Feft Cuft-MORTMOPHANOHITE

. Maorepwmut copbuin u gecopOuiin napon Genaeia onpénesentnie sa Nat i Cut-

=MOHTMOP HANOHHTE

. Maorepmut copOunn o gecopOuny napon Gewzena onpeienennuie wa Crit, Ni#t

i Zn® e MOHTMOPIIIOHHTe
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