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Abstract. The paper discusses the effect of hexadecylpyridinium (HDP)
cations, adsorbed in various amounts on Ni(II)-montmorillonite, on sorption pro-
perties of that mineral. The obtained complexes, in which Ni2+ and HDP cations
occupy from 0—100% of exchange positions, were subjected to X-ray, IR spectroscopic
and sorption investigations. Adsorption of HDP cations up to the 30% occupancy of
the exchange positions does not involve changes in the interlayer spacing, dg; =
= 14.3 A, typical of Ni-montmorillonite. When about 59% Ni2+ are replaced by HDP
cations, mixed-layer structures with one and two layers of organic substance may
form. Complete substitution of Ni2+ by HDP cations gives rise to a complex in which
the organic cations are presumably arranged obliquely to the surface of montmo-
rillonite sheets.

As the content of HDP cations on the exchange position of Ni-montmorillonite
increases, its sorption capacity to water and methyl alcohol vapours decreases. A sy-
stematic increase in the sorption capacity with respect to benzene vapours has been
noted, which indicates that the process of Ni-montmorillonite hydrophobization ad-
vances as Ni®* ions are replaced by HDP cations. Argon sorption on the obtained
samples of Ni-HDP montmorillonite is not enhanced compared with Ni-montmorillo-
nite. This fact implies that the introduction of HDP cations to the exchange positions

oes not make the interlayer spaces accessible to argon.

INTRODUCTION

The present paper is a continuation of the studies of surface prqpegties
of montmorillonite modified by organic cations. In earlier pubhcatlons
(Gut, Klapyta 1971; Klapyta 1974), the mechanism of adsorption of long-
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_chain cations on montmorillonite and the mode of their. packing in the
interlayer spaces were determined. Moreover, sorption properties of modi-
fied montmorillonite were studied in order to determine the degree of
hydrophobization of its surface (Klapyta, Fijal, Poreba, Zyla — in press).
It has been found that hexadecylpyridinium cations are the most effective
for that purpose.

This work aims to define the relationship between the degree of occu-
pancy of the montmorillonite exchange positions by hexadecylpyridinium
cations and the sorption properties of the resultant complexes. Modified
by organic cations, montmorillonite that contains additionally transitional
metal cations shows sometimes most interesting surface, and specifically
catalytic, properties (McBride, Mortland 1975). For that reason, Ni-mont-
morillonite was used in the present investigations.

EXPERIMENTAL

Investigations were carried out on montmorillonite separated from ben-
tonite from the Chmielnik deposit. After converting this montmorillonite
into Na-form, the exchange positions were saturated with Ni2* ions
using aqueous NiCl, solution. Excess salt was washed out in a centrifuge
with distilled water until the reaction to Cl- ion was negative. The ex-
change capacity of the montmorillonite used was 118.9 mval/100 g.

Four samples containing various proportions of Ni** and hexadecylpy-
ridinium (HDP) cations on the exchange positions were obtained from
Ni-montmorillonite in the following way. Hexadecylpyridinium chloride
solutions containing 0.09, 0.25, 0.44, 0.70 and 1.20 mval of HDP cations per
gram of montmorillonite were added to aqueous Ni-montmorillonite sus-
pension, and the mixture was stirred for a week. Then the samples were
centrifuged and washed with distilled water, and Ni?* content in the so-
lutions was determined using atomic absorption spectroscopy.

The samples thus obtained were subjected to X-ray and infrared spec-
troscopic analyses, and their sorption properties were determined.

~X-ray investigations were carried out in the TUR M-61 diffractometer,
using powder preparations and samples sedimented on glass plates. Infra-
red spectra were recorded in the UR-10 spectrophotometer using KBr
disks. Sorption investigations involved measurements of sorption isotherms
for vapours of polar (water, methyl alcohol) and nonpolar (benzene, argon)

substances. Isotherms for water, methyl alcohol .and benzene vapour sorp-~

tion at 298K were obtained using microburettes for liquids (Lason, Zyla

1963) whereas those for argon sorption were determined at 77K in sorp-
tion manostats (Ciembroniewicz, Lason 1972).

RESULTS
Ionexchange

HDP cations are sorbed by Ni-montmorilloni i
; = onite from aqueous solutions
?é‘ .Coricer’llt‘}rlz'itlc;ns of 0.09—1.20 mval/g montmorillonite in nearly 100%
ig. 1). This fact may be accounted for by a considerable size of HDP
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cations. As a result of ion-exchange adsorption, complexes containing Ni2*
and HDP cations on the exchange position (samples Ni-1 to Ni-5) were
obtained from Ni-montmorillonite (sample Ni-0). The organic cations occu-
py 7, 19, 28, 59 and 100% of exchange positions in samples Ni-1 to Ni-5,
respectively.

meq. of HDP ion/1g clay

Fig. 1. Isotherm of Ni®* substitu-
tion Dby hexadecylpyridinium PR Py By s LY VOB B L L el T LR
(HDP) cations in Ni-montmorillo- 04 02 03 04 050607 08 09 1.0 11 1.2

nite meq. of HDP ion in solution

X-ray investigations

The results of X-ray investigations are presented in Figure 2. The dif-
fraction patterns of all the samples show intensive basal reflections of
montmorillonite with the dpnx values ~ 14.5 — 21.3 A, and higher-order
reflections. When preparing samples for X-ray analyses, all the attempts
to obtain complete orientation of montmorillonite plates were a failure,
which is evidenced by a small number of 001 reflections and by the pre-
sence of 110 reflection (4.49 A) (Fig. 2).

On the X-ray diffraction patterns of samples Ni-0 to Ni-3 there are no
marked differences in the position of montmorillonite reflections. This in-
dicates that sorption of organic cations up to the point when about 28%
of montmorillonite exchange positions are occupied does not produce chan-
ges in the interlayer spacings, doo; = 14.3 A, typical of N i-montmorillonite.
That spacing also corresponds to one layer of organic cations in the inter-
layer spacies, lying parallel to the sheet surfaces. In consequence, the X-
-ray patterns obtained do not yield data permitting to state whether the
sorption of HDP cations gives rise to mixed-layer structures. Only in the
case of sample Ni-4, the position of basal reflections of montmorillonite
suggests the presence of mixed-layer structures with one and two layers
of organic cations. Yet, too small a number of 001 reflections does not
permit an unequivocal interpretation of the X-ray pattern of ’ghat sample.
In sample Ni-5, the interlayer spacing of montmorillonite increases to
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21.3 A (Fig. 2). The series of 001 reflections shows that organic cations are
uniformly distributed between the layers, so no mixed-layer structure
occurs in this case. The spacing doo; = 21.3 A corresponds to oblique arran-
gement of HDP cations with respect to the sheet surfaces, but it may also
suggest the presence of three layers of organic substance lying flat on the
sheet surfaces (Greenland, Quirk 1962).

N0

Ni-1

Ni-3

Ni-4

Ni-5
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Fig. 2. X-ray diffraction patterns of Ni-montmorillonite (sample Ni-0) and Ni-HDP

montmorillonite (samples Ni-1 to Ni-5)
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Infrared spectroscopic investigations

Infrared spectra of the complexes studied reveal the presence of ab-
sorption bands produced by vibrations of atom groupings in the crystal
lattice of montmorillonite and in organic cations (Fig. 3). The gradually
increasing content of HDP cations manifests itself in the first place in
a higher intensity of the absorption bands about 2850 and 2920 cm!—, due
to C—H valence vibrations within CH, and CH; groups. The intensity of
the other bands produced by HDP cations (1470, 1488, 1503, 1635,
3380 cm~—1) increases as well.

Ni-0
Ni-1
Ni-2
Ni-3
Ni-4
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Transmittance

Fig. 3. Infrared spectra of Ni- ; . 4 " A== L
S ITenil Y (eraple, N0y 30005 36005 3400.:3200:, 3000, 2000, 0O 1600 1400

and Ni-HDP montmorillonite
(samples Ni-1 to Ni-5)

Wave number [cm ]

The obtained spectra do not permit to determine in all samples the
effect of the amount of organic cations on the content of interlayer water
in montmorillonite. This is caused by the coincidence of the bands arising
from H,O molecules (1650 and 3430 cm~*!) with those produced by vibra-
tions of atom groupings within the organic cations (1635 and 3380 cm~?).
Only the spectra of samples Ni-0 to Ni-3 reveal a systematic decrease in
the intensity of the absorption band 3430 cm-1, which evidences that the
content of interlayer water molecules decreases due to the upsetting of
the regular arrangement of H,O molecules surrounding Ni2t by organic
cations (McBride, Mortland 1975). In the other spectra, a higher intensity
of the band 3430 cm~1 is due to the higher content of HDP cations.

Sorption investigatio ns

The choice of adsorbates used for the analyses was determined by the
chemical nature of their molecules as well as by the types of reaction
with the adsorbent surface. Water and benzene molecules are sensitive to
the chemical nature of the adsorbent surface, the former sorbing mainly
on polar, the latter on nonpolar centres. Methyl alcohol adsorption deter-
mines to a lesser degree the nature of the adsorbent surface owing to the
double character of molecules of that compound, for which hydrophilic
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—OH group and hydrophobic —CHj; radical are responsible. In the case
of argon, the adsorption volume permits to define the porous structure of
the adsorbent. :

From the adsorption isotherms, the BET values for specific surface
areas were calculated. They were treated, however, only as indices of sorp-
tion capacity in the range of relative pressures p/po = 0.056 — 0.35.

The isotherms obtained for water vapour sorption are shown in Fig. 4.
According to the BET theory, they are generally type II isotherms. Their
sequence depends on the degree of substitution of Ni2* by HDP cations,
which is evident from the surface area values. For Ni-montmorillonite the
surface area is 390 m?/g (Fig. 4, Tab. 1). In the case of sample Ni-1, a slight

Ni-0

Fig. 4. Isotherms for water
L vapour adsorption on Ni-

09 10 -montmorillonite and Ni-

P/Pe -HDP montmorillonite

increase in sorption capacity may be noted; yet, for p/p, higher than 0.3,
the sorption isotherm determined for that sample is below the isotherm
for sample Ni-0. The sorption capacity of samples Ni-2, Ni-3 and Ni-4
decreases systematically. Complete substitution of Ni?* by organic cations
(sample Ni-5) does not result in further decrease of H,O vapour sorption.

Table 1
Experimental data on sorption properties of Ni-montmorillonite and Ni-HDP-mont-
morillonite
|
Surfac 2
| : L e area (m2/g)
ample .
| on exchange sites methyl o
\ water alkohol benzene argon
gl-(; 0 390.2 441.2 23.2 26.1
in:z 7 413.5 296.2 13.3 8.5
e 19 245.1 178.4 28.2 17.3
Nf—4 28 153.1 117.0 38.4 8.1
N;-_s 59 121.8 113.0 48.0 6.0
100 125.6 169.1 364.3 7.5
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The surface area calculated for sample Ni-4, in which about 59% of ex-
change positions are occupied by HDP cations, is almost identical with*
that obtained for sample Ni-5.

The systematic diminution of sorption capacity of the samples with
respect to water vapour implies that the number of polar centres on the
surface of montmorillonite decreases, which is indicative of gradual hy-
drophobization of that mineral.

The isotherms obtained for CH;OH vapour sorption (Fig. 5) have a si-
milar shape (type II according to the BET theory) to those determined for
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Fig. 5. Isotherms for methyl alcohol vapour adsqrptipn
on Ni-montmorillonite and Ni-HDP montmorillonite

water sorption. Ni-montmorillonite shows the greatest sorptiqn capacity
whereas gradual substitution of Ni2+ by HDP cations results in its decrease
from 441 m2/g for the initial sample to 113 m*/g for sample Ni-4. Sample
Ni-5 shows a higher sorption capacity than samples Ni-3 and Ni-4. This
increase is presumably due to the fact that in sample N1—o,‘wh1c4h is
a montmorillonite with the surface completely covered by organic cations,
—CH, groups are mainly responsible for CH,OH sorption.

The isotherms determined for benzene vapour sorption (Fig. 6), as well
as sorption capacities calculated on their basis (Tab. 1) show c§rtam cha-
racteristic features. Sample Ni-0 has the lowest sorption capacity tg ben-
zene vapours (23.2 m?/g). This capacity is grad_ually enhanced as Ni** are
substituted by organic cations, increasing .rapldly after al_l the exchaznge
positions have been occupied by HDP cations (sample Ni-5, 364.3 m?/g).
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In sample Ni-5, the value for the surface area is almost as high as that
calculated from water vapour sorption for initial montmorillonite. Benzene
vapour sorption indicates that the surface of montmorillonite becomes
markedly hydrophobic as the number of organic cations on the exchange
positions increases. In the case of sample Ni-5, an intense reaction between
HDP cations and benzene molecules most likely occurs.

The argon sorption isotherms (Fig. T) indicate that sorption capacity of
samples Ni-1 to Ni-4 is lower than that of sample Ni-0. This is particularly
pronounced in the case of sample Ni-1 (Tab. 1). Worth noting is a higher
capacity of sample Ni-2 compared with sample Ni-1, for which additional
pores that formed in the interlayer spaces of montmorillonite are presu-
mably responsible. Samples Ni-3, Ni-4 and Ni-5 show a relatively low and
little differentiated sorption capacity. It appears, therefore, that substitu-
tion of 30% and more Ni2t by HDP cations does not give rise to additional
pores in the interlayer spaces of montmorillonite, the large size of HDP
cations preventing argon from penetrating into those spaces.

DISCUSSION

It appears from the above results that adsorption of HDP cations by
Ni-montmorillonite from aqueous solutions containing about 7 — 120 mval
HDP/g of montmorillonite is an almost quantitative process. Up to the
point when about 30% of exchange positions of Ni-montmorillonite are
occupied by organic cations, the formation of the complexes studied does
not involve changes in dgo: spacing (about 14.3 A). When about 59% of
exchange positions are occupied by HDP cations, mixed-layer structures
with one and two layers of organic substance may form. A 100% substitu-
tion of Ni2t by organic cations gives rise to a complex in which the orga-
nic cations are most likely arranged obliquely to the surface of sheets.

As the content of HDP cations on the exchange positions of montmoril-
lonite increases, its sorption capacity to water and methyl alcohol vapours
decreases. On the other hand, sorption capacity to benzene vapours is en-
hanced systematically, which suggests that an intense reaction occurs
between HDP cations and benzene molecules. Lower sorption capacity of
samples modified with organic cations compared with the capacity of Ni-
_montmorillonite implies that the presence of HDP cations on the exchan-
ge positions does not give rise to any significant amount of additional pores

in the interlayer spaces.
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Mieczystaw ZYLA, Zenon KLAPYTA

MODYFIKACJA WEASNOSCI SORPCYJNYCH
Ni-MONTMORILLONITU PRZY ZASTOSOWANIU KATIONOW
HEKSADECYLOPIRYDYNIOWYCH .

Streszczenie

W pracy przedstawiono wplyw kationéw heksadecylopirydyniowych
(HDP), zaadsorbowanych na Ni(II)-montmorillonicie, na wiasnosci sorp-
cyjne tego mineratu. Uzyskano kompleksy zawierajace Ni** i HDP w ilos$-
ciach 0 — 100% pozycji wymiennych. Przeprowadzono dla nich badania
renrtgenograficzne, spektroskopowe w podczerwieni i sorpcyjne.

Adsorpcja kationéw HDP do zawartosci okoto 30% pozycji wymiennych
odbywa sie z zachowaniem odleglo$ci miedzypakietowej 14.3 A typowej
dla Ni-montmorillonitu. W przypadku, gdy okoto 59% Ni2+ zastgpionych
jest przez kationy HDP, mozliwe jest tworzenie sie struktur mieszanopa-
kietowych z jedng i dwoma warstwami substancji organicznej. Catkowite
zastgpienie Ni2* przez kationy HDP prowadzi do utworzenia kompleksu,
w ktorym kationy organiczne ulozone sg prawdopodobnie uko$nie do po-
wierzchni pakietow montmorillonitu.

Wzrost zawarto$ci kation6w HDP na pozycjach wymiennych Ni-mont-
morillonitu powoduje zmniejszenie sie chtonnosci sorpcyjnej tego mineratu
wzgledem par wody i alkoholu metylowego. Charakterystyczny jest syste-
mgtyczny wzrost chtonno$ci sorpcyjnej wzgledem par benzenu, co wska-
zuje na postepujacy proces hydrofobizacji Ni-montmorillonitu w miare wy-
miany jonowej Ni%* na kationy HDP. Otrzymane prébki Ni-HDP ‘montmo-
rillonitu nie wykazujg zwiekszonej sorpeji argonu w poréwnaniu z Ni-
-montmorillonitem. Swiadczy to o tym, ze wprowadzenie kationéw HDP

na pozycje wymienne nie prowadzi do udostepnienia przest i mi -
pakietowych dla argonu. : § S e

OBJASNIENIA FIGUR

Fig. 1. Izoterma wymiany Ni2+ i g i !
Lzoterma wymiany Ni** na kationy heksadecylopirydyniowe (HDP) w Ni-mont-

Fig. 2. Dyfraktogramy rentgenowskie Ni-montmori
montmorillonitu (prébki Ni-1 do Ni-5) e

Fig. 3. Spektrogramy w podczerwieni Ni- i i 1 :
wsbmoritionit (probid Ni-1 do Il\I irfiso)ntmorlllomtu (prébka Ni-0) oraz Ni-HDP

Fig. 4. Izotermy adsorpcji par wody na Ni- i ici i i
“HDP montmorillonicie (probki Ni-1 do Nig) 0 c (Probka Ni-0) oraz Ni-

itu (prébka Ni-0) oraz Ni-HDP

24

Fig. 5. Izotermy adsorpcji par. alkoholu metylowego na Ni-montmorillonicie oraz Ni-
-HDP montmorillonicie i

Fig. 6. Izotermy adsorpcji par benzenu na Ni-montmorillonicie oraz Ni-HDP mont-
morillonicie

Fig. 1. I;otermy adsorpcji par argonu na Ni-montmorillonicie oraz Ni-HDP montmo-
rillonicie

W ivicnae JKHITA: Benor KIAIIBITA

MOJIUPUKALUUA COPBILUOHHBIX CBOUCTB
Ni-MOHTMOPHUJIIOHUTA C HCNTOJIb3OBAHUEM
FEKCALEUMJIONUPUIUHUEBBIX KATHOHOB

PesomMme

B paGote MpeACTaBIEHO BJIHMSHHE TeKCaJEUHIONHPHIHHHEBBIX KaTHOHOB
(TJITT), ancop6upoBannbix Ha Ni(II)-MOHTMOpH/IIOHUTE, Ha copOIHOHHbIE
cBoficTBa 3TOro MuHepana. [Toyueno Kommiekcsl cofepykauue Ni2+ u [T
B Kosmuectse 0 — 100% o6menHbix nosuiuit. Ha HHX MpoBeIeHO PEHTreHO-
rpaduueckue, WHPPaKPACHO-CIEKTPOCKOMUUECKHE H copOLUHOHHBIE HCCJIENO-
BAHMUS.

Ancop6uus katnonoB I'IIT B KosnuecTBe 10 OKOJIO 30% o6MeHHBIX MO3H-
LUK TIPOMCXOJUT C COXPAaHEHHEM MEXKCIIOMHBIX paccrosiuuit 14,3 A, THIHYHBIX
aas1 Ni-MOHTMOPHJIZIOHUTA. B cayuae, Korjia oKoJo 599% Ni 3aMelleHO KaTHO-
namu TJITT, BO3MOKHO 06pasoBaHie CMellaHbIX CIOUCTBIX CTPYKTYP C OLHOM
W JIBYMsI CJIOSIMU oprannyeckoro peuectsa. ITosnoe samenenye Ni2+ KaTHO-
namu TJTT BefeT K 06pa3oBaHuIO KOMIIEKCa, B KOTODOM OpraHHYecKHe Ka-
THOHBI BEPOATHO PACIIONOIKEHB AMaTOHABHO K MIIOCKOCTH CJIOEB MOHTMOPH/JI-
JIOHUTA.

Veeanuenue conepxanus katnoros ['JIIT Ha OOMEHHBIX MOH3HIHAX Ni-
-MOHTMOPUJIJIOHUTA BBHI3bIBAET YMEHbIIEHNE cOpBUMOHHOM CMOCOGHOCTH 3TOTC
MHHepaJa 1o OTHOIIEHHIO K MapaM BOJBI H METHJIOBOrO aJIKOTOIA. Xapakrep-
HO CHCTeMATHUECKOe YBeJHueHue copOIHOHHOM CrOCOGHOCTH MO OTHOLIEHHIO
K napam GeH3eHa, YTO YKasblBaeT Ha nporpeccupyomlHit mpouecc rupodo-
6uzanuu Ni-MOHTMOPHJJIOHHTA TIO Me€pe o6mera uonHoB Ni?* Ha KaTHOHaX
['JIT1. Tonyuennsie o6pa3usl Ni-I'ITT MOHTMOPHIONHTA HE 06HAPYKUBAIOT
yBesMuenus copOIMu aproHa Mo CpaBHEHHIO C Ni-MOHTMOPHJIJIOHUTOM. ST?
CBHIETEJLCTBYET O TOM, UTO BBeJeHHe KaTHOHOB ['JITT na o6MeHHbIE MO3HIHA
He MPHBOAAT K PACKPEITHIO MEKCIIOHHOr0 MpoCTpaHcTsa ISl aproHa.

OB'BSICHEHHUS K ®UTYPAM

®ur. 1. Usotepma ob6mena Ni*t+ Ha reKcajleliIoNHpHAHHEEBble KaTHOHBI (TAIl) B Ni-mMoOHT-
MOPHJIIOHHUTE .

®ur. 2. Oudpakrorpammbl Ni-MOHTMOPH/IOHHTA (o6pasen Ni-0) u Ni-TAI1 MOHTMOpPHJIO-
uura (o6pasen Ni-1 1o Ni-5) :

®ur. 3. UK-cnekrpbl Ni-MOHTMOPHJIJIOHHTA (o6pasen; Ni-0) H Ni-['JITT MOHTMOPHJ/JIOHHTA
(o6pasen, Ni-1 o Ni-5)
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dur. 4. UsoTepmbl aacopGuui 1napos Bojabl Ha Ni-MOHTMOPH/IJIOHHTE (o6pasel Ni-0) u Ha
Ni-TAIT MOHTMOpHJIJIOHHTA (o6pasupt Ni-1 10 Ni-5)
®ur. 5. M3oTepmbl ancopOuui napos METH/JIOBOTO CHHPTA HAa MOHTMOPHJJIOHHTE H Ni-TA

MOHTMOP HJIJIOHHTE
®ur. 6. UsorepMbl aacopOuni napos Gensena Ha Ni-MOHTMOPHWIIOHHTE H Ni-TAIT MoHTMO-

'
PHJIOHHTE
®ur. 7. MsotepMsl ajcopbuui napos aproua ya Ni-MOHTMOPHJIJIOHHTE H Ni-TAIT moHTMO-

pHIIOHHTE



