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Abstract. Kinetic curves were obtained for adsorption of water and lower aliphatic alcohols
vapours, and from their shape diffusion coefficients were calculated. All the experiments were carried
out on the magnesium form of montmorillonite separated from Milowice bentonite.

INTRODUCTION

The aim of this paper was to investigate the kinetics of adsorption of water and
lower aliphatic alcohols vapours (methanol, ethanol, 1-propanol) on montmoril-
lonite.

Owing to the specific adsorption properties, montmorillonites find wide appli-
cation as adsorbents, fillers, carriers, catalysts, decolorizers, etc. The layer structure
of montmorillonite and the resulting free interlayer spaces are largely responsible
for sorption, specifically of polar substance vapours.

As appears from X-ray, thermal, adsorption and infrared absorption investiga-
tions, the adsorbed molecules of polar substances are bonded by three ways:

a) coordination of these molecules by exchangeable cations;

b) interaction of oxygen atoms of negative charge present on the surface of

tetrahedral sheets with the molecules of polar adsorbates. It is feasible that hydrogen
bonds form between them (Farmer, Mortland, 1966; van Olphen, 1965);

c) it is also possible that the adsorbate molecules are bound by OH groups
of the octahedral layer. These groups are accessible only in places where the layers
are discontinuous.

In the case of water adsorption, the adsorbed molecules can form either hexa-
gonal planar sheets in the interlayer spaces or three-dimensional cation-water
complexes. The binding of water molecules in these complexes has a character
of ion-dipole interaction.

* Institute of Energochemistry of Coal and Physicochemistry of Sorbents, Academy of Mining and
Metallurgy, Cracow (30-059 Krakoéw, al. Mickiewicza 30).
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Tabile |l
Characteristics of adsorbates
F 303 K Particle size
at 303
Adsorbate rz"/r; 10~ n[D]
width [nm] length [nm]

H,0 0.4241 1.84 0.276 -

CH,OH 2.0795 1.69 0.298 0.305
C,H,OH 1.0437 1.70 0.386 0.365
1-C,H,OH 0.3632 1.66 0.386 0.463

The interlayer spaces of montmorillonite are equally accessible to water mole-
cules and to somewhat larger methyl alcohol molecules. Their limited capacity
is reflected in the amount of sorbed methanol and ethanol vapours. It has been
found that the amount of moles of the adsorbed methanol molecules is 1.5 times
greater than the amount of moles of the sorbed ethanol molecules. The amount
of moles of sorbed 1-propanol molecules, on the other hand, is considerably less
than that of moles of the ethanol molecules (Zigtkiewicz, Zyta, 1976). The above
observations confirm the hypotheses not only of the limited capacity of the inter-
layer spaces and their sieve-molecular properties but also of the lack of any signi-
ficant swelling of the structure of montmorillonite in response to the action of
lower aliphatic alcohol molecules.

There is a great number of papers reporting the results of static adsorption
studies while there are as yet hardly any dealing with the adsorption kinetics. Such
studies can extend substantially our knowledge of the sorption mechanism, specifi-
cally of the sorption of polar substances. Therefore, the present authors made an
attempt at determining the effect of the size of aliphatic alcohol molecules on the
rate of their penetration into the structure of magnesium montmorillonite (Tab. 1).

EXPERIMENTAL

Apparatus

Kinetic studies were carried out using adsorption apparatus whose diagram
is presented in Fig. 1.

Themainelement of the apparatus is a Sartorius vacuum electronic microbalance
(3). A manometric pressure stabilizer (5) which operates a magnetic valve (7) me-
tering the adsorbate vapours guarantees that the measurements are isobaric. A
symmetric thermostat (6), regulating the temperature of both balance scales. en-
sures that the process is isothermic. Variations in mass and temperature are recorded
by tape recordes (9, 10). The apparatus described is particularly useful for kinetic
measurements. It gives additionally a possibility of controlling the outgassing
and Qesorptlon processes, which is of prime importance when adsorption-de-
sorption cycles are carried out on the same adsorbent sample. This is particularly
important for systems of the montmorillonite-polar substance type exhibiting

strong adsorbent-adsorbate interactions, for which the sorption process can be
not fully reversible.
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Fig. 1. Adsorption apparatus

I — vacuum system, 2 — Mc Leod rotary manometer, 3 — microbalance, 4 — oil manometer, 5 — pressure — con-
trolling mercury manometer, 6 — thermostat, 7 — magnetic valve, 8§ — capsule with adsorbate, 9, /0 — tape recorders

Pirioipie.rtiie s oifathiesaldisioi bienit

Investigations were carried out on a montmorillonite sample separated by
sedimentation (fraction < 1 um) from the Milowice bentonite, with magnesium
cations substituted in the interlayer spaces. X-ray analysis of an air-dry sample
revealed that the basal 001 reflection has a value of 1.51 nm, characteristic of the
magnesium form. This reflection testifies to the presence of a bimolecular inter-
layer H,O sheet, typical of bivalent cationic forms.

" Montmorillonite samples were prepared in the form of grains with diameters
varying over a narrow range between 0.12 and 0.15 mm. Prior to measurements,
the samples were predried at 378 K and then outgassed in the apparatus at 403 K.
After measuring each kinetics, desorption was conducted by vacuum outgassing
at the measurement temperature. It was found that desorption was not complete,
with the amount remaining in the sample being constant for the given adsorbate
irrespective of the pressure at which the measurement was made. This fact made
it necessary to carry out desorption at elevated temperatures (403 K).

To trace any possible changes in the structure of montmorillonite in response
to repeated adsorption-desorption cycles combined with heating, the kinetics
measurements were repeated several times. The resulting kinetic curves showed
very good agreement, which implies that there are no irreversible changes in the
structure of montmorillonite.

Properties of the adsorbates
The basic properties of the adsorbates used are given in Table 1. It is evident

that the adsorbate molecules show similar values of the dipole moments p, differing
primarily in size.
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Fig. 2. Kinetic curves for water vapour adsorption

RESULTS

Kinetic curves for the adsorption of water and alcohols vapours were obtained

at 303 K. Kinetics measurements were realized in two ways:

1) First, the kinetic curves was obtained directly at a given relative pressure
(p/p, = 0.1, 0.3, 0.5 and for methanol also at 0.02) on the sample not containing
adsorbate vapours ; these are called “single’” kinetic curves. Before each experiment
the sample had been outgassed with the simultaneous heating until the adsorbate
was completely removed. The resulting curves are shown in Figs. 2—5, and

ii) Secondly, so called “step’ kinetic curves were recorded. The first kinetic
curve was recorded at the relative pressure p/p, = 0.1 and after the adsorption
equilibrium had been obtained, the sample was not outgassed but the subsequent
kinetic curve was measured at the higher relative pressure 0.3 and then 0.5. This
part of research enables us to investigate the adsorption process in given relative
pressure ranges and therefore in given filling ranges. The resulting curves are shown

in Figs. 6—9.

afmmol/g]

0 120 150 180 RO

210 e

Fig. 3. Kinetic curves for methanol vapour adsorption

52

e

mem—

e —

e

4 almmol/g]

FHOR

0200405060 90 12 o 80 20 20, 7

Fig. 4. Kinetic curves for ethanol vapour adsorption
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Fig. 5. Kinetic curves for 1 — propanol vapour adsorption
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Fig. 6. Step kinetic curves for water vapour adsorption
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Fig. 7. Step kinetic curves for methanol vapour adsorption
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Fig. 8. Step kinetic curves for ethanol vapour adsorption
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Fig. 9. Step kinetic curves for I-propanol vapour adsorption
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i From the shape of the adsorption kinetic curves the effective diffusion coeff-
icients D.. were calculated, using the equation derived, i.a. by Timofieyev:

2
D — 0,308 L 5
G

where: R — grain radius,
ty.s — half-time of saturation of sorption capacity
Tables 2—4 give the times ¢, 5 and the calculated diffusion coefficients D,.
In calculations, an average value for the grain fraction i.e. R = 0.0675 mm,
was taken as the radius R. r
The relationship between the diffusion coefficients D, and the relative pressure
of water, methanol and ethanol vapours is shown in Fig. 10. From the shape of

e : Table 2
Results of kinetic investigations from water vapour sorption
tors [S] D, 107 [cm?/s]
plp, D, 107 [cm?/s]
single step single step

0.1 ] 26.0 0.547 0.423

0.3 25.8 29.0 0.551 0.490 0.491

0.5 28.2 56.4 0.504 0.252 0.439
T ajble '3

Results of kinetic investigations from methanol vapour sorption

CoteilS] D, 107 [cm?/s]
plp, D, - 107 [cm?/s]
single step single step
0.02 23.4 0.607 0.739
0.1 15.6 0.911 0.991
0.3 10.8 8.1 1.316 1L755 1.238
0.5 9.6 ‘ 10.8 1.481 1.316 1.355
Table 4
Results of kinetic investigations from ethanol vapour sorption
Gora Sl D, 107 [cm?/s]
plp, D, 107 [cm?/s]
single step single step
0.1 36.5 0.389 0.572
0.3 24.2 31.0 0.587 0.458 0.706
0.5 20.0 110.0 0.711 0.129 0.768 J
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Fig. 10. Relationship between diffusion
De10? coetficients and relative pressure
! — water, 2 — methanol, 3 — ethanol
] 2 CHgOH
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curves it is evident that pressure affects significantly the diffusion coefficients in
the case of methyl and ethyl alcohols. At the same time, the values of these coeff-
icients decrease with the increasing size of the alcohol molecule.

A curve for the diffusion coefficient versus relative pressure for n-propyl alcohol
has not been presented because its shape is irregular, presumably due to changes
in the adsorption mechanism of this alcohol. Owing to the size, the penetration
of 1-propanol molecules into the interlayer spaces is limited.

The effective diffusion coefficients were also calculated from the formula:

a, S i/ Dt
Y = =
amux V n
which on a simplifying assumption that the shape of grains is spherical, can be
restated in the form:

; o O ‘/Dd
e -

From the y vs. \/'t_kinetic curves D .can be determined because initially, up to
a value of 0.4, they are straight lines. The results are presented in Tables 2 —4.

DISCUSSION

An_ analysis of the kinetic curves has revealed that the mechanism of water
and aliphatic alcohols adsorption is different, depending on the relative pressure
and filling. In the case of water adsorption. slight differences in the diffusion coef-
ficients have been noted for different degrees of filling. This fact indicates that the
adsorbate is transferred in the same way over the investigated range of pressures
(F_lg. .10). F(_)r methanol and ethanol the rate of adsorption increases markedly
with increasing- pressure (higher values of diffusion coefficients — Fig. 10). For
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the homologous series of alcohols, the diffusion coefficients decrease with the
increasing size of adsorbate molecules, which behaviour is well reflected in the
shape of progressive kinetic curves.

The size of adsorbate molecules has also a pronounced effect on the time of
attaining of adsorption equilibria. i.e. on the shape of the final section of kinetic
curves. Worth noting is the high rate of methyl alcohol adsorption compared
with the adsorption of water and other alcohols.

A comparison of the amount of adsorbed vapours at equilibrium states indicates
that there is a marked dependence of the adsorption magnitude on the molecule
size (e.g., adsorption of l-propanol at p/p, = 0.5 is about four times less than
water adsorption). s

Due to the fact that the adsorption-desorption process was repeated several
times, it was possible to show that the montmorillonite studied had invariable
sorption properties and, therefore, the stability of its structure under the experi-
mental conditions was demonstrated.
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BADANIA KINETYKI ADSORPCJI PAR ALKOHOLI ALIFATYCZNYCH
I WODY NA Mg-MONTMORILLONICIE

Sitreszczente

Przeprowadzono badania kinetyki adsorpcji par wody i nizszych alkoholi
alifatycznych na magnezowej formie montmorillonitu. Pomiary wykonano przy
uzyciu mikrowagi z automatyczna, ciagla rejestracja zmiany masy adsorbentu.
Z krzywych kinetycznych obliczono wspotczynniki dyfuzji. Przedyskutowano
zalezno$¢ warto$ci wspotczynnikow dyfuzji w funkcji zapetnienia adsorbatem
struktury porowatej montmorillonitu. Uwzgledniono wplyw wielkoSci czasteczek
stosowanych adsorbatéw na szybko$§¢ procesu adsorpcji.

OBJASNIENIA FIGUR

Fig. 1. Aparat adsorpcyjny
! — uklad prézniowy, 2 — manometr obrotowy Mc Leoda, 3 — mikrowaga, 4 — manometr olejowy,
5 — manometr rtgciowy sterujgcy ci$nieniem, 6 — termostat, 7 — zawdr magnetyczny, § — amputka z
adsorbatem, 9, /0 — rejestratory taSmowe
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. Krzywe kinetyczne adsorpeiji par wody
. Krzywe kinetyczne adsorpcji par alkoholu metylowego
. Krzywe kinetyczne adsorpcji par alkoholu etylowego

. Krzywe kinetyczne adsorpcji par alkoholu n-propylowego

. Krzywe kinetyczne stopniowych adsorpgji par alkoholu metylowego
. Krzywe kinetyczne stopniowych adsorpcji par alkoholu etylowego
. Krzywe kinetyczne stopniowych adsorpcji par alkoholu propylowego
. Zaleznos¢ wspolczynnikéw dyfuzji od ci$nienia wzglednego
1 — woda, 2 — alkohol metylowy, 3 — alkohol etylowy

2
3
4
b
6. Krzywe kinetyczne stopniowych adsorpeji par wody
5
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An AHEIIbCKM, Meuucnae JI9COHb, Anyw 3EHTKEBMY, Mequcnae XKUIIA

UCCNEAOBAHUWE KUHETUKUN AACOPBELUUN U TTIAPOB
ANTNOPATUYECKUX CMUPTOB U BOObI
HA Mg—MOHTMOPUIIJTOHWUTE

Pesome

lMpoBseaeHbl MCCNeAOBAHUA KUHETUKM aACOPOUMM NAPOB BOALI M NErkux
anudpaTU4YeckuX CNUPTOB HA MArHUeBOW oOpMe MOHTMOPUNNOHUTA. M3MepeHuns
BbIMOMHEHbI C MOMOLLLKO MUKPOBECOB C GBTOMATUYECKOW, HENpepbIBHOW peruc-
TPauuen MIMeHeHWs Maccbl aacopbeHTa. Mo KMHETUYECKUM KPUBBLIM PACCHUTAH bl
koappuuneHTbl Anddysun. ObcyxaeHa 30BUCUMOCTb 3HAYEHN I KOIDDULMEHTOB
Avddysun Kak QyHKUMI 3aNONHeHUs aAcOP6ATOM MOPUCTON CTPYKTYPbl MOHT-
MopunnonuTa. PacMoTpeHo BNusHME BeNUUUHBLI MONeKyn, MPUMEHREMbIX aA-
copbaTos, Ha ckopocTb Npouecca aacopbumnu.

Dur.

Dur.
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OBBACHEHUA K dUTYPAM

1. AacopbunoHHbi# annapar
1 — BakyyMHas cucTeMa, 2 — nOBOPOTHbIH MaHoMeTp MakJleoaa, 3 — Mukposechbl, 4 — MACNAHBIN
MAHOMETP, 5— PTYTHbIA MAHOMETP, yNPABNAIOWMA AABNEHHEM, 6 — TEpPMOCTAT, 7 — MArHUTHBIA KNANAH,
8 — amnyna c aacopbaTom, 9, 10 — NeHTOUHbIe PErUCTPATOPBI

2. KuneTtuyeckue kpuebie aacopbumu napos Boab!

3. KuHetuueckue kpvebie aacopbuuu napos merunosoro cnupra

4. KuneTtuueckue kpuebie aacopbunm napos aTunoeoro cnupra

5. KuHetuueckue kpuebie aacopbunmm napos H-nponunosoro cnupra

6. Kpuebie cTyneH4aTbix KMHeTuk aacopbuuu napos soabi

7. Kpueble CTyNeH4aTLIX KUHETUK AAcOpbUMM Napoe MeTUNOBOrO cnupTa

8. Kpuebie cTyneH4aTbix KMHETUK aacopbuUMM NAPOB 3TUNOBOrO cnuprta

9. Kpuebie cTyneH4aTbix KMHeTUK aAcopbumum Napoe H-NponuUNoeoro cnupra

10. 3asucumocTs KO3hdUUNEHTOB AUDDYIUN OT OTHOCUTENBLHOrO AABNEHUA

1 — 80Aq, 2 — MeTUNOBLIA CNUPT, 3 — 3TUNOBLIA cUpT



