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mechanism of acid activation of Ca-montmorillonite derived from the Chmielnik de-
posit. Changes in the structure and sorption properties as a function of the activation
time have been investigated. The object of the present paper was to determine the
effect of activation on: 1) the morphology of montmorillonite aggregates as shown
by electron microscopic examinations, 2) the porous structure of these aggregates
(changes in the pore volume distribution as a function of their effective radii) as
shown by sorption investigations.

EXPERIMENTAL PROCEDURE

The analyses were carried out on samples of natural Ca-montmorillo-
nite and those activated with hydrochloric acid for 1, 3, 4, 5 and 10 hours.
Argon adsorption and desorption isotherms were obtained at 77°K using
sorption manostats (Ciembroniewicz, Lason 1972). Electron microscopic
investigations involving morphological micrographs and diffraction measu-
rements were performed using a Tesla microscope (CSSR) with an accele-
rating voltage of 100 KV. Powder suspension technique was applied, the
magnifications ranging from 10.000 to 80.000°X<.

Sorption analyses served as a basis for determining the porous struc-
ture of the adsorbents; it was defined by the pore volume distribution as
a function of the pore radii, i.e. Av/Ar vs. 1. The distribution is determi-
ned from Kelvin's equation from that part of the isotherm in which ca-
pillary condensation of vapours occurs:

20M
In po/P = 5 RT

Cracow (Krakow, al. Mickiewicza 30).
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where:
py — saturated vapour tension over the flat surface of liquid at tem-
perature T,
p — saturated vapour tension over the concave meniscus of liquid
with the radius of curvature 7y at temperature T,
6 — surface tension of liquid at temperature T
M — molecular weight in g,
% — density of liquid at temperature 0
r. — radius of curvature of the spherical meniscus in a capillary,
R — gas constant,
T — temperature in degrees Kelvin.

The equation was derived assuming that the equilibrium pressure p is
a function of the capillary radius. Surface tension of the liquid and its
density at a given temperature do not depend on the meniscus radius.

Kelvin’s equation does not take into account the fact that upon eva-
cuating liquid sorbate from the pores, there remains an adsorption layer
in the pores. Hence, the values of pore radii calculated from this equation
are smaller than the effective ones by the thickness of that layer:

Te == Tk Al

When Kelvin’s equation was combined with the above relationship,
and the fact that the adsorption layer thickness I is a function of the rela-
tive pressure was taken into account, new equations could be derived
(Barret et al. 1951; Dubinin 1956; Cranston, Inkley 1957, and others). The
distributions of pore volumes and surfaces as a function of their effective
radii are determined on their basis.

In this paper, the procedure developed by Dubinin (1956) was adopted.
Accordingly, the desorption part of the isotherm was divided into n sec-
tions assuming that each of them corresponds to a desorption stage that
involves evacuation of liquid sorbate from the pores with the radii corres-
ponding to the given p/p, range, and reduction of the thickness of the
adsorption layers in the pores evacuated during the preceding stages. The
volume of pores being evacuated in the n-th stage of desorption was cal-
culated from the formula:

E iT=nal ; = 2
AVn (32 AV” fu Al"E Z_AVI] (777;”.)
5 =3

T, I \Tk, n

V, — volumes of pores being evacuated in the n-th stage,

l, — decrease in the mean thickness of the adsorption 1
in the n-th stage, b

Ve am(')un.t of sorbate that desorbed in the i-th stage (cm?
. of liquid sorbate/gram of sorbent),

7,1 — mean Kelvin radius of pores evacuated in the i-th stage
of desorption,

Tn andfyx, n — res.pectively, mean effective and Kelvin radius of pores
being evacuated in the n-th stage,

i — stages of desorption from 1-th to ni—1-th.
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EXPERIMENTAL DATA

Electron microscopic investigations. Electromicrographs
of powder preparations permitted to investigate the changes occurring in
the morphology of montmorillonite aggregates during prolonged acid acti-
vation. Diffraction investigations have yielded supplementary data on the
structural changes.

Electromicrographs of the initial sample of montmorillonite from
Chmielnik (Phots 1, 2) present complexes of grains aggregates averaging
some microns, with the morphology typical of this mineral. Their edges
are sharp and rugged (Phot. 1). The aggregates are granular concentrations,
non-transparent, as a rule, to an electron beam.

An analysis of the electromicrographs of acid-activated samples has
shown that they positively differ from the initial sample in the structure
of aggregates. After 3-hour activation certain loosening of the aggregate
complexes may be observed (they become partly transparent to an elec-
tron beam). The edges of the montmorillonite aggregates lose their origi-
nal angularity, becoming rounded and translucent (Phot. 3). Though morp-
hological changes have been recorded, the diffraction patterns obtained
for this sample confirm the presence of the montmorillonite phase alone.

Further activation (5 hours) advances the degradation of montmorillo-
nite grains (Phots 4, 5). Not only do the aggregates become loosened and
their edges rounded, but also larger areas transparent to an electron beam
appear. Moreover, peculiar forms with granular structure may be observed
on the aggregate edges.

After 10-hour activation, the granular forms occupy the greater part
of the volumes of aggregates (Phots 6, 7). The rise of such forms in the
process of activation reflects the profound structural changes. Electron
diffraction investigations performed for those transformed zones of aggre-
gates have shown their complete amorphization. This is further evidence
of structural changes of montmorillonite that result in the formation of
an amorphous substance of the silica gel type, thus confirming the results
of earlier studies (Fijat et al. 1975, part I).

Granular structure is peculiar to typical silica gels. Photograph 8 pre-
sents an electromicrograph taken from a sample of fine-grained silica gel
»aerosil”’. The characteristic agglomerations of granular forms in the gel
sample show a striking similarity to the afore-discussed electromicrographs
of the montmorillonite sample activated for 10 hours (Phots 6, 7).
Adsorption investigations. Figure 1 shows isotherms of low—
-temperature argon sorption on the initial montmorillonite and on acid-
_activated samples. From the desorption part of the isotherms, pore volume
distributions as a function of the mean offective radii were calculated. The
distribution diagrams are presented in Figure 2.

The data yielded by the adsorption analyses imply that the fo}low;ng
changes occur in the porous structure during activation of montmorillonite:

1. The initial montmorillonite with a surface area of 43.9 m?/g has the
dominant pore radius about 11580 A,

9. In the sample activated for 1 hour no changes in the porous struc-

ture have been noted; yet, the volume of the domipant pores (15.0 A)
accessible to sorbate molecules increases. This is very likely due to a rear-

4 51

e




cm3-10-2

[
8
@l
Y
\
®
2
B

cm?-10°2

1=z
&
\J
}
i\
\

L7 Ut
bl o]
g
— 4 — - ~ —
o )
< 4 8 J‘/‘p. i
d % 04 0F 08, 07 04 05 0P p/p ’ 02 0% 05 08p/p

Fig. 1. Low temperature argon sorption isotherms on the investigated samples: M—O0,
M—1, M—3, M—4, M—5, M—10

rangement within the aggregates * and domains, which results in rende-
ring more pores with a radius of 15 A accessible to the sorbate.

3 A further increase in the volume of pores with an effective radius
of about 15 A accessible to sorbate molecules has been noted after 3-hour
activation. This behaviour is due to the advanced degradation effected by
the acid and its more intensive penetration into montmorillonite grains.
These changes, particularly pronounced in the external zones of grains,
have been also noticed on the electromicrographs.

* When explaining the phenomena connected with the porosity of montmorillo-
nite, the following terminology has been used:

— layer: the smallest structural unit consisting of 3 sheets (2 tetrahedral, 1 octa-
hedral),

— particle: a combination of layers bounded by morphological surfaces,

__ domain: a combination of particles displaying characteristic textural ordering
(a type of oriented particle intergrowths),

— aggregate (grain): a combination of domains that can be separated from the
surroundings.

The textural orientation of particles within domains may result in the formation

of a porous structure in the inter-particle spaces, the mode of orientation modifying
the character of this structure.
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Fig. 2. Distributions of pore volumes as a function of effective radius

4. In the more degraded montmorillonite sample (5 hours), additional
pores with higher values of the effective radii have been recorded.

iti i - tivation of
5. Additional porosity becomes pronounced after 10-hour ac

a montmorillonite sample. There is a broad band in the range from 15 tc;
50 A on the pore distribution curve, but mmultaneously an extreme O
15 A that is characteristic of the montmorillonite structure is preserved.

Equally characteristic is a change in the shape of isotherms and the
consgicuogs contraction of the hysteresis loop. The authors beile\f/e thac';
the above facts may be accounted for by the presence of newly-forme
substance of the gel type with globular structure. = : :

The problem of textural orientation of montmorlllomte‘par‘txcles ar;ld
their size in ¢ direction, which is tantamount to the de.termmat}on of t eI
number of layers that make up a particle, has been discussed in severa
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publications. As appears from electron microscopic investigations (Rober-
son et al. 1967), particles are made up of sets of several layers or, in isola-
ted case, of single layers. Different data, on the other hand, are yielded by
X-ray examinations, since they suggest the presence of larger complexes,
consisting of 8—15 layers (Tettenhorst, Roberson 1973).

The evidence collected in the present paper supports the thesis of
limited continuity of the montmorillonite lattice in ¢ direction. It has been
assumed that porous structure may form in the inter-particle spaces as
a result of a definite textural orientation of the particles within the do-
mains. The size of these particles (in ¢ direction) and their mutual orien-
tation affect the sorption isotherms and, eventually, the pore distribution
curves. An analysis of the curves of pore volume distribution as a function
of the mean effective radius shows that the dominant pore radius has
a constant value of about 15 A. It may be inferred then that it is intima-
tely associated with the characteristic arrangement of particles in the
domains. If the parallel type of interparticle intergrowths is assumed as
most likely occur, the obtained value of the dominant pore diameter
(about 30 A) should correspond approximately to the thickness of single
particles in ¢ direction. This observation supports the theory that a mont-
morillonite particle consists of 3—4 layers, confirming at the same time
the earlier data obtained from electron microscopic investigations (Rober-
son et al. 1967).

DISCUSSION

1. Acid activation disturbs the original morphology of montmorillonite
aggregates, resulting in the loosening of the structure (a decrease in the
density of the aggregates). This fact may be accounted for both by degra-
dation of the structure and by transformation of calcium- into hydronium-
-montmorillonite. This process becomes far more advanced as the time
of activation is prolonged.

2. Prolonged activation results in the transformation of montmorillo-
nite into an amorphous substance with granular structure, similar to the
forms typical of silica gels. The formation of such substance has been
also demonstrated by infrared spectroscopy.

4 3. Changes in the morphology and internal structure of montmorillo-
nite agregates have been confirmed by sorption investigations. The first
stage of activation increases only the accessibility of the internal porous
structure of montmorillonite by loosening the aggregates. This is eviden-
ced by the stable position of the maximum of the dominant pore radius.
The secondary porosity is due to gradual transformation of a part of mont-
morillonite into amorphous silica.

4.. Th.e authors suggest that the studies of the porous structure of mont-
morillonite (based on sorption methods) can be used for explaining the
problems connected with the internal ordering and the size of its mo;pho—

logical forms, i.e. sets of layers (particles) within montmorillonite aggre-
gates.
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Jerzy FIJAL, Zenon KELAPYTA, Barbara KWIECINSKA,
Janusz ZIETKIEWICZ, Mieczystaw ZY LA

BADANIA NAD MECHANIZMEM PROCESU
AKTYWACJI KWASOWEJ MONTMORILLONITU
II. ZMIANY W MORFOLOGII I POROWATOSCI
W SWIETLE BADAN ELEKTRONOGRAFICZNYCH
I ADSORPCYJNYCH

St reszczenie

Praca ta jest kontynuacja badan nad procesem aktywacji kwasov&{e]_
montmorillonitu ze zltoza Chmielnik (Fijal et al. 1975). ngadmczym jej
celem bylo okreslenie wplywu procesu aktywacji na zmiany struktury
i wlasnosci sorpeyjnych montmorillonitu. Rejestrowano zmiany morfologii
agregatow montmorillonitu na podstawie bgdan elektronograflcznych oraz
charakter przeobrazen struktury porowate] tych agregatpw na podstawie
przebiegu krzywych rozkladu objetosci porow wedtug ich efe'ktywnych
promieni, wyznaczonych z badan sorpey jnych. Zbadano poszczegdlne etapy
przeobrazania sie montmorillonitu w substancje o strukturze zblizonej do
Z mionkowego. :
ZeluAlflljcf)erzy sugeru]gq mozliwose wykorzystanig badan struktgry .por.owatej
montmorillonitu (na podstawie metod sorpcy;nyc}’l)'dI.a wyjasnienia pro-
bleméw wewnetrznego uporzadkowania 1 v_v1e}kosc1 jego podstawoquh
form morfologicznych, a wiec zespotow pakietow (krystalitow) w obrebie

agregatow montmorillonitu.

OBJASNIENIE FIGUR

Fig. 1. Izotermy niskotemperaturowej sorpcji argonu na badanych probkach: M—O0,
M—1, M—3, M—4, M—5, M—10 . ;
Fig. 2. Rozktady objetosci porow w funkcji promienia efektywnego
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OBJASNIENIE FOTOGRAFII

Fot. 1. Elektronogram montmorillonitu z Chmielnika. Pow. X 42000

Fot. 2. Flektronogram montmorillonitu z Chmielnika. Widoczne ziarna o konturach
postrzepionych. Pow. X 21000

Fot. 3. Montmorillonit po 3 godz. aktywacji kwasowej. Agregat ziarn rozluzniony.
pow. X 15000

Fot. 4. Montmorillonit po 3 godz. aktywacji kwasowej. Ziarno o zaokraglonych brze-
gach. Pow. X 15000 ; i

Fot. 5. Montmorillonit po 5 godz. aktywacji kwasowej. Wyrazna degradacja ziarn.
Pow. X 21000

Fot. 6. Montmorillonit po 10 godz. aktywacji kwasowej. Na brzegach ziarn widoczne
formy granularne. Pow. X 90000

Fot. 7. Montmorillonit po 10 godz. aktywacji kwasowej. Skupienie agregatowe cza-
stek (krystalitow). Pow. X 30000

Fot. 8. Elektronogram zelu krzemionkowego. Pow. X 21000

Eoerw DU, 3enon KJAAIBITA, Bapbapa KBELLHHBCKA,
Anyw SEHTKEBHY, Meuucaas JKHJIA

MCCJIEJJOBAHUE MPOLLECCA KUCJIOTHOM AKTHBALLMU
MOHTMOPHJIJIOHUTA I1I. UBMEHEHHUS NMOPUCTOCTH
U MOP®OJIOTUU MO AAHHBIM SJEKTPOHOTPA®HUYECKHX
U COPBILLMOHHbIX AHAJIU30B

Pesome

Tlaunasi pa6oTa sIBJASIETCsT NPOLOJKEHUEM HCCIe/[0Ba s Iporecca Kueso-
THON AKTHBALMM MOHTMOPHJIJIOHMTA M3 MeCTOpOxJenus XmeabHuk (Pust
u ap. 1975). OcHOBHOM 1esbio PAaGOT OBLIO OMpefeNeHHe BIMAHUA Mpouecca
AKTHBANMM Ha M3MeHEeHHs CTPYKTYPBl M COPOLHOHHBIX CBOWCTB MOHTMOPHJI-
nonuta. OTMeuasuch M3MeHEeHHsT MOP()OJOruk arperaToB MOHTMOPHJJIOHUTA
C TIOMOIIBIO 3JeKTPOHOrpahHUECKUX aHANH30B U XapaKTep H3MEHEHHH CTPYK-
TYPBI 3THX arperatoB mo Gopme KPHUBLIX PaClpe/leseHHs Mop Ha OCHOBaHHH
¥X 3(HEeKTHBHBIX PAJNYCOB, ONpeJleJeHHbIX COPOUHOHHBIM METOLOM. Wccae-
JIOBAJHCh OTJeJbHbIE 3Talbl Mepexoia MOHTMOPHMJIIOHHTA B BEILECTBO CO
CTPYKTYpPOH, HAIOMHUHAIOLEH CHINKATHBIA IeJIb.

ABTOpBI CYATAIOT BO3BMOMKHBIM MCHOJb30BATh HAOJIO/EHHs HaJl MOPUCTOM
CTPYKTYPOHl MOHTMOPHJJIOHHTA C MOMOLLBIO COPOUHOHHBIX METOJIOB B H3YUe-
HUY NPOOJIeM BHYTPEHHETO CTPOEHHs 3TOr0 MHHEpasa i BeJHYUHbl €r0 OCHOB-

HBIX MOPGhOJOrHUeCKHX (opM, T.e. TPYNN KPUCTAJNIUTOB, CIaraloUlux arpera-
Thl MOHTMOPUJIJIOHHTZ.

OBEBACHEHUSA K ®PUTYPAM

®ur. 1. MsotepMbl HHU3KOTEMNEPATYPHON COpOLHH aproHa Ha MCCJeJ0BAaHHBIX 00 a3uax:v
M—0, M—1, M—3, M—4, M—5, M—10 p ; :

Dur. 2. Pacnpejenenie o6beMa nop B 3aBHCHMOCTH OT 3((heKTHBHOTO pajuyca
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OBbACHEHHUA K ®OTOCHUMKAM

. DJIEKTPOHOTpaMMa MOHTMOpH/JIOHHTA H3 XMeabHuKa. YBea. X 42 000

o aﬂeKTPOHOl‘[)aMMEl MOHTMOPHJIJIOHHTA H3 XMesbHHKA. BumaHbl 3€pHa ¢ 3213)'(’)1)6”!&1.\”1

KoHtypami. Yaesa. X 21 000

. MOHTMOPHW/UIOHHT TOCJE 3 YacoB KHCJIOTHOH akTHBammu. Arperar 3epeH paspblXJeH-

npiid, Yeesa. X 15000

. MOHTMOPHJIVIOHAT TOCJAe 3 4acoB KHCJOTHOH aKTHBAUMH. 3€pPHO C OKPYIVIEHHBIMH

kpasimu. Yeen. X 15000

. MOHTMOPHJUIOHHT [OCAEe 5 4acoB KHCJIOTHOH aKTHBALMM. 3aMeTHOe paspyulleHHe

3epen. ¥YBea. X 21 000

. MonrmopmionnT nocae 10 4acoB KHCIOTHOM akTuBaiuu. [To KpasiM 3epeH BilIHDI

rpanyJspubie Gopmel. YBea. X 90 000

5 A\OHT)IOD]HJIOH]IT nocjae 10 yacoB KHUC/JIOTHOH aKTHBAILHH. AFPCI‘Z\THO(‘. CKOIIeHHe

kpucraiTos. Ysen. X 30 000
. DuekTpoHOTpaMMa CHINKATHOrO reds. Ysea. X 21000
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PLATE I

Phot. 1. Electron micrograph of montmorillonite from Chmiel-
nik. Magn. X 42.000

Phot. 2. Electron micrograph of montmorillonite from Chmiel-
nik show mainly thick, irregular, sharp-edged particles.
Magn. X 21.000
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PLATE III
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Phot. c?‘ ri\(ljlo(rjnmodr'11gon'1te_aftter S—Tour activation. Grains are Phot. 5. Mont illonit ficis
N indedian ecoming translucent. Magn. % 15.000 10t. 5. ontmorillonite after 5-hour acid activation. Th
g micrograph shows the degradation of grain. Magn. X 21.00?)

r 10-hour acid activation. The
be seen on the edges of grain.

Phot. 6. Montmorillonite afte

Phot. 4. Montmorillonite after 5-hour acid activation. Grain i
peculiar granular forms can
Magn. X 90.000

with rounded borders. Magn. X 15.000
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MINER. POL. VOL. 6, No 2 — 1975 t. PLATE IV

Phot. 7. Montmorillonite after 10-hour acid activation. Aggre-
gations of particles. Magn. X 30.000

Phot. 8. Electron micrograph of silica gel. Magn. X 21.000

Jerzy FIJAL et al. — On the mechanism of acid activation of montmorillonite



