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Abstract—Depending on pH and temperature, two different types of surface reactions occur on the apophy-
llite (001) surface in aqueous HCI-solutions at temperatures from 20 to 130 °C. At low pH, laterally spreading
hillocks cover the surface. The hillocks are softer than the pristine surface, chemical analysis shows a
depletion in Ca+ K, and the spreading velocity of hillocks depends on pH. This indicates a change in
chemical bond strength, non-stoichiometric dissolution and a mechanism involving protons. External distur-
bances such as the AFM scanning tip cause the upper surface layers to peel off revealing that the active sites
of hillock formation are between the silicate layers of apophyllite. The observed process can therefore be
described by a penetrative ion-replacement reaction which proceeds well below the surface monolayer. By this
ion-replacement, the silicate layers eventually become destabilised. The observed reaction, therefore, is
equivalent to an incongruent dissolution process. Despite structural similarities, this process is only superfi-
cially similar to the ion-exchange occurring in clay minerals or zeolites. In these minerals, the structural
backbone is not destabilized. At a more neutral pH and high temperatures, step retreat and etch pit formation
can be observed on the apophyllite (001) surface thus indicating a more congruent dissolution
mechanism. Copyright © 2004 Elsevier Ltd

1. INTRODUCTION a=Si-0-Ca-0O-S# type bonding, thus making a kind of frame-
) . . ) work with alternating voids and, therefore, resembling a zeolite
In_stu observatlons_of surface_ processes on 5|I|ca_te minerals structure. Nevertheless, the three dimensieral-O-Si= type

are important for the interpretation and understanding of geo- 1)qnging in zeolites provides a much stronger linkage than the
chemical processes such as mineral formation or the weather-jin,aqe via Ca in apophyliite. The structure of clays and micas
ing of rocks. In this work, we present the resultsiofsitu consists of silicate layers, which are strongly joined by octa-
!nvestlgatlons of Fhe behavior of th.e apophyllite (001).s.urfac.e hedrally coordinated divalent or trivalent cations into packets.
In aqueous solutlons..AIthough this .hydrous sheet silicate 'S Between these packets are layers of exchangeable cations. Most
Ie_ss common than micas or clay ml_ne_rals, t_he stu_dy of this clays are characterized by cation exchange capacity and the
mineral surface can give very useful insights in the interpreta- ability to adsorb water, which sometimes causes these minerals

tion of processes taking place on many other silicates. . . P
: . : to swell. In zeolites, which also exhibit ion exchange and water
Apophyliite [KCa,SigO5(F,OH) - 8HO] is frequently found adsorption properties, these processes occur without swelling

associated with zeolites in rocks affected by low temperature "

. ) because of the large cavities and strong bonds between the
alteration processes. Further, apart from the environment of tetrahedra
formation, apophyllite resembles many zeolites, e.g., in struc- . . . .

» apopnytite any €. One of the most effective methods fiorsitu surface studies
ture, low specific gravity and the ability to release water under . . . .
. . o is atomic force microscopy (AFM). This method allows the

heating (Marriner et al., 1990). Nevertheless, apophyllite is a . : : S -

s . - direct observation of mineral surfaces in air, solution or vac-
sheet silicate and structurally and chemically it is very close to m and has been proven werful techni for th
clays and micas. Hence, apophyllite is expected to exhibit uum a as been proven as a powerlul technique for the

reactive properties similar to those of both zeolites and phyl- |pvest|gat|.op O.f morphologic changes during mineral dissolu-
losilicates. tion, precipitation and growth (e.g., Nagy and Blum, 1994;

Apophyliite is tetragonal, space group: P 4/mne; 8.96 A, SFipp. et al., 1994; Teng and .Dlove, 1997; Bosbach et al., 1998;
c=158A (Colville et al., 1971). Like other phyllosilicates, it ngglhs_et al., 2002). The orlgln_al design Qf AFM |n§t_ruments
has a layered structure, where the tetrahedral silicate IayersW‘fjls limited to performing stu_dles at ambient con_dlpons. For
alternate with layers of Ca, K, F and OH. However, in contrast thiS reason, most AFM studies of surface reactivity so far
to other phyliosilicates, the silicate layers of apophyllite are C°Ncern minerals which show reaction rates fast enough to be

composed of interconnected four- and eight-membered rings, detectable within an appropriate time range of AFM imaging,
with the terminal, non-bridging tetrahedral apexes of the four- Such as many carbonates and sulfates (e.g., Hillner et al., 1992;
membered rings alternatingly pointing up and down along the Hall and Cullen, 1996; Jordan and Rammensee, 1998; Shiraki
c-direction (Fig. 1). The terminal tetrahedral apexes of adjoin- €t al-, 2000; Astilleros et al., 2002). However, for most silicate-

ing layers oppose each other and form via the interim Ca-ions Water interface reactions, the kinetics is too slow at ambient
conditions to allow itsn situ investigation by AFM within a

reasonable period of time. Recently, this constraint has been
*Author to whom correspondence should be addressed Overcome by the development of a hydrothermal AFM
(guntram.jordan@ruhr-uni-bochum.de). (HAFM, Higgins et al., 1998). This device enablesitu AFM

217




218 K. Aldushin et al.

®

K FOH Ca

Q0s0Q0 O0s=

- w a8 &

c 00800 Q0#00O

s e 2

Q0%

) o

& o0e00 O

- %00

a
o .
H,O

Fig. 1. Structure of apophyllite: @) the projection along ¢ shows four- and eight-member rings in (001), with 4-member
rings aternatingly pointing up (dark tetrahedra) and down (light tetrahedra) the c-direction; b) view aong [100] shows
layers of cations, hydroxyls, and fluorine ions between the silica layers.

experiments at hydrothermal conditions, i.e., above the ambient
boiling point of water.

Many investigations have been conducted to study the dis-
solution of zeolites, clays, and micas (e.g., Newman, 1970;
Sposito, 1984; Kalinowski and Schweda, 1996; Zysset and
Schindler, 1996; Charistos et al., 1997; Mamstrom and Ban-
wart, 1997; Rufe and Hochella, 1999; Huertas et al., 1999;
Rivera et al., 2000). There are also some AFM data about the
dissolution and interlayer exchange processes of these miner-
as. For example, it has been shown that the natura zeolite
heulandite dissolves in acidic solution (0.2 N H,SO,) by pit
formation and in akaline solution (0.1 N NaOH) isolated
islands are left behind (Yamamoto et a., 1996). Two smectite
minerals — hectorite and nontronite — dissolve at pH 2 at the
crystal edges, with the basal surface remaining unreactive dur-
ing the timescale of the experiment (Bosbach et al., 2000;
Bickmore et al., 2001). Hochella et al. (1998) observed the
delamination and/or recombining of clay-size phlogopite par-
ticles while establishing an equilibrium thickness in Na* con-
taining solutions.

The behavior of apophyllite in acidic solutions was studied
before by batch methods and X-ray diffraction. For example,
Frondel (1979) reported the formation of crystaline silica
hydrate Silica-AP (H,Si ,0,) by the decomposition of apophy-
llite in acidic solution (HCI). Lagaly and Matouschek (1980)
observed the formation of H-apophyllite (HgSigO,oxH,0) after
the pretreatment of apophyllite in acidic solution. According to
these authors and Sogo et al. (1998) both of these hydrates have
the fundamental silica sheet structure of apophyllite. Theodos-
siu et al. (2001) reported surface amorphization of apophyllite
due to acidic attack and therefore a total collapse of the local
crystal structure. The most complete investigation of apophy-
Ilite dissolution was conducted by Cave (2002). This author

found that apophyllite dissolves non-stoichiometrically in
acidic solution with a preferential loss of interlayer cations and
that dissolution approaches congruency in the neutral pH range.
At neutral pH, dissolution rates of apophyllite are faster than
those of kaolinite or muscovite; this has been attributed to an
increased strain on the bonds in the four-membered silicate
rings (Cave, 2002).

Here, we present in situ investigations of the alteration of the
apophyllite (001) surface in agueous solutions studied by
HAFM at temperatures from 20 up to 130 °C and pressures
from 1 up to 35 bar in solutions ranging from pH 1.5t0 5.6. Our
primary objectives were to study the mechanisms and kinetics
of surface reactions of apophyllite in agueous solutions and to
compare these mechanisms with dissolution of clays, micasand
zeolites at appropriate conditions.

2. EXPERIMENTAL

Apophyllite shows some variations in composition, specificaly the
fluorine content, and can be considered as a solid-solution between the
two end members: fluorapophyllite KCa,SigO,oF - 8H,0 and hydroxy-
apophyllite KCa,SigO,o(OH) - 8H,0 (Dunn et a., 1978). In our ex-
periments, we used apophyllite from Poona (India) where it is often
accompanied by heulandite. The electron microprobe analysis of our
samples (Table 1) revealed that the crystals used are fluorapophyllites.

Because of its perfect cleavage parallel to (001) and well-developed
crystals, apophylliteis suitable for AFM studies. Transparent, colorless
crystals were cleaved by a knife immediately before affixing them in
the fluid cell by atitanium wire and immersing them into the solution.
The titanium wire allows the crystal to be affixed without any adhesive.
The samples used were 0.2 - 1.5 mm thick, the size of the (001) surface
was about 5-15 mm?. After the fluid cell was filled with solution, the
cell was then closed, pressurized, and heated for hydrothermal exper-
iments. The duration of experiments was up to 15 h.

Solutions were prepared using high purity deionized water (resistiv-
ity: 18 M cm); the pH values of solutionswere adjusted to pH 1.5-5.6



Apophyllite surface ateration 219

Table 1. Electron microprobe analysis of the apophyllite samples
used.

Compound, wt. % Atomic %
average
(n = 100) std. dev. average std. dev.
SO, 51.451 0.263 Si 13.168 0.123
Al,Oq4 0.016 0.014 Al 0.005 0.004
K,0 5.032 0.097 K 1.643 0.035
Ca0 24.456 0.207 Ca 6.706 0.081
F 2371 0.067 F 1.919 0.055
H,O 16.669 0.282 H 28.458 0.331
O 48.101 0.138
Total 99.995 100.000

at room temperature by adding HCI. The flow rate of the solution
through the fluid cell was set to values between 0 and 14 ulL/s.

All in situ measurements were carried out using a contact mode
HAFM which was constructed in our laboratories. This device allows
in situ measurements of the solid-liquid interface at pressures up to 50
bars and temperatures up to 170 °C to be made. We used uncoated
Si-cantilevers with integrated tips (spring constant: 0.1-0.3 N/m).
Ex-situ AFM images were obtained using a TopoMetrix TMX 1010
AFM operating in contact mode.

Rutherford backscattering spectrometry analysis was conducted to
find out the chemical composition of the near-surface region of the
samples after their treatment in acidic solution. The RBS spectra were
measured with the 2 MeV single charged He-beam of the 4AMV Dyna-
mitron-Tandem of Ruhr-Universitat Bochum with a beam intensity of
about 10 nA. The backscattered particles were measured at an angle of
170 ° by a Si-detector with a resolution of 15 keV. The energy of the

backscattered particles depends solely on the masses of the elements
according to the kinematics of the scattering process. For layers below
the surface, the signals are shifted towards lower energies due to the
energy loss of the particles in the sample causing step-like structuresin
the spectrum. Depth information can be obtained, using the well known
energy loss data for ions in matter and the density of the investigated
material. The relative sensitivity for the elements is proportional to the
square of the atomic number. The method, thus, is more sensitive to
heavier elements for which traces of less than one atomic layer at the
surface can be detected.

The spectra were analysed using the program RBX (Kotai, 1994).
This program calculates the shape of the spectra based on the experi-
mental conditions and the stoichiometry of the sample as input param-
eters. The sample can consist of several layers and a changing stoichi-
ometry within a layer can be described by an error function
representing the concentration of a species varying with depth. The
simulated spectra are then compared to the measurement until a suffi-
cient fit is achieved.

3. RESULTS
3.1. Experimentsat pH 1.5-3, T = 20°C, P = 1 bar

20 - 30 min after the injection of the solution with a pH of
2.9-3, the formation of small hillocks on the surface of the
sample can be observed. The hillocks are usually square shaped
(reflecting the tetragonal symmetry), their height is about 0.3 -
0.4 nm, they have a flat surface, distinct boundaries, and an
identical orientation (Fig. 2a). The areal density of the hillocks
is 2-20 um~2. The hillocks spread with time in lateral direc-
tions and finally form a layer on the surface. At pH 3, the
spreading rate measured perpendicular to the straight bound-

Fig. 2. Formation of sguare hillocks on the surface and their subsequent peeling (pH 3, T = 20 °C, P = 1 bar): a) after
180 min exposure to acidic solution: first generation of hillocks; b) 60 min later; formation of a second generation; ¢) 70
min after the first image; start of peeling off the uppermost surface layer; d) 85 min; and €) 140 min after the first image;
peeling off the upper layer progresses; f) 150 min after the first image; new surface only with hillocks of second and third
generation. Scan field 2 X2 um?
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aries of hillocksis 1.8 = 0.3 nm/s. In Figure 2b, the formation
of asecond generation of hillocks can be observed. The second
generation of hillocks preferentially occurs in the centers of the
hillocks of the first generation. They have the same height,
orientation, and lateral spreading rate as the first generation.
Later, the formation of a new, third generation of hillocks can
be observed. The sequence of the formation of hillock gener-
ations is limited by a significant additional process. After the
formation of the 2™ to 4™ generation, the upper layer peels off
the surface by the continuously scanning tip (Fig. 2c-e); the
process is often accompanied by an accumulation of the peeled
material at the margins of the scan fields. This shows that the
upper layer becomes unstable after some period of time. The
height of this peeled-off layer is about 0.7 - 0.9 nm in areas
without hillocks and 1.0 - 1.2 nm in areas where the hillocks
have already formed (measured at steps of partially peeled-off
layers).

After the removal of the upper layer (Fig. 2e-f), it can be
seen that the second generation hillocks still remain and spread
on the surface, whereas the hillocks belonging to the first
generation have been removed along with the peeled off layer.
In Figure 2f the formation of the third generation of hillocks
can be observed. The next peeling process will remove the
upper layer along with the hillocks of the second generation
and the hillocks of the third generation will remain on the
surface.

These observations show that formation of hillocks is not a
growth process taking place on the surface. If a formation of a
new phase was taking place on the original surface, one would
expect that the peeling process would remove the youngest
generation of hillocks. Here, the opposite behavior can be
observed: peeling off the surface layer removes the oldest
generation. Therefore, the formation of hillocks occurs not on
the surface, but undernesth or, to be more exact, under the first
one or two silicate layers. After the formation of the first
generation, the formation of the second is initiated underneath
the first generation - the younger the hillock generation, the
deeper it actualy is located. This process is illustrated sche-
matically in Figure 3. Since the peeled, hillock-free layer has a
height of about 0.7 - 0.9 nm (approximately corresponding to
one half of the c-lattice constant of apophyllite), each layer in
the sketch corresponds to one silicate layer (Fig. 3a). A process
taking place underneath the upper silicate layer provokesrising
of the silicate layer and, as aresult, we observe a hillock on the
surface (Fig. 3b). This hillock has a constant height and spreads
laterally. The same process recurs under the second silicate
layer (Fig. 3c). Since the size of the later formed hillock is
smaller, the second generation hillock is apparently above the
first one. Finally, peeling off the upper layer removes the first
generation and only the hillock of the second generation re-
mains (Fig. 3d-€).

The hillocks are softer than the pristine apophyllite surface.
Applying even medium loading forces (such as 2.5 = 0.5 nN)
causes a considerable decrease in the hillock’s height. The
surface of the compressed hillocks is amost on the level of the
unaltered surface, leaving visible only the outline of the square
shaped hillocks (Fig. 4a). However, scanning with high loading
forces usually induces peeling off the upper surface layer.
Decreasing the loading force to 1 = 0.3 nN causes an increase
in the height of the hillocks (Fig. 4b). By further reducing the

Fig. 3. Scheme of the hillock formation on the surface: a) atomic
layers of the mineral; b) formation of thefirst generation hillocks; ¢) the
same process recurs under the second silicate layer; d) peeling process
removes the upper layer; €) only the second generation hillock remains
on a surface.

loading forces to the limit (0.4 = 0.2 nN), the hillocks show
their maximum height (Fig. 4c).

Decreasing the pH-value of the solution from 3t0 25- 1.5
causes further interesting features of the apophyllite-water in-
terface. As in the experiments at pH 3, all hillocks of one
generation have roughly a square shaped outline in the same
orientation, and have a tendency to form an uniform layer.
However at lower pH values (Fig. 5), the hillocks spread more
rapidly (pH 2: 8.7 = 1.3 nm/s). Additionally, as can be seen
from Figure 5c-d, the second generation hillocks are rotated
relative to the hillocks of the first generation by an angle of
about 25 = 3°. Furthermore, the hillocks of the third generation
have again the same orientation as the hillocks of the first
generation (Fig. 5e-f). Thus, the orientation is toggled back and
forth in successive generations.

Exposure of the sample to pH 2 for 5 h without scanning
leads to the formation of an unstable and soft layer with a
thickness of about 15 - 20 nm. Scanning of this surface results
in aremoval of thisthick soft layer and uncovers a hard surface
on which the formation of the hillocks continues.
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Fig. 4. Influence of different loading forces (F_) on the hillocks height: @) F, = 2.5 = 0.5 nN: decrease in the height of
hillocks; b) F, = 1 = 0.3 nN: increasing height of the hillocks; c) F, = 0.4 = 0.2 nN: the hillocks show the maximum

height (3.5 - 4 A). Scan field 2 X2 um?

In situ observation further revedled that the rate of laterd
spreading of the hillocks does not depend on their size. The rate
remains roughly constant from the time when the hillock becomes
visible until its coalescence with adjacent hillocks (Fig. 6).

Apart from the formation of hillocks, rising of the silicate
layer could also be found at cleavage steps on the basal surface
at all pH valuesfrom 3 to 1.5. The spreading rate of this process
is comparable to the hillock spreading (Fig. 7).

3.2. Experimentsat pH 3, T = 40-100 °C, P = 10- 35
bar

The formation of hillocks can also be observed at higher
temperatures (40-100 °C) and higher pressures (10 - 35

bar). In experiments at high temperatures we used solutions
with pH values of 2.9 - 3. As can be seen in Figure 8, the
temperature significantly influences the spreading rate: at pH
3 and 20 °C therateis about 1.5 nm/s, at 100 °C it increases
to about 200 nm/s. In spite of such high rates the hillocks
generally keep their square forms, usually with rounded
corners, although in some cases, especialy at 100 °C, they
may appear almost completely round. At these conditions,
scanning with even minimum loading forces leads to an
almost immediate peeling of the surface. Therefore, the
observation of the development of hillocks is hampered.
From the temperature dependence of the spreading rate an
apparent activation energy for the growth of hillocks can be

Fig. 5. Effect of lower pH values (pH 2, T = 20 °C, P = 1 bar): a) hillocks of the first generation; b - d) formation of
the second generation hillocks and their spreading. The second generation is rotated by an angle of about 25 +3°; €)
formation of the third generation; f) orientation of third generation hillocks is identical to the orientation of the first
generation. Scan field 1.5 X 1.5 um?.
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Fig. 6. Rate of lateral spreading of hillocks versus hillock size at pH
=2andT =20°C,P=1ba.

calculated. Based on the data shown in Figure 8, this acti-
vation energy is 57 = 2 kJ/mol.

The rate of hillock spreading & so depends on the pressurein
the system. The pressure dependence is wesaker than the tem-
perature dependence and has the inverse correlation: increasing
pressure causes the rate of spreading to decrease (Fig. 9). For
solutionswith pH 2.9 at T = 20 °C, the spreading rate is about
3 nm/s at atmospheric pressure and decreases to about 1.5 nm/s
a P = 35 bar.

3.3. Experiments at pH 5.6, T = 110-130 °C, P = 10 bar

The experiments in solutions with a more neutral pH (5.6) at
high temperatures revealed a significant change in reaction
mechanism on the (001) surface of apophyllite: after increasing
temperature to 110-130 °C, dissolution of the (001) surface of
apophyllite occurs by step retreat (Fig. 10). The height of steps
in most cases ranges from a few nanometers to severa tens of
nanometers - usually more than one c-lattice constant. The
steps are very rough. Ex-situ measurements showed that after a
pretreatment at high-temperature, the sample surface was cov-
ered by large sguare etch pits (Fig. 11), making it reasonable to
assume that the retreating steps in the in situ images belong to
terraces emanating from such pits. Based on the etch-pits, the
dissolution rate at these conditions (130 °C, 10 bar) has been
estimated to be 5 X 10~ 7 mol/m?s,

In R [nm/min]

0 T T T 1
2,5 2,75 3 3,25 3,5

1/T [1/K x107)

Fig. 8. Influence of temperature on the rate of hillock spreading at pH
=3, P=35har.

3.4. Rutherford Backscattering (RBS)

To obtain information about the chemical composition of the
near surface region of apophyllite, Rutherford Backscattering
analysis (RBS) has been performed. Two kinds of samples have
been used: (i) apophyllite (001) surface pretreated by immers-
ing the crystal in a pH 2 HCl-solution for 10 h a room
temperature and (ii) freshly cleaved apophyllite (001) surface.
Figure 12a shows the RBS spectrum of the freshly cleaved
surface of apophyllite and a superimposed simulated spectrum
based on the atomic ratios as obtained by electron microprobe
analysis (see Table 1). Figure 12b shows the comparison be-
tween the RBS surface spectrum of the pretreated sample and
the simulated spectrum of the pristine surface of the freshly
cleaved crystal. The content of F~ in apophyllite is too low to
definitely judge any changes in its amount due to the treatment.
However, the comparison of the spectra clearly reveds a de-
pletion of the elements calcium and potassium in the near
surface region of the pretreated crystal. Simulated spectra can
be fitted to this experimentally obtained data by varying the
atomic ratios of the elements as a function of depth. Figure 12c
shows the concentration of Ca + K (in formula units) with

Fig. 7. Swelling of cleavage step edges and formation of square hillocks: a) unaltered surface with cleavage steps after
15mininwater (pH = 5.6, T = 20 °C, P = 1 bar); b) the surface area (slightly shifted) after exposure for 20 minin acidic
solution (pH = 1.5, T = 20 °C, P = 1 bar). Scan field 4.5 X 4.5 um?
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Fig. 9. Rate of lateral spreading of hillocks versus pressure in the
HAFM at T = 20 °C and pH = 2.9.

increasing depth in the near surface region of the pretreated
crystal. Depletion of Ca + K is observed to a depth of 250 =
20 nm. The error is estimated from the uncertainty in deter-
mining the depth at which the concentration reaches a constant
value in Figure 12c, other experimental errors are smaller and
here negligible. Below 250 nm the concentration of Ca + K is
about 8 atomic %, which is in accordance with our electron
microprobe analysis of untreated apophyllite (Ca + K = 6.71%
+ 1.64% = 8.35%). With decreasing depth this value decreases
to 1.53% at the surface. While Ca + K concentrations are
clearly reduced in the near surface region, Si does not show
such a depletion, indicating more or less intact silicate layers.

4. DISCUSSION

To understand the behavior of the apophyllite (001) surface
in acidic solution, we have to consider three basic observations:

Fig. 10. Deflection image of retreating steps on the (001) surface of
apophyllite at 130 °C (pH = 5.6, P = 10 bar; steps are stepping down
from left to right). The morphology of the steps is rough, their height
is about a few nanometers. Scan field 6 X 6 um?.

Fig. 11. Ex-situ AFM image of etch pits developed on the (001)
surface of apophyllite after 3hat 130 °C (pH = 5.6, P = 10 bar). Scan
field 100 X 100 um?

(i) RBSindicatesachangein chemical composition in the near
surface region. The results show a decrease in the (Ca?* +
K™) concentration. Release of these cations requires charge
compensation, which may only be partially achieved by
removal of F~.

(if) The observed spreading rate of the hillocks increases with
decreasing pH. Therefore, the surface reaction leading to

the formation and spreading of the hillocks is clearly
proton promoted, making it reasonable to expect protons
compensating for the loss of interlayer cations, and, more-
over, making it likely that protonation drives the removal
of interlayer cations into the solution.

(iii) The formation of hillocks, or “localized swelling,” along
with the fact that the surface of the hillocks becomes

unstable and is easily removable by the AFM tip, suggests
that there is a profound change in the nature of interlayer
coupling. This change may possibly be related to an at-
tachment of protons to the terminal oxygens of the silicate
sheets.

Directly at the surface of the pretreated sample, RBS indi-
cates a concentration of Ca?" + K™ of 1.53 atomic %. This
value is very close to the content of K™ in the pristine apophy-
Ilite. Due to the close atomic weights of Ca and K, it is not
possible to distinguish between these two elements by RBS.
The result therefore may suggest the possibility that only Ca?™*
isactually released while K™ remains attached. However, there
is no obvious reason for such a preferential release of Ca®*
over that of K™ ions.

Experiments investigating the long term reaction of the sur-
face region of apophyllite with agueous solutions were con-
ducted by Cave (2002). As it was shown by this author,
SEM-EDX analyses of apophyllite immersed in pH 2 solution
for 4 weeks reveal only Si and O and no detectable K, Ca, or
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Fig. 12. RBS-spectra of the near surface region on the (001) surface of apophyllite: @) RBS spectrum of a freshly cleaved
surface superimposed by a ssimulated spectrum based on the electron microprobe analysis (see Table 1). b) RBS surface
spectrum of a sampleimmersed in pH 2 at room temperature for 10 h superimposed by a simulated spectrum of the reacted
surface. Additionally for comparison, a simulated spectrum of a freshly cleaved surface is inserted. c) Change of Ca + K
concentration with increasing depth. The depth of the altered layer is about 250 = 20 nm.

F in the outer layers of the mineral residue. Other studies of the
system apophyllite - acidic solutions (batch dissolution and
X-ray experiments) further revealed that the reaction leads to
the formation of a crystalline silica hydrate residue by selec-
tively releasing the Ca, F, OH and K ions from the interlayer
space (Frondel, 1979; Sogo et al., 1998).

Thus both the long term and the present short term investi-
gations show that Ca®*-ions are released from the surface
region. Since in the apophyllite structure the silicate layers are
linked together by Ca?*-ions (other ions play an inferior rolein
interlayer linkage), release of Ca?*-ions and the formation of
silanol groups by H,O™ entering the interlayer space is likely
to cause a reduction of bonding forces between the silicate
layers. Removal/replacement of Ca®*-ions, therefore, is likely
to cause an increase in the distance between the layers, which
may explain the hillock formation. It is further likely that
additional H,O molecules enter the interlayer space as the
swelling occurs, but there is no direct evidence for hydration.
The swelling can be easily suppressed by applying loading
forcesin excess of ~ 3 NN on the AFM tip. This gives an idea
of the magnitude of the forces between the digoined layers.

The active role of H;0O™ is emphasized by the observation
that in the range of pH values studied (3 - 1.5), the rate of
hillock spreading rises by an order of 0.6 from approximately
1.7 nm/min at pH 3 to 20 nm/min at pH 1.5 at room temper-
ature (Fig. 13). Furthermore, an increasing proton concentra-
tion continuously changes the orientation of the straight reac-
tion front in subsequent layers. While the aternating back and
forth rotation of the hillocks can be explained by the glide

planes in apophyllite structure, we speculate kinetic reasons
being responsible for the rotation itself. At the straight reaction
front, the rate of exchange reaction might be different in op-
posing directions along the front. At decreasing pH this anisot-
ropy may increase causing an increased rotation. A similar
effect was proposed to be responsible for the step rotation at
magnesite etch pits (Jordan et a., 2001). Also on apophyllite,
rotation of etch pits has been observed (Joshi and Ittyachen,
1967). These authors have etched the basal cleavages of ap-
ophyllite crystals at different concentrations of ammonium
bifluoride solutions and observed etch pits rotating up to 45°.
The rotation has been attributed to differences in etch resistiv-

1,6 7
€ 1,2 J
. E

- E oos |

| m !

‘ 5’ 0,4 w
{ 0 T 1
‘ 1 1,5 2 2,5 3 3,5
pH

Fig. 13. Influence of solution pH to the rate of hillock spreading. The
slope of the linear regression is 0.6.
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ity. Pande and Vadrabade (1990) investigated HF-etching of
the basal surface of apophyllite using different concentrations
of ammonium fluoride as an inhibitor. These authors attributed
the observed change in orientation of the pits to different
adsorption sites of aqueous complexes on apophyllite.

Starting from a nucleus-like point, the hillocks spreed laterally
a straight boundaries until a layer is formed by coinciding hill-
ocks. The same process further affects successive layers. Our
observations reved that the thickness of the altered layer can reach
severd tens to hundreds of nanometers within a few hours in
acidic solution a room temperature. Assuming comparable long
term behavior after 4 weeks, the thickness of thislayer at pH 2 can
reach about 1000 nm (Cave, 2002). Since the hillocks are often
nucleating at the same lateral position in successive layers, it can
be assumed that the point of nucleation is related to anomalies in
the crystal structure like linear defects.

As we mentioned above, the depth of the altered layer, as
determined by RBS is about 250 nm after 10 h at pH 2, while
according to the AFM in situ observations at similar conditions,
the depth of this layer should be about 40 - 50 nm. This
discrepancy can be explained by the presence of steps on the
cleaved surface. Due to additional ion replacement at cleavage
steps, a rough stepped surface reacts as a whole much faster
than the flat surface. The AFM measurements require atomi-
caly flat surface and cover the area not more than 40 X 40
wm?, whereas the RBS beam in our experiments covered the
area of 0.5 X 0.5 mm2,

At high temperature and low pH, the silicate layers become
very unstable, causing the silicate layers to peel off rapidly.
This process impedes acquisition of quantitative kinetic data at
these conditions by AFM. For comparison, Cave (2002) re-
veal ed that the average rate of fluorapophyllite dissolution at 25
°C and pH = 2is 3.5 X 10~ ° mol/m?s, and it decreases to 3
X 107 mol/ms at pH = 4.

According to Sogo et d. (1998), the risen dlicate sheet has the
same fundamental structure as the sheet of apophyllite. After
prolonged exposure of the sheet to H,O™, it becomes softened and
unstable, presumably due to hydrolysis of the Si-O-Si bridging
bonds. Similarly, increasing temperature at close to neutral pH
(pH 5.6), causes a weakening of the Si-O-Si bridging bonds, and
removal of silicate units from the layers starts. The removad takes
place at rough steps causing them to retrest. This observationisin
agreement with Cave (2002) who reports that the dissolution
stoichiometry approaches congruency in the neutral pH range. We
determined the dissolutionrateat pH = 5.6, T = 130°C,and P =
10 bar to be about 5 X 10~ 7 mol/m?s.

Acidic attack on micas and clays begins at the edges of the
crystals and worksinward. The contribution of the crystal basal
planes to the dissolution process is usualy considered to be
relatively small and becomes apparent mainly in the last stages
of dissolution (Zysset and Schindler, 1996; Rufe and Hochella,
1999; Bosbach et a., 2000). Another situation is possible when
the basal surface plays a significant role in the dissolution
process. For example, Huertas et al. (1999) stressed the impor-
tant contribution of the kaolinite basal plane to the overall
dissolution. According to our observations, in the ateration
process in apophyllite a low pH both edges and the basal
surface participate. The protons penetrate through surface de-
fects into the interlayer space and initiate the ion-replacement
process, that causes a K and Ca depleted residue and, eventu-

aly, the Si-O-Si bonds of the residue weaken and break. This
mechanism in apophyllite is different from the ion-exchange in
zeolites or the interlayer of 2:1 sheet silicates, in which the
silicate sheets (or the framework in zeolites) are not protonated.
For the hillock formation of apophylliteit isvery likely that the
terminal oxygen atoms of the silicate sheet are protonated to
form Si-O-H groups, and thus the reaction bears aclose relation
to the acid hydrolysis of the octahedral layer in 2:1 sheet
silicates (e.g., Kaviratna and Pinnavaia, 1994).

Thus, we can mark out a significant role of defect type and
density in both the mechanism and the rate of apophyllite
dissolution. Also the proton concentration in solution and tem-
perature have a significant influence on the rate of dissolution
of apophyllite. This applies to both processes: cation replace-
ment and residue dissolution. In this respect apophyllite differs
from some other sheet silicates. For example, in the case of
biotite it was found that potassium release is very fast, at least
in the beginning of the experiment, and it has a more or less
constant rate which shows no trend as a function of pH (Mam-
strom and Banwart, 1997). Newman (1970) has found some
relationship between pH and K-release in biotite and phlogo-
pite, however this dependence was not as strong as in case of
apophyllite. This difference reflects the different interlayer
linkage pattern in apophyllite as compared to micas and clays.

5. CONCLUSION

In the present work we studied the gpophyllite (001) surface in
Situ in agueous solutions with different pH (1.5 - 5.6) and a
different temperatures. At low pH conditions, dissolution of ap-
ophyllite shows similarities to the dissolution of other sheet sili-
cates (such as clays and micas). In a first stage of the acidic
dissolution of clays and micas, interlayer cations are removed
more rapidly than the slicate layers. This preferentia release of
interlayer cations has been atributed to a rapid ion-exchange
reaction with protons (e.g., Newman, 1970; Mamstrom and Ban-
wart, 1997). Some authors aso reported an expansion effect in
normally nonswelling minerals such as biotite and phlogopite by
HCI solutions. This expansion was attributed to the occurrence of
hydroxy interlayers (Kainowski and Schweda, 1996).

Our observations point towards a different interpretation of
the swelling in apophyllite. We suggest that due to the inter-
action of apophyllite with acidic solution, an ion replacement
reaction between interlayer bridging ions and H,O™ - ions takes
place. However, it is unlikely, that the mono-valent hydronium
ions can provide the charge density that is provided by Ca?*-
ions which are grouped closely together in the apophyllite
interlayer. In view of the conclusion of Lagaly and Matouschek
(1980) and Sogo et al. (1998) we conclude that the reaction
involves a protonation of terminal oxygens of the silicate sheet
to silanol groupsin theinterlayer. Thisleads to the reduction of
attractive forces between the silicate layers and, therefore, to a
larger distance between the silicate sheets than in pristine
apophyllite thus stressing the fundamental difference between
the structure of the hydrous interlayer in swollen clay minerals
and in the hillock structure of apophyllite.

In spite of some structural similarities to zeolite minerals, ap-
ophyllitein general behaves as atypica phyllosilicate. In zeolites,
the processes of adsorption and ion exchange do not lead to a
desintegration of the framework. In apophyllite, the ion replace-
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ment involves interlayer ions, which link silicate sheets together
and which, therefore, are fundamental for sustaining the structural
topology. Replacement of these topologically relevant ions even-
tually causes a disintegrative tendency of the structure. At present,
a study of the reversibility of hillock formation in apophyllite is
being conducted giving further insights into the interlayer mech-
anisms of reactions with aqueous solution. Also, a particular
interest in this field is to study the possible incorporation of
different types of ionsinto the apophyllite structure. Because of its
remarkable structure, gpophyllite seems to be a very promising
minera for such applications.
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