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Abstract—The kinetics of cation exchange in phlogopite have been studied in situ by hydrothermal atomic
force microscopy (HAFM). The exchange of interlayer K by octylammonium ions caused an increase in the
interlayer distance and the formation of reaction fronts which can be locally resolved by AFM. The
observed reaction fronts revealed substantial variations in their propagation rates � even within single
interlayers. This observed variability in interlayer reactivity could mainly be attributed to chemical and
structural inhomogeneities of the samples. A quantitative evaluation of the front propagation at
representative sites yielded a diffusion coefficient of the K+ exchange by octylammonium of
1.2A0.6610�11 cm2/s assuming negligible transport normal to the layers. The reverse reaction, i.e. the
exchange of organic ions by K+, resulted in a retreat of the reaction fronts and a general restoration of the
original morphological state. However, indications of structural alterations and areas with trapped
octylammonium ions were found.
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INTRODUCTION

Ion exchange in phyllosilicates is one of the most

extensively studied topics in clay mineralogy. This

interest stems from the importance of ion exchange in

fundamental geochemistry, chemical engineering, water-

treatment technology, and in technical applications. Ion-

exchange reactions are also used to characterize or

identify specific minerals among the 2:1 phyllosilicates

(e.g. Lagaly, 1981). One characterization technique is

based on the exchange reaction between the interlayer

cations and n-alkylammonium ions from the solution

(e.g. Lagaly and Weiss, 1969; Laird et al., 1987; Mermut

and Lagaly, 2001). This alkylammonium exchange

method can be used to measure the layer charge because

the arrangement and tilt angle of alkylammonium ions

within the interlayer depend primarily on the layer-

charge density. In micas this angle is close to 90º, i.e. the

alkylammonium chains are oriented almost perpendicu-

lar to the phyllosilicate layers (Weiss, 1963; Ghabru et

al., 1989; Marcks et al., 1989). The kinetics of the

K+-alkylammonium exchange reaction and the resulting

changes in interlayer distances depend on experimental

parameters and on the chemical composition of the

samples. Many studies report on difficulties in reprodu-

cing the reactivity of sheet silicates with organic

substances. For example, Vali et al. (1992) studied the

K+-alkylammonium exchange in phlogopite and vermi-

culite by using high-resolution transmission electron

microscopy (HRTEM). These authors showed that some

of the layers did not react with alkylammonium and that

the samples occasionally exhibit alternating layers of

alkylammonium and K+. The authors concluded that this

behavior is due to chemical variations of the sample.

Ferrow et al. (1999) studied the reaction products of

biotite with dodecylammonium by HRTEM. They

showed that the replacement of the interlayer K+ by

organic ions is quasi-periodic and does not affect all

available interlayers simultaneously. The authors further

proposed a double-layer arrangement of the dodecyl-

ammonium ions oriented normal to the silicate layers.

Structural and chemical peculiarities of the samples also

affect the ion exchange in mica-inorganic systems.

Kodama and Ross (1973) studied the rate of K+

exchange by Ca2+ in phlogopites with a constant layer

charge but different tetrahedral and octahedral ionic

substitution. They concluded that mica layers are more

expandable when their charge is located in the octahe-

dral sheet. Barshad and Kishk (1968) showed that

oxidation of octahedral Fe in vermiculites and biotites

increases the K+-fixation capacity of vermiculite and

increases the difficulty in replacing interlayer K+ by

inorganic cations in biotites.

In spite of a great number of X-ray diffraction (XRD)

and HRTEM studies concerning the ion exchange in

phyllosilicates, just a few studies have explored the

kinetics of the process. Mackintosh et al. (1971)

investigated the exchange of K+ by dodecylammonium

in micas. Based on measurements of the amount of K+

released into the solution, the authors concluded that the

reaction is controlled by diffusion until ~50% of K+ is

substituted by alkylammonium ions. Newman (1970)

investigated the synergetic effect of protons on the

exchange of K+ by Na+ in different micas and concluded
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that the results obtained cannot be explained by a simple

diffusion process. Rausell-Colom et al. (1964) measured

the movement of ion-exchange fronts in micas by optical

microscopy. The fronts emanated from the crystal edges

and consisted of 2�56106 layers. The measurements

revealed a linear dependence between the distance

passed by the fronts and the square root of time.

Rausell-Colom et al. (1964) concluded that the rate of

K+ substitution by Sr2+ and other inorganic cations is

controlled by diffusion.

Atomic force microscopy provides an in situ access to

solid-liquid interfaces with high resolution and therefore

can help to unravel the kinetics of the ion-exchange

reactions of phyllosilicates. Furthermore, by using

HAFM, information about the alteration kinetics of

phyllosilicates at elevated temperatures can be obtained

(e.g. Aldushin et al., 2006). In the present study, HAFM

was used to inves t iga te the kinet ics of the

K+-octylammonium exchange reaction in different phlo-

gopite crystals.

EXPERIMENTAL

Natural phlogopite crystals from three different loca-

tions (No. 1: Särkilampi, Finland; No. 2. Tranomaro,

Madagascar; and No. 3: Andranodambo, Madagascar)

were used for electron microprobe analysis (EMPA): see

Table 1. For AFM experiments, the crystals were cleaved

immediately before affixing them within the fluid cell

underneath a titanium wire which runs across the sample

mount. The samples were 0.1�0.4 mm thick with a (001)

surface area of ~15�25 mm2. After the fluid cell (volume

&0.5 mL) had been filled with solution, the cell was

closed. For hydrothermal experiments the cell was

subsequently pressurized, and heated to the temperature

of interest (480ºC). The experiments ran for up to 60 h at

room temperature and up to 15 h at elevated temperatures.

Solution flow rates through the fluid cell were set from

0 to 10 mL/s. All in situ measurements were carried out

using a contact-mode hydrothermal atomic force micro-

scope which was constructed in our laboratories (Higgins

et al., 1998; Jordan et al., 2001). All AFM images are

presented in deflection mode (appear as illuminated from

the left). Uncoated Si cantilevers with integrated tips

(spring constant: 0.1�0.3 N/m) were used. Loading forces

were kept below 10 nN unless stated otherwise. The

surfaces were routinely checked for potential scan-

induced effects by scan-size variations.

In this study, 0.5 M octylammonium chloride

(CH3(CH2)7NH3
+Cl�) and 0.5 M potassium chloride

solutions were used. According to Ruehlicke and

Kohler (1981), the 0.5 M concentration of octylammo-

nium ions is optimal for the exchange reaction. The

octylammonium chloride solution was prepared accord-

ing to the procedure described by Lagaly (1991); the pH

value of the solution was adjusted to 7 at room

temperature by adding HCl. Reagent-grade chemicals

and high-purity deionized water (resistivity: 18 MO cm)

were used. Control experiments (without added octy-

lammonium ions) were performed using deionized water

exclusively.

RESULTS

K+ ? octylammonium

Figure 1a shows three cleavage steps (heights: 3, 1

and 11 nm � from left to right) on an unreacted basal

surface of phlogopite No. 1 at room temperature.

Figure 1b shows the formation of swelling fronts at

these cleavage steps. The fronts can be attributed to an

ion-exchange reaction between the interlayer K+ and

octylammonium ions. The reaction fronts emerged at all

three steps almost simultaneously, but propagation of the

swelling fronts was not always uniform (fast propagating

front parts are marked with white arrows). At all three

steps, the layers expanded by ~18 Å. At the right

cleavage step a second front (Figure 1c, white arrow 2)

began to propagate (nucleation of the front is marked

with a black arrow in Figure 1b). This second front

intersected with the first front (white arrow 1) but did

not interact. Therefore it is suggested that the two fronts

represented ion-exchange reactions in different inter-

Table 1. EMPA of the phlogopite samples (compound, wt.%).

Phlogopite 1 Phlogopite 2 Phlogopite 3
mean std. dev. mean std. dev. mean std. dev.

SiO2 40.879 1.388 38.520 0.173 40.842 0.138
Al2O3 10.298 0.366 16.109 0.074 13.756 0.083
K2O 9.615 1.509 10.304 0.055 10.665 0.147
MgO 23.005 0.520 22.839 0.156 24.957 0.077
FeO 8.622 2.058 4.487 0.057 2.696 0.013
TiO2 0.342 0.058 1.089 0.408 0.565 0.032
Na2O 0.042 0.018 0.304 0.021 0.190 0.016
F 0.927 0.042 1.667 0.034 6.683 0.028

Total 93.73 95.01 100.354

std. dev. � standard deviation
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layers emerging from the same cleavage step. A black

solid arrow in Figure 1c indicates a reaction front which

emerged from the central cleavage step and propagated

undisturbed underneath the layers marked by the right

step. It can be seen that the part of the front covered by

these additional layers appears more round and less

distinct in the AFM images than the parts which were

covered by fewer layers (Figure 1c, dashed black arrow).

Thus the vertical position of the reacting interlayer can

be roughly estimated by the morphological appearance

of the fronts in the AFM images. For example, the

reacting interlayer 2 (Figure 1c) is lower than the

reacting interlayer 1.

Figures 1d�e show a third reaction front emanating

from the right cleavage step (Figure 1d, white arrow 3).

This third front caught up and merged with the first front

(which emanated from the same cleavage step); where

merged (Figure 1e, black arrow) bulges were formed

(height &25 nm). From the morphological appearance

of the front it followed that the first and the third

reactions took place closer to the surface than the

second. Therefore, it might be tempting to assume that

the ion-exchange rate within interlayers close to the

surface is greater than within lower interlayers.

However, the distance to the surface is not an exclusive

parameter controlling the front propagation rate. Fronts

were observed in different layers which had approxi-

mately the same propagation rate.

Figure 1f shows the propagation of a fourth swelling

front generated by the right cleavage step (white

arrow 4). In the upper part of Figure 1f, this front

propagated uniformly, but split into two fronts in the

lower part (black arrow). The total vertical interlayer

expansion at this front was ~100 Å. Additionally, in

Figure 1f, three parallel bulges can be seen extending

from the cleavage step to the front boundary.

Figure 2 reveals further insights into the ion-

exchange reactions at room temperature. Figure 2a

shows the initial stage of swelling at a step on phlogopite

No. 2. Swelling did not affect the entire step at once, but

initiated at a certain position of the step and propagated

along the step. The reaction front consisted of two parts,

a lower front (height &10 Å; black arrow) and a higher

front (height &30 Å; white arrow). The propagation of

the higher front along the step ceased temporarily

(Figure 2b). Eventually, the lower front also stopped to

propagate along the step (black arrow in Figure 2c),

while the reaction still proceeded inward into the

Figure 1. Ion-exchange reaction K+ ? octylammonium at 20ºC: (a) pristine phlogopite surface with cleavage steps; (b) 41 min after

the start of octylammonium solution flow (i.e. 41 min after the first image); the exchange reaction between K+ and organic ions

causes the formation of swelling fronts (height &18 Å); (c�f) 94, 158, 262 and 568 min after the first image: the arrows with labels

indicate the different locations of the reaction fronts within the respective interlayers; front ‘4’ is ~100 Å in height. Phlogopite No. 1,

scan size 8.8 mm 6 8.8 mm.
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interlayer. It is worth mentioning that the step in the

lower part of the image underwent no alteration for as

much as 52 h (Figure 2d). The lower front propagated

continuously creating a sharp boundary towards the

lower part of the image (Figure 2d, white arrow) until

the front movement eventually ceased in Figure 2f

(white arrow). Figure 2d (black arrow) shows that the

higher front split into a higher (~20 Å, Figure 2e,f, solid

black arrow) and a lower (~10 Å, Figure 2f, dashed

black arrow) sub-front.

The AFM experiments further revealed that the ion-

exchange reaction can be induced by scanning the

surface with high loading forces. Figure 3a shows the

phlogopite surface after 28 h in solution. The application

of high loading forces (~30 nN, black arrows in

Figure 3b) triggered new reaction fronts at positions

which were unreactive throughout the entire period of

scanning with loading forces of ~10 nN.

Octylammonium ? K+ (the reverse ion-exchange

reaction)

The in situ exchange of the octylammonium solution

for the KCl solution triggered a reverse reaction, i.e. the

front between expanded and pristine areas retreated and

the original morphological state was restored. The

reverse reaction is shown in Figure 4 which continues

Figure 1. The interlayers shrunk in the reverse sequence

as they expanded: the later an interlayer expanded, the

earlier it shrunk. The shrinking can be explained by a

reverse ion-exchange reaction: octylammonium ions left

the interlayer, K+ ions entered.

In Figure 4b, the formation of a small trench (white

arrow) within the expanded layer can be seen. While the

left front of the trench further retreated, the right front

remained stationary. Thus, the progressing reaction

generated a completely isolated swollen area containing

octylammonium ions (Figure 4c�e). The isolated area

remained unchanged for the rest of the experiment (20 h)

and only by scanning with high loading forces

(~15�20 nN) could minor shape changes be induced.

In Figure 4e (white arrow), an island can be seen which

remained temporarily connected to the expanded inter-

layer. Until a complete cut off, the lateral size of the area

continued to decrease while the height increased,

resulting in the formation of a hillock. A comparison

of Figures 1a and 4f shows that apart from the two

hillocks the surface is restored to its original morpho-

logical state by the reverse ion-exchange reaction.

Figure 2. Variation in interlayer reactivity: (a�b) 30 and 65 min after the start of octylammonium solution flow: one front (black

arrow, height ~10 Å) propagates along the step, a second front (white arrow, height &30 Å) ceased propagation along the step and

proceeded exclusively inwards into the interlayer; (c�d) 85 and 1404 min after the first image; the first front also ceased propagation

along the step and started to propagate inwards; (e�f) 1509 and 2960 min after the first image, the second front split into two sub-

fronts. Phlogopite No. 2, room temperature, scan size 12.5 mm 6 12.5 mm.
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Figure 5a shows further structures generated by the

reverse ion exchange. In addition to engulfed islands,

bulge-shaped surface elevations were observed; the

height of the bulges reached up to 50 nm which

demonstrates the high elasticity of the silicate layers.

The arrow in Figure 5a marks a bulge probably damaged

by the scanning tip. Some 54 min later (Figure 5b,

slightly scaled up), a complete reorganization of the

bulges was observed. One bulge split into smaller

separate units, which remained in contact with the

islands. The damaged bulge was removed and the

engulfed octylammonium islands changed their shape.

Figure 3. Influence of high loading forces on the ion-exchange reaction: (a) 28 h in octylammonium solution; (b) 35 min later,

scanning with high loading forces (~30 nN) triggered further ion-exchange reactions at the same step. Phlogopite No. 2, room

temperature, scan size 16.4 mm 6 16.4 mm.

Figure 4. Reverse exchange reaction octylammonium ? K+ (continuation of Figure 1): (a) 97 min after switching to KCl solution

flow; the solution exchange causes shrinking of the expanded areas by the retreat of existing fronts exclusively; (b) 30 min later; a

trench (white arrow) has been formed within the expanded layer; (c�e) 69, 71 and 85 min after the first image: the formation of an

engulfed area can be seen; (f) 203 min after the first image: the originally morphological state was largely restored (c.f. Figure 1a).

Phlogopite No. 1, room temperature, scan size 8.8 mm68.8 mm.
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K+ ? octylammonium (2nd forward reaction)

After the original morphological state of the surface

had largely been restored, the KCl solution was re-

exchanged for octylammonium. The second octylammo-

nium treatment resulted in a rate of advance of the

reaction fronts 10 to 15 times greater within areas which

had been subjected to a previous octylammonium

treatment. When the fronts entered pristine surface

areas, the rate of advance decreased to a value

corresponding to the initial octylammonium treatment.

Additionally, the second octylammonium treatment

caused the bulges generated by the reverse reaction

(see Figure 5) to decrease in height � some bulges were

even removed completely.

Kinetics of the ion-exchange reactions

As shown above, the movement of the ion-exchange

reaction front in phlogopite interlayers was generally not

uniform, some fronts even temporarily stopped propagat-

ing. Nevertheless, data of the front position as a function

of time could be taken at selected fronts which were

propagating continuously. Figure 6a depicts the positions

of four different reaction fronts progressing from cleavage

steps as a function of time. The data were taken in

different experiments at 20ºC (RT 1-3) and at 80ºC. The

runs RT 1-3 cover the reaction K+ ? octylammonium as

well as the reverse reaction octylammonium ? K+. The

reverse reaction was started after 290 min in RT 1

(~17 minS), 200 min in RT 2 (~14 minS), and 630 min

(~25 minS) in RT 3. Figure 6b shows the rates of the front

movement in RT 3. As can be seen, the rate of the forward

reaction was much slower than the reverse reaction. At the

initial stage the forward rate is ~0.4 nm/s, then drops to

0.1 nm/s, and decreases to ~0.03 nm/s. At ~25 minS the

reverse reaction started and the retreat rate rapidly

reached ~0.4 nm/s.

From the data in Figure 6 the reaction mechanism can

be inferred. In the case of RT 2 and RT 3, the distance

traversed by the K+ ? octylammonium front is a linear

function of the square root of time that points towards a

diffusional mechanism of the reaction. Based on various

fronts in several experiments, the diffusion coefficient at

room tempera ture has been es t imated to be

1.2A0.6610�11 cm2/s. The large error range of the

diffusion coefficient emphasizes that many fronts show a

less perfect relationship between velocity and square

root of time than RT 2 and RT 3 (cf. RT 1 and 80ºC) and

that the velocities of fronts generated at a given step

exhibited some variability. In particular, ~40% of fronts

showed a clear diffusional type of movement, another

~40% of fronts showed a more or less constant move-

ment, and ~20% of fronts revealed erratic velocities over

the entire experiment.

High-F phlogopite No. 3

In situ AFM experiments on phlogopite crystals with

a f l uo r ine concen t r a t i on o f ~6 .7 w t .% (see

Experimental) showed that the crystals did not react

with octylammonium within the timeframe of the

experiments; even after 20 h in octylammonium solu-

tion, no reaction could be detected on the mineral

surfaces. Also, heating the system to 60ºC did not cause

any visible alteration.

DISCUSSION

Two important characteristics of the ion-exchange

process can be explored in single-layer resolution by the

experiments: the value of interlayer swelling and the

reaction rate. For an adequate interpretation of the

results, the arrangement of the organic ions within the

interlayer needs to be considered first. Due to the high

layer-charge of phlogopite, alkylammonium ions can

form ionic bonds with the silicate layers. For a most

effective bonding, the ionic end of the octylammonium

ion should be located in the ‘hexagonal hole’ of the

oxygen surface of the layers (Walker, 1967). However,

hydration states of the organic ion may influence the

Figure 5. Swelling structures generated by the reverse ion exchange: (a) isolated areas with octylammonium ions and bulges (height

up to 50 nm) demonstrate the high elasticity of the silicate layers; scan size 6.5 mm66.5 mm; (b) 54 min later: a complete

reorganization of the bulges can be observed. Phlogopite No. 1, room temperature, scan size 5 mm 6 5 mm.
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described arrangement. Walker (1967) reported XRD

examinations of the basal spacings of dried and undried

alkylammonium-vermiculite suspensions. Upon drying,

the author revealed a decrease in the basal spacing of

~5.5 Å for hexylammonium ions (10�13 Å for decyl-

ammonium) and suggested that this decrease was caused

by a considerable number of water molecules within the

interlayers of undried samples. According to our data,

the height of reaction fronts was ~18 Å (in rare cases,

~10 Å) at steps consisting of a single phlogopite layer

and reached up to ~100 Å at multilayer steps. 10 Å

might correspond to a single layer of non-hydrated

octylammonium ions oriented almost perpendicular to

the silicate layer. The maximum length (trans-trans-

modification) of an octylammonium molecule is

~12.5 Å. The most common 18 Å front height can be

explained in two ways: (1) a single layer of hydrated

octylammonium ions; (2) a double layer of non-hydrated

octylammonium ions. In view of the data presented by

other authors (e.g. Weiss, 1963; Walker, 1967) the

single-layer arrangement of hydrated ions seems to be

more reasonable, although the existence of 10 Å steps

indicates that non-hydrated ions can also occur in single

layer arrangements.

Phlogopite layers exhibit different abilities to react

with octylammonium. In the case of high-fluorine

phlogopite No. 3, no reaction was detected. Low

reactivity of high-fluorine micas was also reported by

Mackintosh et al. (1971). These authors have studied

factors influencing the dodecylammonium-exchange

reaction in micas with various chemical compositions.

High fluorine content has been detected to impede the

exchange reaction. The effect has been attributed to the

interaction of interlayer K+ with F� and OH� in the

octahedral sheet (Bassett, 1960; Rausell-Colom et al.,

1964). Potassium ions are supposed to be more strongly

bound to the silicate layers, if the octahedral sheet

contains F�, whereas the interaction between K+ and the

protons of structural OH� groups weakens the bonds.

The experiments with low-F phlogopite No. 1 and 2

showed a considerable variability of the layer reactivity.

Even within a single phlogopite sample, the rate of the

exchange reaction varies from layer to layer. In total,

only 40% of measurements revealed a clear rate vs.

square root of time relation that points to a diffusion-

controlled mechanism of the ion-exchange reaction. The

other 60% of measurements gave constant or erratic rate

vs. time relations. The structural and chemical inhomo-

Figure 6. Ion-exchange reaction rates: (a) the positions of four different reaction fronts (three at room temperature, RT 1�RT 3, one

at 80ºC) progressing from layer edges are plotted as a function of the square root of time; the data sets RT 1�RT 3 present the data for

both K+ ? octylammonium and octylammonium ? K+ reactions; (b) front movement rates of RT3; the rates in the negative range

correspond to the reverse reaction.
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geneity of natural mica crystals can clearly be regarded

as one reason for the observed variability in the reaction

kinetics of the interlayers. This inhomogeneity may

arise, for example, from a local presence of F� or Fe as

well as variations in the Fe oxidation state, just to name

a few possibilities. Also, external disturbances such as

increased loading forces (Figure 3) clearly reveal the

pronounced sensitivity of the layer reactivity on even

small irregularities.

The ion-exchange reaction has been observed to

emerge exclusively from layer edges. No reaction

emanating from a position within the layer area (e.g.

nucleating at point defects) has been detected. The AFM

observations further show that the ion-exchange reaction

was usually triggered only at certain positions along a

layer edge. These positions are located at straight steps

rather than at rough or kinked steps. Thus, it can be

inferred that the initial stage of the ion-exchange

reaction is controlled by chemical characteristics rather

than by morphological peculiarities.

Reversing the exchange (i.e. octylammonium ? K+)

revealed further important details of the alkylammo-

nium�phlogopite reaction. Since octylammonium can be

trapped within the interlayers, it follows that octyl-

ammonium ions can only be transported within inter-

layers with increased spacing and can enter and leave

this interlayer space only at layer edges but not at the

reaction fronts where the silicate layer is considerably

strained. Consequently, in contrast to the forward

reaction, the reverse reaction cannot emanate from

steps because it is self-blocking.

Rausell-Colom et al. (1964) reported a diffusion

coefficient of ~10�10 cm2/s for the exchange of K+ by

Sr2+ in biotite at room temperature in 1 N SrCl solution.

As expected from the different size and nature of the

ions and molecules used (Sr2+: 2.4 Å; octylammonium:

12.5 Å), the diffusion coefficient obtained in our

experiments is lower. It further needs to be taken into

account that in the present study the observation of the

front movement was limited to the few uppermost layers

and to the initial 10 to 15 mm, whereas other authors

(Rausell-Colom et al., 1964; Walker, 1959) report

movements of fronts within the range 0.05�1 mm.

Apart from some areas with trapped octylammonium

and some bulges, the surface returned to its original

morphological state by the reverse exchange reaction,

i.e. the silicate layers were linked together by unhy-

drated K+ ions. However, the high initial rates of the

second octylammonium treatment indicate that in spite

of the morphological identity the crystallographic

structure had not been restored perfectly. Thus, it can

be inferred that the structure of the interlayer undergoes

irreversible changes by the reaction K+ ? octyl-

ammonium ? K+.

As shown by Rausell-Colom et al. (1964), the ion-

exchange reaction causes corrugation of silicate layers

which can even be detected by optical microscopy. The

formation of protuberances and small bulges observed

during the first K+ ? octylammonium exchange in the

present study (Figure 1e�f) might be considered as an

initial stage of the layer folding which has been reported

to accompany the alteration (Rausell-Colom et al.,

1964).

CONCLUSIONS

The application of AFM provides information about

the kinetics of ion-exchange reactions in situ and with a

resolution of single layers. The results show that the

exchange of K+ by octylammonium is emanating from

layer edges. The exchange is reversible: from the

restored interlayer spacing it follows that K+ can be

reintegrated into the interlayers. However, as indicated

by the second forward reaction, irreversible structural

changes remain. Also, the reverse reaction (i.e. K+

restoration) usually remains incomplete to some degree;

organic ions get trapped within the interlayer. From

these results it can be concluded that octylammonium

ions exclusively enter and leave the phlogopite inter-

layers at the layer edges.

The rate of the ion-exchange reaction is far from

being uniform. The exchange rates differ substantially

between different interlayers within a single crystal and

even differ significantly within a single interlayer. Thus

it can be concluded that the main factors controlling the

exchange reaction rate are inhomogeneities in the

chemical and structural integrity of the crystal.
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