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THE FORMATION OF ILLITIC CLAYS FROM KAOLINITE IN 
KOH SOLUTION FROM 225~ TO 350~ 

Wuu-LIANG HUANG 

Exxon Production Research Company, P.O. Box 2189 
Houston, Texas 77252-2189 

Abstract--Kaolinite was converted into illitic clays in a 2.58 m KOH solution in gold capsules using 
cold-seal pressure vessels at 225 ~ 250 ~ 300 ~ and 350~ and 500 bars. The XRD shows that the major 
reaction products are illitic clays with no interlayer expandability. The TEM shows that the illitic clays 
appear mainly platelet-like with a K/Si ratio close to that of muscovite/illite. The extent of the conversion 
was monitored by measuring the XRD peak ratio of muscovite (illite) and kaolinite in quenched run 
products. The results reveal that kaolinite converts to muscovite/illite in the KOH solution at an initial 
rate two to three orders of magnitude faster than that of similar reactions at near-neutral conditions. 
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I N T R O D U C T I O N  

Studies of  the paragenesis of  authigenic illite in ar- 
kosic sandstones of  various regions and ages have re- 
vealed that the illitization of  kaolinite is an important 
reaction accounting for authigenic illite formation in 
sandstones during burial diagenesis (Hancock and Tay- 
lor, 1978; Sommer, 1978; Seemann, 1979; Rossel, 1982; 
Dutta, 1986). The equilibrium relationships of  this re- 
action in arkosic sandstones have been previously stud- 
ied (e.g., Bjorlykke, 1983). However, in low-temper- 
ature systems, reaction rates should be considered to 
determine the extent of  illitization in arkosic sand- 
stones, especially at shallow burial depths (Aagaard 
and Egeberg, 1987). 

In addition to the experimental studies of  the rate 
of  illitization of  smectite (Eberl and Hower, 1976; 
Howard and Roy, 1985; Whitney and Northrop, 1988; 
Huang et al., 1993), the rate of  illitization of  kaolinite 
has recently been studied. Huang and Otten (1985) 
reported preliminary results on the kinetics of  the ka- 
olinite to K-mica conversion in alkaline solutions. 
Chermak and Rimstidt  (1987 and 1990) experimen- 
tally determined the rate of  kaolinite to muscovite/  
illite transformation in KC1 solutions. Small (1993) 
measured the precipitation rate of  illite from amor- 
phous A1/Si gels. Huang (1992) experimentally simu- 
lated illite formation from a "mode l"  arkosic sand- 
stone containing kaolinite + feldspar + quartz with a 
variety of  solution compositions. Velde (1965), in his 
study of  muscovite polytype stabilities, demonstrated 
that muscovite can be synthesized very rapidly from 
kaolinite and KOH. The present study measures the 
rates for a similar reaction at lower temperatures. The 
results, when compared with those in near-neutral so- 
lutions, may shed light on the effect of  pH on the ki- 
netics of  illite formation and place constraints on au- 
thigenic illite formation. 

Copyright  �9 1993, The Clay Minerals Society 

E X PE RIM E N T A L  MATERIALS A N D  METHODS 

Starting materials 

The solid materials used were mainly synthetic ka- 
olinite hydrothermally synthesized from glass at 300~ 
and 500 bars for six days in a Dickson-type pressure 
vessel (Seyfried et al., 1979). The glass of  kaolinite 
composition was prepared according to a standard 
method (Hamilton and Henderson, 1968) using tetra- 
ethylorthosilicate (TEOS) as a source of  Si and alu- 
minum nitrate for A1. A chemically homogeneous gel 
was first formed from the desired regent-grade chem- 
icals; it was then fired at 800~ to form a glassy ma- 
terial. The synthetic kaolinite appears as pseudo-hex- 
agonal platelets ranging from 0.1-2 #m with average 
grain size around 0.5 #m. Only those with diameters 
from 0.5-2 um were used for the present experiments. 
The average surface area of  the studied kaolinite mea- 
sured by the BET method is 13.6 m2/g. One experiment 
using the glass with kaolinite composition was also 
carried out. A 2.58 m (molality) KOH solution pre- 
pared using Baker-analyzed KOH was also used as a 
starting solution. 

Experimental procedures 

The hydrothermal experiments were carried out at 
150 ~ 175 ~ 200 ~ 225 ~ 250 ~ 300 ~ and 350~ in rapid- 
quench, cold-seal pressure vessels using gold capsules 
with dimensions of  0.44 cm O.D. x 1.9 cm length. 
Approximately 60 mg of kaolinite and 60 #1 of  the 
KOH solution were arc-sealed in the capsules. The bulk 
composition of  the starting material in the capsules 
was equivalent to muscovite and water. However, the 
actual reaction equation or kinetic order cannot be 
obtained from this study because only one initial KOH 
concentration was used (Chermak, personal commu- 
nication, 1993). The exact amounts of  starting kaolinite 
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Table 1. Experimental results for conversion of kaolinite to 
illite with 2.58 m KOH solution at temperatures from 225 ~ 
350~ and 500 bars. 

Reactants 
Run products 

X-ray* 
Run Time Kaolinite KOH solo peak Wt. % 
no. (hours) (nag) 0d) ratio inite X~..~ 

275 0.5 64.5 
252 1.0 80.0 
253 3.0 70.0 

251 1 80.0 
244 3 80.0 
250 4.5 80.0 
242 6 77.0 
246 7.5 80.0 
236 9 122 
248 13 80.0 
239 16 78.0 
233 24 128 

277 12 65.5 
270 24 63.7 
276 36 64.8 
266 72 69.4 

274 96 68.0 
292 312 75.8 

350~ 
65.0 0.79 59 0.48 
80.0 0.67 69 0.60 
70.0 *** 100 1.0 

3000C 
80.0 1.05 36 0.26 
80.0 0.91 48 0.37 
80.0 0.85 54 0.43 
77.0 0.72 66 0.56 
80.0 0.67 70 0.60 

122 0.59 77 0.68 
80.0 0.46 89 0.84 
78.0 ** 98 0.97 

128 *** 100 1.0 

250~ 
65.0 1.04 28 0.28 
64.0 0.96 34 0.34 
65.0 0.76 51 0.51 
70.0 ** 92 0.92 

225~ 
68.0 0.93 37 0.37 
76.0 0.56 80 0.72 

* See caption of Figure 1. 
** Very weak kaolinite peaks. 
*** No kaolinite peaks. 
Additional runs at 300*C--run 229 (24 hr), run 230 (48 hr), 

and run 231 (1080 hr)--show complete conversion. 

and solut ion for each indiv idual  run are listed in Table  
1. The  tempera tures  measured  are precise to _+ 3~ and 
accurate to + 6~ Some experiments,  particularly those 
showing rapid react ion rates, were conducted  using the 
" rap id -hea t ing"  method .  The  pressure vessel was pre- 
heated  to a desired tempera ture ,  and  then the gold 
capsule was d ropped  into the hot  spot o f  the vessel so 
that  the sample  was rapidly heated to the run temper-  
ature wi thin  a few minutes .  Each run was te rmina ted  
by rapid  quenching  of  the gold capsule. Detai ls  o f  prod-  
uct col lect ion for solids and fluids are descr ibed in 
Huang  et aL (1986) and Huang  (1992). The  solid prod-  
ucts were rout inely character ized by X-ray  powder  dif- 
f rac tometry  (XRD),  and selected ones were analyzed 
by scanning electron microscopy  (SEM), analytical  
t ransmiss ion  electron microscopy  (TEM), and ther-  
mograv ime t r i c  analysis (TGA).  

Quantitative analysis of  reaction progress 

An X R D  cal ibrat ion curve  was prepared f rom a se- 
ries o f  mixtures  conta in ing var ious  propor t ions  o f  the 
starting kaol ini te  and a muscovi te / i l l i t e  that was pre- 
pared by comple te  convers ion  f rom kaolini te  at 300~ 
for 24 hr. Sample  prepara t ion  for X R D  is critical in 

the quant if icat ion o f  results. Ten mg of  each mixture  
were ul trasonical ly dispersed in 0.5 ml  o f  disti l led wa- 
ter. The  water  wi th  clay suspension was d ropped  and 
confined in an area o f l 7  m m  • 17 m m o n  a g l a s s  
slide for air  drying. The  or iented clay film was used 
for X R D  using C u K ~  radiat ion.  The  convent iona l  cal- 
ibrat ion curve  using the basal reflections o f  kaol ini te  
and muscov i t e  (7.14 ~ and 10 ~ ,  respectively) cannot  
be used because the d(001) 10 ~, peak intensi ty o f  
muscovi te / i l l i t e  is very weak (Figure IA) due to the 
r a n d o m  ar rangement  o fmuscov i t e / i l l i t e  platelets in the 
clay aggregates (Figure 4B). Two  diagnost ic  peaks were 
chosen to measure  quant i ta t ive ly  the relat ive amoun t s  
o f  kaol ini te  and  muscovi te / i l l i t e  in the mixtures .  A 
peak at 20.3 ~ 20 represents the combina t ion  o f  a ma jo r  
kaol ini te  reflection ( i  10) at 4.361 A and a m i n o r  mus-  
covi te / i l l i te  reflection (021) at 4.388 ~ ;  whereas the 
peak at 19.9 ~ 20 is the combina t ion  o f  a ma jo r  mus-  
covi te / i l l i te  reflection (111) at 4.448 A and a m i n o r  
kaol ini te  reflection (020) at 4.463 A (Figure 1B). The  
cal ibrat ion curve  (Figure 2) shows a l inear relat ionship 
between the peak height  ratio and the relat ive quan-  
ti t ies o f  kaol ini te  and muscovi te / i l l i te .  A least-squares 
regression analysis gives the equat ion:  

y = 1.442 - 0,01 lx,  r z = 0.998 

where y = peak height  ratio (20.3~ ~ 20), and x = 
weight  percent  o f  muscovi te / i l l i t e  clay in the kaol ini te  
and muscovi te / i l l i t e  mixture .  The  re la t ive  uncer ta inty  
for measur ing  wt. % o fmuscov i t e / i l l i t e  in the run prod-  
ucts is considered to be _+ 10%. 

The  react ion products  were prepared for X R D  by 
using the described procedure.  P rov ided  that  these two 
minera ls  are d o m i n a n t  in the products ,  the weight  ratio 
can be used to fol low the react ion progress that  con-  
verts  kaol ini te  to muscovi te / i l l i te .  This  is usually true 
for mos t  exper iments  at tempera tures  higher than 
225~ X R D  shows the presence o f  only kaol ini te  and 
muscovi te / i l l i te ,  and T E M  indicates  kaol ini te  + mus-  
covi te / i l l i te  and the presence o f  a trace a m o u n t  o f  a 
third phase (boehmite  or  amorphous  silica). 

The  precis ion o f  the X R D  m e t h o d  was also con- 
f i rmed independent ly  by T G A  analysis o f  products  at 
300~ (Table 2) wi th  a Perkin E lmer  TGS-2 .  A heat ing 
rate o f  10~ was used. Data  were analyzed with a 
Pe rk in -E lmer  mode l  3600 data station. The  calculat ion 
o f  the relat ive amoun t s  o f  kaol ini te  and muscov i t e /  
illite f rom T G A  data was based on the weight loss o f  
water  by assuming that  only two minera ls  were present  
and that  the muscovi te / iUi te  clay had a muscov i t e  com-  
posit ion.  Because o f  the difficulty in de te rmin ing  the 
beginning o f  dehydra t ion  o f  crystall ine water, the T G A  
m e t h o d  is less accurate than the X R D  method.  

Electron microscopy 

In addi t ion  to X R D  analyses, the starting kaol ini te  
and solid run products  f rom exper iments  at 200 ~ and 
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Figure 1. Typical X-ray patterns showing: A) starting kaolinite and run products for runs #242 (6 hr), #239 (16 hr) and 
#233 (24 hr) at 300~ B) the progressive change of diagnostic X-ray peaks (marked by arrows in Figure 1A) as kaolinite 
converts into muscovite/illite at 300~ The wt. % of muscovite/illite in kaolinite + muscovite/illite mixture is also shown 
next to the experimental run time. 

300~ were selected for  de ta i led  analyses  us ing  SE M 
a n d  T E M  wi th  selected area e lec t ron  di f f ract ion (SAD) 
and  energy-dispers ive  X- ray  spect roscopy (EDS) modes .  
T h e  e q u i p m e n t ,  e x p e r i m e n t a l  p rocedures ,  a n d  clay 
s t a n d a r d s  for  chemica l  ana lys i s  are the  s ame  as those  
r epo r t ed  in G ~ v e n  a n d  H u a n g  (1991).  

R E S U L T S  

Characteristics of  starting kaolinite and 
reaction products 

Microscop ic  charac te r i s t i cs  o f  the  s ta r t ing  kaoI in i te  
a n d  the  n e o f o r m e d  illitic clays are s u m m a r i z e d  in Ta-  
ble 3. The  syn the t i c  kao l in i t e  appea r s  m a i n l y  as  pseu-  
dohexagona l  p la te le ts  wi th  an  average  gra in  size o f  0.5 
z m  (Figure  3). Kao l in i t e  also appea r s  as dense  aggre- 
gates o f  e longa ted  a n d  la th- l ike  plate le ts  w h i c h  m a k e  

Table 2. Comparison of TGA and X-ray determinations of 
the percentage of illite and kaolinite present in the run prod- 
ucts. 

Wt. % of phases in run product* 

Wt, % loss TGA method X-ray method 
Run Time (measured 
no. (hours) by TGA) lnite Kaolinite Illite Kaolinite 

300~ bars 
251 1 11.9 + 0.8 21 79 36 64 
244 3 10.1 + 0.6 40 60 48 52 
242 6 6.8 _+ 0.3 76 24 66 34 
236 9 6.1 + 0.3 83 17 77 23 
239 16 4.9 + 0.3 96 4 98 2 
233 24 4.3 _+_ 0.3 100 0 100 0 

up  a b o u t  1 0 - 1 5 %  o f  the  sample .  T h e  X - r a y  spect ra l  
da t a  us ing  T E M  ind ica te  t ha t  these  e longa ted  a n d  la th -  
l ike pla te le ts  are kaol ini te .  N o  un reac t ed  glass or  o the r  
phase  was f o u n d  in the  sample .  De ta i l ed  mic roscop ic  
cha rac t e r i za t i on  o f  the  syn the t i c  kao l in i t e  was  pre-  
sen ted  in H u a n g  (1993).  

E lec t ron  mic roscop ic  e x a m i n a t i o n  o f  the  run  p rod -  
ucts  at  300~ (16 hr)  revea ls  t h a t  the  s tar t ing kao l in i t e  
p la te le ts  were first a l te red  by  the  loss o f  t he i r  or ig inal  
p s e u d o h e x a g o n a l  f o rm  whi le  ill i t ic clays grew as shor t  
f i l aments  or  la ths  on  the  large rose- l ike kao l in i t e  ag- 
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Figure 2. Calibration curve for determining wt. % of mus- 
covite/illite in kaolinite and muscovite/iUite mixture using 
XRD. Ordinate represents the peak height ratio 20.3~ ~ 
20. 
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Table 3. TEM data of illitic clays, kaolinite, and minor phases from selected run products, 

Run 
no. 

Temp. 
(~) 

EDS analyses 
atomic ratio 

Time Morphology SAD analysis or 
(hours) illitic clays cell dimensions AI/Si K/Si 

239 

262 

300 

200 

284 200 

16 hexagonal platelets spot pattern on platelets 0.94 0.43 

144 hexagonal platelets 2M stacking 0.4 0.12 
a = 5.21 + 0.01 A 
b = 8,97 _+ 0.01 /~ 

kaolinite platelets 0.86 0.05 
hexagonal boehmite a = 3.90 _+ 0.02 

platelets c = 2.84 _+ 0.01 

600 platelets 0.68 0.33 

gregates (Figure 4B). The unreacted kaolinite is com- 
posed of  aggregates of  extremely small platelets with 
some well-preserved hexagonal outlines (Figure 5D). 
A close view of  illitic platelets shows a crystal mosaic 
composed of  pseudohexagonal platelets (Figure 5A); 
most of  the neoformed illitic platelets are about the 
size of  the starting kaolinite platelets, and no contin- 
uous protective layer of  illitic clays is present on the 
individual kaolinite platelets. The SAD pattern ob- 
tained from these platelets shows a spot pattern like a 
single platelet, indicating a strict crystallographic ar- 
rangement of  these platelets. The EDS analysis of  this 
type of  platelet shows high A1 and K contents, close to 
muscovite. 

All illitic clays neoformed from kaolinite in the pres- 
ent experiments contain no detectable expandability 
based on X R D  of  glycolated samples. I use a general 
term "illitic clay" for the neoformed K-micas of  a va- 
riety of  compositions, including fine-grained musco- 
vite, illite, and illite/smectite formed in the present 
experiments since they occur in clay-size 0ess than 4 
#m) fractions (Srodrn and Eberl, 1984). However, for 

those formed at 225~ and above, the term "musco- 
vite/i l l i te" is used since their composition is close to 
muscovite. 

In general, most illitic clays formed at 300~ show 
K/Si ratios close to that of  muscovite. Some of  the 
illitic clays formed at 200~ and below show a rather 
low K/Si ratio (Figures 4C, 4D, and 5B). The significant 
change of  illitic clay composition corresponds to the 
appearance  o f  K-na t ro l i t e  (Figure 4A) and trace 
amounts of  boehmite (Figure 5C) in the run product 
at 200~ and below. 

Conversion rate o f  kaolinite to muscovite/illite 

The data at 225 ~ 250 ~ 300 ~ and 350~ for the ex- 
tents of  kaolinite to muscovite/ill i te conversion as a 
function of  run time, determined using XRD, are listed 
in Table 1. The quantification of  the reaction progress 
using T G A  method is also shown for comparison (Ta- 
ble 2). The results show that kaolinite converts pro- 
gressively to muscovite/ill i te at all run temperatures. 
Examples of  the X-ray patterns for runs at 300~ are 
presented in Figure 1 B, which shows that the musco- 

Figure 3. Electron micrographs of the synthetic kaolinite used in this study: A) SEM micrograph; and B) TEM micrograph. 
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Figure 4. Electron micrographs of reaction products: A) K-natrolite precipitated at 200~ days; B) aggregates of muscovite/ 
illite platelets grown on the surface of kaolinite at 300~ hr (run #239); C) illite or probably illite/smectite platelets 
neoformed at 200~ days; and D) SAD pattern (cell dimensions shown in Table 3 obtained from the thin illitic platelet in 
Figure 4C). 

v i te  (illite) peaks  increase  as the  kao l in i t e  peaks  de-  
crease wi th  increas ing  r u n  du ra t i on .  T h e  resul t s  also 
show tha t  n o  s ignif icant  i n c u b a t i o n  per iod  is r equ i red  
for the  conve r s ion ,  a l t hough  n o  muscov i t e / i l l i t e  seed 

was a d d e d  in the  s ta r t ing  mate r ia l .  Th i s  suggests tha t  
the  nuc lea t ion  o f  muscov i t e / i l l i t e  does  no t  l im i t  the  
c o n v e r s i o n  rate. 

T h e  reac t ion  kinet ics  o f  kao l in i t e  to muscov i t e / i l l i t e  
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Figure 5. TEM micrographs of reaction products: A) a crystal mosaic that is made up of small (0.5/~m) pseudohexagonal 
platelets of muscovite/illite (300~ h, run #239); B) aggregates (1-3 #m) with tiny irregular illitic platelets (150~ 
days); C) hexagonal platelets of boehmite (200~ days); and D) unreacted kaolinite composed of aggregates of extremely 
small platelets with some well-preserved hexagonal outlines (200~ days). 
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Table 4. The fitted polynomial equation for experimental 
data of fraction of illite formed vs time (in s). 

225~ 
X.~ = 1.26 x 10 6t - -  5.52 x 10 13t2 

250~ 
X~t = 0.034 + 4.15 x 10 6t - -  3.00 

X 10 ~2t2 

300~ 
X,, = 0.094 + 2.36 x 10 ~t - 1.52 

x 10-~ot 2 

350~ 
X.~ = 0.035 + 2.22 x 10 4t - 1.25 

x 10-8t 2 

- 6  . . . . . .  

..... . v  i 
- 8 t  " - ~ . . . .  ] 

r 2 = 0.990 - l~  - m .  KOH 

- 12 \\ " 1 1  

I " \ ,  K a o l i n i t e  ~ I l l i t e  ~ ~ .  i 

r 2 = 0 . 9 8 4  _= - 1 4 ;  
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! Kcl i - .  I 
r 2 = 0.978 -2o-18 f "\" ~ ' ~ . . . ~  j 

r 2 = 0.974 -22 _ _  i ~ \ _ 
1.4 1.6 1.8 2 2.2 

I O 0 0 / T  ~  1 

in  KCI  so lu t ion  were  f o u n d  to  be  first o rde r  wi th  respect  
to [K +] ( C h e r m a k  a n d  R ims t id t ,  1990). Fo r  approxi -  
m a t i o n ,  s imi la r  k ine t ic  o rde r  is a s s u m e d  in an  a lkal ine  
K O H  so lu t ion  a l t hough  the  p re sen t  e x p e r i m e n t a l  da ta  
are insuff ic ient  to conf i rm it. T h e  a s s u m e d  reac t ion  can  
be  wr i t t en  as: 

1.5 kao l in i t e  + K O H  = m u s c o v i t e  + 2.5 H 2 0  ( 1 )  

T h i s  a s s u m p t i o n  is r ea sonab le  s ince the  c o m p o s i t i o n  
o f  the  illitic clay f o r m e d  is close to  m u s c o v i t e  a n d  no  
sol id phase  o t h e r  t h a n  kao l in i t e  and  muscov i t e / i l l i t e  
are p re sen t  in  the  r u n  p roduc t .  T h e  accura te  de t e rmi -  
n a t i o n  o f  the  r eac t ion  o rde r  requi res  e x p e r i m e n t s  car- 
r ied  ou t  at  di f ferent  c o n c e n t r a t i o n s  o f  [K+]. 

T h e  e x p e r i m e n t a l  resul ts  o b t a i n e d  at  t e m p e r a t u r e s  
o f  150 ~ 175 ~ a n d  200~ however ,  show tha t  kao l in i t e  
first c o n v e r t e d  to illitic clay a n d  K-na t ro l i t e  a n d  finally 
to  illitic clay on ly  as run  t i m e  increased.  T h e  resul ts  
show tha t  w i th in  a few hours ,  a t  200~ a b o u t  40% o f  
kao l in i t e  d e c o m p o s e d  to f o r m  b o t h  na t ro l i t e  a n d  illitic 
clay. T h i s  r eac t ion  s e e m e d  to s top for  a long  pe r iod  o f  
t i m e  before  a r ap id  t r a n s f o r m a t i o n  o f  b o t h  kao l in i t e  
a n d  na t ro l i t e  to  ill i t ie clay occurred.  N o  q u a n t i t a t i v e  
analys is  o f  the  r eac t ion  ra te  was p e r f o r m e d  for these  
runs.  

D I S C U S S I O N  

C o n v e r s i o n  r a t e  

T h e  e x p e r i m e n t a l  da ta  for  kao l in i t e  to  m u s c o v i t e /  
i l l i te c o n v e r s i o n  at  225~ a n d  a b o v e  was m o d e l e d  us ing 
a n  in i t ia l  ra te  m e t h o d  s imi la r  to t h a t  o f  C h e r m a k  a n d  
R i m s t i d t  (1990).  T h e  da ta  were po l ynom i a l l y  fi t ted to 
a n  empi r i ca l  e q u a t i o n  for each  t e m p e r a t u r e  (Tab le  4). 
T h e  ini t ia l  a n d  i n s t a n t  ra tes  o f  c o n v e r s i o n  (dXi . /d t )  
d u r i n g  the  r eac t ion  were t hen  ca lcu la ted  by  differen- 
t ia t ing  the  empi r i ca l  e q u a t i o n  for  each t empera tu re ,  
where  Xi.  = the  mo le  f rac t ion  o f  m u s c o v i t e  (illite) 
g rown f rom kao l in i t e  a n d  t = t ime.  T h e  a c t i v a t i o n  
energy for  the  in i t ia l  ra te  was ca lcu la ted  by  app ly ing  
the  A r r h e n i u s  equa t ion .  T h e  resul t s  are s h o w n  in  Fig- 

Figure 6. Comparison of Arrhenius plots showing the nat- 
ural logarithm of initial rate (r = dnH+/dt or dn~,/dt in molal/s) 
vs 1000/T ~ for the kinetics of kaolinite to muscovite/illite 
conversion in KOH (2.58 m) and in KC1 solution (2 m) from 
Chermak and Rimstidt (1990). The activation energies cal- 
culated are, respectively, 104 k J/tool and 157 k J/tool in KOH 
and KC1 solutions. 

u re  6. A n  a c t i v a t i o n  energy o f  104 k J / m o l  wi th  a n  
u n c e r t a i n t y  o f  a b o u t  +_20 k J / m o l  can  be ca lcu la ted  
f rom the  e x p e r i m e n t a l  data .  T h e  large unce r t a in ty  is 
due  to the  insuff ic ient  e x p e r i m e n t a l  da ta  at  t e m p e r a -  
tu res  o the r  t h a n  300~ 

I t  is in te res t ing  to no te  t h a t  the  e x p e r i m e n t a l  da ta  
for  the  pe rcen t  o f  c o n v e r s i o n  can  also be  fi t ted nicely 
(r 2 = 0.98) to  a pa rabo l i c  ra te  express ion  with:  

X i l  I = kt  t/z (2) 

where  k is a t e m p e r a t u r e  d e p e n d e n t  ra te  cons tan t .  Th i s  
m o d e l  takes overa l l  ra tes  (no t  on ly  the  in i t ia l  rate)  in to  
a c c o u n t  a n d  gives an  a c t i v a t i o n  energy o f  approx i -  
ma te ly  54 k J / m o l  a n d  a f requency  fac tor  approx i -  
ma te ly  137 (sec-~). T h e  pa rabo l i c  ra te  impl ies  a dif-  
fus ion  con t ro l  (e.g., Wal las t ,  1967; M a t h e w s ,  1980). 
Because  o f  the  lack o f  expe r imen ta l l y  obse rved  pro-  
tec ted  layer  on  the  kao l in i t e  surface to suppo r t  the  
d i f fus ion m e c h a n i s m ,  the  m o d e l  is less f avorab ly  con-  
s idered  for  th is  react ion.  Howeve r ,  the  empi r i ca l  Eq. 
2 is useful  for  a p p r o x i m a t e l y  mode l ing  muscov i t e / i l l i t e  
f o r m a t i o n  in h ighly  a lka l ine  so lu t ions  (Huang,  1992). 

T h e  fast  ra te  o f  kao l in i t e  to  muscov i t e / i l l i t e  conve r -  
s ion in the  K O H  so lu t ion  re la t ive  to t ha t  in  neu t ra l  
so lu t ions ,  w h i c h  will be  d i scussed  in the  nex t  sect ion,  
was  a t t r i b u t e d  by Velde (1965)  to the  r ap id  nuc l ea t i on  
a n d  growth  o f  n e o f o r m e d  muscov i t e / i t l i t e ,  w h i c h  in-  
he r i t s  par t s  o f  the  kao l in i t e  s t ructure .  In  o rde r  to  eval -  
ua te  th i s  m e c h a n i s m ,  an  e x p e r i m e n t  us ing  glass o f  ka-  
o l in i te  c o m p o s i t i o n  as s ta r t ing  ma te r i a l  was  also run  
at  300~ T h e  resul ts  show tha t  there  is no  s ignif icant  
growth- ra te  difference be tween  muscovi te / i l l i t e  fo rmed  
f rom a crys ta l l ine  kao l in i t e  a n d  t ha t  f o r m e d  f rom glass 
o f  kao l in i t e  compos i t i on .  SEM o b s e r v a t i o n s  also in-  
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Table 5. Comparison of initial rates of kaolinite to illite 
conversion experimentally determined in KOH and KC1 so- 
lutions. 

K O H  (2.58 m) KCI (2.0 m) 
(present study) (Chermak and Rimstidt ,  1990) 

d i n . , / d t  dmH§ 
Temp.  dX. , /d t  ( = d n J d t )  Temp.  d X . / d t  ( = d n J d t )  

(~ • 10 s x 10 -5 (~ x l0  s x 10 8 

225 0.126 0.49 
250 0.415 1.6 

300 2.36 9.2 

350 22.4 86.0 

250 0.43 0.26 
275 2.77 1.72 
289 3.77 2.34 

307 17.1 10.6 

Notes: dm.§ is the initial rate in molal/s and is equal 
to dnJd t  in accordance with Eq. 1, where dni,/dt = mole of 
muscovite formed in mol/kg/s. 

dX~,/dt is the change rate of the mole fraction of muscovite 
in the mixture of kaolinite and muscovite in the solid run 
products and is equal to the rate of muscovite formed (mol/ 
s) in the run product divided by the total moles of kaolinite 
and muscovite in the run product. 

dnJd t  was converted into dX,,/dt by multiplying a factor 
a. For the present experiments, 

a = 0.00006/{(0.06/258)[(1 - % kaolinite dissolved) + 
(% muscovite formed)]} 

where 0.00006 is the mass of water in kg in the run product, 
0,06 is the weight of starting kaolinite in g, 258 is the formula 
weight of kaolinite, and % muscovite formed = (% kaolinite 
dissolved/1.5). At initial condition, a = 0.00006/(0.06/258) 
= 0.258 for the present study and 1.61 for Chermak and 
Rimstidt (1990). 

dicate that kaolinite extensively dissolves and loses 
most of  its original shape. This suggests that the pres- 
ence o f  an existing kaolinite layer is by no means a 
major factor accounting for the unusually fast conver- 
sion rate of  kaolinite to muscovite/illite. 

Comparison of  rates in alkaline and neutral solution 

For comparison, the initial rates reported by Cher- 
mak and Rimstidt  (1990), based on the change of  hy- 
drogen ion concentration (dmH+/dt) in near-neutral 
solutions during the kaolinite to muscovite/ill i te con- 
version, were recalculated to the conversion rates in 
mole fraction of  illite formed in solids (dXin/d 0 (Table 
5). Conversely, the rate based on fraction o f  conversion 
monitored using solid run products in this study was 
also converted to the rate in dmH§ assuming a stoi- 
chiometric relation of  Eq. 1. The comparison shows 
that the initial reaction rate of  kaolinite to muscovite/  
illite in the KOH solution is about two to three orders 
of  magnitude higher than that in the KC1 solution (Ta- 
ble 5 and Figure 6). The activation energy (104 kJ/ 
mol) derived from the experiments in the alkaline so- 
lution is slightly lower than that (157 kJ/mol) derived 
from the neutral solution experiments reported by 
Chermak and Rimstidt (! 990) (Figure 6). 

The comparison was further performed by modeling 

the data at 300~ using the kinetic model of  Chermak 
and Rimstidt  (1990). The experimental data used for 
the model include the temperature, the K + and H § 
concentrations, the estimated surface areas of  mus- 
covite/illite (A,~) in the run products, and mass (M) of  
water in the experimental solution. The decrease of  
[K +] and the increase of  [H + ] with run time were cal- 
culated using the initial solution concentrations and 
the extent of  the reaction measured in each experiment 
assuminga stoichiometric relation of  Eq. 1. The surface 
area of  the run product was calculated using the average 
particle dimensions (2.4 x 1.6 • 0.3 #m) ofneoformed 
muscovite/il l i te estimated from microscopic data and 
the amount  ofmuscovite/ i l l i te  formed at a given time. 
The instant rates, d n J d t  (i.e., mole of  muscovite/ill i te 
formed in 1 kg of  water per second or dmH+/dt) at 
different extents of  reaction were first calculated using 
the kinetic model and later recalculated to the rate in 
d X J d t  for comparison (Table 6). The results show 
that the conversion rates calculated over a wide range 
of  reaction extent are about 5 to 8 times slower than 
those experimentally observed (Table 6). The rate dif- 
ferences are much less pronounced than for the initial 
rate. This is attributed to the rapid decrease in solution 
pH because of  low fluid rock ratio used as the reaction 
proceeds. The kinetic model of  Chermak and Rimstidt  
(1990) derived from experiments in neutral solutions 
can better predict the present experimental data i f  so- 
lutions approach a near-neutral pH. 

This big difference in initial rates between alkaline 
and near-neutral solutions, however, is not predicted 
from the previous kinetic model of  Chermak and Rim- 
stidt (1990). This suggests the reaction mechanism in 
alkaline solutions could be significantly different from 
that in near-neutral solutions. 

CONCLUSIONS 

Illitic clays with a variety of  compositions have been 
grown from kaolinite in a KOH solution at elevated 
temperatures and pressures. Although no systematic 
compositional variation can be quantified from this 
study, the results show that most illitic clays formed 
at 300~ have K/Si ratios close to that of  muscovite, 
whereas illitic clays formed at 200~ or below have 
composit ion similar to illite or mixed-layer illite/smec- 
tite. All illitic clays, however, show no detectable ex- 
pandable layers by XRD. The morphology of  most 
neoformed illitic clays is mainly platelet-like, subor- 
dinately lath-like, and rarely fibrous. 

The present study also reveals that the solution pH 
significantly affects the kaolinite to muscovite/illite 
conversion rate. The conversion rate is about two to 
three orders of  magnitude faster in an initially high 
alkaline solution than in near-neutral solution, whereas 
the activation energy in the KOH solution is slightly 
lower than that found in KC1 solution. The unusually 
high conversion rate in the highly alkaline solution is 
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Table 6. Calculation of kaolinite-to-illite conversion rate at 300~ based on experimental data of this study using the kinetic 
model of Chermak and Rimstidt (1990) by assuming first order kinetics. 

dX. t /d t  
mK+ m H. ( l / s  • 10 6) 

T i m e  X.~ A., M d n j d t  
(hours)  obs. frac. Mola l  (m:)  (kg • 10 ~) (mol /kg/s  x 10 5) Calc. Obs.  

0 0.00 2.58 1.23 • 10 H 0 6 23.6 
1 0.26 1.70 1.86 • 10 " 0.14 6 1.09 3.18 22.6 
3 0.37 1.37 2.32 x 10 " 0.20 6 1.21 3.71 20.4 
4.5 0.43 1.21 2.61 x 10 " 0.22 6 1.21 3.80 18.7 
6 0.56 0.87 3.62 • 10 " 0.28 6 1.09 3.61 17.1 
7.5 0.60 0.80 3.97 x 10 " 0.29 6 1.04 3.48 15.4 
9 0.68 0.62 5.13 x 10 " 0.32 6 0.84 3.06 13.8 

13 0.84 0.28 1.13 • 10 -I~ 0.37 6 0.47 1.73 9.4 
16 0.97 0.05 6.63 x 10 ~0 0.41 6 0.08 0.34 6.1 

Notes: Frac. = fraction, mK+ = molal of K +, mn+ = molal of hydrogen ion, A~, = surface area of illite in run product; M = 
mass of solution, dniH/dt = rate of illite formed, calc. = calculated, obs. = observed, X,, = mole fraction of illite, and dX,,/ 
dt = the rate of X,, change. 

mK+ and m.+ were calculated based on the extent of conversion using Eq. 1; A,~ was estimated using the observed particle 
size of neoformed illite; M was estimated from the volume of solution used. 

dn,,/dt was calculated based on the kinetic model of Chermak and Rimstidt (1990); the calculated dX,,/dt was converted 
from dniJdt  (see note in Table 5); the observed dX,a/dt is instant rate calculated using initial rate method. 

no t  p red ic ted  f rom the prev ious  kinetic model ,  exper-  
imenta l ly  de r ived  f rom near-neut ra l  KC1 solutions.  A 
sys temat ic  exper imenta l  p rogram in the future using 
buffered solut ions  over  a wide  range o f  p H  is requi red  
to quant i fy  the effect o f  p H  on the rates. 
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