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A B S T R A C T  

Var ious  phys ica l  proper t ies  of  an  ac id - t rea ted  Texas  b e n t o n i t e  were s tud ied  as a f tmc t ion  
of  t r e a t m e n t  t ime.  T he  observed  k ine t ics  were pseudo  f i rs t -order  (large excess  of  acid) 
and  on th i s  bas is  a n d  t he  x - r a y  resu l t s  a mode l  a n d  m o c h a n i s i n  are  p roposed  t h a t  a re  
cons is ten t  w i t h  observed  surface area,  exchange  capac i ty ,  a n d  surface  ac id i ty  changes .  
A crude  e s t i m a t i o n  of  ac t iva t ion  ene rgy  gave  a va lue  lower t h a n  t h a t  of  Os thaus  (1956) 
b u t  of  t he  r igh t  m a g n i t u d e .  

I N T R O D U C T I O N  
The Fellowship at  Mellon Inst i tute  sustained by  ]3aroid Division, National 
Lead Company, is concerned with the physical and chemical properties of 
the various clay minerals. Recently this interest has been extended to the 
acid dissolution of the clay minerals largely as a result os the publications 
of Brindley and u (1951), Osthaus (1954, p. 404 ; 1956, 9. 301), Packter 
(1955), Mathers, Weed and Coleman (1955, p. 403), and Kerr, Zimmerman, 
Fox and Wells (1956, p. 322). This paper reports a study of the acid dis- 
solution of a Texas bentonite in 10 percent hydrochloric acid and confirms 
and extends the studies of these authors. 

The particular clay involved is from Gonzales County, Texas, and is 
described by  Jordan in a private communication as coming from a deposit 
approximately 12 ft  thick in a sediment of Jackson formation, having a 
3 ~ dip to the southeast. The crude clay was yellow tan, moist and waxy, 
uniformly smooth and grit free, but with petrified wood inclusions. The over- 
burden at site of sampling was approximately 5 f t  of black sandy clay soil. 
As will be noted in the results of this investigation, the clay was found to be 
a (Ca, Mg)-bentonite containing about 15-20 percent cristobalite. The 
x-ray diffraction data also indicated the probable presence of some sub- 
crystalline material. The cation exchange capacity of the dried crude clay 
was found to be 76.4 meq/100 g. 

This paper presents the experimental procedures, the results of the experi- 
mental work, and finally a discussion of these results with particular emphasis 
on the kinetics of the dissolution. A model is proposed and discussed in the 
light of the observed kinetics and area changes. The characteristics studied 
at each t reatment  t ime included x-ray diffraction, differential thermal 
analysis, surface area by  nitrogen adsorption, cation exchange capacity and 
identification of exchange cations, wet analysis, residual acidity, surface 
acidity and infrared spectra. 
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The reasor~ for at tempting the kinetic s tudy was tha t  examination of 
x-ray diffraction patterns of g]yco]ated specimens indicated a systematic 
decrease in the intensity of the 17A spacing with t reatment  time. Good 
diffraction patterns were obtained even up to 77 percent removal of alu- 
minum. I t  thus seemed tha t  we could follow montmorillonite concentration 
in this case by observing the change in intensity of this particular peak. 
This approach was compared with the results of chemical analysis. I t  will be 
obvious that  many  contradictions still exist in the interpretation of our data  
and we are presenting here more of a progress report than a final answer to 
the many  problems posed by the results of this study. 

The authors wish to acknowledge the assistance of Miss Bet ty  Ely and of 
various members of Mellon Inst i tute 's  Departments of Analytical Chemistry 
and Chemical Physics in the experimental work. Discussions of the subject 
matter  with Dr Leroy Alexander of the Institute,  Drs C. A. Hollingswor~h 
and W. E. Wallace of the University of Pittsburgh, and Dr J.  L. McAtee, 
Jr .  of Baroid Division were indispensable to the completion of the paper. 
The permission of Baroid Division, National Lead Company, for publication 
of these results is gratefully acknowledged. 

E X P E R I M E N T A L  P R O C E D U R E S  

1. Acid ~reatment 
The ground clay (--200 mesh) was treated with a large excess of 10 percent 

HC1 for varying times. The excess tIC1 was calculated to be ten times the 
amount required for complete dissolution of all cationic components of the 
crude material. Treatment  was carried out primarily at reflux temperature,  
which proved to be 103~ for the boiling clay slurry. Vigorous stirring was 
used throughout the t reatment  time. In  addition to the run at reflux tem- 
perature, data were obtained a t  67~ At the conclusion of a particular 
t reatment  time, the clay/acid slurry was poured quickly into a large excess 
of cold distilled water, the clay allowed to settle, and the supernatant  liquid 
removed by decantation. This type of washing was repeated several times 
and was followed by filtration on a Buechner funnel to recover the solid 
phase. The filter cakes were dried at  ll0~ 

2. X-Ray Diffraction Procedures 
The samples resulting from the above treatment  were first examined by  

film techniques and then re-examined using diffractometer traces. Each 
sample was glycolated to a pasty  consistency and after the sample holder 
was loaded face up, the sample was further moistened with a drop of ethylene 
glycol  and smoothed over with a glass slide. Averaged values of the peak 
heights were obtained by packing and scanning each montmorillonite sample 
an average of three separate times. The intensities were measured using 
counts per second corrected for coincidence losses and background. In  
addition to the intensity study, the widths at  half maximum of the 17 
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peaks were carefully measured using a scanning speed of one-fourth degree 
per minute. Intensities by this same counts-per-second technique were 
reported for the 110 montmorillonite peak and the 101 cristobalite peak. 

3. Cation Exchange Capacity and Individual Exchangeable Cations 
The cation exchange capacity of the original clay, and of the treated 

samples, was determined by using a suitable variation of the ammonium 
acetate technique (Lepper, 1945). The leachates were examined by flame 
photometry and by quantitat ive spectroscopic techniques for Na+, Ca~+, 
Mg 2+ and A13+. H + was determined by washing the treated sample thor- 
oughly with KC1 and then ti trating the leachate to determine the amount of 
hydrogen ion removed. 

4. Residual Acidity 
The residual acidity was estimated by  boiling a mixture of 0.5 g of sample 

in ca. 50 ml H20, filtering, and t i trating with standard I~aOH solution. This 
value was needed for proper interpretation of the H + exchange data and the 
surface acidity values. 

5. Surface Area 
Surface areas were obtained using nitrogen as the adsorbate. These nitrogen 

areas were determined using standard adsorption apparatus and the results 
interpreted by  the Brunauer-Emmett-Tel ler  (1938) theory. 

6. Differential Thermal Analysis 
The differential thermal analyses were performed in a multiple sample 

D.T.A. apparatus using a heating rate of 10~ per min. The range investigated 
was from ambient temperature to 1000~ 

7. Wet Analysis 
Standard analytical techniques were used to run total analyses on the 

solid phase from each t reatment  time. 

8. Surface Acidity 
Surface acidity was investigated using the method of Walling (1950) and 

Benisi (] 956). This technique involved the adsorption of suitable indicators 
on the anhydrous clay sm'face and observation of the resulting color. By 
noting the pKa of the indicators in the region of color change, a range of 
pKa, including the acidity of the clay surface, was obtained. Thus the zero 
hour sample has a surface pKa less than -~ 1.5 and greater than --3.0. 

9. Infrared Spectra 
The infrared data were obtained from Nujol mulls containing Pb(SCN)~ 

as an internal standard. The experimental conditions were arranged so tha t  
the four traces are roughly comparab]e and the observed intensity changes 
reflect changes in OH content. 
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I ~ E S U L T S  

T h e  co l l ec t ed  e x p e r i m e n t a l  d a t a  a p p e a r  i n  T a b l e s  1 -4 ,  a n d  in F i g s .  1 

a n d  2. T h e s e  a r e  s e l f - e x p l a n a t o r y  a n d  d i s c u s s i o n  is d e f e r r e d  t o  t h e  n e x t  
s e c t i o n  o f  t h e  p a p e r .  

TABLE 1. ANALYSIS OF CRUDE BENTONITE AND I:~EACTION PRODUCTS 
" As - I s  " BAsis 

T i m e o f T r e a t m e n t , ~  
0 0.75 1.5 3 .0  6.0 

% S i C k :  63.95 74.65 75.76 79.08 86.47 
%A120~: 16.23 13.42 13.10 10.13 3.97 
% F % O z  2.72 1.91 2.10 1.66 1.28 
% M g O :  3 .88 3.06 2,23 1.24 1.00 
% I g n i t i o n  loss:  13.50 7.47 7.12 5.87 4.98 

100.28 100.51 100.31 97.98 97.70 

TABLE 2. VARIOUS :DRODUCT CHARACTERISTICS AS A FUNCTION OF 
TREATlVIENT TIM JR 

Time of Treatment ,  h r  
0 0.75 1.5 3 .0  6.0 12,0 

Area of dehydroxyliz~tion 7,58 5.37 3.69 4.13 0.96 - -  
endotherm, cm ~ 

Are~ (Nz), m~/g 86 120 126 138 139 112 

Residual  acidity, percent  0 0 .39% 0 .15% 0 .04% 0 .04% - -  
HC}* 

Surface acidity, p K  a < §  < - - 5 . 6  < - - 5 . 6  < - - 5 . 6  < - - 5 . 6  < - - 8 . 2  
- -3 .0  > - - 8 . 2  > - - 8 . 2  > - - 8 . 2  ~ - - 8 . 2  

* A measure  of the ~cid not  removed by  the washing procedure. 

TABLE 3.--EXCHANGE DATA (ANHYDROUS BASIS) 
ALL RESULTS ]=~EPOI%TED AS Meq/100 G 

Time of Trea tment ,  hr  
0 0.75 1.5 3 .0  6.0 

C.E.C. 76.4 59.4 60.8 53.1 31.8 
Na  + 8.05 0 .4  0 .4  0 .4  0 .4  
Ca 2+ 42.9 2 .6  3.1 N.F.* N.F.  
Mg 2+ 29.2 3.1 3 .4  1.6 0.8 
A1 a+ 1.42 N.F.  N.F. N.F,  N.F. 
H+ 0 36.0 39.6 32.9 13.1 

* N.F.  ~ No t  Found.  
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TABLE 4.--X-I~AY DIFFRACTION DATA Eel% TREATED SAMPLES 

T r e a t m e n t  T ime  of T rea tmen t ,  h r  
Temp. ,  ~ 0 0 .75  1.5 3 . 0  6 .0  

P e a k  hr. 001, eps. mer i t -  103 455-}-0 328: j :42 2 6 3 i 3 4  t 4 8 i 1 9  4 1 i 7  
mor i l lon i t e  20 = 5 .2  ~ 

P e a k  hr. 110, cps. meri t-  - -  116=[=0 103=]=8 107=j=16 106-~5 - -  
moriUonite  2 0  = 19.8 ~ 

P e a k  hr.  101, eps. cristo- - -  2 0 5 i 3  2 5 7 1 3  2 4 1 •  253-$-12 279-}-9 
ba l i t e  20 = 21.7  ~ 

W i d t h  a t  ha l f -he ight  of 001, - -  33 34 35 39 52 
n2in 

\ 
\ 

~ I I  ml 

_ t I I I l I L I I I 
I00 200 ~ 400 500 600 700 800 900 KX)O 

Temperature, ~ 
FzGOI~E ].--Differential thermal curves demonstrating variation of area of dehydroxyl- 

ization endotherms with time of treatment. 

D I S C U S S I O N  O F  R E S U L T S  

Kinetics 
Osthaus (1956) and  I )ackter  (1955) have observed  a pseudo f i rs t -order  

reac t ion  for the  acid-dissolut ion of a montmor i l lon i t e  in excess minera l  ac id  ; 
the  resul ts  of the  presen t  work  lead  to  the  same conclusions. I t  was desired 
to compare  the  x - r a y  approach  with  the  ana ly t i ca l  approach,  to  see if  bo th  
would yie ld  the  same value  of the  ra te  constant .  F o r  this  purpose,  an  a t t e m p t  
was made  to  recover the  concent ra t ion  of montmor i l lon i te  from the  ana ly t ica l  
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Fiou~E 2,--Infrared spectra showing variation o f - - O H  bending and stretching 
intensi~ies wi~h time of ~reatmen~. 
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data. This was done by  assuming tha t  for every A13+, Fe a+ or Mg 2+ going 
into solution, 2 Si ~+ go into an amo~phous solid phase as Si02. This so-called 
amorphous solid phase, which need not be physically separated from the 
unit originally attacked, no longer affects the intensity of the 001 spacing. 
On this basis, a mass balance was determined for the various stages of the 
reaction, as shown in Table 5. 

TABLE 5.--WEIGHT CHANGES DURING ACID DISSOLUTION OF 1VIONTMORLLLONITE 

(D) 
(A) (B) (C) Wt .  :~r + 

Time,  Loss of A120 ~ + Wt .  of SiO~ W~. Solid Cris~ob~lito 
hr  1%203 + MgO F o r m e d  (C) = 1O0 -- A (100 --  A --  B) 

0 - -  - -  100 100 
0 .75  6 .50  13 .06  93.50 80.44 
1.5 7.55 15.89 92.45 76.56 
3 .0  12.42 26.59 87.58 60.99 
6 .0  19.76 40 .98  80.24 39.26 

12.0  23.66 57 .2  76.34 19.1 

The integrated intensities were estimated by the product of the peak 
height and the width at  half-height, and intensity ratios (I/Io) calculated, 
based on the intensity of the particular reflection in the crude sample. For 
such relative intensities to be proportional to the fraction of material re- 
maining at  time t, a correction must be applied for the loss of solids during 
the dissolution. I t  can be shown, assuming constancy of the linear absorption 
coefficient, tha t  corrected values of relative intensity are obtained by multi- 
plying the experimentaI values by the fractionM weight of total solids, or by  
column C/100. The weight of montmorfllonite was estimated by assuming tha t  
the value of 1.9.1 calculated in Column I) for the 12 hr sample was substanti- 
ally due to cristobalite, since this sample showed no 001 or l l 0  montmorfl- 
lonite spacings. Wcorr" values were obtained by  reducing the figures given in 
Column D by this amount. These corrected values as used in the rate plots 
are given in Table 6. 

TABLE 6.--CORRECTED INTENSITY AND WEIGHT VALUES AS A FUNCTION OF TIME 

I n t e g r a t e d  
I n t e n s i t y ,  001 

Time Montmor i l lon i te  CAlS+ (I/Is)corr" 
hr  (Arb i t r a ry  uni ts )  I ] Is  (I/Is)corr. Wcorr ' W / W  o CAI~+0 c r i s toba l i t e  

0 1 .502 1 .0  1.0 80 .9  1 1 1.0 
0 .75  1.115 0 .745 0 .715  61.3  0 .76  0 .775  1.17 
1.5 0.921 0 .613 0.561 57.5 0.71 0 .755 1.09 
3 .0  0.577 0 .384  0 .334  41 .9  0 .52  0 .576  1.08 
6 .0  0 .213 0 .142 0 .106 20.2  0 .25  0 .225 1.09 
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Plots of ln(I/Io)oort., ]n(W/Wo)oorr" and ln(C~I,+/CA]0,+) appear in Fig. 3. 
The slopes of the lines based on W/Wo and the relative concentration of 
A1 a+ in the lattice are about equal, yielding a rate constant of 0.232 hr -1. 
The slope of the I / I  o line is considerably greater, giving a r~te constant of 
0.374 hr -1. 

Ti  m e ,  Hr. 
0 I 2 5 4 5 6 

I t I I I I 

-O.4 - " ~ ~ @  

- 0 .6  - @ 

-(28 - 

-1.0 - -  

- I . 2  - 

m_o -I,4 -- �9 

- I . G -  o (I / Io)c0,,.  
o 

__= -L8 - �9 [Ar 

- 2 D  - -  
-2.2 -- ki/~o O. :374 

- 2 .4  - kw/wo = 0 . 2 3 2  -~ k[Ai3+ ] / [Ap+.] 

- 2 .6  I-- 
FIGUB]~ 3.--First order rate plots for chemical and x-ray experimental techniques. 

I t  is unfortunate that  the rate constants based on the intensity approach 
and the analytical approach do not coincide because now we must at tempt 
to find the reason for this discrepancy and to decide which technique best 
describes the kinetics of the dissolution. The most obvious procedure is to 
consider the original sample as composed of montmorillonite difii'acting 
units and cr as before, plus an additional material, probably 
amorphous, which is also soluble in the acid. We assume that  the analytical 
procedure measures the change in concentration of both of these materials 
while the x-ray technique measures only the change in concentration of 
diffracting units. The difference in rate constants as shown by the plots in 
Fig. 3 would indicate that the montmorillonite diffracting units are going 
into solution faster than the total amount of soluble material. This would 
demand that the subcrystalline phase be less soluble than the lnontmorillonite 
as can be shown by the following approach. 
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We write : 

S I X T H  N A T I O N A L  C O N F E R E N C E  ON C L A Y S  A N D  C L A Y  MINERALS 

d(x + y) 
dt _ _  _ k l ( x  + Y )  

dx, 
-dr = --k~(xl 

Integrating, solving for t, and equating, we obtain 

_ 1 In ( x + y )  _ 1 ln--X 
k 1 (x + Y)0 k2 x0 

1 1 
experimentally, however, k~ > / c  1 ; therefore, /c2 < ~ '  and 

- - l n  ( x + y ) )  < - - l n X  
(x + Y)0 x0 

or 
(x + y) x 

(x + Y)0 > x0 

Cross-multiplying, canceling XXo, adding - - x y  to both sides and rearranging : 

X o - -  X X 

Y0 - -  Y Y 

I f  one accepts this postulate of a less soluble subcrystalline material being 
the cause of the difference in rate constants between the two approaches, it 
can be concluded that,  in this application at  least, the intensity technique 
yields the desired information. Following a review of this paper, Osthaus 
(private communication) has indicated tha t  the use of his experimental 
approach might permit the estimation of the amount  of amorphous material, 
and thus bring the intensity and weight plots into coincidence. This has not 
been attempted. 

I t  might be argued that  the subcrystalline material is also montmorillonite. 
I f  this were true, such amorphous substance should have a greater surface 
area than tile highly organized montmorillonite and thus be more rapidly 
attacked by  the acid. The experimental results indicate tha t  this is not so. 
Another possible explanation is tha t  the analytical technique actually 
measures the rate of dissolution, and that  the intensity technique involves 
the rate  of dispersion of aggregates into particles too small to detect by x-ray 
techniques. Indeed, this may be par t ly  true, but  the widths at  half-maximum 
are constant through the three-hour sample, which would seem to contradict 
such a dispersion process. 
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The Area Problem 
One of the problems in choosing a model for this reaction is tha t  of the 

change of surface area with time. The model must permit  the increase of total  
surface, but the decrease of reactive surface, as the reaction proceeds. The 
lat ter  condition is imposed by  the observed kinetics. For this reason, and 
because i t  seems consistent with the known shape of montmorillonite aggre- 
gates, we have selected a cylinder as a model with the axis of the cylinder 
corresponding to the c-direction (Fig. 4, Model A). Further ,  we assume the 

C-Direction n units Igm of 
montmorillonite 
at t=O 

Model A 

montmorillonite 
C-Direction at t = 0 

Model B 

FIGURE 4.--Suggested models for the montmerillonite reactive unit. 

height to  be constant, owing to  the small change in line broadening with 
t rea tment  time, and the number of such aggregates to  remain constant over 
the course of the reaction. 

Then, the a t tack is assumed to be on the edges of the octahedral layer, 
resulting in a decrease of octahedral edge area with time, but  an increase in 
total  area due to the increasing contribution of exposed te trahedral  face 
area. The effective reactive unit in terms of the x-ray results at  any t ime is 
the cylinder defined by  the constant height and varying radius of the octa- 
hedral layers. The silica may .remain a t tached to this reactive core, giving 
what might be called an etched cylinder, or separate and build up a separate 
amorphous phase. Either choice will lead to the  same result. 

We now investigate the change in to ta l  area (St) of this model as a function 
of time. We cam consider this area to be made up of end area -~ octahedral  
edge area -t- te t rahedral  edge area -4- te t rahedral  face area. Of these, the end 
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area and the  tetrahedral  edge area will be constarlt, while the other contri- 
butions will be t ime dependent.  Let t ing r 0 be the  initial radius, h the height,  
and n the number  of units /g at  t : 0, we write : 

St=n[27rro2~-3~roh-~2 3 ~ r h  -~ 2 ( h ) ~ ( r o  ~ -  r~)], 

where ~0 is the number  of repeat  units along the axis of the cylinder. Experi- 

mentally, we know tha t  r = roe-�89 where k is the  rate constant.  Therefore, 

& = n 2~ro ~ + g ~roh f- g z~rohe -~t + 2 ~%2 (I -- e -k~) 

or rearranging ; 

St = 27rnroh[2 -4- e-~la ] d-27rnr0~ [1 d- (h )  e -la] 

This equation expresses St as a function of t ime and a number  of  constants.  
The rate constant  can be obtained experimentally, and assumptions can be 
made about  the others. The min imum height for a glycolated unit  would be 
about  1000A, bu t  it would be bet ter  to assign to h a value of 600A, which 
would represent a dehydrated  aggregate. 

I t  must  be remembered t h a t  the experimental  nitrogen areas are expressed 
in m2/g of total  solids, bu t -our  model and method  of calculation demand  
thg t  the  area be expressed as m2/n diffracting units. These n diffracting units  
weigh 1 g only at t = 0. Another  correction must  also be considered, i.e. 
the fact  t ha t  the original sample is not  all montmorillonite.  Thus, the nitrogen 
areas should be corrected to  a basis cmTesponding to the initial weight of  
montmorillonite,  which will increase the experimental  values. These are 
then corrected to  m2/n diffracting units by  mult iplying by  the fractional 
amount  of  solids based on an  original weight of  1 g. Table 7 illustrates these 
corrections. 

TABLE 7.--AREA COttRECTIONS 

t hr Wt. of n units m~/g (exp.) m2/g (corr.) m2/n units 

0 1 86 106 106 
0.75 0.935 120 148 138 
1.5 0.924 126 156 144 
3.0 0.875 138 171 149 
6.0 0.802 139 172 138 

The last column lists the values tha t  must  be accounted for by  our model. 
F rom considerations of specific volume and N2 area at  t = 0, it is possible 

to  estimate r 0 and n, making the assumption t h a t  the N~ area approximates 
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the surface of tile disperse phase in the clay-acid dispersions. This would 
definitely not be true for sodium-bentonite in water, but is probably a fair 
guess for (Ca, Mg)-bentonite in 10 percent HC1. The results so obtained, 
r 0 = 272A and n =-3  • 1015, are certahfly of the right magnitude. At 
t = co, however, use of these values in the expression for St  gives a value of 
944 m~/g. The shape of the curve is qualitatively correct, but the area 
increases much too rapidly with time. The area obtained at t -= ~ is pre- 
dominantly the area of the tetrahedral faces exposed by the acid treatment 
and supposes that  the face-to-face association of the units in the original 
aggregate cylinder has not been altered. I f  such face-to-face association were 
completely destroyed and the total tetrahedral surface available for adsorp- 
tion, the area would be twice the t = co value. The magnitude checks reason- 
ably well with theoretical values for adsorption areas of montmorillonite as 
discussed by Grim (1953). 

We then must explain why the N2 values do not approach this range, 
even though the area-time curve is of the same shape. For montmorillonite, 
N 2 cannot penetrate the interlamellar space as can H20, and it is usually 
assumed that N 2 measures the exterior surface of aggregates. One would 
expect that  the surface developed by the acid treatment would be available, 
and indeed the surface does increase. The maximum N 2 area is only one- 
sixth that  given by the theoretical considerations, and this could be ac- 
counted for by assuming that  some sort of aggregation occurs during the 
course of the reaction. For example, is it possible for the freshly exposed 
tetrahedral surfaces to associate with one another in any way? Since the 
solution is saturated with respect to Si02, one possibility is that  SiO 2 is 
precipitating from solution as cristobalite, a process made more likely by 
the initial presence of cristobalite. However, the relative intensities of the 
eristobalite 101 peaks, corrected for the weight losses occurring during the 
dissolution, are reasonably constant for the treated sample and only slightly 
greater than unity (about 1.1). 

Another approach to the area problem permits a rather close approximation 
of the experimental results without the necessity of assigning values to the 
dimensions of the model, but using the observed first-order kinetics and rate 
constant and essentially the same model. Here our model is of the shape of 
one montmorillonite repeat unit, of initial radius r and height h (Fig. 4, 
Model B). Attack again occurs on the edges of the octahedral layer and the 
etched sample becomes spool-shaped. The radius of the octahedral layer a t  
time t is r. Finally, there are n'  of these diffracting units per gram at time 
t = 0. Then, 

St = 2nn'ro 2 ~- 27rn'r ~ -~- 2nn'  roh + 2nn '  (%2 _ r 2) 

[ l r  h ~ _ 2 h + l  - 
= 2 ~ ' % ~  1 + ~ % ~o 3 r-o 
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N o w ,  l e t  f l  = _h a n d  ~ = e -�89 

T h e r e f o r e  : 

a n d  

T h e n ,  s ince  

ON CLAYS AND CLAY ~/~INERALS 

?*0 

[ 1 
= 2 n n ' %  2 2 + ~ p + - e -~t  

a t  t = 0 : S o = 2~rn'~o ~ (1 + f l )  

a t  t = o o :  S ~  ~ = 2n~ '~o~  {2  + ( 2 / 3 ) f l }  

S ~  _ 2-~-(2/3)f l  _ 138 
N~ 1 q-fl 106  

- -  1.3 

/ ? =  1.1 

S o = 2 ~ n ' r 0 2  [1 -~ /? ]  = 106 
27rn'ro 2 = 51.0,  

a n d  t h e  e q u a t i o n  becomes ,  u s i n g  t h e  e x p e r i m e n t a l  v a l u e  o f  t h e  r a t e  c o n s t a n t ,  

S t  = 51.0 [0.36 e - ~  - -  e -~  ~- 2.72] = 51.0 [A] 

T a b l e  8 a n d  F ig .  5 s h o w  t h e  r e s u l t s  of  t h e  ca l cu l a t i on .  

160 

140 

~=oE* 120 

Exp. N 2 Area Corrected to m2/n units I O O -  El Theor. N~ Area ,Some Basis 
A Exp. N2 Area, m2/gm total solids 

80 t I I I I I 
o I 2 3 4 5 6 

Time, Hr. 

FIGI~E 5.--Comparison of experimentM, corrected experimental,  and theoretica] areas 
as a function of time. 

TABLE 8.--OOM~A/~ISOI~ r OF THEORETICAL AND OBSERVED AREAS 

Time, hr  A St  (thoor), m2/n ' diff. units  St (exp), m2/n ' units  

0 2.08 106 106 
0.75 2.28 116 138 
t . 5  2.42 123 144 
3.0 2.60 132 149 
6.0 2.73 140 138 

2.72 139 - -  

https://doi.org/10.1346/CCMN.1957.0060122 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1957.0060122


ACID ]~ISSOLUTIO~ OF A TEXAS ]~ENTONITE 305 

Thus, without assigning values to the unknowns, n, r o and h, or considering 
processes other than montmorillouite dissolution, we can reasonably well 
reproduce the experimental N~ area results. The only assumptions were the 
model and the use of edge attack, plus the experimentally observed kinetics. 
This might be called the " equivalent spool" approach, and it seems to lend 
support to the over-all picture of the process. 

M e c h a n i s m  

The reaction is pseudo fu'st-order with respect to the concentration of 
montmorillonite diffracting units, and the previous section of this paper 
more completely described our idea of such a unit. Since we start with a 
given weight of clay in a fixed volume of liquid, the weight of montmorillonite 
units, W, at any time t, is proportional to the concentration, and we can 
write 

d W  
dt  - -  k W ,  

where the rate is defined as d W / d t .  
For our model, W ~ n p n r 2 h  and the reactive surface, S~, is given by the 

2 
amount of octahedral edge surface, or ~ n n r h .  

Therefore, 
d W  

- -  Ion nr~hp,  
dt  

but 

and 

3~ 
r -~ 2 7rnh 

91cPS2r _ l c , S2r  
rate ~ 4 7rnh - -  

We must explain as follows this second-order surface dependency to support 
our assumption of a cylindrical model and edge attack. The excess of H+ is 
such that  the reaction is independent of the [H +] in the bulk phase. However, 
we can assume that  the reaction proceeds through H + adsorbed oll the 
reactive surface and write the process as 

x s  

[lattice components] surface -~ [H+] surface >, Products 
H+ 

The concentrations of both reactants (lattice components in the surface and 
adsorbed H +) are proportional to the surface, and the rate of dissolution 
thus becomes second order with respect to the reactive surface. 

One must also consider the disposition of lattice hydroxyl in the course 
of the dissolution. We have two sets of data bearing on this problem ; i.e. 
the infrared spectra and the dehydroxylization endotherms shown on the 
differential thermograms. The endotherms indicate that  the montmorfllonite 

2O 
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lattice hydroxyl is disappearing in much the same way as the montmoritlonite 
lattice concentration. The intensities of the - O H  stretching and bending 
frequencies do not decrease in this way, however. The intensities are roughly 
comparable, as demonstrated by the intensities of the internal standard for 
the various spectra, and show only a gradual decrease with time. These 
facts can be explained by assuming that lattice hydroxyl is going into solu- 
tion, but that  Si -0  resulting from the removal of a cation from the octa- 
hedral layer becomes Si-0H.  These Si-0I-I groups will also dehydrate in the 
course of differential thermal analysis, but  at a lower temperature (e.g. 
note the broadening of the " free-water " endotherm). Ideally, the process 
would be 

[R a+ -~ Ol~-]  lattice -~ 2I{+ surface ~ [2Si-OH] lattice -~ [R~+ -1- 0X-t-] solution 
surface 

involving a balance electrically. This would cause a decrease in the mont- 
morillonite lattice hydroxyl as given by the D.T.A. endotherms, but an 
increase in intensity of the - - 0 H  frequencies in the infrared spectra. The 
latter is not observed, and the reaction must be different from the above. 

A further factor bearing on this subject is the change in surface acidity 
and cation exchange capacity with time. The values of the C.E.C. reported 
earlier must be corrected to a montmorillordte basis. I f  this is done, the 
exchange capacity increases with time instead of the decrease shown by the 
total solids (see Table 9). 

TABLE 9.--CHA~qGES IN EXCHANGE CA2ACITY WITH TIME 

t, h r  
C.E.C., meq/100 g C.E.C., meq/100 g 

solids (exp) montmorillonite 

0 76.4 94.5 
0.75 59.4 97.0 
1.5 60.8 105.7 
3.0 53.1 127.0 
6.0 31.8 157.3 

This increase is supported by the observed increase in surface acidity. In  
order to have an increase in these two properties with time, the reaction 
must involve a sohd phase which becomes more unbalanced electrically as 
the dissolution proceeds. This charge variation, in turn, implies that octa- 
heAral lattice defects are being created, which are not compensated by the 
transfer of the stoichiometric number of I-I+ into the lattice. 

Without attempting to write equations for the complex changes occurring, 
we can describe the reaction as : 

lattice components in octahedral edge surface -]-H + adsorbed on octa- 
hedral edge surface-~ a large excess of H+ (aqueous)----hydrated 
cations in solution -~OH- in solution ~- lattice at some higher level of 
charge deficiency balanced by H + counter-ions. 
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F rom a s t r ic t ly  chemical  approach, Ker r  et al. (1956, p. 322) reach much  
the  same conclusions regarding the  a t t ack  of protons on the  hector i te  lat t ice.  
Of part icular  interes t  is their  conclusion tha t  p ro ton  a t t ack  probably  occurs 
a t  the edges of  the crystals. 

A c t i v a t i o n  E n e r g y  

Acid- t rea tment  was also carried out a t  67~ in an a t t em p t  to  es t imate  the  
ac t iva t ion  energy for the  dissolution. The  in tens i ty  data  are g iven in Table 10. 

TA]3LE 10.---~ELATIVE INTENSITY DATA AT T = 67~ 

t hr I / I  0 

0 1 
1.5 0.605 
3.0 0.657 
6.0 0.365 

12.0 0.258 

The values are not  as nicely l inear as was the  case a t  reflux tempera ture .  
Nevertheless,  the  ra te  constant,  k67o , was calculated from a straight-l ine 
plot, and found to be 0.140 hr -1. The  ac t iva t ion  energy was es t imated  f rom 
these two  points  by use of the  in tegra ted  Arrhenius equa t ion  in the  form : 

A I n k  
A ( l /T)  - -  slope = - - E a / R  

The result  was 7.27 keel /mole,  which is substant ia l ly  lower t h a n  tha t  found 
by Osthaus (1956) using an analyt ical  approach. Es t ima t ion  of ac t iva t ion  
energy by  such an analyt ical  approach would be of  interest  in this case, bu t  
the  necessary da ta  for the  67 ~ series are not  available. Ex tens ion  of  the  s tudy  
to other  temperatures ,  thus providing more than  two points  on which to base 
the  calculation, would undoubted ly  improve  the  agreement.  Of par t icular  
interest  would be the  use of modera te  pressures to  permit  dissolution studies 
a t  t empera tures  above reflux. 
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