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A B S T R A C T  

A vermiculite from Beni-Uxera, North Africa, was refluxed with I{C1 solutions of various 
concentrations to determine the effect of such a t rea tment  on its surface area. The 
treated vermiculite was analyzed for " free " SiO~ ~nd by  x-ray diffraction, and the 
refluxing solutions were analyzed for the cations removed from the vermic~i te .  Surface 
areas were determined by  means of ~dsorption isotherms of n-butane a t  0~ 

The sm'face area of the acid-treated vermiculite increases with  increase in concentra- 
t ion of the acid. Heat ing of the acid-treated samples or the natural  samples decreases 
the surface area. 

The increase in surface area by acid t rea tment  is due to destruction of the vermiculi te 
and its conversion to a "f ree  " foIT~ of SiO 2 which possesses a large surface area. x -Ray  
analysis indicated tha t  ~,his " i~ee " SlOe was not present in the  interlayer positions of 
the crysta ! lattice of vermiculite. 

I .  I N T R O D U C T I O N  

T r a v e r s  (1933), N u t t i n g  (1935), Mills,  H o l m e s  a n d  Corne l iu s  (1950),  
G u t i e r r e z - R i o s  a n d  L o p e z - G o n z a l e z  (1952), a n d  L o p e z - G o n z a l e z  a n d  D e i t z  
(1952) h a v e  f o u n d  t h a t  t h e  su r f ace  a r e a  o f  s e v e r a l  c l ay  m i n e r a l s  is m o d i f i e d  
as a r e s u l t  of  ac id  t r e a t m e n t .  F u r t h e r m o r e ,  t h e  c h a n g e s  in  su r f ace  a r e a  w e r e  
f o u n d  t o  b e  c o r r e l a t e d  w i t h  c h a n g e s  in  c r y s t a l  s t r u c t u r e  o f  t h e s e  clay m i n e r a l s .  

S ince  t h e  c r y s t a l  s t r u c t u r e  of  v e r m i c u l i t e  is s im i l a r  t o  t h a t  o f  m o n t m o r i l -  
]on i t e  i t  was  f e l t  t h a t  a s t u d y  of  v e r m i c u l i t e  m i g h t  s h e d  a d d i t i o n a l  l i g h t  o n  
t h e  e f fec t  o f  a c id  t r e a t m e n t  o n  t h e  s i l i ca te  m i n e r a l s  as  a whole .  T h e  p r e s e n t  
r e p o r t  is a r e s u l t  o f  s u c h  a s t u d y .  

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

T h e  m a t e r i a l  u s e d  i n  t h e  p r e s e n t  w o r k  was  a v e r m i c u l i t e  f r o m  B e n i - U x e r a ,  
N o r t h  Af r i ca  ( H o y o s  d e  Cas t ro ,  G o n z a l e z - G a r c i a  a n d  M a r t i n - V i v a l d i ,  1950).  
T h e  s a m p l e s  we re  g r o u n d  a n d  p a s s e d  t h r o u g h  a 100 m e s h / e r a  ~ s ieve.  O n  t h e  
s i eved  m a t e r i a l  t h e  f a l l owing  d e t e r m i n a t i o n s  we re  m a d e  : c h e m i c a l  a n a l y s i s ,  
c u m u l a t i v e  d e h y d r a t i o n  cu rve ,  a n d  x - r a y  p o w d e r  d i f f r a c t i o n  p h o t o g r a p h s  
u s i n g  a P h i l i p s  57.3 m m  d i a m .  c a m e r a ,  w i t h  Cu I{~ r a d i a t i o n .  

1 Present address : Depar tment  of Soils and Plant  Nutri t ion,  Universi ty of California 
a t  Berkeley. 
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The acid t r ea tment  of the vermiculi te  was conducted in the following way : 
several 50 g samples of ground vermiculite were refluxed for 30 rain with 
500 cm 8 of HC1 solutions of various concentrations,  ranging from 0.1 N to 
2.5 N. The acid-treated samples were washed with distilled water unt i l  the 
wash water was free from chloride ions. Finally,  the  samples were dried at  
room temperature .  The components  removed by  acid t r ea tment  were 
determined ia  the filtrate. 

As a consequence of removal  of cations from the  crystal latt ice of the 
silicate by  the  acid solution process, some silica is l iberated and remains in  
the acid-treated samples because of its low solubility. This "free" SiO 2 was 
determined by  boiling a small por t ion of the samples for five minutes  in a 
5 percent  solution of sodium carbonate.  

Surface areas of the original and  acid-treated vermiculi te  were calculated 
from the adsorption isotherms of n -bu tane  at  0~ by the B.E.T. method 
(Brunauer, E m m e t t  and  Teller, 1938). All the samples were outgassed in the 
adsorption chamber for 4 hr before the first al iquot of n -bu tane  to be adsorbed 
was added. The butane,  provided by  The Matheson Co., Inc.,  had a pur i ty  no 
less t h a n  99.5 percent. 

I I I .  E X P E R I M E N T A L  R E S U L T S  

The results of the chemical analysis of the original vermiculite are shown 
in Table 1. 

TABLE ] .--CHEMICAL COMPOSITION OF THE V]~It~/IICULITE 1 

l~ercent 

SiO 2 . . 39.99 
A120 a . . 13.83 
FelOn .. 10.65 
MgO .. 24.80 
CaO .. O. 84 

tI20 . .  9.30 

Total 99.41 

1 Sample dried to constant weight at ll0~ The water loss of the original sample at 
this temperature was 8.8 percent. 

The loss of water at  different temperatures  was determined and  the results 
obtained are shown in the cumulat ive  dehydra t ion  curve of Fig. 1, which 
closely resembles Walker 's  (1951, p. 211) cumula t ive  dehydrat ion curve of 
vermiculite. 

The components  removed by  acid treatment,  of the  vermiculite are expressed 
in  Table  2. 
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FIOUI~E 1.--Cumulative dehydration curve for vermictflite. 
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TABLE 2,--PEI~CENT COMPONENTS I~EiVIOVED :BY TItEAT3:H~NT OF V~g~ICUI~ITE 
x,u IICU 

( ~ o n l p o l l e n t  

Removed 

SiO 
AlcOa 
Fe2Oa 
~,{gO 

Total Removed (%) 

0 .1N 

1 . 0 0  

0.18 
0.25 1 42 
2.85 

Concentration of HC1 

0.48 3.33 3.43 
4.66 I ~.25 / f ~ 3 t s  
3 ~ s  / 6.~0 / \  
8 9 7  12.60 / 14.~6 

2.5N 

3.03 
l1.41 
9.06 

24.90 

48.40 

1 Data refer to samples at equilibrium at 110~ Because of the small content of calcium 
in the original vermiculite, calcium was not de,ermined in the filtrate. 

Table 3 shows the percent  of the tota l  t~203 (AlcOa plus ]f%03) t ha t  has 
been removed from the crystal latt ice by acid solutions of various concentra- 
tions. 

Table 4 shows the percent  of "free" SiO 2 in the acid t reated samples. 
The 001 x-ray  diffraction spacings of the vermiculi te  before and after acid 

t rea tment ,  after thermal  t r ea tment  at  650~ for 4 hr, and after removing 
the "free" Si02 produced by  the acid are shown in Table 5. 

Some of the data  obtMned from adsorption of n -bu tane  at  0~ on the 
original and acid t rea ted vermiculi te are shown in  Fig. 2, plot ted according 
to the B.E.T. method.  

Table 6 shows the surface areas t ha t  have been calculated from Fig. 2, 
assuming tha t  the cross-sectional area of the adsorbed n -bu tane  molecule at  
0~ is 32 ~_2 (Davis and  DeWitt ,  1948). 
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TABLE 3.---1)EtCCENT ~ 2 0 a  t=~E~IOVED F1r THE ORIGINAL VERlVIICULITE 
CRYSTAL LATTICE BY HC11 

C o n c e n t r a t i o n  o f  HC1 P e r c e n t  ~ 2 0 3  R e m o v e d  

0 . 1 0  N 
0 . 5 0  N 
1 . 0 0  N 
1 .25  N 
2 . 5 0  N 

1 . 8  
3 3 . 6  
4 6 . 3  
5 6 . 4  
8 3 . 6  

1 I n  a s a m p l e  of  v e r m i c u l i t e  t r e a t e d  w i t h  HC1 5 N the  t o t a l  a m o u n t  of g e e 3  r e m o v e d  
was 100 p e r c e n t ,  w h i c h  c o r r e s p o n d s  to  t o t a l  d e s t r u c t i o n  o f  t he  s i l ica te  l a t t i ce .  

TABLE 4 . - -PERCENT " F/tEE " SiO 2 IN THE ACID-TREATED VEI%IVs 
(Samples  a t  e q u i l i b r i u m  a t  110~ 

C o n c e n t r a t i o n  of  HC1 

0 . 1 0 N  
1 . 0 0  N 
1 .25  N 
2 . 5 0  N 

Percent " Free " SiO2 

2 . 1  
1 5 . 7  
1 6 . 8  
7 4 . 3  

TABL~ 5 . - - 0 0 1  SPACINGS OF VEI~WIICULITE BEFO]~E AND AFTEg ACID TREATMENT 

Mate r i a l  

Or ig ina l  
T r e a t e d  w i t h  N NO1 
T r e a t e d  w i t h  N H C l  ( w i t h o u t  

" f ree  " SiO~) 

No The~i1al 
Treatment 

14 .2  
1 4 . 0  

H e a t e d  4 h r  
a t  650~ 

9 .1  
9 . 3  
9 . 3  

TABLE 6.--SURFACE AREA OF THE SAMPLES OF VERMICULITE 

Material 

Orig ina l  
0 . 1 0  N . HC1 
1 . 0 0  N . HC1 
1 .25  N . HC1 
2 . 5 0  N . HC1 

I I0~  

84 
103 
125 
128 
510 

Temperatures 

275~ 400~ 

11 14 
10 11 
96 86 

117 96 
418 336 

_ _ _ _ m  

650~ 

11 

59 
68 

268 

F r e e  ~ 
SiO 2 

2 .1  
15 .7  
16 .8  
74 .3  
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~IGU~E 2.~dsorption of n-butane on vermiculite at 0~ Data are plotted according 
to the B.E.T. equation. (]) Original vermiculite. (2) Treated with ].25 N HC]. 
(3) Treated with 1.25 Iq HC1 and outgassed at 275~ 4 hr. (4) Treated with 
1.25 N HC1 and heated at 650~ 4 hr. (5) Treated with 2.50 N HC1 and out- 
gassed at 400~ 4~ hr. (6) Treated with 2.5 :N HC] and heated at 650~ 4 hr. The 
outgassing temperature and time for samples, 1, 2, 4 and 6 were 1 ]0~ 4 hr. 

I V .  D I S C U S S I O N  A N D  C O N C L U D I N G  I ~ E M A I ~ K S  

Tables 2 and 3 show tha t  the removal  of  cations from the vermiculite 
lattice increases with concentration of acid. Under  the conditions used in 
the present work (50 g of  ground material, boiling for 30 rain in 500 cm 3 
of tiC1 solution) the structure of  the vermiculite was destroyed completely 
when the concentrat ion of the HC1 was 5 N. 

Removal  of  cations from the crystal lattice of vermiculite by  acid treat-  
ment  produces a corresponding amount  of "free" Si02; practically all this 
silica remains in the acid-treated samples because of  its low solubility in 
acid solution (Table 4). 

x - R a y  powder diffraction pat terns  show (Table 5) tha t  the 001 spacings 
for the original vermiculite (14.2 ~) and after t reamtent  for 4 hr at  650~ 
(9.1 A) (the difference being due to the loss of  "unbonded"  and "bonded"  
water) are practically equal to the corresponding spacings for the acid-treated 
vermiculite before (14.0 A) and after similar thermal  t rea tment  (9.0~-). This 
fact shows tha t  the  "free" SiO 2 produced during acid t rea tment  is not  
situated between the silicate layers of  the acid-treated product.  I n  order to  
present additional evidence, a sample of  the  acid-treated vermiculite was 
boiled in a solution of  5 percent sodium carbonate (which removed the "free" 
Si02) and then washed and dried, x - R a y  pat terns  of this sample also showed 
a basal spacing of 9.3 A (Table 5). Consequently, the "free" SiO~ either mus t  
be si tuated at  the edges of  the remaining crystal layers or form independent  
nuclei. I n  ~ montmorillonite, the basal spacing for an acid-treated sample 
was found to  be 1 .4~  greater than  tha t  of  the original sample (Lopez- 
Gonzalez and Gonzalez-Garcia, 1954). I t  is suggested tha t  the swelling of  
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n]ontmorillonite permitted the acid to act extensively between tile layers 
and that some of the "free" SiO~ formed could remain there and thus could 
be responsible for the increase in basa] spacing. 

The surface area of the original vermiculite outgassed at 110~ available 
to n-butane, is 84 m~/g (Table 6 and Fig. 3). Determination of surface area 
on montmorillonite (outgassed at II0~ from the adsorption isotherms of 
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FIGU]~]~ 3.--Surface area changes of vermiculite as a function of acid and thermal 
treatment. (I) Original vermiculite. (2) Treated with 0. I0 N IICI. (3) Treated with 
1.00 1q tIC1. (4) Treated with 1.25 N HC1. (5) Treated with 2.50 1W HC1. 

nitrogen at --195~ also gives values close to 80 m2/g (Escard, 1950 ; Lopez- 
Gonzalez and Deitz, 1952). These and other facts indicate that the surface 
of montmorillonite available to nitrogen is only the external (nonswelling) 
surface, which has been calculated, from a theoretical basis, to be of the order 
of 80 m2/g (Dyal and Hendricks, 1950). From the value obtained in this work 
for the surface area of vermiculite (84 m2/g), and taking into account its 
nonswelling behavior, we can assume that the surface area available to n- 
butane in the above-mentioned conditions is onJy the external surface. 
However, the possibility of availability of some of the internal surface of 
vermiculite to n-butane under our experimental conditions can not be 
completely disregarded. 

When the original vermiculite is outgassed at higher temperatures (275~ 
the surface area decreases to 11 m2/g and this value remains practically 
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constant up to 650~ (Fig. 3). This decrease of the surface area can be 
explained by a regrouping of the small particles of vermiculite, which will 
give, consequently, aggregates of greater external order and smaller surface 
area. Determinations of surface area in samples heated at  temperatures 
higher than 650~ have not been made since at  7O0~ the crystal structure 
of vermiculite is destroyed (Fig. 1). 

In  acid-treated vermiculite the surface area increases greatly with 
increase in SiC z. The "free" SiO~ produced in the acid t reatment  seems to 
be responsible for the increase in surface area. When temperature increases, 
the collapse of " f ree"  SiO 2 may account for the decrease of surface area in 
the heated, acid-treated samples (Fig. 3). 

The sm'face area of the acid-treated vermiculite is not much lower than  
that  of the silica gels and silica-alumina gels (Adams and Voge, 1957; 
Schlaffer, Morgan and Wilson, 1957) whose preparation requires long and 
careful processes. The fact that  a relatively small amount of HC1, acting 
during a short period of t ime (i.e. 30 rain) on samples of vermiculite, gives 
a product of a very high surface area is to be considered of technical 
importance. 
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