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Surface Changes in an Original and Activated Bentonite l 

Juan de Dios Lopez-Gonzalez 2 and Victor R. Deitz 

The ph ysical adsorption of ni trogen was used to st ud y a bentoni te activated by a t reat
men t with h ydrochloric acid. The Brunauer-E mmett-Teller equation , t he Hutt ig equation , 
and a so-called "summation " equation were used in t he calculation of th e surface areas 
avai lable to ni trogen . The cha nges in surface area at different te mperat ures ha ve been 
related to t he q uan t ity of ad sor bed water and t he amount of cons ti t ut ional h ydroxyl grou ps. 
The surface area is a measure of on ly th e external boundary (nonswelling surface) of th e 
bentonite, and this is in creased signifi cantly by t he activation process. The ratio of surface 
areas (a ctivated to original) is about four. A max imum in t he surface area was found tJ 
exist when a ll of t he adsorbed watel' was eliminated. However, t he surface area decreased 
wit h t he removal of water formed by decomposit ion of t he constitutional h ydroxyl gro ups. 
Chemical analyses, dehydrat ion curves, t hermal d ifferential analyses, X-ray patterns, and 
electron mi crographs were employed to characteri ze the materials. 

I . Introduction 

Bentoni te [1] 3 is generally defined as a rock that 
contains 75 percent or more of the crystalline clay
like minerals montmorilloni te or beidelLite [2 to 7] . 
The propor tions of impuri ties in samples from many 
locations have been studi ed by Ross and H end
ricks [4]. The minerals of this group show a wide 
variabili ty in chemical composition, bu t there is very 
little change in the crystalline stru cture as shown by 
W erry, Ross, and K err [9], Gruner [10], Marshall [ll], 
Holzner [12], K elley and J enny [1 3], etc. The unique 
behavior of bentonite is evident from the number of 
specific properties that have been related to its 
crystal structure [6, 8, 9] . 

Acid treatments of bentonites significan tly change 
some of the specific proper ties of interest in industrial 
processes. If the acid is at relatively low concentra
tion (abou t 0.1 to 0.01 N), the exchangeable cations 
are replaced by h ydrogen ions. If the acid con
centration is increased, there is a partial chemical 
solution of the crystal structure. The extent of the 
dissolving action d epends upon the concen tration 
and nature of the acid, temp erature, reaction time, 
and the ra tio of the two reactants. 

The decolorizing action and the efficiency of many 
clay-cracking catalysts, which generally have very 
specific properties, increase in general with the 
amount of hydrogen ions present on the surface [14] . 
R ecent studies [15] have shown that the catalytic 
action of silica-alumina gels can also be related to 
the hydrogen ions present on the surface. Small 
amounts of basic compounds (calcium, potassium, 
nitrogen, etc.) have a poisoning influence on the 
cracking activity of catalys ts. Mills, Boedeker, and 
Oblad [16] assume that the "active hydrogen ions" 
are eliminated from the catalyst during cracking, 
and as a resu lt the cracking activity is decreased . 

Water contained in bentonites also plays a very 
important role in their adsorben t properties in non
aqueous media. This water , generally determined 

1 'rhis in vestigation was sponsored as a joint research project un dertaken b y 
the Bone Char Research P roject, Inc. and the Nationa l Burea u of Sta.nd3rds. 

, Guest worker holding a fellowship of t he Consejo Superior de In ... esti ga.cionp~ 
Cient ificas, Spain. 

3 F i~ures in brackets ind icate the literature references at the end of this paper. 

by loss of weigh t after heat treatments, is in par t 
adsorbed 'water and in part clue to the decomposition 
of the constitu t ional hydroxyl groups [18, 19] . Both 
forms, when retained in the bentoni te, play an im
portant role in the surface activity . For example, 
the amount of the dye, R ed Sudan B , adsorbed by 
bentoni tes from benzene solu Lions was shown by 
Castro and Gonzalez [17] to change notably with 
moisture content. 

In view of the aforementio ned adsorp tion prop
erties of bentonite, i t was considered of interest to 
measure the changes in surface area brought about 
by a treatment with hydrochloric ac id a nd to ascer
tain the influence of the residual water on the total 
surface. The acid t rea tment of the bentonite is 
first described. The original material and the prod
uct formed were characterized briefly by ch emical 
and physical-ch emical methods in current use. The 
data fo r the adsorption of nitroge n at liquid-nitrogen 
temperature are then presented and these results 
correlated with surface area and the probable struc
ture of the acid-treated bentonite. 

2 . Acid Activation of the Bentonite Sample 

2 .1. Preparation 

A commercial sample of bentonite 4 was passed 
thro ugh a U . S . No. 140 sieve in order to eliminate 
particles greater than about 0.1 mm in diameter . 
Five hundred grams of this bentonite were r efluxed 
with 5 liters of hydrochloric acid (10% by weight) 
for 2 hours. The acid-treated bentonite was 
washed with distilled water until the wash water 
was free from chloride ions, and the final product 
was dried for about 40 hours at 105° C and kep t in 
a desiccator. It has been previously shown [17] 
that a ben tonite treated by this method had the 
highest adsorptive capacity for the dye Red Sudan 
B when the concentration of the acid used for acti
vation was abou t 10 p ercent by weight. At the 
lower or higher acid concentrations, a product of less 
adsorptive capacity was formed. 

• Identified as a southern bentoni te (Pantber Creek, Miss.). 
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2.2. Chemical Composition 

The chemical composition 5 of the bentonite was 
determined before and after the acid treatment. The 
components removed were determined in the filtrate 
after acid treatment. The results, given in table 1, 
show tha t a large part of the aluminum, iron, and 
magnesium in the original crystal structure was 
removed. All calcium ions were removed, as was to 
be expected, because it is a readily exchangeable 
cation. The silica originally combined with the 
cations removed was practically insoluble in the 
hydrochloric acid solution and remained in the 
residual material. It is known that the crystalline 
forms of silica are not appreciably soluble under 
treatment with sodium carbonate [20] . Therefore, 
the noncrystalline silica was determined as follows: 
1 g of the residual material was treated with 100 ml 
of water containing 5 g of sodium carbonate and 
boiled for 5 millu tes; the filtrate was analyzed for 
silica. 

T A BLE 1. Chemical analysis of bentonite 

[Sample dr ied a t liD ' CI 

Components 
I 

I Origi na l 
Origina l Acth'a ted components 

be ntonite material a b~l~g;~~7~_ 
tion 

P ercent by 
weight 

~\~~,~:::::::::::::::::::::::::::::: { :~~: H 
F e'O' ______________ _________________ 6. 49 
M gO _______________________________ 3. 01 

fg~9tio~.;loss :::::::::::::::::::::::: ~: ;;g 

P ercent by 
w eilfht 
b 30. 1 
• 47. 7 

12. 7 
3.5 
0.6 
. 0 

5. 2 

TotaL _______________________ 99. 22 99. 8 

Ad sorbed water , _____ . __________ ._ 2. 79 2. 4 
Wate r from constitutiona l OR 

groups______ ______________________ 14. 20 12. 8 

a Loss in weight on activat ion , 21%. 
b Amounts of "noncrystalline" silica. 

Percent 

} d 0. 1 
54 .5 
58. 9 
83.5 

100. 0 

• Corresponding a mowlts of silica in t he s ilicate structure of the bentonite 
plus a small pa rt w hich was deteeted b y the X - ray d ilTraction patterns to be 
quartz. 

d Siliea found in the solu tion after the acid t reatmen t. 
' .Defined as the water realized in hea ting the sample at 350 ' C to consta nt 

weight. 
I F ound from deh ydration curves (fig. 1) and fro m ignition losses. 

The amount of "noncrystalline" silica, tha t is 
silica soluble in a boiling 5-percent solu tion of sodiu~ 
carbon~te, was very small (0.84 % ) in the original 
bentomte but was large (30.1%) in th e acid-treated 
~aterial. Apparently, by removing the aluminum, 
Iron, and magnesium, the original silicate is con
verted into some amorphous form of silica. Table 
1 shows that the ignition loss is smaller in the acid
treated material. The la tter will henceforth be 
designated as the "activated material" . 

2 .3 . Dehydration Curve s 

The curves in figure 1 were obtained by the 
method of K elley, et al. [19, 21] . The loss in weight 

, The authors a re indebted to R . B. Rudy and R . r. Feinsten of the Bureau 
for some of t he ehemical analyses. 
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F IG liRE 1. Dehydration CUl'ves f or the original and activated 
bentoni tes. 

of the sample on heating was attributed to the los 
of moisture. Both graphs were characterized by a 
definite change in curvature, beginning at about 
300°0 . Above 550°0 the amount of water removed 
changed only slightly with increase of temperature. 
The similarity in the shapes of the two curves 
indicates that the activated material has a structure 
similar to that of unactivated ben tonite. The breaks 
in the curves at 300°0 correspond to a water loss 
of approximately 4.2 p ercent and 2.8 percen t in the 
original and activated samples, respectively . These 
figures were calculated with respect to the final 
weight of the sample after heating to 850°0. Ac
cording to many other investigators, these values 
correspond to the water formed in the decomposi
tion of hydroxyl groups in the bentonite. There
fore, the activated product on this basis would con
tain only two-thirds of the constitu tional hydroxyl 
groups contained in the original ben tonite . 

2.4. Differential Thermal Analysis 

Figure 2 shows differen tial thermal analyses for 
the original and activated samples. 6 These resul ts 
represent the rate of h eating a sample as compared 
with a sample of indifferent material recorded as a 
function of the temperatures at which differences in 
the rates of heating occur [22] . Two principal 
minima were observed, one near 200° and the other 
near 700° O. The depths of the minima are smaller 
in t he activated bentonite. Apparen tly , the ad
sorbed water is retained more weakly in t he activated 
material than in the original bentonite. The 
slight minimum at 690° 0 for the activated material 
indicates th e r emoval of a large part of constitutional 
hydroA-yl groups as a result of the acid activation 
process. 

6 The authors a re indebted to g . s. Xewman of t he Bureau for the experimental 
results. 
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2.5. X-Ray Diffraction 

X-ray diffraction patterns 7 were taken of Lhe ori
ginal bentonite after it was heated at 350 0 C and of 
the acid-activaterl material after it was heated at 
250 0 C. These are given in figure 3. The X-ray 
diffraction patterns of the resulting material howed 
a great in tensity for t he (hkO) refl ections when 
compared with the (OOl) refl ections. This indicate 
that the bentonite heated to 3500 had a poor crys
tallographic development in the direction of the c
axis. 

FIGURE 2. Differential thermal analysis curves of the original 
and activated bentonite. 

In the activated material, beated only at 250 0 C, 
a total destruction of the basal reflec tions was 
observed. This could indicate a total destruction 
of the montmorillonitic structure by the acid 
treatment . Previous work [33] has shown that a 
heat treatment of bentonite at 250 0 C produces only 
minor changes in structure when compared with 
that produced by the acid treatment. However, 
the p ersistence of the (IdeO ) reflections in the activated 
bentonite indicates Lhat the planar arrangement 
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7 The authors are indebted to the Const itution a nd Microstru cture Section or 
the Bureau ror the X·ray patterns and t he electron micrographs. 
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FIG U RE 3. X-my diffrartion patterns for the original and activated bentonite. 

'fhe maxima denoted by qtz designate reflections si milar to those observed in the X·ray strueture or quartz. A, origi llai arter beatillg at 350° C; B, actb'ated 
material arter heating at 250° C; C, heated to 850° C. 
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with resp ect to c axis is poor, and the destruction of 
relatively few layers in each crystal is enough to 
show an apparen t total disorder with respect t o 
basal refl ections. This disorder can be att.ributed 
to the presence of the residual non-crystalline 
silica between the layers of the mon tmorillonite . 

X-ray diffraction patt erns showed that the stru c
ture of both original bentonite and activated material 
changed completely when hea ted a t 850° C. 

2 .6 Electron-microscope pictures 

Samples of the original bentoni te and activated 
material wcre prepared for electron micrographs 
wi th bu tyl alcohol as a dispersing agen t, after prac
tically completc removal of the adsorbed wa ter. 
The micrographs do no t show differences between 
the two samples, either in particle shape or in siz e. 
This indica tes t.hat the noncrys talline silica, formed 
by th c action of hydrochloric acid, remains between 
the residual layers of the ben tonite where it cannot 
be detected . 

• 
3. Adsorption of Nitrogen and the 

Calcula tion of V tTl 

3.1. Data 

The adsorption isotherms of nitrogen at - 195° C 
were determined with a conventional B . E . T . ap
paratus [23]. The temperature of the liquid ni
trogen was ascer tained by means of a nitrogen 
vapor pressure thermometer . The results for the 
original ben tonite ar e given in t able 2 and those for 
the activated bentonite in table 3. Samples were 
evacuated before th e ad sorp tion measurements for 
periods of 18 hours at each of the following t em
peratures: 110C., 250°, 350°, and 450° C . Other 
samples con tained in porcelain dishes were h eated at 
550°, 650°, 750°, and 850° C in an electric furnace. 
These were transferred to the adsorption appara tus 
and evacua ted for 18 hours a t 450° C before the 
adsorption measurements. D esorption measure
ments were also made in a number of cases. 

In order to adsorb nitrogen in the presence of 
large amounts of wat er in the ben toni te, fresh 
samples were exposed to water vapor, placed in the 
adsorption bulb, and then evacua ted at either 
- 78° or + 25° C for a p eriod of 45 minutes. The 
samples were then cooled to - 195° C for the nitrogen 
adsorption measurements. A portion of the wet 
sample was analysed for moisture content. 

Typical adsorption isotherms are given in figure 4. 
These correspond to the type II isotherms of Bru
nauer 's classification [231. In all cases the activa ted 
bentonite (curves I ', 2', 3' , 4') adsorbed more ni tro
gen than the original (curves 1, 2, 3, 4) af ter com
parable evacuation temperatures. The desorption 
experiments indicated that hysteresis phenomena 
were rather small wi th the original ben tonite bu t 
were greater in the activated materia], in agreement 
wi th its greater conten t of par ticle voids. The 
volume of gas adsorbed at a given pressure increased 
with the temperature of evacuation of the samples up 

T ABLE 2. Adsorption of 
nitrogen at - 195° C. 

Original benton ite 

p 
I 

V p 
I 

l' 

Evacuat ion at Evacuation 
- 78 C for 45 after 5500 C 

min for 18 hr 
------

56.9 0. 48 43.8 17.4 
11 4.7 . 48 119.2 20.6 
195.5 . 49 172.7 22.3 
250.6 .48 233.3 24.1 
679.9 .88 
748.7 2.29 
762.3 3.57 
768.2 5.51 
773.6 6. 86 

E vacuat ion 
after 650 0 C 

Evacuation at for 18 hr 
250 C for 45 

min 
33.1 14.0 

170.7 18.7 
44.6 5.6 229. 0 20.4 
69. 1 6.2 288. 8 22.2 

112.7 6.9 348.6 24.3 
17 1. 7 7.9 50G 9 31.1 
264.2 9. 4 643.2 42.5 
'J52.9 J3. 4 692.8 52.3 
570.2 17. 7 713.7 60.9 
713.6 36.5 626.4 "46.3 
737.3 46.3 342.6 "24.2 
748.6 59.9 132.8 a17.6 
295.5 "9.9 59.5 "15. 3 
73.8 "6.1 
24.9 "5. 0 

Evacuation at 
llOo C for 18 hr Evacuation 

after 7500 C ------ for 18 hr 
6. 3 4.7 

23.4 18.2 
184.9 25. 1 12.5 2.9 
327. 1 30.2 74.6 6.0 
478. 4 36.5 130.8 6.9 
612.0 46.3 190.9 7.7 
372.0 "33.8 273.7 9.0 
185.0 "25.3 442.5 12.6 
69.4 a21. 4 566.5 J5.7 

678.6 26.6 
712.2 34.8 

E vacuat ion at 73 1. 3 40.6 
2500 C for 18 hr 710. J "37.4 

657.9 "28.3 
499.2 016.5 

mm E g ml/o 233.4 a7. 1 
42. J 19.0 74.9 "4. 7 

178. 0 23.7 35.2 "3.9 
222. I 25.0 
271. 6 26.5 

Evacuation at 
3500 C for 18 hr Evacuation 
------ after 8500 C 

for J8 hr 
mm E g ml/o -----85.2 22.8 

177.5 25. 7 102.9 0. 10 
210.8 26.8 152.0 . 11 
253.3 28.2 216.8 . Il 

382.9 . 11 
534. I . 14 

Evacuation at 740.0 . 35 
4500 C [or 18 hr 766.2 1. 10 

767.8 2.27 

I 
729.4 ".39 

49. 9 20.2 
84.4 

I 
22.0 

135.3 23. 7 
217.0 26.2 

aDesol'ption points. 

T A B LE 3. Adsorption oJ 
nitrogen at - 195° C. 

Acti vated bentonite 

p I l ' p I l' 

E \"acnation at Evacuation at 
- 780 C 4500 C 

J6.8 
(;9.4 

135.8 
188.7 
218.3 
413. 0 
638.9 
704. 7 
733.6 
752.2 
763. 4 
71 1. 0 
646.2 
520.3 
296.5 
132.3 

2.2 
3.3 
4.0 
4.4 
4.9 
6. 6 

12.5 
12.2 
20.5 
23.6 
26.3 

"20. 2 
"16.4 
al0. 1 
"5.3 
a3. 9 

Evacuation at 
250 C 

-----
38.6 19. 3 
73. 6 23.3 

128.8 27. 7 
206.1 33.0 
280.5 38.6 
373.5 47.6 
480.3 61. 9 
56S.7 84.3 
639.9 Ill. 9 
(;78.6 130.0 
700.3 142.5 
720. 1 154.7 
452.0 a75. 1 

E ,"acuation at 
H Oo C 

------

7.3 10. 1 
8.8 37. 1 

82.5 69.8 
243. 2 94.5 
397.2 123.2 
510.3 155.3 
357.9 aU 9.3 
235.3 "93.1 
11 6.1 a7G.6 

Evacuation at 
2500 C 

mm FJ g ml/o 
10.2 37. 1 

104 .0 76. 4 
167. 2 86. I 
212. 4 93.0 

E \"acuation at 
3500 C 

mm H g ml/o 
34. 7 61.1 

162.8 83.5 
215.6 91. 4 
265.5 99.2 

~~ 
114.7 73.4 
198.4 85.8 
237.8 89.6 

Evacuat ion 
after 5500 C 

6. 4 27.5 
88.0 50.3 

173.9 72. 2 
233.6 80.2 

Evacuation 
after 6500 C 

3.2 18. 1 
20.9 41. 6 

11 9.6 59. 1 
185. 1 57.5 
281. 2 80.3 
408.0 102. 4 
520.1 131. 6 
589. 4 153.9 
625.5 173.0 
649.8 190.7 
G12.3 a178. 5 
502.5 "139.5 
391. 2 a 104. 5 
278.0 a80.0 
169. 6 a65.6 
101. 4 a56. 6 

Evacuation 
after 7500 C 

19.5 33.3 
161. 5 53.4 
210.5 58.8 
247.2 63.2 
292.4 69. 1 
415.2 89. 0 
515.9 113.0 
575.3 133.9 
616.9 J51. 5 
645. 1 156.5 
528.0 al 28. 1 
428. 7 098. 7 
330.3 a74.6 
212.8 a58.9 

Evacuation 
after 8500 C 

65.7 17.4 
11 9.2 20.2 
165.7 22.3 
249.2 26.0 

aDcsorption point~. 

to a maximum and then decreased . For example, 
curve I ' of figure 4 was ob tained after an initial 
evacuation at 25° C, curve 2' after evacuation at 
1100 C, curve 3' after evacuation upon treatment a t 
650° C, and curve 4' after evacua tion upon treat
men t a t 750° C. 
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FIGURE 4. Adsorption isotherms of ni trogen at - 195° C on the 
original and activated bentonite, after evacuation at different 
temperatures: nwnbel's 1, 2, 3, and 4 correspond to the original 
bentonite evacuated at 25°, 110°,650°, and 750° C, respectively; 
numbers 1', 2' , 3 ' , and 4' correspond to the activated bentoni te 
evacuated at 25°, 110°,650°, and 750° C, res1Jectively . 

3.2. Determination of V m 

In current theories of physical adsorption, V m is 
defined as the volume of adsorbed gas, calcula ted at 
s tandard temperature and pressure (STP), which 
covers the available surface with a single layer of 
molecules. The value of V m has been determined by 
using a number of different equations for adsorption 
isotherms at 78° K . 

The free-surface isotherm for multimolccular ad
sorption derived by Brunauer, Emmet t, and T eller 
[24J may be written according Lo eq 1: 

P 1 + ( C- 1) P 
cVm cVm Po' 

(1) 

where p is the pressure in equilibrium with the ad
sorbent, Po th e pressure in equilibrium with liquid 
nitrogen , V the volume of gas adsorbed, and c is a 
constant related to the heat of adsorption. According 
to this equation a plot of p /(V(Po- p )] as a function of 
p /Po should be a straigh t line. Actually, the required 
linearity was observed only for values of p /Po less 
than about 0.5 for the majority of isotherms. As an 
example, data arc plotted in figure 5 for the case in 
which both samples of bentonite were evacuated at a 
temperature of 25° C preliminary to the measure
ments. 

The isotherm proposed by HUttig (25, 26J may be 
written 

P [ pJ 1 (1) P - 1+- =-+ - - . 
VPo Po cVm V m Po • 

(2) 

0.2 r----,-----,---,---p,-,----, 
/ 

/ 
/ I 

j:f/ ? 

I ~o ./ I 
Q. ~ 0.1 t-------+------r~c"'---+------t--/ 

0/ 

1.0 
PI Po 

FrGUR E 5. Brunauer-Emmetl-Teller linear plot f or nitrogen 
adsorbed on the original and activated bentonite evacuated at 
25° C, in accordance with eq 1. 

0, Adsorption; 6, desorption. 

-----a... 1 0...0 

PI Po 

0 - -0-
"'"'Cr "0-00_ 

0,8 1.0 

FrG IJRE 6. J-hittig linear plot for adsorbed nitrogen on the 
original and activated bentonite evacuated at 25° C in accord-
ance with eq 2. ' 

A straigh t line should be obtained when LIte left side 
of eq 2 is plotted as a function of p/Po. When this 
equation was applied to the data for bentonite, the 
deviation from linearity was observed for valu e of 
p /Po greater than about 0.4 . A typical plo t of these 
da ta is shown in figure 6. In general , the data do 
not conform to the Huttig equation as well as they 
do to the B . E . T. equation. 

A simple relationship was ob erved that yielded a 
linear plot for values of p /Po as high as 0.8. This 
relation is obLained by adding eq 1 and 2 to g ive eq 3: 

- p-- [~-+Po+PJ=_l + ( C- 1/2) [1!_J. (3) 
2Vpo Po - P Po cVm cV m Po 

In this case a straight line is to be expected on plot
ting the lef t side of eq 3 as a fL,nction of p /Po. A 
typical plot is given in figure 7. A straight line was 
obtained up to a value of p /Po of 0.8 . 

It should be noted that the improved equ ation doe 
no t contain any constants other than those in the 
original B . E. T. th eory. The fact that the straigh t
line relationship holds over a greater range of pressure 
is an advantage for the determination of the value of 
V m- The fact that th e adsorption data yields a 
straight line over a greater pressure range when 
plotted according to eq 3 is a necessary but not 
sufficient criterion for the correctness of the equation . 
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FIGCRE 7. Linea?' plot of the "summation" equation for ad
sorbed nitrogen on the original and activated bentonite evac
uated at 25° C, in accordance with eq 3. 

There are other important r equirements for a theory 
of multimolecular adsorption, bu t these will no t be 
discussed in this paper.s 

4 . Variation of V zn with Water Content of 
Bentonites 

Table 4 lists the values of V m when calculated 
according to eq. 1, 2, and 3 and the corresponding 

T ABLE 4. l' alues of Y m and surface areas of original and 
activated bentonite calculated by B. E . T. , Huttig, and the 
proposed summation (~ ) equation. 

V'" m'ly' 
Evacuation 

T emp. 

I B.E.T. H uttig I ~ B.E .'1' . I H uttig I ~ 

Original bentonite 

I 
·0 

- 78 0. 35 0.37 0. 36 1.5 1.6 1.6 
25 6.3 7. 0 6.6 27. 7 30.6 28. 7 

110 19.2 20.9 19. 3 83.8 91.3 84.5 
250 17.8 20. 0 18. 7 77. 8 87. 4 81. 8 
350 19. 1 21. 4 20. 1 83.5 93. 5 87.9 
450 20. 0 21. 0 20.5 87.3 91. 9 89.5 
550 17.5 18.8 17. 9 76. 4 82.3 78. 1 
650 14. 6 17. 6 15. 2 63.6 76.8 66.5 
750 6.81 6.8 6. 4 26.5 29.7 27.9 
850 0. 051 0. 052 0.051 0. 22 0. 23 0. 22 

Activated bentonite 

- 78 3. 5 3.7 3. 7 15 16 16 
25 24.8 28. 7 27.4 108 125 120 

110 65.7 72.4 63.7 287 317 300 
250 70.4 75.8 72.8 308 329 318 
350 67.2 74.7 71.0 294 327 310 
450 65.8 72.9 69.1 288 319 302 
550 57. 0 61. 6 59.5 249 269 260 
650 52. 1 61.3 57. 1 228 263 250 
750 43.9 57. 1 45.3 192 250 198 
850 18. 1 20. 3 19. 3 79 89 85 

• The surface area values are referred to samples dried at 110· 0 and the cross
sectional area of the adsorbed nitrogen molecule at of 16.1 A' . 

8 'rhe theory of Huttig for multimolecular adsorption, rerentl y discussed by 
Ross [261. Ferguson and Barret [271, and by H uttig himself [28] has been critized 
Hill [29] . He has shown that Huttig's equation cannot be obtained from the 
B. E. T . Model without violation of statistical thermodynamical l)rinciplcs. 
Hill points out that the B. E. '1' . Model results in too Iowa free energy relati ve to 
the liquid state, and that Huttig's treatment leads to a free energy that is too high 
[30]. 
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FIGURE 8. Adsorption isotherms of nitrogen at - 195° C on 
the original and activated bentonite evacuated at 10 different 
temperatures, redured to unit sw:face. 

sm'face areas. It can be seen that the results 
according to eq 3 [the "swnmation" equation] are 
always between those derived form the B . E . T . and 
Huttig equations. The question arises as to which 
value gives the best approximation. For the pur
poses of a surface area determination it may be 
noted that average deviation of the B.E.T. value 
from that of the summation equation is usually less 
than 10 percent. 

The value of V m from eq 3 is intermediate between 
the values from eq 1 and 2, as sho ivn in table 4. The 
three equations were also applied to many different 
adsorbents (bone chars, graphon, silica gel, kaolin, 
etc.), and the values of V tn were calculated . The 
uncertain ty in V m due to the uncer tainty in drawing 
the best straigh t line is small compared to the uncer
tainties in the packing of the nitrogen molecules in the 
adsorbed layers. For comparing surface areas of the 
same type of materials, it is recommended that V m 
for nitrogen be determined according to eq 3. 

In figure 8 is presen ted a plot of V/V m for all the 
data as a function of p!Po. The close superposition 
of the data is striking and demonstrates that the 
volumes adsorbed ani directly proportional to the 
surface area. 

4.1. Areas After Preliminary Temperature Treatment 

The t emperature at which the initial evacuation 
of the sample was made has consid erable influence on 
the resulting surface area. This is shown graphi
cally in figure 9. In the case of th e original benton
ite, the surface area changed li ttle wh en the tempera-
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FIG UR E 9. S urface area oj the original bentonite and acti
vated material as a f unction of the tempel a/ure of evacuati on. 

t m e of cvacllation was bctwecn 100° and 500° C. 
When highcr tcm peratul'cs wcre employed, the sur
face area declined steadily and r each ed a very small 
value at 850° C. In contrast , the acid-treated 
bentonite attained a maximum surface area of almost 
foul' times the original area after heating at 250° to 
350° C . . The maximum for the activated sample 
was sensi tive to temperature, and the area b egan to 
fall of!' appreciably at high er tempcratmes in the 
range where there was li ttle change in th e area of th e 
original bentonite. 

4 .2. Areas After Preliminary Water Addition 

The relations between the surface areas and th e 
residual moisture retained by thc b entonites were 
studied. Samples containing large quantities of 
moisture were obtained by exposure to water vapor 
in a closed container. Samples con taining less 
moisture than that in t he initial sample (dried to 
constant weight at 110° C) were prepared by a heat 
treatmen t at the elevated temperatures previously 
mentioned . 

It has been noted that the adsorbe<l water in 
ben toni te [21] may be consid ered to be expelled 
completely at about 350° C without any significant 
decomposition of the constitutional hydro).'Yl groups. 
Therefore, when the moisture content was referred 
to the constant weight of the samples at 350° C, it 
was possible to compare changes in surface area 
with the quanLity of adsorbed water, and with the 
exten t of the decomposition of the constitutional 
hydro).'Yl groups. The results are plotted in figme 
10. The surface area of the original b entonite 
decreased continuously with increase of adsorbed 
water from a maximum of 89 to 1.6 m 2/g; the latter 
value is for a sample containing 30.6 pereent of 
moisLure (see curve A) . Furth ermore, the surface 
area decreased with loss of the waLer derived from 
the decomposiLion of the constitutional hydrm. .. 'YI 
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FIGU RE 10. Surface Mea of the O1·iginal bentonite and activated 
material as a function of the amount of adsorbed water and 
constitutional hydrox yl grou ps. 

A find D arc for original samples of bentonite and A' and D' lor acti vated 
material. 

groups to a minimum value of 0.22 m 2/g (see curve B) 
realized after heating Lhe sample at 850° C. 

Similar behavior was found for the activated 
maLerial. The surface area decreased from a maxi
mum of 320 Lo 16 m 2/g at a mois ture content of 47.4 
percent (see curve A'). vVhen the activated ma
terial was h eated (to C011stan t weigh t) , there was a 
progressive loss in surface area, the arca decreasing 
to 85 m 2/g after heating to 850° C (see curve B'). 

5. Discussion and Concluding Remarks 

The acid Lrea Lment of the benLonite employed 
destroys a large part of its crystal s tructure by 
removing aluminum, magn esium, and iron. The 
ch emical analyscs, dehy dration curves, differential 
thermal analyses, X-ray diffraction patterns, and 
electron microscope picture indicate that the acid
treated b entonite contains a part of the original 
montmorillonitic structure. 

After r emoval of aluminum, magnesium, and iron 
from the crys tal structure, a residue of silica remains 
in the activated product. From the X-ray patterns 
and electron microscope picture, it seems most 
probable that tlus noncrystalline silica remains 
cluefly between the r esidue crystal layers and pro
produces a crystalline disorder with respect to the c 
crystallographic axis. 

From the intensity of the (hkO) r eflections in the 
activated product , after h eat treatment at 250°, it 
should be possible to estimate th e amount of ben
tonite (after 350° C treatment) destroyed by the 
acid treatment, but the error in doing so is about 
25 percent, due to several factors that will not be 
discussed in this paper. It is important to observe 
that the absorption of X-rays by th e non crystalline 
silica formed in th e acid treatment results in dimin
ish ed intensities of the reflections, and as a result 
could be in terpreted as too low a percentage of 
r esidual montmorillonitic structure in the activatecl 
product. By comparison of the above-mentioned 
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reflections, and taking also in to consideration the 
chemical analyses, dehydration curves, and differ
ential thermal analyses, it can be estimated that the 
residual montmorillonitic structure in the activated 
material is of the order of 50 to 70 percent. 

The surface area available to nitrogen at - 195° C 
of the original dried bentonite (85 to 90 m 2Jg) is only 
the external surface (nol1swelling surface) . This 
corresponds favorably with the theoretical value 
given by Dyal and H endricks [31]. This value 
corresponds to only 10 p ercent of the total surface 
when dispersed into structural single layers, and it 
has been given by these authors and by Vivaldi [32] 
as about 880 m 2Jg. Therefore, nitrogen cannot be 
adsorbed to an appreciable extent between the 
swelling layers of the original bentonite containing 
moisture. 

The surface area of the activated material after 
elimination of the adsorbed water at 250 0 to 3500 C 
is about 320 m 2Jg. This value is smaller than the 
total theoretical value of 880 m2Jg for the montmoril
lonite dispersed into structural single layers. Ap
parently, the acid destroys part of the layers and 
creates an open structure, which , in the dried 
material , is available to nitrogen to a larger extent 
than in thc original bentonite. 

The previous and the following considerations 
make it possible to suggest a simplified view of the 
reaction between the acid and the 'smallest particle 
of material having the properties of the bentonite. 
The crys talline particles of montmorillonite are com
posed of aggr egates about 10 single structural layers . 
Le t us assume tha t a particle of the final activa ted prod
uct contains about 60 percent by weight of the benton
ite, the acid attack having destroyed four out of ten 
layers (see fig. 11 ). In the r esidual structure, the 
crystal fragments A, B, and C do not necessarily have 
to be oriented parallel. The silica, produced during 
the acid attack, is insoluble and is retained in the 
residue, which now contains sufficiently large particle 
voids to permit the entrance of nitrogen into the 
spaces a and b. Figure 11 shows that the area of the 
acid-treated material is three times that of the ben
tonite, approximately 250 m2Jg. Taking into ac
count the loss in weight (20 %) as a result of acid 
treatment, the surface area per gram of the residue 
is 320 m 2Jg. This compares favorably with that 
found experimentally (3 15 to 320 m 2Jg). 

In practice, the process of acid attack is probably 
much more complicated . The destruction of the 
crys tal layers must tal-:e place according to some 

random distribution. The proposed simplified model 
can also account for the observed desorption iso
therms. The hys teresis observed for the activated 
material is attributed to the formation of the small 
particle voids such as a and b in figure 11. H ys ter- 'Vi 
esis was not appreciable in the original bentonite. 

The decrease in surface area with increase of 
adsorbed water can be explained by an aggregation 
of the individual particles. This process would 
explain the decrease in surface area of the bentonite 
from 85 m 2Jg with no adsorbed water to 1.6 m 2Jg 
with about 31 percent of water. The same effect is I.. 
shown in the activated material, where the surface 
area decreases from 320 m 2Jg with no adsorbed water 
to 16 m 2Jg with about 47 percent of adsorbed water. 
The larger amount of adsorbed water in the activated 
material can be anticipated in view of its " open" 
structure. 

The maxima in surface areas were observed when e:: 
all the adsorbed water was removed, that is, at 250 0 

to 3500 C. In the original bentonite, most of the 
external surface was lost between 650 0 and 750 0 C 
after the majority of the constitutional hydroxyl 
groups had been driven off. In the acid-treated 
bentonite the surface area decreased appreciably at 
a temperature where the original bentonite showed 
li ttle change. This behavior suggests that the more 
irregular structure of the activated material is less 
stable. 

It appears possible to select a temperture in the 
heat treatment of a sample at which only adsorbed 
water is removed. This fact is very important, 
especially where acid-treated bentonite is to be used 
in appli cations that require the maximum in surface 
area. The heat treatment preliminary to use can be 
confined to temperatures where only adsorbed water 
is removed. These facts furth er emphasize the 
importance of temperature control when bentoni te 
is heated in adsorbing and cataly tic processes. 

The authors aclmowledge the helpful suggestions 
of W . V. Loebenstein, F . G. Carpenter, and H. P . 
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