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Surface Changes in an Original and Activated Bentonite®

Juan de Dios Lopez-(Gonzalez ? and Victor R. Deit=

The ﬁhﬁmim adagrption of nitrogen wes wsed to st-ud:l.r & bentonite mctivated by a trent-
ment wik i;dro-ehlo-ric s¢kd. Tha oatier-Emmett-Teller equation, the Hitilg equation,
and a go-galled “summation™ eguation wers uzod 1o the coaleulation of the surfece aress
avallabla to nitregem. The changes in surface area at different tenperstures have been
related to the quantity of adasrhbed water and the Amatint of constitutinnal hydroxy] groups.
The surfaca area is g measure of only the externsl boundary (nonswelling surface] of the
bentonite, and this is increased significantly by the aotivation proeess. ‘The ratio of surfece
arcas (Botivated to origingl) ia ahout four. maximim in tﬂs surface ares was found ta
axist when all of the a-gsorhecl water waa eliminated, However, the surfaoe area o
with the removal of water formed by decompasition of the ponstitutional hydroxyl grovpa.
Chemical enalyses, dehydration curves, thermal diferential analysed, X-ray patterns, and
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electron mberographs were employed ta cheracterize the materials.

1. IntroducHon

Bentonite [1]? is generally defined as a rock that
containe 75 percent or more of the erystalline cley-
like minerals montmorillonite or beidsllite [2 to 7.
Tho proportions of impurities in samiples from man
locations have heen sfudied by Ross and Hend-
ricks [4]. The minerals of this group show s wide
variability in chemicel composition, but there is very
little change in the erystalline structure as shown b
Werry, Ross, and Kerr [9], Gruner [10], Marshsll [11],
Holzner [12], Kelley and Jenny [13], cte.  The unique
behavior of bentonite 1a evident from the number of
specific properties that have been related to its
crysial structure [g, 8, 9].

Acid treatments of bentonites zignificantly changn
some of the ipeniﬁc properties of interest in industrial
processes, If the acid is at relatively low concentra-
tion (about G.1 to .01 A}, the exchangeable cafions
ate replaced by hydrogen ions. TIf acid con-
ceniration iz increased, there is a pactial chemical
solution of the crystel structurs. The extent of the
diseolving action depends upon the concentration
and nature of the acid, temperafure, reaction time,
and the ratio of the two reactants.

The decolorizing action and the efficiency of many
clay-cracking cataly=ts, which penerslly have very
gpecific properties, increasa in general with the
amount of hydrogen ions present on the surface [14].
Recent studies [15] have shown thst the catalytie
action of silice-alumina pels can alzo be related to
the ]Jj‘ﬂl‘(ﬁeﬂ ions prescnt on the surface. Small
amounts of basic compounds (calecium, potassium,
nitrogen, ete) have a peisoning infleence on the
cracking activity of catalysts, Mills, Boedeker, and
Obled [16] assume that the “active i’n;,*dmgan iona”
are eliminated from the catalyst during cracking,
atd az a result the cracking activity iz decressed,

Water contained in bentonites slzo plays s very
important role in their adsorbent properties in non-
aqueous rmedia. This water, generally determined
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by loss of weight after heat treatments, is in part
asdsorbed water and in part due to the decomposition
of the ronstitutional hydroxyl groups [18, 18]. Both
forms, when retsined in the bentﬂnit.einlay &h -
partant role in the surface activity. For example,
the amount of the dye, Red Sudsn B, ndsorbed by
bentonitez from benzene solutions was shown b
Castro and Gonzalez [17] to change notably wi
meisture eontent.

It wiew of the aforementionsd adsorption prop-
ertins of bentonite, it was considered of interest te
measure the changes in surface area brought shout
by & treatment with hydrochloric acid to sacer-
tain the influence of the residual water on tha tosal
surface. The mnecid tresiment of the bentonite is
first deseribed. The originel materiel snd the prod-
uct formed were characterized bricfly by chetnieal
and physical-chemical methods in curtent use. The
data for the adsorption of nitrogen at liquid-nitrogen
temperature are then prezented and these results
correlated with surface area and the probable strue-
turo of the acid-treated bentonite.

2. Acid Activation of the Bentonite Sample
2.1. Preparation

A commercial sample of hentonita ! was passod
thro a U. 3. No. 140 sieve in order to eliminate
particles greater than about 0.1 mm in diameter.
Five hundred grams of this bentonite were refluxed
with 5 liters of hydrochloric acid (109, by weight)
for 2 hours, The acid-treated hentonite was
washed with distilled water until the wash wager
was free from chloride jons, and the final product
wes dred for about 40 hours at 105° C and kept in
& desiceator. It has been previously shown [17]
that & bentonite treated by this method had the
highest ad=orptive capecity for tha dye Red Sudan
B when the coneentration of the acid used for aeti-
vation wae sbout 10 percent by weight. At the
lower or higher acid concentrationz, & product of lesa
adsorptive capacity was formed.

1 [denthisd a3 3 southetu bontonite (Panther Creek, ML),
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2.2, Chemical Cornposition

The themical composition * of the hentonite was
determined bafore and after the acid treatment. The
components removed were determined in the filtratas
after acid treatment. The results, given in table 1,
show that & large part of the aluminum, iron, and
magnesium in the original crystal structure was

removed. All caloium rons were removed, &5 was to-

be oxpectod, because it is a readily exchangeable
cation. The silica originally combined with tha
cations removed was proctically insoluble in the
hydrochloric acid solution and remsined in the
residual material. It iz known that the crystalline
forms of eilica are not appreciably soluble under
treatment with sodium carbonate [20). Therefore,
the noncrystalline silica was determined ns follows:
1 g of the residual material was treated with 100 m]
of water containing 5 g of zodium carbonate and
hﬁljﬂﬂd for 5 minutes; the filtrate was analyzed for
silica.
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_The amount of “noncrystalline’” silica, thet is,
siliea soluble in & boiling 5-percent solution of sodiem
carbonate, was very small (0.84%) in the original
bentonite but was Jarge {30.1%) m the acid-treated
meateria]. Apperently, by removing the aluminum,
iron, and magnesiuin, the original silicate is con-
verted into some amorphous form of silica. Table
1 showe that the ignition losa is smaller in the acid-
treated material. The latter will henceforth be
desipnated aw the “activatod material™.

2.3. Dehydration Curves

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

1'The suthors are indebeed to B. H. Budy and H. I, Frioatin of s Pamen
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of the sample on heating was attributed to the loss
of moisture. Both graphs were characterized by a
definite change in eurvature, beginning ot sbout
300°C.  Abore 550°C the amount of water removed
chenged only slightly with increase of temperature,
The similanty 1 the shapes of the two curves
indicates thet the activated material has & structure
simifar to that of unactivated hentonite. The breaks
in the curves at 300°C corvespond to & water loss
of approximately 4.2 percent and 2.8 percent in the
original pnd activaied samples, respectively. These
ficures were caleulated with respect to the final
weight of the sample after heating to 850°C.  Ac-
cording to many other investigators, these wvalues
correspold to the water formed in the decomposi-
tion of hydroxyl groups in the bentonite. There-
fore, the activated product on this basia wonld con-
tain only two-thirda of the constitutional hydroxyl
groups contained in the orginal hentonite.

2.4, Differential Thermal Analyaia

Figure 2 shows differential thermel analyses for
the original and sctivated aamples.* Thoss resulte
repregent the rate of heating o sample 88 compared
with & sample of indifferent material recorded as a
function of the temperatures st which differences in
the retes of hesting oceur [22]. Two pnnc
minima were observed, one near 200 and the other
near 700° C.  The depths of the minims are smaller
In the activated benfonite. Apparently, the ad-
gorbed water is retained more weakly in the activated
material than in the original hentonite. The
slight minimum at 690° C for the activated materinl
indicates the removal of s large part of constitutionsl
hydroxyl groups sz a result of the acid activation
Process,

8 The aulbhos ate idebtad to E, 3. Newmoan of the Buraau for the experimenial
teanlla.
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2.5. X-Ray Diffraction

X-ray diffraction patterns 7 were taken of the ori-
ginal bentonite after it was heated at 350° C and of
the acid-activated material after 3 waa heated at
250° C. These are piven in fi 3. The X-ray
diffraction patterns of the resulting material showed
B pgreat imensi:sﬂe for the {hk0) reflections when
rompared with food) reflections., This indicates
that the bentopite heated to 250° had a poor erys-
tallographic development in the direction of the #-
AXIA,

In the activated material, hested only at 250° C,
a total destruetion of the basal ectiong was
observed. This could indicete a total desiruction
of the montmorillonitic structure by the acid
trcatment. Previpus work [32] has shown that a
heat treatment of beatonite at 250° C produces m?]ti
minor changes in struciure when compared wi
that produced by the scid treatment. However,
the persistonce of the (Ak0) reflections in the activated
bentonite indicates that the planar arrangement

T The puthars grt Indebded to the Constitution swd bMisroatracture Section of
lhe Buresy for tbe Xomy pulterut wbd the elociren meroEraphs.
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with respect to ¢ axia is poor, snd the destruction of
relatively few layers in each crystal ia enough to
show &n apparent toial disorder with respect to
bagal reflections, This disorder ean be attributed
to the presence of tha residual non-erystalline
silice between the layers of the montmorillonite.
X-ray diffraction patterns showed that the struc-
ture of both original bentonits and activated material
changed completely when heated at 8507 C.

2.6 Elactron-microscope pictures

Samples of the original bentonite and activeted
material were prepared for electron micrographa
with buty] aleohol ae & dispersing apent, after prac-
tically complete removsl of the sdsorbed wuter.
The micrographs do not show differances between
the two semples, either in particle shepe or in size.
This indicates that the nooerystalline silies, formed
by the action of hydrochloric acid, remains between
the residual layers ol the hentonite where it cannot

ba det.gcta-l.
3. Adsorption of Nitrogen and the
eleulation of ¥V,
3.1. Data

The adsorption eotherms of nitrogen at —195° C
were determined with » conventional B. E. T, ap-
paratus [23]. The temperature of the liguid ni-
trogen wai sscertained by means of & nitrogen
vapqr Fmsaur{: therrnpmeter. The resulte for the
origingl bentonite are given i table 2 and these for
the activated bentonite in tahle 3. Samples wera
eviciated before the adeorpiion messureimnenta for
perindle of 18 hours at each of the following tem-
peratures: 110°, 250%, 35G%, apnd 460° C. Other
mmylea contained in porcelain dishes were hanted at
450%, 850°, 7507, and 8507 C in an electric furnace.
These were trapaferred to the adsarption apparatus
and evacuated for 18 hours at 450° C before the
adsorption measurements. Desorption  measure-
ments were also made in 8 number of cases,

Ip order to adsorb nitrogen in the presence of
large amounts of water in the bentonite, fresh
samples were exposed to water vapor, placed in the
n.dsngpt.iun bulb, and then evacnated at either
—78% or +25% (O {for = period of 45 minutes, The
samples were then cooled to — 195 © for the nitrogen
adsorption messurements. A portion of the web
sample was analyzed for maoisture content,

Typical ad=orption izotherinz are given in figure 4,
These corrasponed to the type II isotherms of Bru-
nauer's classification [23]. In all cases the activeted
bentonite {eurves 1, 2, 3", 47} adsorbed more nitro-
gen than the original {curves 1, 2, 3, 4} after com-
parable evacuation temperatures. The desorption
experiments indicated that hysteresis phenomens,
were rather small with the originsl bentonite but
were greater in the activated matorial, in ement
with iis greafer content of particle voi The
volume of gas sdeorbed at a given preesure increnscd
with the temperattre of svacustion of the samples up
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to 2 meximum and then decreased. For exempls
ctirve 1' of figure 4 was obtained after an initinl
evacuation at 25° O, curve 2 alter evecustion at
1107 C, evrve 3* after evacuation upon tremtment at
G50° d, aml curve 4’ efler evacuation upon ireat-
ment at 75G° C.
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Fiuae 4,  _ddworpfion isatherms of mitrogen af <= 185° ' on the
original ond ecltpcled beadonits, after evscuntion ol differeal
temiperelures; numbers 1, £, 2, gnd 4 corraspond o the el
Bentonite sracuaied ot 255, 1109, 8507, and TEG° C, respeclively,
numbera 1°, 2%, 87, and §° mrrespom} {0 the gefispled bentondte
evccualed of F8°, 110°, 850°, and TR O, resprckively.

3.2, Determination of V,

In enrrent theories of physical edeorpiion, V, iz
defined as the volume of adsorbiad gos, ealeulated at
standerd temperature and pressure (STT, which
covers lhe availahla surflace with a asingle layer of
mglecules. ‘The value of Vi, has been determined by
using & number of different equations for adsorption
isotherms at 739 K.

The free-surface isotherm for multimolecular ad-
agrption derved by Brunauer, Emmett, and Teller
|24] mny be written according to nq 13

] =1
Vip—p) eVal

where p is the pressure in equilibrium with the ad-
sorbent, py the pressure in equilibriom with liquid
nitrogen, ¥ the volume of grs adsorbed, and ¢ 17 &
constant related to the heat of adsorption. Accordi
to this equation a plot of p/[V{p—p)] as a function o
S should be & etraight lIine.  Actually, the required
inearity was observed only for values of p/p, less
than about 0.5 for the majority of isotherms. As an
example, date are plotted in figure 5 for the case in
which both samples of bentonite werc evacuatod at s
temperature of 257 0 preliminary to the measure-
menta.
The ieotherm proposed by Hiittig (25, 28] may be

written
p Plo_l fLlyp,
Vpa[l+pu]_sV..+(V. Po

e—1 P
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A strafght line should be obtained when the left side
of &g 2 is plotted s a function of p/p;. When this
equation was applied to the data fgr bentonite, the
daviation from linearity wasobservad for valnes of
By greater than sbout (4, A typical plot of these
te is shown in figure 6. In general, the date do
not conform te the Hiittig equation as well as they
do ta the B. E. T. equation.
. A simple relationship was observed that yielded a
linear plot for values of pfp, a8 high a= 0.8, This
relation is obtained by adding eq 1 nnd 2 to give eq 3:

b e A G F

In this case a straight line is to ba expected. on plot-

ting the lelt side of en 3 as a function of pfpe. A

typieal Elnt is given in figure 7. A atraight hine was
1]

obtaine to 2 value o E’g}u of 0.5,
[t should be noted thet the improved equation does
nob contain any constants other than those in the

original B. B, '[', theory. The fact that the straight-
line relationship holds over & greater range of pressure
i3 8o advantape for the dotarmingtion g%-ethe value of
V- The fact that the adsorption date yields a
straight line over a greater pressure ra when
plotted according to eq 2 is s neesssary but not
sufficient criterion for the correctness of the equation.
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There are othar important requirements for a theory
of multimolecular adsorption, hut these will not be
discussed in thiz paper®

4. Variation of ¥V, with Water Content of
Bentonites

Table 4 lists the walues of V.. when caleulated
according to eq. 1, 2, and 3 and the corresponding

Vatues af V. end aurfoce erens of origina and

Tapre 4,
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surface areas. It can be seen that the results
according ta an § [the “summation” equation] are
always betwesn those derived form l;heeﬁ, E. T. and
Hittig eguations. The question arisas as to which
valup gives the hest approximation. For the pur-
poses of & surface area determnination it may be
noted that average devistion of the B.E.T. value
from that of the summation equstion is usually less
than 10 peresnt,

The value of V', from eq 3 is intermedizte betweoen
the walues from eq 1 and 2, as shoan in table 4. The
thres equntions were also apphed to many different
adsorbents (hone chars, graphon, silica ge] keolin,
ete.}, and the values of %’ were calculated. The
voeerkainty in ¥V, dus to the uncerteinty in drawing
the hest atraight line is amall compared to the yncer-
taintiesin the packing of the nitrogen melecules in the
adsorbed layers, For comporing surfaca areas of the
same type of materials, it is mcummendﬂd that Vi
for nitrogen be determined according to oq 3,

In fgure & is presonted 2 plot of V¥V, for all the
data sz a functlon of pip,.  The close sup ition
of the data is striking and demonetrates that the
volumes adsorbed #ré directly pmpomunal to the
surface arca,

4.1, Arsas After Preliminary Temperature Treatment

The temperature at whick the iaitia]l evacuation
of the sampla was made has considerahle influsnce on
the resulting surface ares. This is shown graphi-
cally in figure 9. In the case of the oniginel benton-
ite, the surface area changed little when the tempera-
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fure of evacuation was between 100° and 500° C.
When higher temperatures were employed, the sur-
face aren declined steadily and reached o very small
value at 8507 C. In contrast, the avid-treated
bentonite gtteined a maximum surface wres of alinest
four times the original area afier henting at 250° to
360° C.- The maximum for the activated sampla
wag sensttive to temperature, and the area began o
full off appreciably ut higher tcmprratures m the
range where there was little change m the area of the
original bentonite.

4.2, Areas After Preliminary Water Addition

The relations betwezen the surface arens and the
residuel moisture retained by the bentonites were
stndied. Samples containing lerge quantities of
moigture wera obtained by sxposurs o water valpm‘
in a closed container, Samples containing less
moisturs than that in the initial sample {dmed to
constant weight at 110° C) wera prepared hy & hest
treatment &t the elevated temperatures previgusly
mentioned.

It hns been notad that the adsorbed water in
bentonite [21] may be considered to be expelled
completely at about 350° C without any &i cant
decompomition of the constitutionsl hydroxy! groups.
Therefore, when the moisture content was referred
to the constant weight of the samples a1 350° C, it
was poseible to compare changes in surface ares
with the quaniity of adaorbed water, and with the
extent of the decomposition of the constitutienal
hydmel grou The reeults are plotted in figure
1. The svrisce erea of the orginal bentonite
decreased continuougly with increass of adserbed
water from a maximum of 89 {o 1.6 w*/g; the latber
value ia for n sample containing 306 percent of
malsture {ges curve A). Furibermore, the surface
area deereased with loss of the water derived from
the decomposition of the constitutional hydroxyl
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eroups to & minitum value of 0,22 m/g {see curve B}
reslized after healing the sample at 850° C.

Similar behavior wae found for the activated
material. The surface arca decreased from 2 maxi-
ram of 320 to 16 m* g 8% & moisture content of47.4
peteent {zee gurve AT}, When the activated ma-
terial was heated {to constant weight), there was a
progressive loss in surface area, the area decreasing
to 85 m7fg after heating to 8507 C (zea curve Bf).

8. Discuasion and Concluding Bemoarks

The #eid treatment of the hentonite employed
destroys s large part of lls crysial structure by
Temoy sluminum, megnezsium, and iron, The
chemical analyses, debydration curves, differentinl
thermal analyses, X-ray diffraction patterns, and
electron microscope pieture indicate that the aecid-
ireated bentonite contains s part of the original
montmorillonitic structare.

After removal of alominum, megnesium, and iron
from the ervsial ptructure, # residue of silica Yeamains
in the netivated product. From the X-ray patterns
and clectron microscope picture, it sesms oot
probabla that this nonecrystalline silice remains
chiefly befween the residue crystal layers and pro-
produces 2 crystslline disorder with respect to the ¢
crysteilographic axie. ] .

From the intensity of the (AkD) reflections in the
aclivated produet, sfter heat treatment at 2507, it
should be possible to estimate the amount of ben-
tonite (after 350° C treatment} destroyed by the
acid treatment, bui 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-reyz by the nonerystalline
silica formed in the acid trestment results in dimin-
1shed intensities of the reflections, and as a result
could be interpreted as too low a percentage of
residual montmorillonitic strusture in tho aclivated
product. By comperison of the above-mentioned
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reflections, and taking also into consideration ihe
chomical anelyses, debydration curves, and differ-
ential thermal ang}fﬂes, it can be estimated that the
residusal montmorillonitie atructure in the activated
material iz of the order of 50 to 70 percent.

The aurface ares available to nitrogen at --135° €
of the original dried bentonite (85 to 90 m?/g} is only
the external surface (nonswelling surface). This
corresponds favorably with the theoretical value
given by Dysl and Hendricks [31]. This walue
corresponds to only 10 percent of the total surface
when dizporsed into styuctural single layers, and it
has heen given b;,' these authors and by Vivaldi [32]
as about 880 mlg. Therefore, nitregen cannot be
sdsorbed to an appreciable extent between the
swelling layers of the original bentonite containing
mojstare.

The surface area of the activated materiol after
eliminetion of the adsarbed water at 250° to 350° C
is about 320 m®jg. This value is emaller than the
total theorstical velue of 380 m*/g for the montmaoril-
lonite dispersed into atructural sin?la layers. Ap-
parently, the acid destroys part of the layers and
creates an open structure, which, in the dried
muterial, ie available to pitrogen to & lerger extent
than in the origingl bentonite,

The previous and the following considerations
make it posaible to suggest a simplificd view of the
reaction between the acid and the smallast particle
of meterial baving the properties of the benfonite.
The erystalline particles of montmorillonite are com-

osed of aggre%atea aboui 1) single atructural Iayers,
Eels us assume thata particleof thefinal activated prod-
uct contains 2bout G0 percent by weizht of the benton-
ite, the acid attack baving destroyed four out of ten
layers (ese fig. 11}. [n the residusl structure, the
crystal frapmente 4, B, and € do not necegasrily have
to he oriented parallel. The siliea, produced during
the acid attack, iz insgluble and i2 retained in the
residtie, which now contains sufficiently large particle
voids to permit the entrance of nitrogen into the
ppaces ¢ and b, Figure 11 shows thet the area of the
acid-treated material i threa times that of the ban-
tonite, approximately 250 m'fg. Taking into ac-
count the Jos= in weipht {209) as & result of acid
treastment, the surface ares per gram of the residue
iz 320 m?¥g. This comparca fovorably with thet
found experimentally (315 to 320 m?/g).

In practice, the process of acid sttack is probably
much more complicated, The destryction of the
crystal leyers musi take place according to some
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random distribution. The proposed siinplified model
can also aecount for the observed deserption iso-
therins, The hysteresis obscrved for the activated
material 18 attribuied to the formation of the amall
partiela voids such a8 @ and & in figure 11, Hyster-
esis was mot appreciable in the onginol bentonite.

The decrcase in ayrface orea with Incresse of
adsorbed water can ba lained by an aggregation
of the individual particles. Thia process would
explain the decrease in surface area of the bentonite
from 85 m¥g with ne adsorbed water to 1.6 m¥/p
with about 31 percent of water. The same effect is
showi if the activated materal, whore the surface
arca decresses from 320 m*fg with no sdesorbed water
to 16 m*/e with about 47 percant of adsorbed water.

The larger atnount of adsorbed water in the activated
ma can be anticipated in view of its ‘‘open®
atruzcture.

The maxima in surface areas were obhserved when
all the adsorbed water was remaoved, that is, at 2507
to 350° . In the orginal bentonite, most of the
external surface was loat hetween B50® and 750° O
after the majority of the conetitutiona) hydroxyl

ups bad been driven off. In the acid-trested

tonite the surface area decreased appreciabiy at
8 tem tura whers tha ariginal bentonite showed
litile change. This behavior sugzests that the more
imﬁ“]“r stroctore of the aetivated material is lesa
atable, )

It appears possible {0 select & femperture in the
heat treatment of 8 sample at which only adserbed
water is removed. This fact is very Important,
especially where acid-treated bentonite is to be used
in applications that reguire the maximum in surface
area. The heal trestment Ere]imjnnrjr to usg can ba
confined to temperetures where only nd=orbed water
is. ramoved. Thesa factz further emphasize the
iInEurtance of temperature control when bentonite
is heated in adsorbing and eatalytic processes,

The authors ackmowledge the helpful eu tions
of W. V. Loebenstemn, F. G. Carpenter, and H. P.
Freeman of this Bureen and 5. B, Hendricks and J.
M. Vivaldi of tha Bureau of Plant Industey, T, 8.
Department of Apriculture.
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