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- of iron impurities;'the chelating action of EDTA is

“, . -

ABSTRACT

. . {
Preparation and Characterization'
of Leached Asbestos Materlials

Pius Kipkemboi .,

»In thls study, the parameters governing the leachlng

-y e

behav1our o%gchrysotlle fibers in acidic medja were

i

In the presence of strong mineral acids,

the main factors whlch governed the leaching of the

chrysotile .asbestos fibers were the normality of the acid

solution, the temperature and the time. Weak organic
4

'acids acted more slowly in the removal of magnesium than

mineral ac1ds and, their leachlng effects were dependent on

the acid strength and;the pH of the solutions. Oxalic

acid and particularly EDTA were effective in ‘the removal

suggested to be responsible for faster 1ron dlssolutlon.
Several physico-chemical techniques were used to

characterize the reactlon products of the’ leachlng process.

The magne51um leachlng degree (MLD) was used to follow the

gradual phy51co chemlcal modlflcatlons during the leaching

process: Udée;jhlld leaching condltfons (MLD 55%), the

leached asbestos materials basically retained the fiber
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mprphology of thé parent chrysotile asbestos, and most of
the.cha}acteristics, s#ch‘aéathe degree of érystaliinity,
the BET surfacg'area,-the hydrgphobicity and thé-bulk
density of asbestos varied gradually and smooﬁbly with the
MLD. Above MLD=55%, acid leachind of chrysog}le resulted
in a rather tapid morphological dég;adation whigh was -
accompanied by a more rapid loss in c?yqtallinity, a
dramatic decrgase in bulk denéity, ané a sharp ingreése\in‘
the BET surface area and hydrophobicity. As the MLD
appioached 100%, a ver§ porous and highly divided residue

'consisting of some fragments of amorphous silica was

obtained.

N .
“
D . *
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I INTRODUCTION \ .

-

- . A
Asbestos is the name givep to.a group of inorganie

silicates which occur naturally and‘'have a distinct fibrous
crystalline structure (l). They are distinguished from
manmade fibrous silicatgs, such as rockwool and glasswool,
by this true crystallinity and by the é&xtreme fineness of
thg fibers and fibrils. The 6ther key feature 6? asbeskos
" as comparedlto non-asbestiform varieties of silicates is the
presence of fibers th;t can ‘be easily séparated.
The}inoqganic nature and the cfystalline stfﬁcture of
asbestos is iargely responsible for its unique\bréperties
which have found a ready and inéreasing application in
modern technology. The asbest&g‘ﬂndustry is large desgite ,
fearévabout health’effects. Consequentl&, although there
-will certainly be gr%hter care about the Qéy asbéé;os is
‘used ip thémfuture, ié)will not disappear. As*a mgterial qf
bommercial‘importance, asbestos commenced igg role iﬁ
teéhnology around 1880, when large-scale min%Pg operations

‘.

of chrysotile stafted in Canada’ and Russia.“’

Chrysotile asbestos, basically a magnesium silicate, is

moet abundant kind of asbestos. About 90% of the

and abquf 95% of the present world production was or is
the chrysotile variety (2). The other types of asbestos .*
are of the fibrous varieties of amphibole minerals. These

are mainly ferromagnesium varieties: animosite, crocidolite,

tdemolite, actinolite and anthophyllite. The first two are

e
hes

.'c”



produced on an indust;ial scale, and the last hae been:
produced in the past.

It is commonly thought that the asLestos minerals are
indestructible; in fact, all of them are susceptible to both,
chemical and thermal degradation. Chrysotile in particular
is attacked by acids, the degree and rate'of\diséqlution
being dependent on the temperature, the concentgation and
type of acid, and afeo;_;oasome extent, on the seurces of
the chrysotile. The resistance of asbestos materfai; to
attack by reagents other than acids is generally considered
excellent at temperatgres\up to 100°C, but deteriorates
rapidly at higﬁer temperatures. As'far back as 1885 the
reactivity of chrysotile with a¢ids was recognized, and in ‘
1890 Clark and Schneider found that chrysotlle asbestos was |

¥

‘the most susceptible* to acid attack. Bates and Nagy (3) .
qonfirmed this conclusion with electron microscopic étudiee
" on acid-treated chryeotile. Electron micrographs of the
réactien products shbwedﬂthat Ehrysotile was very severely
etched and had lost,its tubular morphology. Badollet (4,5)
studied the differential solubility of chrysotile and
'amphibole fibers in more detail and Eummar%}éd the
information showh 15 Table, 1.1 oh the stability of
asbestiform materials. Badollet coefifmed that chrysotile
is almest completely_dest;oyed in stfong acidic media, while
amphibole fibers afe.almoet untouched under the same

.conditions. Therefore, in contrast-to the sensitivity of

chrysotile, the amphibole fibers are much more resistant to

-

-
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3

acids. There are, however, significant differences between

[EY

these fibers. The data ih:TéPle 1.1 shows tﬁat anthophyllite,
crocidolite and tremolite aré significantly more resistant
t01?cid attack thaﬁ animosite and actinolite. The high
solubility of actinolite was attributed to impurities in the
saﬁplew Strong alkal%s have little influence on all asbestos
fibers, in particu;ar on chrysotile, which makes the latter

fiber an excellent reinfor¢ing agent in cement.

TABLE 1.1 Solubility of asbestos minerals in 25% acid-or
caustic.

\

\ ” ’

. Percent loss in weight, refluxing 2 hours
aHC1 CH,COOH H PO4 HZSO4 NaOH

3 3
.Chrysotilé  55.69  23.42 55.18  55.75  0.99
Crocidolite 4.38  0.91 4.37 3.69 1.35
Amosite 12.84 2,63 , 11.67 11.35> 6.97
Anthophyllite 2.66 0.60 3.16 2,73 1.22
Actinolite  20.31 12.28  20.19 20.38 9.25
Tremolite 4.77  1.99 4,99  4.58  1.80

Hiscock (6) studied the rate of decomposition of
asbestos fibers in boiling 4N hydrochloric acid. He found

the following order of stability as shown in" Figure 1.1:

Tremolite ' » anthophyllite , crocidolite » actinolite »

’

animosite » chrysotile

R o

After an initial rapid weight loss, the rate of attack
decreases radically with tremolite éndlanthophyllite showing

extremely low rates. The acid-resistance curves for asbestos

- .
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fibers clearly differentiate betwee& chrysotile and the
amphibole flbers, although the range of reactzv;ty of the

latter fibers: to hydrochloric acid ls wide.
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Most of the above-mentioned researchers established
that chryéotile is the most rapidly and easily acid
decoméosed asbestos. In the present work, the reactivity of
thysotlle asbestos flbers in acidic medla under different
ieachlng conditions was 1nvestlgated .In order to obtain a
better understanding of the leachlng/gehaviour of chrysefile
fibers in acid solutions, the resulting reaction producté of

“»
the acid leaching were characterized with various

-

physico~chemical techniques,

‘Researchers at Concord;a University, led by Le Van Mao
(7,8), havebdeyeloped a new product from chryeotile asbestos
that has a lot of potential applications ané may'boos% the
asbestos industry. Chrysozeolite/ the newymaterial
developed, is not toxic. Traditionally; zeolites are °
prepared from synthetic reagents, namely silipa'ana alumina
containing materials. A neQ route to zeolites has been |
discévered, usiné a cheap and abundant natural :espurce”of
Quebee, chryéotile asbestos, which, after removal of
ﬁagnesium, is a convenient source of silica for the
synthes;s of zeolites and has lost its texicity.

The non-toxic chrysozeolites are preparea from‘
chrysotile asbesfoe (7,8)'using a two-step procedure. . .
First,® some magnesium must be leached out from the parenp
asbestos fibers u51ng a dilute aeldlc solutlon, then_ '
zeolitic partlcles are crystallized from the leached |
asbestos materials and sodium aluminate under hydrothermal

conditions in an alkaline medium, as follows::

<

=



chrysg@ile asbestos-——%:—~>Alix NaOHéAlZOB_ Chrysozésii&e

/ S~
/
/

%}ix is the name given to the leached chrysotile asbestos

. /
/ﬂaterials. The chrysotile fibers contain silica and

/ magnesium oxide as the basic components. By ieaching out

,// the‘magnesium ions, the silica is made available for zeolite

synEhesis. Thus the highly siliceous residﬂé of éoiddlégcheﬂ
chrysotiieﬂasbestos acts as a_source of siliga; an-aluminum‘
compound is then added‘énd‘the chrysozeolite is sypthesized
under stréngly alkaline and mild hydroﬁhermal conditions.,
Submigron zeéolite particles-are thus, formed and embed@édiin
the asbestos’ remnants (7,8). |
The’ch?ysozeoiité materials shéw very inéereséing
catalytic Sr adsorptive p?operties.. Type-A chrysozeolites
diépiay a water¥retention capacity much highet-than the i
parent A-type zeolites (14). ‘Chrysozeoiites having the
ZSM15 zeolite structure, grown in-situ on asbestos fibers,
exhibi£ very interesting catalytic properties in several
reactions: su;h as the conversion of'methanoi and light
alcohols to hydroca;bons, particularly light olefins and
liquih hyarobarboné within the gasoline range (7-13). The
» product séléctivities were found to be strongly dependent on
"the extent of the magnesium ieaching proceés which was

>

determined by the magnesium leaching degree, .MLD (7,8). ,Thek
S ’

magnesium still present in the chrysozeolites as well as ‘the

— - v

porous matrix (asbestos remnants) has been cited. as the

main causes of such enhanced catalytic and/or sorptive

. ‘ - +

toe

-
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properties. The use of ZSM zeolite catalyst (15,16) is

particularly attractive, as it offers a new and.viable route

- for the direct producﬁien of high-grade gasoline from
methanolisynthesized from ‘coal or natural gas resources.

',§Zedlite—based 2SM-5 catalysts are the xey to Mobil's
Methanql—to-Gasoline’(MTG) erocess for which a cpmmefcial
plant is presentiy‘in operation in New Zealand (17). o

Zeolites are poroﬁs, crystalline aluminofsilieates

+ composed ef A104 and SiO4 tetrahegra, interconnected through
ox?gen\atoms, forming a three-dimensional framework (13).

As catalysts, zeolites are unique in their ability to .

discriﬁinate,between-reactant molecules and to control

produ ﬂ'select'vity, depending on molecular size agd‘shage

(18) phénomenon, "shape-selective¢catalysis", is a

consequen the well4def;ned geomefry of zeolite pores,

channels dnd cages, .which are of meledﬁlar dimensions. A

diagram of some framework structures of ZSM-5 zeolite is

glven in Figure (1.2).

b o ]

The acid leachlng prlor to the crystalllzatlon of the

zeollte is an 1mpo;tant step because it regulates the

magnesium cohtent of. the cﬂrysozeolite ard the porosity type

of the matri# iﬁ which zeolitic particles are formed {19);
The Magnesium.Leaching Degree (MLD) is mainiy‘used'asla"
measure of the progress of ac1d leachlng (7-14). . In |
previous work by Lé&vesque (20), it was observed that the

most 1nterest1ng MLD values range frOm 55-60% to.99%.

'MOreover, the MLD variations w1th1n the aforementloned range
A\

3

' \'."\t’gm‘/\
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N, resulted in significant changes both in catalytic properties

"4

. \ . \
and ‘pore sige distribution of the chrysozeolites (J9,20).
% . >

i

. The final objective of this work was to answer the

followipg guestion: hat parameters govern the leaching

2

process and.why? In padrticular, the variations of the

mégnesium»leaching degree (MLD), i.e. the extent of the 4

C, - ST . o q .
magnesium removal, upon various acid treatments of

chrysotile ashestos fibers were followed. Thus, the acidic

properties of the leaching medium as well as its ,

temperaturé and duration of leaching were'studied and
egtéﬁsively correlated to the physico-chemical ’ i?
qhar;aterisiics of the leached asbestos matérial. These
characteristics were the following: the cheﬁical composition
by atomic absorption spectrophgtometry (thus providing the

MLD and Fe content), the IR absorption spectra, the\degree

(

of é;ystallinity, the morphology thrgugh the scanning -:

-

electron microscopy, the magic-angle-spinning solid state -

29Si—NMR spectra, the specific BET surface area, the pore
size distribution, and finally the adsorption capacities

of the parent chrysotile asbestos fibers and the resulting

t

leached asbestos ma£erials.,
— . >

The physical and chemical properties of the chrysotile
asbestos can be diregtly related to their crystal structukre
and Ehemical compo%ition. In turn, the physical and
chemical properties are responsible for the commercial

o ) . .

importance of asbestos. Therefore, through this research,
some useful information on the physico-chemical properties

“

‘v . “,r ‘ r
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of chrysotile asbestos fibers were obtained. Furthermore, °
. * . . < .
with a better knoyledgé of the physico-chemical. behaviour of

kY /\ .
chrysotile, it would be,QPssiblé ﬁo elaborate a method of
analyzing chrysotile asbestos fibers. This method .would

include the determinat%gﬁ of magnesium in the sample apd in

[y

S
N

The leach?d chrysotile asbestos material is currently
used at Concordia~Cata;ysié Research Laboratory s a source

of silica for the synthesis of non-toxic chrysozeolite ’

-

catalysts. Byt 'in order for the synthesis of the \ o=
'chrysozeoliuertO'bé sugcessfui} aileachéd esbestos material

of MLD in éhe range of 60-99% has to be ksed. Througﬁ
, B . N v“‘

thisg
. K
investigation it was péssible to design suitable leachihg

e,
[
'

conéftions that could be used as a guiding reference in the

L)

© preparation of a leached asbestos material with a qértain

t

. , .
desired MLD value, since thé reproducibility of the".

results obtained wés~véry gfpod. - - °
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2 CHRYSOTILE -ASBESTOS ‘ . -

2.1 'Crystal Structure of Chrysotile -

AN ~ . . ) .- .
The cry;;;}\?tructure of chrysotile asbestos ‘was first

4

determined by Bragg (21) and later elucidated by Warren and

Herring jéZ). These investigators determined that the

mineral has a layered type sfructure éonsikting'of'bérallel

°

sheets of silicon tetrahedra and magnesium ocgihedra. The

basic structure is similar to that ofrthe kaolihite group,:
, 3. .
with highly hydroxylated magnesium layers alternating with

.

| silicate layers. 'The basis of the structuré is an infinite
silica sheet (Sizoﬁ)n in which all the silica Eet:ahedra‘are
pointing ij>theAsame direction. Attached to one side of

this sheet”is a grhcite Mg(OH)2 layer in which two -out of

every three hydroxyls,are’repLaded by the apical oxygens of

the silica tetrahedra. A projection of the chrysotile

[

.crystal structure normally to the fiber axis is shown in

-

Figure 2.1 (23),, In general, although finely fibrous in
*

habit, chrysotile is a sheet silicate. ' As shown in Figure

t

2.1, the'sheets are composed of altérnating layers of SiO2
tetrahedra bound togetherlby a second.layer of linked
'MQOZ(OH)4 octahedra through the shéring of oxygen atoms.
The compbsite double layg; of laminar structure'rolls‘up to
., form long hollow tubes {fibrils) like that depicted in

Figure 2.2. ,

In the chrysotile asbestos, the magnesium hydroxide
&

(brucite) layer has slightly larger dimensions than the .,
b '

+

»
L3
.
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silicate (llnked SlQ ) layer, i.e. the Mg2 ions are

sllghtly bulkler than the volume noré;lly allowed, as in the

\

case of kaolinite (where the octahedral centerscare

3+

occupied by Al~ "), thereby resulting in the Si component

’

having a smaller repeat dimension than the Mg component and .

N
~

a mismatchabetween the two is créated. The mismatch- in the

,dimensions of the silica and brucite shpets introduces a
. . ) o 7 . )
strain.én;;he structure. The tetrahedra—octéhggra sheets °

are forced to bend in order to relieve the strain and
N . N\
v - ; . .
compensate for the larger size of magnesium. Thus the

chrysotile structure: is curved into a scroll or coil form,
<

with the Mg octahedra on the outside of the curveé (Figure

2.3). As a result, the sheets are wound up helicoidally,

PN

giving rise to a fibrous crystal shape. The fibrous habit '
results from the growth pattern of the chrysofile sheet

structure. ]

" Ever simce the first electron‘hicrographs were
publlshed showing the apparent tubular structure of
chrysotlle;“the 'has been considerable controversy .over the

morphology of the.fibers. The ultimate and comp{iﬁe
: N

solution came with the direct evidence from high-resolutien
’ ( .
‘electron microscopy (24) that in chrysotile the structural

layers are curved to form either,scrolls or concentric ;
. L

cylindrical tubes. (Figure 2.4). When.chr§sotileutubeé‘ are

‘ formed, a particular radius of cufvature may be the most

stable, and this may impose an upper limit on the diameters

of -the tubes. 1In general, curvature of layers has Keen

o

—
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Projection oY the crystal structure of

fiber axis.

chrysotile asb%ftos‘ifrpendicularly to the
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Figure 2.2:

Tdealized representation of fibril
packing \in chrysotile,
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‘perfect compensation of the misfitv/

-

16
cited as a means for relieving_the misfit between two .sheets
of differeﬂt sizész and:chrysotiie is aﬂ/excellent.ggampf;
of this structural variation. ' Howevér,,in.any given fiber,
only one layer will be at the ideal fadius of curvature for
As shown in Figures 2.1 and %43, the 1ayers'aré stacked
in such a way that the SiO4 teEraﬁedra are on the inher side

of the fibers and the Mg (O, OH) octahedra on the outer side.

It results that the physical, chemical and bloiiglcal

properties’ of chrysotile asbestos are mostly determined by

the magnesium-hydroxy} layers, which .are the only parts of

2

the structure in contact with the fiber's environment.
A , ° B8 N -

Two-thirds of magnesium atoms are hereafter dalled "skeletal

Mg" Be;guse they are pért of the layered two-dimensional
framework, .as they are linked ‘to Si via oxygen bridges. The
other one-third belongs to brucite—tyée magnesium hydroxide
molecules, which are connected to skeletal magngfi;m via
oxygen bridges; however, because of the absenge of linkage
to silicon dioxide, they are probably more labile. In®
addition, the basiciéy of the hydrox&l groups makes them

more susceptible to acid attack in the leaching process, as

evidenced by our IR results.

[

2.2. Composition of Chrysotile Asbestos

Chrysotile asbestos is a hydrous magnesium silicate
: &

~-having the following theoretical composition: Mg351 o) (OH)4,

¢

also written as Mg3Si207.2H20. The water content of

A \ 1]




chrysotile is usually higher (12-15%) than amphibolés_

‘(average 2%); Table 2.1 shows the chemical composition of
" the chrysotile and the amphibole groups (23). The

impurities which are presen£ in chrysotile fibers may be

)

" part of the crystal structure or due to.associated minerals.

-

) The most common impurity is iron. Iron oxides (wusti?e,
FgO:’hematite, Fe203; and magnetite,lFe304) can amount to
10% in-some cases. Thé content of magnetite may be as ﬁigh‘
as 4%, while the content of FeO and Fe203 may Feach 6% each;
usually the ratio FeO/Fe203 vafies between 0.5 and 2.0 k25).
“The next most common 1mpur1ty in chrysotile is aluminum.
Other impurities, generally found to be associated Q;th
chrysotile in lesser amounts than iron and aluminum, are
calcium, manganese, sodium and potassium (26). .
Since the iohg\?ﬁmmgnly associated with chrysotile‘vary
considerably in size, they can have an effect on the strains
which exist in the chry?ptile lattids. Ions which are ’
larger than silicon and smaller than magnegium will tend to
\ / relieve the étrain when substituted in the respective
layers. Moderate amounts of aluminum may substitute for
silicon and moderate amounts of iron may substitute for
magnesium (;75. Finall&, it is improdbable that very large
ions; such as the alkali or alkaline earths, can truly be
substituted to any signifiéant extent iﬁ the brucite léyer;
and when presént iﬁ agpréciabie quantities, may exist as

"interlayer" cations between the pfimary layers.

— - N (v ' ( *
Amgrig the minerals that exhibit intergrowth ‘with

\

Y ow
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chrysotiles, those! of prime importance are: free briicite
and magnetite. These mineral impurities are not dissolved'%

-

in the chrysotile structure but exist as separate phases,
and éheir éoncentration‘is str&ngly dependent on the miﬁing
and p?océssing techniques'used. Impuritiegéjamorphoﬁs or

- crystalline, are Hsually lécated inside thé fibers and

. between the curved layers 6f the fibqqé (23) . In general,
lzhe contents of magnetite and brucite fall as the degree of
éisintégrét;on rises, or as the fibe;s become shorter. The
magnetite mineral is‘the most undesiraple'impurity,
particularly ;n certain elec;r'cal applications. The free
brucite phase-impurity, which usually exists as a diffgrent
distinct layer on the external surface of the fibers,
shouid not be cynfused witﬁ the'brucite-type"magnégium
ﬁydroxide mol%cu es inserted in the fiber layers between
the skeletal Mg dtoms. The free brucite impurity can be
distinguished from the strxfctural"brucite—type"Mg(OH)2 by
X-ray diffraction. (see Fig. 4.10a). jgigh amounts of
brucite and mag&etiﬁe mineral impurities can greatly lower
the quality'of chrysotile fibers (28).

Since the s;rugtural"brucite-fypéfmagnesium hydroxide

layer.forms the external sﬁrface of chryéotile, the fiber

?osseéses strongly basic properties and, thefefore, it is
ﬁbt surprising that the fibers behave in some respects as
@hongh they were magnesium hydroxide. For example, Pundsack
(?9{ determined that t?e pH of a suspension of ghrysotile in

carbon dioxidé-free dié;;lfed water is 10.33. This compares
*
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to a value of 10.37 for a maghesium hydroxide suspension

ander the same conditions.

L . “. °
'

. A ™
2.8 sSources of Asbestos. Fibers oo

.
<

< . R
Table 2.2 presents the world production in 1978 *(2).

Production of asbestos has inecreased with few chgnges in the
relative standings of thé preducing countries. The major.
difference is the ‘great increase in the Russian production

which now outranks Ganada as the major producer. 'Russia

leads with 46.1% and Canada is second with 28.9% of the

world's output. Both countrieg mine only chrysotile

asbestos, and most of it comes from thHe Ural Mountains of

r—p—s,

the Soviet Union and Quebec¢ province (near. the towns of
. { ' -

. Thetford Mines and Asbestos). The third leading asbestos

~,

producer is the Republic of South Africa (7.1%); the
asbestos ore éonsists of ;nimosite,’crbcidolite and
chrysotile. These three countries furnished 8231% of,the
world's asbestos in 1978. Chrysotile accounts for ‘
approxiﬁately 95% of commercial asbestos.

With the ad&ent of milling and increased and more
varied use of chrysotile asbestos, the need for
standardization in tﬁe classification of the Qarious grades
of fiber markéPed by different producers became a major
problem. The standardization of the method of gréding and

classification used'by the Quebec producers has achieved

world-wide acceptance (30). It permits uniform description ,

andgpricing of'the product from thé longest fiber (crude

N
¢ N
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“ TABLE 2.2: World asbestos.prbducﬁion ié 1978,

- . . — = ' —r
. : L T T " " PRODUCTION,
- > FIBER LOCATION . IN THOUSANDS OF
T “ ’ B (METRIC) TONNES
— /”/‘/" -
Chrysotits North America ‘ »; - :
' . fyser: . Canada ot 1620 .
o United States, . 93 =~ .
. outh Ameiica ‘K\ S ?J ‘i
) - -+t Argentina 1
- . ) ‘Brazil ° . - 100
. - . \ : . : ”
. ‘ Europe .
* . - Sulgaria : oo , - 21
. , . ® . Italy . 162
: ' . ) Russia (U.S.S.R.) -+ 2582
. . -Yugoslavia ' 10
Africa’ )
R - . Zimbabwe : ) 210
- o, South' Africa ’ 118
Y ' Swaziland : . 48
, Other . : 1
Asia :
China . 210
.t Cyprus » N 37
India 21
Japan 7
: : Korea 7 -.
Taiwan 1
~ * Turkey | - - 10
( T ) \ 'Oceania\ .
’ g Australia . A 58
World chrysotile total -7 5317
Crocidolite - South Africa ' o 210
Amosite ‘ South Africa : .71
A . .
-
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no. 1) to the shortest‘(gfoup 7}.; Chrysotile asbestoé is
available in more thaﬁ 50 sténdard‘érédes to meet specific
requirements. Some of the iarger éspestoé.mills produce*
many of these grades simultaneously By.a coﬁbiex system of
cbﬂtinuous ¢rushing, screening and aspirationff:om the s;me
mill feed material. The classification divides the asbestos
into two clgsses: "crude™ and "milled" fiber. The "crude"
asbestos consists of hand~selected Fross—véin fiber,
essentially iﬁ its native ©r unfiberized state, and is
normally given final brepardtion by the ultimate yper. The
largest fibe{;/g}é\Groups 1 and 2, 'with fiber lengths of
otYer 3 in. and from three-eights to § in., respectivelyi
fhé matefial classed as "milled f%ger" is degigna;ed under 5
groups (nd. 3 to 7), with. de®reasing fiber length and most
_of them subdivided into'a number of different grades.

)
]

2.4 Applications of Chrysotile Asbestos

N
Al
[3

Asbestos is a fibrous mineral of unique properties. Et

isldsed in a multitude of différqnt applications because it
can confer superior properties on its prodﬁcts. Asbestos
imparts to a great variety of products a com@ination of

- propefties which 'cannot be  obtained by uéing other materials.
Its strong.fibrous f&rm reinforces oﬁher media, such as
plaséics or cement, or controls viscosity of many systefs;
its inofganic nature is, important for resistance to heat and

chemical or environmental agents;, its fine size contributes

~

°

filtration efficiency; its abundance and low cost are
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significant.factors‘in promoting commercial applications.#

. On the basis of -relative abundance alone, chrysotile
o )

will be used wherever possible in preference to other forms
. ‘of asbestos. The uses of-chrysotile asbestos'range'from
asbestos cement products or floor tiles whlch consume

hundreds of thousands of tons, to specialty filtration

.
<4

-
—t?

%ppllcetlons which may consume only severaiitons annually. K
Its use as wall-coatings, drum brake linings, roofing

\\ materiais and many other outlets has contributed to human
safety and convenience. Textile products require a soft,
silky and*longer grade of chrysotile. 'In genfral, although

the longer ffbers are considered to be of better quality,

specific grades‘of chrysotile have been developed. by the

-

asbestos industry for-each market.

The widespread use of asbestos has created a health

hazard for persons inhaling or ingesting the substance.

By

Therefore, despite the enviable great success for the

multiple uses of asbestos products, particularly in the past,
the application of asbestos is rapidly dwindling. In some

~

casES, its use has been discontinued and, indeed, the
asbestos industty is in trouble‘;ith Bleak future prospects.
The adverse health effects produced by inhalation of
asbestos fibers have been exéensively documented (31). As a
result of these reported toxicity of asbestos and its
adverse publioity; it now faces stiff competttion from .
substitute~matetials which have gradually been making some
inroads into the traditional asbestos markets. Accordingly,

& - . .

L}
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asbestos must be ¢onsidered a useful but hazardous substance,

.

';nd sultable ?recautl n t be taken when using it. In' .

' " ordey to save the asbest dustry, a lot of research is “
‘needed to generate new products ﬁhlch are less health

- hazardous and non-toxic so as to diversify'its”range of uses.
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3 . EXPERIMENTAL APPROACHES AND THEORETICAL PRINCIPLES
OF THE CHARACTERIZATION TECHNIQUES

03.1 Preparation of Leached Asbestos (AlixjmMaterials

s

Chrydotile asbestos fibers (7TF-12 ¢hort fiber

25

commercial grade), which were used in the present work, had

S

the following chemical composition (dried oxide basis in %

'

wt) : Si02=4l.6, Mg0=50.2, iron oxides=8.0 q;s FeO, Fe

Fe304),\A1203-0.l and Na20-0.1. In order to present

2O

a

and

standardized oxide composition, water and possible " sorbed

o
species were neglected and thus all the oxide contents

v v

'appear to have values higher than those usually reported.

Minéral and organic acids were used as leaching agents.

3\

The

acidic attack of chrysotile was carried out under conditions

N,

"of variable temperature, acid concentration and/or time of
\

leaching, but always keeping the ratio of acid solution to

0

-

chrysotile = lOf}va). By varying any of the three

variables, that;is, the acid cgncentration, the contact

.time or the’ temperature, different amounts of magnesium tions

could be leacﬁed out of the chrysotile fibérs; angé hence; a

- series of leached asbestos materials were generated.

leaching operation with a mineral acid (HCl or stb4)

-

generai procedure has been fully described (7,8) and

The fibers were first subjected to the magnesium

The

basically consists of digesting the fibers with a mineral

acid solution by refluxing in a water bath. The

o

concentration of the acid solution was usually varied in the

A

/



: ‘ 26 ..
range of 0.5 to 6.0N at fixed time while the temperature was
maintained at 80 °C, 50°C or.about 25°C (ambient tempef&ture);
whereas Fhe.duration of leaching was varied from a few
minutes to a maximum period of\z weeks when thelteﬁperature

and concentration of the solution were kept coﬁs;ant\ The -

’
«

digesting acid media were kept well stirred éuring the ~
entire lgaching process to ensure ﬂbmogenemm interactions
between the acids and the fibers. After the leaching
operation, the slurry was diluted with sufficient water to
allow any solubilized silica to be precipitated in
the solid lattice. The resulting suspen;ion was allowed to
settle for 12 hours at rgom temperature, then filtered,
washed with diéﬁilled water and finally dried at 120°b for
é4 hours. The dry solid &as’weighed and labelled "ALIX",
Tables 4.1-4.5 report the conditions used for the
leaching of chrysdti}e asbestos in the presence of HCl and
stOJ, respectively. Leaching was perfdrmed in one or two

<Q 14

steps. The one-step process consists of leaching with a
mineral acid only as described above. . \

\ In the case of a-two-step leaching,. chrysotile asbestos

fibers were first subjected to the Mg leaching action of an

HCl solutionunder mild leaching conditions and then to the

A
secondary leaching with an organic acid,-following the same -

procedure as mentioned before-, but the temperature of the

(,. acid sblution was maintained at 80 °C. Three organic acids
were used in the secondary leachihg process: acetic acid,:

.
e

oxalic acid and EDTA (ethylepe'diaﬁine tetraacetic acid).

?
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- Tables 4.% and 4.7 report the.conditions used in this

YL
two-step leaqbing process. N

~ ) - - .
3.2 Physico-Chemical Characterization Techniques

» .

The main-characterization techniqués used in the

-

\

péésent work : to charagterize the samples include atomic './

absorption spectrophotometry for elemental analysis,

scanning electron microscopy (SEM) for morphology, X-ray
"bowdér difféaction, IR spectrgscopy (some structurql;
‘infdrmation),gMAS-Solia Stath NMR (chemical environment of

,P\ the Si component), BET measurements (specific surfaqe‘area),

P

pore size distribution, bulk:aénsity and relative affinity
\'\ -~ v
N !

" index (RAI) measurements.

3.2.1 Atomic Absorption Spectrophotometry (AAS) - \
. ] X )
Atomic absorption, spectrophotometry was -used for
N eiemental‘analysis of si, Al, Na, Mg and Fe.
RS The magnesium leaching degree (MLD), which expressed

the\exteng of the leaéhing process._or the dissolution of A

)

, , .
chrysotile 'as the perdqgntage of magnesium which had gone

"% into solution during the leaching process, is 'defined as:

!‘ . * . o ) . ¢ R <
~N ] o . ' - M i

7 mip(a) = [M90);. (.Mgcif,] x 100

!

\

" Where (Mg0), and (MgO) . are the initial and theiinal

A

magfiesium contents, respbctively {on the dried oxide basis).-.
The magnesiuﬁ=leacbing‘degree (MLD) was ‘a good parameter for

7 .
following the gradual physico-chemical gggifiéations during

<
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the leaching process. - .
3 ! .
A\
In this investigation, atomic absorption was an

important determination tool in elemeéntal analysis of the

. )
leached asbestsg materials. '$hrough.the determination of

Na, Fe, Al, Mg and Si by Aas, it was /possible to study the
leaching behaviour and decomposition of chrysotile in the
presence of an acid as the leaching parameters were varied

from mild to medium and finally to drastic conditions.

‘L

Atomic absorption spectroscopy is based on the

3

' . )
pringiple that metal atoms absorb radiation at frequencies

1 Ay
which are characteristic of a particular metal, the amount

of light absorbed Qeing a function 6f its concentration.
AAS is one of the most used analytical toolg in the modern
analyticai laboratorﬁ';. The wide application o§ this
techniqué‘wés brought about mainly by-the use of the

hollow-cathode discharge lamp as a light source and the use

P

of atomizers to provide rapid and efficient atomization of

. N . ° .o

liguid samples.. The development of each of these components
4

was vital to the acceptance and development ¢f atomic

y absorption spectroscopy. Atomic absorption Bas been used
fe

more widely than any other technique for elemental analysis.
\ ’ =
With current instrumentation, the method, however, is not suitable

for qualitative or simultaneous multi-element analysis.’
. . /‘.\ - !
N G-

3.2.1.1 Theory : B

N,
N

Atomi® absorption épgctroéhotometry is a highly

k]

specific means of elemental analysis based on the selective
m ‘
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absorption of line radiation by atomic épecies in the vapour

phase. Quantitative analysis by AAS'is based on the

measurement .0f the radiant energy absorbed by free atoms in
the gaseous state. The technique owes its high selectivity
to the fact that the spectra of gaseous atomic species

consist of well-defined narrow lines at wavelengths

- characteristic of the element involved. In practice, the

samples {solution or solid) are vapourized and on further

heating the vapour dissociates into free atoms. The atomic

3

vapour is then allowed to absorb radiant energy Qf a

characteristic wavelength. Flames, electrical heating or

lasers are comthonly used to convert the sample into atomic

“vapour (32,33). A simple presentation of the process is

é

.

shown in Figure 3.1. .

The sample element of interestusually exists in the

ionic state .or in a molecular form. They do not exist as

free atoms in any common solution. In order to observe AA
signals, it is necessary to generate a population of free
13 .

neutral atoms of the element of interest. The metal atoms

.

are then capéble.of strongly absorbing radiation at discréte
characteristié waveiengths, whiqh:coincide with the emiééiqh
spectra lines of the particular‘mgtal; The narrow emission
lines which a}e to be absorbed by the sample are generally
provided by a hollow cathode lamp. Thus the theory of
aﬁomic ab;orption concerns the formation of free gtoms from

the sample and the absorption of radiation by these free-

atoms wfxich are in an unexcited ground-state leveh(34,35) .

‘e

N,
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-« Since most of the atoms remain in the ground state,
absorption is greatest for resbnance lines resulting from
transitions originating in the, ground state. This greatly

-

rés;riéfs the number of absorption lines. that can be used
in atomic<absorpti5n.’ The degree of absorption depends on
the population of atoms in the ground state, the ability of
those atoms to absorb and the osc1llator strength. This

factor is an expression of the line lnten51ty and represents
N

the, probablllty that an atom will'’ undergo a transition in

Q
unit time.

i 4 X ~

The degree of absorption is a function of the

1] Al
. : -

concentration of the metal in the sample. The abse;ption
\f?llows Beer's pgﬁ. That is, the absorbanee £; directly
proportional to thg.path length in the flame. Both pf ‘these
va;}ables are difficult to determine, but the path length
can bé held constant and the concentration of atomic vapour

is directly proportional to the concentration of the analyte

in the solution being aspirated (36,37).
-

‘J\ 3
I I, exp(=KvB) « ... . ...!f(?...... I 3.1'

.
transmitted intensity of source beam

£
o o
0
N
o
2]

"

4
o
]

incident intensity of source beam

absorptién coefficient characterizing the

=
<
]

intensity of the absorption line
2
B = horizontal pathlength of the flame or

thermal source. : ' N
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d For lhe purposes of aﬁalytical work, the physical
property actually measured is the absorbance, A. We have

t

then:

' L. Y , .-
A = log(x) = Kvagoge=o.4343xva T e 3.2

The absorbance -is directly’proportional to the absorption
coefficient, Kv, th‘this coefficient is ;hen’directly
¢ . "

proportional to thé(gumber of absorbing atoms and therefore

. to the concentration of the solution. Plots of absorbance

LY

at the specified wavelength against conceﬁiiation shoulh

yield linear relationships.'
o, N

3.2.1.2 Instrumentation

. 4 o
Instrumentation for atomic absorption spectroscopy has

two parts with essentialiy differen; functions, tpe means’
whereby the population of ground state atoms is p;oduced.

from the sample, and the optical system. The basic -
componenés'of AA spectrometers are as follows:~ ‘ °

a) Radiation source to emit the spectral line of the
element of interest.

b) Atomization system‘(e.g. flame or furnace) to
provide sufficient energy for analyte dissociation
and vaporization as free atoms.

c) Monochromator for spectfal dispersion and isolatidé,
of the spéctral line to be .measured.

d) Detector and data-logging device to measure, amplify

and display the results.

. R t

'S
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The most critical cgmponent of an atomic absorption
spectrophotometer is the source. The hollow cathode lamps
have been' used almost exclusively as the radiatién source
for most elementsi ‘Thq'hollow cathode lamp emits strong
sharp lines of appropriate w§$e1ength cﬁafacteristic of the
desired element. This radiation passes thtough a flame
into which the sample solution is sprayéd as a fine mist.
Gréﬁnd state atoms thermally generated by the flame, and
which predominate under the experimental conditions, absorb,_
tﬁe resonance radiation from the source lamp, reducing the'.
intensity of the incident beam'(38). )

The monochromator and the slits isolate the désired

resonance line from otAer radiation emitted by the source
! [&

"and allow this radiation to ‘fall on the photomultiplier.

1

The photomultiplier detector' converts the light signal into
3

an electrical signal. . Because the range of wavelengths

r

-detected is determined primarily by the hollow-cathode

source, the monochromator and slits serve primarily_ to

minimize the detected background ;adiation»from the flame
and to remove extraneous lines emitted by the hollow cathede
fiiler gas. Emitted radiation corresponding in wavelength
to the monochromator setting is ingvitably present in the
flame due to excitation and emission by the analyte atoms.
Thermally excited emission by the anglyte atoms is
discriminated by modulating the source of radiation and

~

using an a.c. amplifier, so that the unmodulated-emission
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is not detected. The signals generated by the photoelectric

detector are amplified by an amplifier tuned to e
"

frequency of ‘modulation. The radiation emitted by thd flame
is not modulated, and therefore gives no resulting output

signal (39).

-

In order to achieve absorption by atoms, it is
necessary to reduce the'sample to the free atomic state.
The 'most common atomization device for atomic spectroscopy

consists off a nebulizer and a burner (40). The nebulizer

is the apparatus which gets the sample:solution intoJ{:>
combusEioﬁ flame. The nebulizer converts a sample solution
into a fine spray or aerosol, which is then fed into the

flame. Figure 3.2 is a diagram of a typical‘commercial 19

laminar slow burner which was used. The analyte solution

\(
is aspirated from the sample container through a capillary

tube by suction (venturi action) caused by rapid flow of

support gas (oxidant) past the capillar& tip (Figure 3.3).

o

The resulting aerosol is theg,m:7ed with fuel and flows

past a series of baffles that r move all but the finest

*~ o,

droplets. The aerosol,'ox;dant, and fuel are then Eurﬁt in
“a slotted'burner.

The use of a flame as tﬁe atom cell in &malytical
atomic absorption is, at present, by far the most widely
used method éf obtaining a population of free analyte atoms:

The flame evaporates é%e solvent, decomposes and dissociates

the molecules into ground state atoms.

¢
t
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Figure 3.3: Aspiration of sample solution into the
nebulizer by venturi action.

-

Q 3.2.1.3 Apparatus used

A Perkin-Elmer Model 503 atomic absorption

spectrophotometer ui:ilizing a double-beam optical system

Y /

-® was used and a Perkin-Elmer Model 56 digital recorder.
' The dispersion optical system included a high quality

~ " 3

diffraction grating monochromator. ¢
A laminar f£low (premix) rner was used, equippe
- : with two single-—slot burner heads, i.e. a l0-cm long and a

5-cm long for air-acetylene and nitrous o:’zide-‘acety;ene,

S
03

respectively. The burner heads were held in place by
stainless steel cables and a safety pin interlock. A
+ schematic diagram of a typical commercial ékin—l-:lmer

-laminar flow burner that was used is presented in Figure 3.2.

!
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b.2.1.4 Sample preparation_ for elehental analysis
N 2

+

The sample was accufapely weighea (aﬁout 0.1 gram) in
a platinum crucible, ignited in a furnace at,750°C for one:
hour, and reweighed to obtain tﬁe dry weight.' A Ffusion.
mixture of potassium carbonate and lithium tetraborate in
ratio 2:1 was addea,go the Alix material, mixed and ashed
in the furnace for another hour. The fusion mixture was '’
then transferred to a 150-ml beaker and . digested with a
strong mineral acid mixture of hydrochloric acid and .
sulphuric acid. The beaker was eovergd with‘agyatch glass
to avoid sample loss. The fusion mixture was ‘gently |,

héated on a hot plate until a clear solution was obtained.

Hydrogen peroxide (30%) was added and the dissolution’

" mixture was further digested for a few minutes until

effervescence had stopped.

The cooled solution was transferred to a 100-ml

'vélumetric flask aﬂd diluted to the mark with distilled

w;ter. From thi§ stock solutioﬁ appropriate dilute
solutions were prepared particularly for magnesium and
iron analygis. Each sample was analysed in a duplicate.
Sample concentrations were determinéd by using the
calibration method of flame atomic aBsorption spectroséopy.
Standard solutions were prepared from 1000.0 (} 0.2) ppm
metalisolutions supplied by Fisher Scientific Company ,
Limited as ce{tified Fisher Stapdard Stock solutions. The

X

prepared standard solutions were stored in polyethylene bottles.

~
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3.2.2 X-Ray Powder Diffraction . : *

X~ray diffraction (ng) is a very powerful technique
for identification, &ﬁant}tative analysis, crysta%linity
and structureldeterminatiop. The asbestos miner;ls such\\
/ as chrysotile each possessydistinct cr;stalline structures,
K/J/ based upon tﬂe ordered arréngeﬁent of a\oms“ and are

"therefore amenable to analysis by XRD. X-ray powder
diffraction.is particularly a convenient and specific
technique for the identification and quantitative
detérmination of asbestos. It is not surprisin? that
analyéical procedures using,x-réy diffraction fér analysis

/\\pf chrysotile have been described by several authors.
Crable (41), Hayashi (42) and Lange (43) described X-ray
powder diffraction diffractometer techniques for the
identification,and éuantitative determination ;f chrysotile.

In this work, X-ray powder diffraction technique was

used to investigate the effect of a mineral acid on the -

»
v

structure, the crystallinity and the diffraction patterns, '
partidularly the intensity of the principal peaks, of
chrysotile in the leaching process‘as a function of

.

feaching time, normality or MLD. °

3.2,2.1 Theory

X-ray diffraction analytical techniques can be.
applied only to solid crystalline materials. The materials

include minerals, inorganic compounds and many organic

N
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compounds. The principle of its applicabiljity is based on
the fact that crysitalline solid materia{s are composed of
atoms or molecules’ arranged in a regular repetitive

three-dimensional array. Crystals have definite morphology

which is generally independeht of physicai siz? and can be
\

de%cribed in terms oftcertain parameters F44).X

The smallest repeating structure of é cfystal is éﬁ
termed the unit cell. A’ crystal type can be defined i@«
terms.of the lengths-:of the §ide; of its unit cell and the
angles between them. The regular repetition of the unit
cell gives rise to planes éhroughout the crystal, and the
structure is thus a unique physical characteristic of that
particular—solid. These planes then form a re;ularxpattern
df plane orientations and distances between theg, i.e.
_interplanar spacings-(Figure 3.4). The wavelengths of
X-rays are the same order of magnitude as the distances
between thgse planes and can be coqstructively reflected
grom them. This, then, forms 3 unique X-ray pattern for
e;ch crystalline material and hence this property allows
the identification of materials from a knowledge of their
unique interplanar spacings. I L

The most common source of X-rays for analytical work
is the X-ray tube. Basically, an X-ray source is a highly
évacuated tube in which is mounted a tungsten filament.
cathode é;a a targef called the anode.<}X-rays are
producéd by bombarding a metal target wifh highksnergy

.

~ M T
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, Figure 3.4: Representation of a simple cubic crystal
‘ ) structure showing atoms, 2 planes and the
. " ' interplanar spacings d between the two planes. .
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electrons. The source electrons are obtained by thermal
. s ) T e : 1 ] Y °
emission from the tungsten filament or wire, and are then

accelerated towards the target metal (45).

‘ 0
! When an X-ray beam encounters an atom of the crystal,

J/ each eiectron in it scatters part of the radiation
coherently. The electrons therefore act as secondary
sources of X-rays. All of”these\separate‘radiation waves
can combine either constructively or destructively to

%ive a resultant emitted wave. The amplitude of the \

{
i

. A
emitted wave depends on the number of electrons emitting

s

radiation and their respective bhase differences. -The
« ~

phase dlfferences are dependent on the path lengths of the
S
1nc1dent and reflected (diffracted) X-rays. Thus a strong

diffracted beam (cpnstructlve interference) will oniy
occur-when the ?;ffracted beam“s’frpm thf many atomic
. planes are in pﬁase; that is, when the path differences
from cr&stai planes of the X-ray beam are equal to the
1ntegral number. . of wavelengths. The cumulatlve effect of
’ ‘ : this scatterlng ‘from the regularly spaced centers of the

crystal is a diffraction of the beam. ™ “ ' coe

Ay

' - An X-ray beam 1nc1dent on a, crystal will be dlffracted .

by the regularly repeating -array of scattering centers (the

electron clouds surroundlng the atomlc nuclei) in the

Crystal. The .angle through whlch tﬁJ:X-ray dlffracts
Gépends.upon the spacing between the plenes ofithe atoms:ih

the crystal, as demonstrated by the reflection "analogies
. . v

A‘\ .

.
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-

shown in Figure 3.5 and 3.6 (46). From such an analogy,

T4

the Bragg reflection equation was derived as follows:

Fd

—

NA = 2dsin ©® ... . iieiiiinenren e 3,3
where n = an integer, expressihg -the order of diffraction’
A = the X-ray wavelength
AN A . -
d = the intetplanar spacing . B K

6 = the angle of diffraction

Y

In order for diffracfion to occur from a particular'\

set of atomic planes, they ﬁﬁst be properly oriented with

respect to the incident X-ray beam, and the diffraction

- f

A}

intensity is related to the electron”density for that

o

specific arrangement. Diffr#tion occufs only for a
v particular angle 8 thét sétisfies Bragg's Law. |
' of all the diffraction methods now &vailable (single
) .qrygtéls,powder; etc.), the powder method is the .
. most frequently used for iden’ﬁification.° If a
monochromatic beam of X;rays strikés a fine homogeneous
powder, whichuactually consis£s of an enormous numbq% of
small crzftg;liteg randomly-orientea in every possible

.directibn, a diffraction pattern.of all-possible planes

~

-

" will be obtained and a significant number will be expected

3

to be oriented in such ways-.as to fulfill the Bragg

* condition for reflection from every possible interpl&nar

. ., L]

spacing. )

¢
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The diffraction pattern may be ‘detected either by
surrounding.the sample with a strip of photographic film
or by using a’movable detector, such as a scintillation
counter, connected to a cbart recoréer (diffractometer) . 5
The diffractométer,’which is the most popular device, is - *
essentiaiLx a mechanical goniometer where the sample turns
at some angle © and the detectof moves at twice that angle
to intercept the diffracted beam of X-rays. JThe objecﬁlvé
of an X-ray powdér diffraction, instrumentation is to

e

measure the intensity of diffracted X-rayslwith some o
respect ta some reference angle often labelled as theta (8).
This‘theta is the Bragg ' angle. Typical déFa'are reaq 09?

L]

as 26 versus the intensity of- the X-rays; this 28 can thenk§§;

-

be converted to d-spacings by the Bragg rélation'(46):

-

®
>
[
re
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3.2.2.2 Instrumental apparatus

A Philips PW 1050/25 automated. X-ray powder

45

diffractgmeter was used with a Philips-X~-ray generator and

a scintillation counter. All measurements were obtained

oy N

using a Philips long fine focus copper X—ray‘Eube. Copper

. P M
Ka monochromatig radiation (A = 1.54178A), nickel

filtered, was used at 32 Kv and 16 mA.

3.2.2.3 Experimentargprocédure

The chrysotile asbestos structure was identified by
méans of“itsquaracteristic diffractigg pattern'(46;47).
The Agix sample was dry" ground, a well-crystaiiized‘
internal standard was then incorporated into the sample
and thg}oughl§ miégd in';)small ball-mill. The mixture
was evenly distributed in”an adpesive medium on a slide
and mounted on a Eforactometer. In the diffractometer,
the sample was scanned in the region of the chrysotile _

vasbestos and the internal standard¢peaks and the counts
recorded digitally. A slow scanning speed was used over
~the range 26 = 8 - 40 . Typical diffraction patterns
recorded are shown in Figure 4.10.

The degree of crystallinity measurement of the Alix

material was designed following the literature method for

~

‘zeolites (8,48,49). Peak intensities were taken as the
number of counts recorded by the digipaf;integrétion —

gsystem ‘during a complete scan.of the peak at constant

.



angular velocity. Background correction was applied by

1

subtracting the integral count rate obtained upon scanning

the baseline on each side of the peaks. NaCl was used as
an internal standard in order to normalize the intensities
obtained and to ensure that the measu;ement\did not depend '
on the sample preparation. By reference to the external
standard! the degree of crystallinity in the sample was /
\determined. The degree-of crystallinity of the Alix was ' /
taken as the ratio of the normalized peak intensity for /

B /
the Alix to the normalized peak intensity for non-leached /

chrysotile 3§bes£os, which was used as the external / n‘{
standard for crystallinitf, and therefore was assigned a /

100% crystallinity. ‘The strongest peak in intensity of. /r -t
chrysotile asbestos was chosen and used for the analyéis. /

The peaks used for inﬁgysity]measurements are located at

20 = 31.76° (200) for ﬁaCl, the ,internal. standard, and 12,20°

(002) for chrysotilé asbestos and Alix materiabs.. The

powdef difffaction patterns of the Alix materials were | (

recorded by the author while the measurement of the degree

of crystallinity was performed by 'Vaillancourt (50).

3.2.3 Infra Red (IR) Spectroscopy

e J ‘ . )

IR spectroscopy is a technique for measuring the
dégree to which compounds absorb infrared radiatipnl
Since, with the 3xception of‘optical isomers, no two
compounds exhibit the. same IR absorption spectra, the

technique measures a characteristic physical property of
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cdmpound . The, information obtained from IR spectroscopic
measurements can be used for qualitative and quantitative
purposes, \the determination of various physical constants,

and for the analysis of the structure of compounds (46).

A compound can absorb infrared radiation at certain

4

frequencies \used in stretching or bending various bonds
= .

¥
within the c¢ mpoundl The transmitted infrared beam not

agsorbed by éhg specimen enters the detectpr of an infrared
spectrophétéméter and is recorded at specific ffequegcies.

When the transhitted beam is varied across a selected IR
region, the IR\spectrum of the compound can be recorded.

' This can be either a transmission or an absorption spectrum.
Similar to an Xj{ay diffraction pattern, an IR spectrum
can be also termed a "fingerprint" idenﬁ&fication.

Unlike X-ray diffrgction, gases and liquids as well as
solids can be examined by IR spectroscopy. Each of these
sample tybes has its own requirements for preparation.

The major considefation is to ensure that any solvents do (
not absorb IR radia£}op in the same regions as the sample
material. When solids are analyzed, it is important to
reduce the particle Q@ze smaller than the IR radiation
wavelength. Failure ﬁf reduce the sample to this size can
result in excessive sc%ttering of the incident radiation %j
beam.. Also, with any sample type, it is important to

avoid the presence of water as it will absorb strongly. |

A commonly used method of bresénting thg solid sample to
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»

the‘IR sgect;ophotometer is in thég&prm of a pressed alkali
halide (e.g. Potassium bromide) disc (46) .

' The use of IR spectroscopy fo? the identification, the
guantification assessment and structural studies on .
asbestos” is a relatively recent development favoured
mainiy because of the low capital cost (51). Howevér, some
of the asbestos mine;als had their IR épectgg recorded for
mineralogical purpbées several decades ago (52,53). F
Because of their speed and simplicity, IR techniques are
well suited to the routine monitoring of asbeétos\i an
industrial situation where these materials are periodically
d;termined. The chrysotile silicate structures and their
various metallic lons produce unique well-defined IR
spectra, so that IR spectroscopy can be used to identify
and quantify these substances (54). Gadsen et al. (55)
used IR speetrophotometry for the gquantitative analysis of
chrysotile asbegtos in airborne samples. The characteristic
higher frequency fine band at 3700 ch_l (Figure 4.l12a) in
the OH-valence oscillation range is used for quantitative
determination'of chrysotile (55,56).‘

In this work, the efiedt of a mineral acid on the IR
spectra of chrysotile asbestos and hence its structural .
changes under various leac@ing conditions was studied.
Th%s the decomposition of chiysotile asbestos on leaching

4

with a strong mineral acid (HCl) was followed by

‘determining the IR‘spéctroscopy on leached asbestos

i »

\’

\’w
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specimensl(Alix) prepared at different leaching parameters.

‘The recprded spectra and the observed characteristic

frequencies of the reference chrysotile asbestos fibers

and their resulting acid reaction products are tabulated. . .

’

3.2.3.1 Sample preparation for IR determination

-

The infrared absorption spectra were obtained using
the KBr'Prgssed-Pellét fechnique. The properly dried
sample was hand-ground in an agate pestle and mortar. The
ground specimen was placed in pure dry KBr matrix, and the .
mixture was thoroughly mixed in a small ball-mill. A
typicai wafer concentration was 2.5 mg of Alix 'specimen in
500 mg of KBr. The intimate mixture was then subjected to

- .
a high pressure in a hydraulic press to .yield a transparent

"disc.

The yR spectra of Alix samples and parent chrysotile
asbestos Lere recorded on a Perkin-Elmer Model 599B |
double-beam grating spectrophotomgter. The transmittanceé
was usu?lly adjusted té about 70-80% with an attentuator

attachment, and then the pellet for each sample was

1

scanned in the rahge of 4000-350 cm ~. . Instrument

-settings used included a medium scan-speed and a normal )

\A

slit opening.

3.2.4 Scanning Electron Microscopy (SEM) -

In a scanning electron microscope, electrons from an
»

4

\w . ‘ - 3‘
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electron gun source, after éccéleration, are'firs£ focused
by a lens to'giveﬂé very small spot. The specimen is ghen'
scanned by moving the focused spot across it point bj

point and line by line. This scanning is achieved by the P
use of scannihg coils; and the interaction between the
electrons and tlie solid sample generafes iﬁw energy
secondary electrons. A suitable detector analyzes the
secondary electrons ejected from the sample by thé inc¢ident
electrons. ThéNemitted secondary electrons are used to
build up an image of the sample siurface whiech can be

éisplayed on ‘an oscilloscope (television tube) screen..

The wide magnification range of a SEM makes it most useful

3
124

for the routine characterization of materials.
v ¥
Non-conducting surfaces usually.require coating with a

A

thin layer of electrically coﬁducting material in order to
prevent surface charging which would otherwi:teead to
image distortion (57).

The SEM has a suitable resolution for chrysotiie'
fibers and an imagz having startling three-@imensional
apﬁéarance~can be obtained. The SEM was used t6 follow

the morphological (particle shape and size) changes of

chrysotile asbestos fibers in theﬁleaching process:

\

' Original chrysotile asbestos fibers j& >
s ﬁ ‘ K
moderately leached fibers - -

B \"~4
drastically leached fibers. This was carried odq by

v

\

*
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comparing theVSEM micrographs of the Alix samples of widely

different MLD values. . _‘

3.2.4.1 Sample preparation for SEM analysis

The powdery specimen wa: mounted on a “"stub", a
ﬁétallic disc about 1 cm in digmeter, by sprinkling and
pressing the sample specimen onto an adhesive that was
firmly attached to the top surface of the stub. The
surface of the specimen was coited with an ultra-thin £ilm

. of gold so as fo improve the contrast for the surface
features. The sample was then evacuated under(very high .

. vacuum and scanned'gn a‘scanning electron hicroscope. The

. use of a Hitachi 'S-520 SEM equipped with a pola£oid camera

. permitted the investigaéion of the morphological changes

4in the leaching prscess. The SEM- analysis pas been done at °

v

the Biology Department of Concordia University.

3.2.5 Magic Angle Spinning Si-NMR

The‘apéiicaiion of conventional'ﬁMR to crystalline or
S amorphous solids leads‘tO'broad, featureless spectral
bands; which providé little structural idf;rmation.
Recently, however, several new techniques have been
developed that overcome this band broadening and make
possible the acquisition of high-resolu?ion spectra much
like the spectra for liquids. M9dern NMR techniques,
el;ecially those ihvolving magic-angle gpinning '(58), are
potentially powerful for studying.the local structure of

«

silicates and other inorganic solids that have non-zero

¢
-
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27

nuclear spin nuclides, such as 29Si and Al for silicas,

aluminas,; zeolites and various other aluminosilicates:

29

11B and Si for borosilicates, etc.<(59)- The degree of

structural insight achievable with magic angle épinning'
(MAS) NMR is exceptional, since it probes the immediate
environment of a particular nucletrs more Sr less
irrespective of whetber the sample is crystalline or

~

amorphous. A very iﬁportant application that has been made

29

of Si MAQ‘NMR is the elucidation of the coordination

environment of silicon in zeolites. To date, less studied

27

but still promising is,the use of Al MAS NMR to suppiement

29Si MAS NMR on

the in?ormation provided.by
alumino~silicates (60).

NMR spébtra for solids have in the past not been very
useful for structural studies because of line-broadening,
which eliminates or obscures the characteristic sharp

12
individual peaks of NMR. Much of this broadening is

Q
attributable to two interactions: chemical shift anisotropy

.and static dipolar interactiong, which in liquids average

to zero because of the rapid and random motion of
molecules. The line broadening represented by chemical
shift (shielding) anisotropy is an inhomogeneous

broadening associated with the fact that it is a

”

superposition of spectra of randomly oriepfed individual

—

nuclei. Each of these nuclei has an inherently sharp line

for a particular orientation of nuclear environment with

-

4
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resﬁect to the static field. The net result of the
chemical thft anisotropy is that, fggﬁgighly immobile
spe?ies, such as those in an amorphous or poddered
crystalline golid, the entire range of chemical shift
spanned by all possible orientations is present in the
spectrum. The chemical shift anisotropy is removed by
high-speed méchanical'spinning éf the rigid sample about
an axis making an angle of 54.7° to the direction of the
static magnetic field. This technique is known as
mgéic—angle spinning (59,61). In effect, the éblid acts
like a liqqs? wheq spun at the magic angle. Magic-angle
spinning can in principle, and sometimes in praétice, also
"be used to eliminate the other important 1ine;broadening
interaction, the magnetic dipole-dipole interactions
between pairs of nuclear magnetic moments. 5

The NMR’;pectra of Alix materials were obtainéd on a

"

Varian VXR 300 FT-NMR spectrometer operating at 59.592 MHz

~

using superconducting solenoid magnets. A VXR 4000 Model
computer system was used for data acquisition and
-amplifiers for final radio frequency pulse generation. ,

295i MAS-NMR spectra were obtained using KEL-F Doty probes

(Doty Sc.) with a spinning rate of 4.51 KHz. All 2°si
line positions (chemical shifts) were referred to TMS
(tetramethylsilane) as zero chemical shift. The MAS-NMR

analysis has been done at the University of Montreal.:

-
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3.2.6~ Specific (BET) Surface Area

G

The measurement of the total surface area of a solid
matérial requires non-specific physical a@gorption.l The
‘ mosé'usefui methodlﬁg the one developed by Brunavuer, ~5
Em@ettand,Tellér and is usually called BET method (62) .
;éurface area is a very +important textural parameter of a

solid and can be used to define, the morphology and surface *

characteristics. The specific surface area is the measure
¥

o

of the accessible surface area per unit mass of solid;
this surface is the sum of the internal surface area

-

associaped Qith pores and of the external surface area
developed by thg outer boundary of the particles (63). 1In
the‘claséical method’ of determining surface area, an all’
glass appardatus is used to measure the volume of gas
adsorbed on the s;mple of solid material. Before the
specific surface area 1is detgrmiﬁed, it is normal to heat-
the sample fqr severai.hours togfémove all physisorbed
material, i.e. moisture and othéf adsorbed vapours, from
the surface of the adsorbent. This i3 best achieved by
exposuré of the surféce to high vacuum, the exact
condi}ions required.(teﬁperature and residual pressure)
being dependent on tpe particular gas-solid system. An
outgassing‘period of 2-6 hours is usually sufficient to
reduce the residﬁal pressure to «.10—4 Torr. Nitrogen

\

adsorption at -196 € (the boiling point of-}iquid

AN
nitrogen being used as a means of thermostatting the e



g ) adsorbent sample) is commonly measured in the routine

3

determination of the surface areas of adsorbents. The

-

‘ } use of low temperatures, as opposed to'%by room temperature,

>

greatiy enhances the fairly weak adsorption and uhder

these coniltlons the measurements become much easier (64)
e . ' The sbrface area of chrysotlle asbestos fibers is the
e , most important parameter in all their 1ndustr1aL
: — appLicatiopsc(ZB): Each process involving asbeiggs fiber~'
requires a degree of opening or splitting into finer

fibers (fiberization), which, within limits, is critical

for that purpose. In general, the specifib surface area

of chrysotile asbestos varies considerably yith the

¢

‘ ,physical condition. Furthermore, the specific surface area’
¢

of chrysotile*is directly related to_thé fineness (the

v
-

egree of openiné.

-

particle size) of the fibers or to the

The Quebec long-fiber samples have the smallest surface

T area, while the commercial grades such as 7TF-12" (one of
A y ‘

\
the most open grades w1th the shortest flbrll lengths),

whose powdery appearances are indicative of drastic »

> mechanical treatments, have the largest (GSX: fiowever, in

$

this investigation, the surface area #%s necessary to

T follow the physical and chemical modifications of

«chrysotile aftér being subjected to various acid treatment
h ‘
- "conditions. , The chemical opening and decomposition of
- 9

chrysotile fibers with strong acidic treatments would be

»
- ’

expected to yiéld residue products of higher, surface area.:

N
]



3.2.6,1 TBET Theory *

T

BET treatment is based.on a kinetic model of thé

adsorption process put forward by Lanémuir,in which the

surface of the solid was regarded as an array.of adsorption’

sites. The BET Thgory is based on three assumptions made

by B;unaﬁer, Emmeﬁtand Teller (62):.

a) A homogeneous surface with eqdivalent sites for

localized adsorptifn without interactions \
between molecules ladsorbed in the first layer,
y ! “ 3,

i.e. all the adsorption sites on the surface are

energetically identical.

b) A multilayer adsorption, i.e. formation of

'R

successive: layers on the surface with no
restriction on the number of layers. Each .
molecule in the first layer is a possible "site"

\

for adsorption of a molecule in the second

layer; each molecule in the.second‘layer is a
o ’ ) .
possible "site" for adsorption of a molecule in

the third layer, etc.

¢) That in all layers except the first the heat of

3

adsbrption is equal to the molar heéat of .

. . condensation &nad the evaporation-condensation

" conditions are identic%l, i.e. the model restricts
A

attention to the forces between adsorbent and the

P

adsorbate molecules, the "vertical" interactions,’

and neglects'the,forpes between an adsorbate

(4]

-, s

»

~
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¥

moleculerand its neighbours in the same .layer,
‘ _ \ .

’ " the "horizontal" interactions. ‘

/

) v The physical and mathematical treatment of athese
3 ’ b’

hypotheses leads to the followihg BET equation (64,66) :

’ -’

P _ {(c-1) P 1 3.4

V(Po-P) = VmC Po T UmG, "ttt
\ . ,

where .P - equilibrium pressure of the adsorbate.
Po - saturated vapour pressure of the adsorbate in

the conden§ed state

af”

§

'V - volume of gas adsorbed at STP

Vm - volume of gas at STP corresponding to the

formation of a monolayer cerrage{ )
C - a constant varying with the adsorbent-adsorbate

ihteractions. It is\related to the
) AN )

, ’ differential heat of adsorption E, and to the
4 ) ) R
T heat of liquefaction E; by the following
R, ' ' -
- . ]
relation:
« E
C = exp (EA_EL)/RT) .o-l.‘--ll.o-lcouoih ..t' 3.5
*  yhere R - ideal gas constant X

<

T - absolute temperature -

The graph, of Y = P/V(Po-P)_'\'/ersus

. p .
_R/Po at low press%fe (0.05¢ /Po( 0.35)

- ' ‘
. g * .
should give a straight line. From such a BET plot, one can

]
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derive C andVm. The BET method for calculation of specific

i
o - ,
| "

f”gurfaéé”a}ea A involves two steps: evaluation of the
mopolayer capacity Vm from the isotherm; and conversion of
Vm into A by¥%eans of the molecular area am. To obtain a
reliable value of Vm from the isotherm, it is necessary
that the ﬁonolayer shall be virtually complete before the
/build—up of high layers commences; this requireﬁént is met

< if the éE&tparameter C is neither too low or too.high, in
practice it should—lie between 50 and 150. It is
because nltrogen comes closest o meeting th(§e conditions
when adsorbed on an extens1ve range o; sollds that it has,
become'the most generally\ased adsorptive for surface area
deterﬁination (64) . The widely accepted value of am(N,)=\

16.2 AZ.

The specific surface, area, A, of the adsorbent
is then given by ’ .

o A=am V'LHE -..loc.-oncncc.o-:tooo-o--o. 3.6

Y V. )
where N@is avogadro constant and am is the area occupied
by one molecule of adsorbate:; For many practical purposqs,[
the BET equation is generally fittea to data over a range
of ¥/, =0.05-0.30, where the model is valid,

J In spite of the acknowledged weakness of its
theoretical foundations, the Brunauér-Emmett—Tellgr (BET)
method still remains the most widely used'proégaugé for
the determination of surface area. The assugg%ions of the

theory are extremely crude,.but they are still sufficiently

good to contain a number of the important qualitative
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.features actually observed experimentally. Therefofe1 .
despite the abpa;ent shortcomings of the BET model, it
gives an extremely‘useful qualitétive assessment and |
description of the adsorption process. In fact, the BET"'
adsorption method stili provides the only means of .

determining the spécific surface of a mass of non-poxous
powder or a poroug solid large enough to constitute a
representative sample (64).

1
3.2.6.2 Eﬁperimental set-up > -

The specific surface area measurgments were carkied
out in a classical multipoint BET volumetric'apparatus at
liquid nitrogen temperature. The basic apparatus, as
shown schematically in Figure 3.7, was;a rather simpl? one
constructed in glassl The pumping vacuum system, wﬂich'
consisted ofwg diffusiogp 0il pump and a mechanical pump, ~
WJE equipped with throttling valves to prevent sample
contamiﬁation by pump o0il and was able to produce a
vacuum of 10-4 Torr. Ancillary equipment included heating
assemblies; heater control units, Pifani low pressuré
.guage and adsorption sampling tubes. 1In this volumetric
method, the volume of adsorbed species was determined as a
function of the pressure. The gas burette was calibrated.
Before £ﬁe pressuré readings were . taken it'&as al&ays )

necessary to adjust the mercury in the gas burette to some

known positjons of the gas burette bulbs mark: 6, 5, 4 and
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~
L4

o

3, respectively (Figure 3.7), by appropriate use of the )
mercury reservoir. A mechanical pump was used to'adjust
ﬁhe level of mercury in the gas burette. A computer
program oq'an Olivetti PC ¢omputer, quéi M24, was used ‘for,

the calculation of the surface areas’

5
-

3.2.6.3 Experimental technique
'
The steps involved in experimental determination of
b .

\

BET nitrogen adsorpiion included the following:
a) Weighing of sample and its adsorption sampling

LY

tube. . 1 . B

b) Evacuation of the apparatus until a suitably low
pressure of about 10'4 Torr was registered on the
pressure gauge.

c) Degassing of sample at elevated tembe;ature of
300 € for 3 hours under the high vacuum. The
sampling tube was provided with a porous disc to
ensure that the powder samples were not disturbed
or displaced andisucked into the vacuum system,

d) The cooled sappling tube was‘carefully closed,
removed from the vacuum line and quickly weighed

h so as to obtain the weight of dry degassed sample.

_é) Determination of the "dead spaé;" by introduction
of helium fr;m the calibrated gas burette to the

sample section by opening the stopcock and raising

the mercury to the positions of the gas burette

u

- -
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bulbs marked 6, 5, 4 and 3 before £aking the
pressure readings. \

The change ‘in burette readings gives the efiective dead
space of the adsorption section since helium &dsorption‘is
zero, 'The dead volume was\obtéinéd by helium expansion at
room temperature. ) |

f) Evacuation to remove helium. '

g) The sampling tube was closed and a dose of nitrogen
introduced into the gas buretﬁe. The mercury was
adjustéd and the pressure readings taken.

h) The nitrogen from the gas bﬁrette was adiitted to
the sample section by opening the stopcoék and
immersing th; sampling tube in a dewar flask
filled wit:_h liquid nitrogen (-196 C). When
adsorption was complete, typically after 10-20
minu?es as indicated by ;teady pressure readi;gs,
the measurements were takén. *

i) Calculayion of adsorption from'nitrogen gas

introduced less the dead space correction both*\\\*\ﬁ‘\‘N‘~\\

computed by application of the ideal gas law.

The'sbecific surfacé area of the sample was

calcqléted\from the experimental readings by using

a comﬁufer bfoéqam (see ippendix A). = . A
When the adsorption isotherms were transformed by the

BET method, linear plots were obtained. Correlation

coefficient (rz)’values exceeded (0.995 in all cases for

- - -
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which computer tests of best fit were obtai;ed and wére
typically between 6.999 and 0.9995. Thé C values of
saﬁ%les, which were all outgassed at 300 °C, calculated
from the slopes and intercepts, all exceeded 50 and were:

less than 300. The BET equation (3.4) can be rewritten as

P .
/po . Cc-1 P T3
vt/ ) mC  Po

When the slope of a BET plot is measured, errors in lﬁe
ordinate (P/Po) caused by errors in measuring either P or
Po are cancelled by equal errors in the nominator of the
1§bscissa (P/PO) / V(l-P/Po) , leaving a small residual
error caused by the change ;n\(l-P/Po). However, the main
ources of experimental errors were imperfect control of
the conditions of outgaséing te%gerature, Qariation_in v
temperature of the sample during the adsorp£ion, imperfect
control of constancy of the level of liquid nitrogen,
 measurement of the dry degassed weiéhts'of sémples and |

. incidence ©f leaks in the apparatus. In general, the

- method was accurate' and reproductble.

Ny

3.2.7 Externmal Surface Area Determination

—

A two-step technique was used to evaluate the external
surface area by benzene-pore filling and subsequent

nitrogen adsorption. _The pfinciple of this technique is

[

that benzene adsorbate is first adsorbed sufficiently until

% P — '
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\ the internal pore structure is completely filled. The

‘sample is then lowered to a temperature of 77K which

.

freezes the adsorbed benzene, any benzene molecule that
may be adsorbed on the external surface is removed by
evacuation, and the ;ccessible free external surface is
measured by nitrogen ad;orption BET method. Niwa et al.
(67) have showﬁ that benzene is a more suitable and

appropriate adsorbate for this technique than n-hexane or

water because- it lis widely-applicable to—various—kinds—of—

-~

samples. Benzene can be used not only onxhydrophobic‘
samples such as ZSM-5 zeolite or silicalite, but also on
typical nonhydrophobic samples.such as alumina (67).
Moreover, during the BET heasurement.at 77K, benzene

remains completely adsorbed and frozen in the internal

‘pores since the sample is kept immersed in liquid nitrogen

far below the melting point of benzene (the’mélting gg}nt
of benzene is 578K).

The same pre-tréatment conditions were applied as in
the case of total BET surface area determinatioﬂ; The .
experimental set-up consisted of nitrogen BE& adsorption
aﬁparatﬁs, as shown schematically in Figure 3.7, and the
vaporization-adsorption sygéem (see Figure 3.10). A
§aporization flask, which was fully immersed in an ic%
bath, wa; connected to the vacuum system and degassed.

About 12 ml of benzene was then introduced into the

evacuated flask. The sample section, also evacuated, was

. -

-
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N ]
thermostatically maintained at 25 °C. A valve connecting

F]

-the sample section and the vaporization flask containing

. benzéne was’opened.' The degassed samples were then left

in contact with benzene vapor (saturation vapor pressure

of benzene at(i?'c is 28 Torr) for a period of 4 hours.

‘The sample with\ adsorbed benzene frozen in liguid nitrogen

was evacuated for 30 minutes which was ample time for

complete removal of benzene vapor from the external

surface. Finally, the external surface area was measured
by the BET method aséuming‘all the internal pores were

completely filled with benzene.

3.2.8 Pore Size Distribution Measurement

v

The pore size distribution is the distribution’ of the

specific area versus tge pore size. It is an important
textural parameter for describing the-morphology and pore
structure of a porous solid. :T?ere are several techniques
for determininé the ﬁore size distribution, the -
appliéability of each depends on the r&nge of the pore
siée,of a solid. Mercury porosimetry has been widely used to
measure macropores. The mercury-porosimeﬁry technique is
based‘on‘the determination of mercury volume which
penetrates into the solid as'a function of the externally
appliéd pressure and the pore size range accessible to

this téchnique varies from a pore radius of about 75A up

to about 75,000A (63) . However, the samples examined

r

Ty
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- consisted of macropores, mesopores and micropores and

P

therefore it was not pos e to apply this technique.

L e AT

The technique based on nitrogen adsorption isotherm can be .

categorized inté two groups: the t-plot analysis method
and the classical method. The t-plot analysis method was
recently developed by Lippens and ééBoer (68) .. This method
is very attractive since, in addition to measuring
-macropores and mesopores, it éives detailed analysis of
micropores. In this method, Langmuir type of adsorption
isotherm is established, in which the relative preséure is
repiaced by "t", the statistical film Ehickness of the
adsorbed gas on the walls of the pores. The method
consists of plotting the adsorption' isotherm iﬂ terms of
the volume of gas adsorbed versus t and by extrapolating
to the intercept (i.e. t=0) the micropore volume can be

é

obtained as illustrated by FI§§:;’3.8. In this method,
adsorption has to be performed at ver§—1ow_§ﬁrface
coverage using special microvolumetric apparatus to deliver
'micrbquantities of gés to be adsorbed on the surface,
which was not possible with our inétrument. -

The classical method that was adopted in this
-particular work con§;sts of adsorption of N, at sa@%rétion,
under liquid nitrogen and then by applying vacuum, the
adserbed adsorbate ﬁs gradually removed. At ?/Po'f l.0,

where Po is the saturation pressure, all the pores are

completely filled with adsorbed and condensed nitrogen,

4 -

o
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Then a desorption isotherm is established by lowering the

pressure in small incremenfs; a small amount of nitrogen
R .

- will first evaporate ffom the meniscus formed at the ends

of the larger pores. Since the vapor bgessﬁre of a
liquid evaporating from a capillary depends on the radius -

of the capillary, these data can be plotted as volume

v
.
S
“

desérbed vs. pore radius (69).

The pore size distributiop of a mesop;rous solid may
be calculated from the desorption ispothexrm of a vapor with
the aid of the Kelvin equation (69). Tﬁe Kelvin equationA

is

P o, _-27V 1 |
.P_O RT r " 6 & ® 8 o a4 ¢ S B e e s e b 8 " v s 00 3.8

K

wﬂere p/PO is the relative pressure of vapor in
Vequilib:ium witﬁ a meniscus having a radius of curvature
Tgr and Y and V are the surface tensiog'and molar volume,
rgspecfively, of the ljquid adsorptiﬁe, R and T have their
usual ﬁegnings. The concept of capillary condensation and
its quantitative expression in the Kelvin equation is,
indeed, the basis of virtUaliy all the various procedufeg
for the calculation of pore size distribution (70). bThe.
Kelvin equation when applied directly to the aésofptién

s
branch of the isotherm gives a+qualitative picture of pore

-

structure._ When capillary condensation occurs during the

course of isotherm determination, tﬁﬁ pore walls are

already covered with an adsorbed film, having thickness t

\ ' ‘f‘ \
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«determiaed by the valuegoﬁ.tﬁe relative pressure. Thus

' ‘capillary. condensatioh occurs not

dlreetly in the

pore itself but rather in'the inner core, as shown in

Figyre

figure.3.9:

L)

COnée

\

309 (70) o fﬂ

H W

Cross-sectlon, parallel to the axis of a
qyllndrxcal pore of radius b showing the

"inner core" of radius. F¢ - and the adsorbed
f;lm of thzckness t.

69
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%12e rather than the pore'SLZe. The conver510n of an lk

" Value to®a pore 515\\3nvolves recourse to a model of pore

A

'Ll

shape,,and also a‘ﬁno&ledge of the: angle of contact e .

!

»

A

.htly>'the Kelvin~equation éives‘values‘of the éore

—

betweew/the caplllary condensate ana tﬁe adsorbed film on/

the walls; it is assumed malnly on the grounds of

smmplrcxty,~that e =0 (cose = l).

.Several methods which

-
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make use of the Kelvin equation,; and in one way or another

attempt to correct the Kelvin radius, for the physicall&

‘v

adsorbed layers which form the boundary of the evaporating

pore have been proposed for the analysis of pore size
PR ~ 5 . , \‘

distribuﬁipn. However, all these computaFion'methods have

»

e%e major drewback: theyrcaafgive an accurate assessment
and measurement of the macro and mesopores but not the'
micropores, therefore the appIantlon of‘these methods are
restricted to the desorptidon isotherms of macroporous and
mesoporous solids. . .

. Pore size,aietributiopé of leached asbes?os materials

were computed using a simplified model propos&d by, Pierce

(71), based on the application of the-Kelvin equation to #

)

nitrogen desorption isotherms. The principal assgmptiqps

of the method are as follows:

N

a) All pores have eylindfical geometry.

e

b) The Kelvin equa%éon is applicable for comp@ting

‘ the pone'radii from the relative pressures at
which desofption occirs. ,

c) .The film thickness remaining "on pore walls after-
.t;e inner capillary volume is desorbed is thei
same as on a non-porous surface at the sam;
relative pressure. The Pierde procedure“tacitly
. assumes the fllm area of a grou the, area of the
core "walls", to be identical wT:;\Eh area of

the ‘pore walls, as- desorptlon progrgsses.‘

/ ' o " ,\sﬂ

.
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room temperature was used to calibrate the dead space. The ‘

71
Q

In the Pierce's methdd for the cglculatién of pore
size distriﬂution, specific surface area appea?s as an
essential feature of the calculation. Thﬁs by sumning the -
values of pore area, sAp fof;eaéh.sucéessiveogroup of
- pores over the whole pore system, a value of cumulative
surface area.S_ . (equal to %A, ) is obtained (71). The
cumulative surface é;ea represents the total pore area of
iﬁacro and mesopofe; and excludés the,pore'area of
microporeé since the validity of Pierce's method extends

N

down to- a pore radius of 15A and becomes non-apblicable for

pores smaller than 15A.

! e

3.2.8.1 Expe:imental procedure o ' e

' r 3

Approximately 0.5 g of sample specimens were
introducéd in long glass tubes and activated by Heating—-in
. N |
vacuum at 300 'C prior to the adsorption-desorption

experiments. In general, the exgerim%htal set-up was

similar to the one described for surface area, but instead .

., of a gas burette containing gas burette bulbs, a normal

- 100+ml graduated titration burette was used. Helium gas at

-

long glass tube antaining the sample was completely
‘l

-

immersed in liquid nitrogen and the level of the liquid
nitrogen was maintained constant. :The evacuated sample
was then saturated with nit}ogen-adsorbate at the

temperature of ythe 1iquid\nitrogén. By lowering then the o



.
X .

»

total pressure in a gradual and sfeady\way, the partial
pressure decreased, the adsorbed gas was progressively
desorbed and the residual decfeaéing voluﬁe was recorded

as a function of- the ;ressure. The readings of the
desorption isotherﬁ éeneratea were converted to STP:
conditions and Fransfér;%d to the computer. All pore size
distribution measurements were .calculated érom dry degassed
weights of séﬁples. A computer program was used to
calculate the pore size distribution and’ the surface area

developed by porés having diameters progressively

increasing from 20A to 300A. ' The computer progfam is

.given in appendix B. Errors +in the measurement of P or

Po can have drastic effects on measurements of pore size
distribution, since both P and Po enter directly into
célculation, and therefore in order to minimize such

¥

errors, many equilibrium pressure points were measured

during the nitrogen desorption experiment. At low

relative*preséures; desorptidhAequiLibrium~wasAxapidman§
appeared to bé complete in less than 30 minutes, bﬁt at~
higher relative pressures, at least one hour was required
for equilibrium to be established. A critical potential

source of error was the imperfect control of»constanqy of
the level of»%iquid nitrogen~s}nce'a small fluctLation in
the level was observed to produce some significant change
in the equilibrium préssure. In yiéw of the long period

of time that was required to pe;form the nitrogen

»



desorption experiment, perhaps the most serious e?ror,
could have resulted from small incidents of ieaks in the
system. Another main source of'errdr was in the
determination of the weight of degasseq sgmple, since the
sampling specimen tube used was rathér long. '. Despiée
these difficuities in the execution of the desorptign
experiment, the method produced satiséactory and fairly

reproducible pore size distributions of leached asbestos

|

materials. (

3.2.9 .Adsorption of Water and n-hexane — -

Adsorption capacities of leached asbestos materials

were determined by a vapor sorption apparatus (72) .

_Adsorption properties are important since/adsorption data

obtained with various %apors may give useful information

about structure-related factors such as pore channel
Ve
dimensions, total pore volume and adgorption affinities

) :
with respect to various adsorbates.

-~

" Traditionally, water adsorbate has been used to

N

detérmine the adsorption capacity of a porous solid.

However, the recently synthesized silica-rich ZSM zeolites

\

énd other related materials‘show water adsorption
capacit%es substantially lower than those of classical
zeolites. In addi?ion, the new ZSM type zeolites show a
strong hydrophobie character and a higper'affinity for

some hydrocarbons such as n-hexane and cyclohexane. *
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Therefore, water is not a good absorptive medium for thesé
materials with so highly hydrophobic surfaces that a
repulsion of water molecules frqm the hydrophobic silica
sqffaces occurs. Sevéral éeople including Le Van Mao
(72,%3) have demonstrated that the volume of n-hexane
adsorbed by silica-rich zeolites in comparison to the
volume pf water adsorbed is very high. Relative affinity
index is a very important term derived for the evaluation
of the hydrophobic character of inorganiq materials (72,73).
The relative affinity index (RAI) is defined as the &
volume ratio of adsorbed n-hexane to adsofbed water, and

gives the degree of hydrophobicity of an inorganic

material. '

3.2.9.1 Experimental apparatus

The experimental set-up consisted of two parts: a

chamber for evacuation at high temperatures and a vapour
T~ "
adsorption system (Fig. 3.10). The adsorption system

influded an adsorption chamber (A) and a vaporization —
flask (B). A variety of thermostatic baths allowed A and

B to be maintained at the desired t@gperature (25, 23 or

0%c).
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3.2.9.2 Experimental procedure

» The adopted grayimetfié method has been described'by -
Le Van Mao eé al. (72,73). The adsorbates used were water
and n-hexane. The evacuated sampling tubes were
accurately weighed, then filled with)sample specimen
(ca. 300 mg). The sampling tubes were then placed into a
pyre; chamber and evacﬁated’fo 1073 Torr at 300 C fOF 3
hours. The cooled specimen tubes were weighed again and .
placed rapidly into A, where'a vacuum of” about 10-2/Torr
was created; the same evacuation procedure was repeated
for part B (Figure 3.10). A and B being isolated, they
were then placed in the respective thermostatic bathg, 15
ml of the liquid was\poured'into resérvoir B. At a
temperature of 23 °C (in case of water) or O:C (in case of
n-hexane), a well-defined vapdr pressure was developed
(22 Torr with water, 45 Torr with n-hexane). Then, A and
B wer; connected to permit the vapor to expand into zone
A. The evacuated samplés were then brought into contact
with water or n-hexane vébor until an equilibrium was
established. The sampling tubes were weighed and the
equilibrium adsorption capacity Qas calculaﬁed. The
qperafing c;nditions are reported in Table 3.1. From the
sorption data, it was possible to‘calculaée the affinities
of the ﬁlix materials'tgward organic n-hexane vapor }nr

comparison to water and obtain their relative index values.

[



TABLE}3.l: Operating conditions for n-hexane and water
adsorption of Alix samples.

Adsorbate |Critical|Vaporization|{ Vapor Adsorption Time
diameter|temperature |pressure| temperature|required
(A) (to) (Torr) el
n-hexane 4.9 0 45 —\- 25 4 hrs
water 2.8 23 22 25 overnight
3.2.2.,10 Density measurements .

Density measurements weréd carried out at room

temperature by displacement in carbon tetrachloride

(Archimedian method) .

evacuated on a high vacuum line prior to

“

avoid trapping air bubbles between the particles.

density/measurements were performed by Vaillancourt (50).

<2

The polycrystalline samples were"
wetting, and

. -
immersed in QCl4 while still under vacuum, in order to

The

%
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4.1 Reactivity and Ieaching of Chrysotile with

Strong Mineral -Acids

The acidic attack of chrysotile asbestos was tarried
out under canditions of variable acid coﬂcentration,
tehperatu{e and/or reaction time, but\always keeping tirg ¥
ratio of acid solution to chrysotile eqiial to 10. Under
such cqnditiops of excess acid, the decompositién of
chrysotile was found to be strongly dependent on the three§
intrinsic leaching parémeters, namely: acid,normality,‘ .
temperature of s;lution and duration of leaching.
Decomposition of the chrysotile was determined by ang&ysis
for magnesium which had gone into the acid solution and
called magnesium leaching degree.(MLD). Althodgh free
brucite and other asbestos impurities could also be
solubilized by the acidic reagent, thg MLD was essentially
related to the magnesium component "chemically" linked to
the silicon , or the one "sandwiched" between two
"silicon-linked" magnesium atoms.

Tables‘4¢l-4.5 summarized the condit}ons used in the
leaching proceés and the results that were obtained. 1In
the presence of a strong mineral ‘acid, such as HCl or
HZSO4, ;he leaching process was'stronglx dependent 9h the
acid normality (Figures 4.1 and 4.2), the time (Figures
4.3, 4.4 and 4.5) and the temperature (Figures 4.1, 4.2,
4.3 ;nd 4.5). However, the nature 6f the strong mineral

acid did not seem to significantly affect the leaching

-
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80

1

results (Figures 4.1 and 4.4). This is not surprising \as

%

these acids are fully dissociated, theerofe, for eqgqual

normality,- they provide the same amounts of HY ions which

-are the active species, the counter ions being probably

fairly inactive. Generally, the MLD increased with the

increasing acid normality, temperature and time. The
leaching of chrysotile with a strong mineral acid-under,
severe cqnditions such'és high temperature, acid normality

and/or for several houﬁs of 1eachiﬁg_was found to

solubilize almost all the maghnesium and nop-magnetic iron

"metallic components, leaving behind a‘collapsed

macrostructure that had chemical composition close to

.silica gel. . i : .

In the continuous leaching of chrysotile there was an
initial high relea;e of Mg2+ ions, which subsequently
reduced to a steady rate after several hours. Referring to
Figufes 4.3,~4.4{ 4.5 and 4.6, the ‘early stages of the acid
attack on the chrysotile fibers indicate an extremely rapid
reaction, probably due tdlthe removal og the outermost
magnesium hydroxide layer and all the other structural
magnesium hydroxyls. The very.rapid initial- reaction of
the surface hydroxyls was observed in the X-ray powder
diffraction (Figure 4.10) and the IR spectfa (Figure 4.,12)
of the leached asbestos matérials.‘ The Figures 4.1, 4.2,
4,3 and 4.4 show-that even under vegy mild_?ond}tions such

as low to medium acid normality or a few hours of leaching

]
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TABLE 4.2

»

\

1

Effects of H,.S0

“/

-

82

.

250, concentration on the leaching
¥ of chrysotile asbestos. (*)
) e ]
(*): weight of asbestos : 25 g, Volume of the
HZ‘SO4 solution:
. . . - b Y
250 ml, leaching time : 4 hours at 80 °C.:
~ - ’ ¢
Normality |, ALIX [Weight | Chemical composition of the ALIX (wt %) [
N Q (9) %102 R A1293 _ I'\IaZO Fe293 Mg(? MLD ~
S ' ,
0.5- 112 | 20.4 |59.80 0.37 0,13 8.39 31.31 37.6
1.0 113 | 18.0 |60.78-. 0.38 0.15 &6.84 31.85 36.6
1.5 .7 114 .} 13.5 | 74.65 0.41 0.18 4.79\I§f§7\$0.2
2.0 115 | 12.5 | 79.06 0.39 0.14 4.51 15.90 68.3
2.5 ~116 |.11.5 ‘| 91.74 0.45 0.15 1.87 5.79 88.5
3.0 ~ 117 |"11.0 | 95.30 0.50 0.12 2.09 1.99 96.0
a.0 { 118 |'10.5 | 97.82 0.37 0.16 0:91 0.74 98.5 |*®
' . . J
5.0 # 119 |10.0 | 97.79 0.41 0.15 0.92 '0.73 98.6 L
6.0 120 | 11.0 | 97:94 0.43 0.17°.0.74 0.72 98.6
) R
|
¢ - o
. /
v 1’ . /' /%i%';’
7, Tnt
N N J N ‘ '
‘. I' H
‘\ * &‘ .
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TABLE 4.3: Effects of HCl concentration on the leaching L —
N~ of chrysotile asbestos at ambient temperature.(*) '
om . I
(*): weight of asbestos : 50 g, volume of the
*HC1l solution 500 ml, leaching time :
2 weeks., -
Normality ALIX"_\Weignt Chemical composition of the ALIX (wt %)
N (g) SLO‘? A1203 JNa20 Fezo3 Mg0 MLD . n
|
0.5 107 38.1 56.24 0.32 0.09 7.78 35.57 29.1 .
1.0 078 | 40v3 | 63.86 0.44° 0.16 7.68 28.88 42.5
. i *
1.5 108 30.1 74,60 0.43 0.20 7.15 17.02 66.1 —
2.0 079 28.2 73.07 0.4:8 0.09 6.68 1‘8.68 62.8
2.4 109 23.0 90.05 0.41 0.11 5.35 4.08 91.9
3.0 081 21..0 90..00 0.41 0.10 4.79 2.71 94.¢6
4.0 082 | 20.0 | 97.32,0.43 0.18 0.71 1.3 97.3
N\ hY r
5.0 0110 19.1 97.97 0.39 0.12 0.27 1.25 97.5 .
6.0 111 | 18.5 | 98.25 0.3% 0.16 0.00 1.20 97.6
- - \ ¢ i
~ . v k .
y % ‘
-] -
. r
' -
3 ' \
‘ -
\ { ) -
> A
’ ° . . v .
- v'- ) ! ' ’ —"
o a /./1 T \ » -~ hs "f“".:..



N L , ~ |
- - \\ /
. -// ' .
M ) e 1
- L3
— — - '- R ;
- ’ - e
» B8°T6 | €8°S IS € - 60°0 | 0270 LE® 06 - 8°0% J SOT e 0°L
c°88° | ¢6°¢S TV IT°0 91°0 69768 S vy POT 0°9
I°€8 87v°8 L0 ¥ g1°0 vi°o 1ET°L8 0° 9% €0T 0°s
T°6L 67" 0T 87°Vv FI1°0 01°0 66°v8 L 8v <60 0"
Z gL SpTeET | LLTY ST°0 I6°0 7| 1S°¥8 0°8¥ [4')3 . 0°¢
: 9°88. | 6L°ST 6L°S Z1°0 1270 60°8L ‘0°¢S TOT | 0°¢
S°9¢% 98 °9¢ €E"G- | €T°0 62°0 6E€°LY 0°29 00T 0°T.
) L°S6 ST"¢ €¢c e 6070 0§-0" €E°S6 S°6¢t 260 - 0L
2°GS6 | €V°¢ L6°¢ " 8Q°0 TO\O I6°¢€6 0°1¥ 160 0°9
S 0°€6 | vSs°€ 8¢°T | 600 -zv\0 LS V6 S°1v | .290 0°g
1726 66°¢ | 68°1 IT°0 (43 69°€6 0°zv | 090 S°F
9°16 12°% €9°¢ . 80°0 SC°0 €8°16 0°¢vy | 190 0V
0°€6 €S € v8 v <170 120 L6°06 S°¢v | 060 0°¢-
8°26 T19°€ (A4 8T°0 €y €L°88 S*Zh | 680 ez
2°6G8 eV L AV 01" 0 © 08°0 £€6°L8 0" €y €90 .02
6708 09°6 §6° 9 ST°0 SE°0 SE Y8 0° vt 880 S 1
9°9¢L 9L°T1 IT*¢ | .21°0 9€°0 6T°08 0°6%v | L8O 0°1
9°0L, | VL'VT LS°L 01°0 LS"0 CO°LL- 9°1§ 980 60
. R * () SaINOY
am | obuw | Fo%a ! ofen | %tofrv | Co1s | xIm UGTINTOS A H
- — - jo ‘ * swT3
(sTSeq paTap uo ‘33M) XI'TY 92Ul JO uoT3Tsodwod TedTway) IYybToM | XITVY putyoraq
. "Ny 2Z2:uoT3nios IDH 9yl 3Jo wco.mumuucwu\ O :
" pue ‘Tw 000‘T:uOT3INIOS [DH ©Y3 JO sunfoa ‘HoQr:isozsagse Jo IybToM: «
x'S0358qse a1T30s41yd Jo buryoesy ay3z uo uorizeiado JO BWTI JO SIDBIIF,

J e

by FTAYL



. . / i =

gz6 | 09°¢€ 1T°¢ 07" 0 Sv°0 L T6 9°61 | 891 Too0te

6706 m\me.q 6E°€ ©ETT0 €p°0 m%ﬂMvnHm - 6°6T A A 0r9 °

€°16 6" ¥ A 4 Z1°0 6€°0 *[=8L"06 g-oz | 9¥T1 0°5

£°L8 6€°9 %9V Z1°0 %0 by 88 | 6°1C SHT 0%

z°L8 €V °9 SL°Y T1°0 | '-9€°0 GE*88 97T | VYT G €

9°68 veoL 88" € ral ) LE"O 6c°88 |- 8'zz | €¥I 0°¢_
,z's8 | 1oL 0L € 0T 0 90 cv-gs | .62z | evt sz
"8°18 |, 0T°6 ERYRX- IT°0 62°0 GL'¥8 T°'S¢ 91 0°2

9°LL €2°1T ST°9 €1°0 'Ig° 0 81°28 gz | orT ST,

€°€L €V €T 18°S AT 0 62,0 LE"08 £°92 6€T 0°1

pezL 88°€T Zv°9 0T"0 9Z° 0 VE 6L Z°Le 8ET | 6°0

- . ‘ |IJUJ -

. b ’ san
aTH 06W €0%oa . 0¢en tolty o1s mem - (8T omw
x ‘ Jo

(STSBq POTIP UO ‘$3M) XITY 8Y3 3O uorisodwod TedTwayd | 3IYSTOM| XITY swtl butyoea]

Jo

wnsummwQEmu

‘TW "00G

puEB N.y°"Z:UOTINIES
H 8y3. 3O sumjoa

14

as

(4

-

*5, 08 -SUOTINTOS dUI «

\

’

. \

Vosly sya 3o uoTaRIILSOUOD -
‘b 0g:s03saqse Jo FYbTOM:y
¢ °SO3sSagse a1T30SAIyd 3JO butydesT 9Y3z UuUO 'BWT] JO SIADIIIH

%n@ MAm%E

[




o 1 2 .3 & 5
NORMALITY OF ACID SOLUTION
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5 Fxgure 4. 1: Effects of the normal:.ty of the mneral acid

~at 50°C a4 80°C on the MLD.




- ‘

] B \ 3
" 100 F ; - ' —
= nnn® s )
- . ,. .
= o .
- 80}F.
4 BOT C S o
YR & . i
’ 60 I—
\\ ]
. 50 F -
40
30 . N
1 1 - 4' ] 1 2
o .7 1 2 3 4 5 - 6
- NQBMALITY OF HCI SOLUTION
: i " . - t
. ' "
Figure 4.2: Effects of the normality of HCl
solution at ambiént: temperature - 7
- on the MLD. Lo . :
AN - ]
. N N \ ) . { N ‘T-;v .
é N h - N ’
N bo. A -



100 e

90' -

80 |

60}

S SRR L

, . .
_ 88
y
MLD o
-3 @
. g A r
3
. ()
f s . ]
X
7
,
.
- .
f = 3

L) TEMP soc | j
TEMP- 50" C

S HOURS ]
: : . L '

A

Flgure 4,3: Effects of the leaching time ‘of HCL solutlon

at 50 C and 80'(:. on the M\I_} . .
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N 2 with an acid conceotration of 2.4 N, Mstrong mineral acid
. .y N |
easily removes 60-70% of the Mgz+ ioés. - As the residual

N xmagne31um atoms in the chrysotlle decreases, it gradually

becomes more dlfflcult for these atoms to be‘leached out

and more severe condltlons have to be used:
The decomposition of chrysotile is probably diffusion.

. controlled. This conclusion is justifiable oepause

) ’

dissolution of the magnesium from the cﬁrysotile structure

~ o

L]
. - S

3 " leaves a residue of silica layer through which both the

acid and ‘magnesium ions must diffuse for the decompositidn

-

to continue.

. The very rapid 1n1t1al reaction of the surface
P
hydroxyls was -dlso noted by Pundsack et al (74,75) during

'
¥

a stepwise titration of chrysotile with 0.5 N hydrochloric
- (

- .acid at 100 C. The titration curve which consists of. two."

¢ parts indicate$ that all magnesium ions are not identical.

According to Pundsack et a}., the first part of the curve,
indicating extremely‘rapid éecompositioﬁ.of chrysotile, is
$¥clated toH;he‘reactioh with the OH groups, and the second
part woulé correspond :to the hydration of silica belonging

to the structure of the chrysotile. This is also gasily

1nto con51deratlon. Chrysotlle, Mg381205(0H)4, could -
therefore be considered as a result of twowdispiﬁcyﬂu

: » .. : , ‘ . .-
~ chemical entities,' namely 2 Mg(OH)2 ang MgSlzos. ‘In this

= way, it'is possible to exéﬁaiq the results of the

——

s

»

L e

understood if the. chrysotlle asbestos structure is étaken >

¥
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dissolution of Fagnesium under strongly ag}d}c conditions.
The first two-ghirds of magnesium are easil; leachablé,“‘¢
whereas the lagst third should behave as in a sheet
silicate, undergoing dissociation from -the structure-wiﬁh
more difficulty. - - .
The mésg sufprising result obtained was éh;t‘forf
— chrysotile‘?ibers suspended in acidic media fogi}wo weeks

.

at room temperature. Tables 4.1, 4:2 and 4.3 show that
the results obtained at ‘mbiént conditions w:re similar to
those performed at 80 °C. The corresponding curves, when
MLD was plotted against acid normality,'as shown in

Figufés 4.1 and 4.2, respeg}ivelyq are also idenZ?Lal.

o f

Thus' 14 days of leaching chrysotile fibers at room
E?mperature had essentially the same effect as the 4-hour

“

80 °C refluxing exposure. Figure 4.5 also gives MLD as a

-~
concentration was kept constant and was similagégg‘that

function of -sleaching time at ngsf\:emperaturé; the acid
used in Figures 4.3 and 4,4. The leaching process of {
chrysotile at ambient conditions is eoconomically very .
attractive, particularly in an industrial siguation, since

expensive heating costs are eliminated and the process

becomes considerably cheaper. .The leaching outnof.iron
P ™~ T

atoms ‘from the fiber was milar to magnesium removal:
(MLD) , obeying similar intrinsic leaching parameters.

Consequently; in the'prgsence‘of,a strong mineral acid,

the iron contentyof the starting chrysotile asbestos ﬁibers‘

- . ’

=
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decféased gradually'with iﬁcreasin;\écid normality, coptact'
time and témperatu?é of reaction solution. Howeverl the-r
presence of Fe304 (magnetite), which is basically-gnsoluble

- in a dilute acid medium, has ruled out.the iron compongpt
as a parameter for determining the pxtent of the leaching

process.

Figure 4.6 shows that the decomposition of chrysotile
- can also be followed by d%teﬂmining the weight loss,of the
; chr'ysot;'.le after an acid treatment. After an initial Mapid
weight loss (Figure 4.6), the rate of attack decreased

radically and in the later stages of the reaction, the rate

of.wéight loss became steady and the curve levels off at

£

¢

"about %0%. .

4.2 Secondary Leaching of Chrysotile with

- Weak Organic Acids

Chrysqtiie possesses such a low resistance to acids
that it may be decomposed by a weak organic acid chh as .
‘ ébncentrated acetic acid. ABadollet (4,5) on refluxing
c{;rysotile eh 25% acetia acid medium obtained 23% loss in
-weight due to the dissolution of some magnesium ions.
Since the use of strong mineral acids does not allow a
fine tailoring of the MLD of the.final'product, a two-step
leaching procésg has bgen adopted. It consists of leaéhing

N

the parent chrysotile asbestos with 'a mineral acid under

o

very hild conditions in order to obtain a medium MLD value

LN

.

-
i3
-



.of around 50-60% and then rifining the leaching with an
organic weak acid in order to better control the magnesium

. ,’. -
removal process. The weak acids used 'in the secondary

Y

leaching Qrdcess Qéfe acetic acid (ACA), oxalic écid (OXA),
and ethylenediaming tetraacetic acid (EDTA). The secondary
leaching-wit organic acid involved three main
parameters, which were: acid normality, pH and time of
operxation (thé temperature of the leaching solution was
kept constant). The leaching 66nditions émployeé and the

results obtained are given in Tables 4.6 and 4.7. Figures
-5

- 4.? and 4.8 report the MLD values of the Alix obtained in

the secondary leachihgﬂwith ACA, OXA anhd'EDTA versus the
\ ol -
acid normality and pH, respectively. Figure 4.9 also
t

"reports the MLD values of the Alix obtained in the two~-step
leaching with ACA and OXA versus the time of operation.
a /

As expected, the organic acids baimg weaker than the - -

N\

mineral acids exhibited moderate leaching effects in the

" following order of strength:

= oxalic acid ) acetic acid » EDTA.

-
I

: ¢ o
In the presence of ‘a weak organic acid, such as ACA, OXA

[y

or EDTA, the MLD and hence the leaching'process was

depéqdent og,the acié normality (Figure 4.7), the pH .

(Figure 4.8) and the time (Figure 4.9). Thus OXA, being

the strongest acid, as shown by the pH values in fable 4.6,
5

gxhibitéd the best leathing effects, whereas the weakest

N . . . \

I

2

i oy,
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TABLE 4.6: Second leaching step with an organic acid. (*)

®

(*J: Volume of the acid solution : 100 ml,weight of
the Btarting material: 10 g of ALIX with
MLD=56.8% in the case of (a) and MLD : 55.0%
in the case of.(b), leaching time : 4 hours at

. 80 °C. e o

Pl

Nature of|Characteristics of

, b i iti f final ALIX %
the acid | the acid solutiopn Chemical composition of fina (wt %)

. 4~

T N?rmg{ity R $i0, ' 'Al,0, ﬁ;zo Fel0y MgO  MLD i
Lo : - :
Acetic 0.5 2.65 - [78.01 0.39 0.11 5.0l 16.47 67.2
acid (a) 1.0 2.50 |78.68 0.50 0.15 5.97 14.70° 70.7
) 7.0 2.25 [80.47 0.50 0.20 5.99 12.84 74.4
3.0 2.00, |81.22 0.47 0.17 5.98 12.16 75.8
4.0 |[~1.95 |81.56 0.41 0.16 5.52 12.35 75.4
) 5.0 | 1.90 [84.69 0.43 0.12° 3,63 11.13 77.8
Oxalic |+ 0.5 | 1.40 |79.78 0.41 0.15 2.64 17.02 66.1
acid fa) 1.0 7J «1.25 [ 82.87 0.39, 0.16 2.08 14.50 71.1
: 2.0 | 1.0 |83.97 0.42.7%.15 1.90 13.55 73.0
, 3.0 {4 1.00 | 86.40 0.42 0.6 1.59 ;;.43 77.2
4.0 0.70 | 87.43 0.41 0.19° 1.51 10.46 79.2
Q 5.0 ], 0.60 | 86.91 0.38 0.14 -2.28 10.29 79.5
P : . # i .
EDTA (b) 1.0 | .2.70.('78.80 0.17 * 0.28 0.92 19.81 60.5
o 20 /;/2.60‘ §0.02. 0.22 0.38 0.67 18.71 62.7
[ 3loof* 235 82.73 0.31.° 0.39. 0,80 15.77 68.6
S 40l 2.30| 85.03 0.26 0.41 0.56 13.74 72.¢ .
< 5.0 [ 2.30| 85.74, 0.23 ' 0.44 0.69 12.90 *74.3 .
R < | ’ . ‘ '
HCL . | -2.4 .= | 770.96 0.32 0.17 6.85 21.70 56.8(a)
(0.5hr) | . S . .
IR R - s 69.69 0.15 0.10 ' 7.48 22.58 55.0(b)
| (4.8hrs) oy b ‘ C :
-.“» .8 j b
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' Figure 4.7: A plot o
. . , Alix wit
o the acid. S

14 . ' »

£ MLD of -the' secondary léachipg of
h organic acids vs the normality of
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- Flgure 4.9: & pth of MLD of the secondary leaching of
Alix with organic ac:.ds vs the leaching time. .
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" iron solubiliving effects. Oxalic acid, because of its.

acid, EDTA, gavejjhe lowest MLD values fo6r the same acid .

normalities. ) v

.
»*

» It is lmportant to mention that the amount oﬁ ironte -

removeg/by a stfbng mineral acid (HCl or HZSO‘) waE“Véry
dependent on the leaching parameters such as normal;ty, -

temperature and reaction ‘time, but uncommon behaviour was

-

Observed with weak organic acids. For example, the iron

content of the'starting Alix samples decreased from about
7.0% to the following values: acetic acid (6.0%), oxalic
acid (2.0%) and EDTA (¢ 1.0%), after the second step ’

leaching (see Table 4.6). Acetic acid exhibited the least

higher acid strength, probably removed all the ferrous -and

ferric ions, leaving out most .0of the magnetite kFe3O4),
which is usually more difficult to be solubilized. K The
higher removal capacity of the iron impurities by the EDTA

was due to its strong chelating properties (76). The iron

‘d

cont@gnt in the resulting Alix samples was constant and

- -~

seemed to be lesk - dependent on the leaching parameters,

. LD : . .
but was strongly dependent on the nature of the organic

. acid. Table 4.7 also shows similar pattern ih the removal
. <>

of iron impurity by oxalic acid and aletic acid.
s Lt ., .
The e%ficieﬁt r&moval of iron by oxalic acid and EDTA

is extremely beneficial, since'it is present as an

>

'unde51rable 1mpur1§y and can be deleterlous to the

performance of chrysozeollte as a catalyst when presen; in

AY
9
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'apprec{able'amounts. The removal of mos't cf‘the iron

. >
-

1mpur1ty by EDTA and oxallc ac1d y;elﬁed more homogeneous
_leached. asbestos ‘materials. Tt should be noted that one
iqﬁ the ultimate aims of this study was to prepare Alix

, . R N .
samples of MLD in the range of 60-85% which could be .
- o .
useful in the sYnthesis of chrysozeolites. 1In this
respect, the two-step leaching was extremely reproducible
N AN

and accurate. —_ ‘ ’ y

4,3: X-Rey Powder Diffraction

The X-ray powder diffraction of the .leached asbestos

materials was used to study the'effectidf a strong mineral

"® acid on the crystallinenstruéture of the chrysotile’

.4
asbestos under different.leaching conditions.. This was
] < [ . N N

successfﬁlly done by following the ffitensity of the peaks

of Alix materials with incrgasing acid normality or the

»

resulting MLD. - In addition, ‘the degree of ¢érystallinity,

-
[

T . B . J
based on the measurement of the integrated area under the
(062) peak of chrysotile; was determined. : . .

Chrysotile asbestos was ldentlfled by means of- its

characterlstlc pattern of drffractlon (46 47) uFlgﬁre
q

4—1Q.gives the’ x-gay powder- patterns of chrysotlle asbestos :

Lr ¢ / P

as a function of MLD: ',“ © o

»

(a). 0%, (b) 4%, (c) 27%, (d) 55%, (e) 77% and (£) 99s.

@The X-ray powder pattern of the parent chrysotlle asbestos

- -

igs shown in Figure 4.loa. The powder dlffractlon patterh

¢
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‘- . pigure 4.10a: X-ray powdet paitern_ c;fdpatc‘nt chrysotile ‘- .
_asbestos. . , Cg T
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' ’;riqu:o dyldbz X-ray powder patfern of Alix MLD = 14%.
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I Figure 4.l0c: X-ray powder pattern of Alix MLD = 28,
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Figure 4.104 :‘x-’ray powder pattern of Alix MLD = 55%.
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of chrysotile asbestos exhibits four major peaks, three of

which are characteri;tic‘of<the chrysotile asbestos
structure‘wﬁe;eas tbg peak labelled "brucite" is the (001)
reflection for free Mg&OH)z brucite, usually a commnen
iﬁpuritx in the-fiber (46,47}. A weak peak labelled "P"
‘Zn Figure 4.10a is also present in the literature powder
p&ttern'(46,76) but not accounted for; exéhihation of. the
®JcpDs Powder biffraction File shows that it belongs to
pyroaurite, MgGFe;CO3(OH)164H20 (006{ at 26 = 11.40  (77).
The X-ray diffraction scans for some of the leached
asbestos fibers'tﬁat were subjected to very mild acid
treatment, i.e. very dilute acia medium and therefore
having very low MLD values:Dshowed no chan;e in phe
‘intensity of the peaks in spite of the fact that they were
more than 15% (w/w) decomposed (Eigure,4.65. However,
there was a drastic decrease in tqi intensity of the (001)
peak belonging to the brucite impurity (Flgure 4. lOb)

Thlq decomposition represents the immediate dissolution of

N

* the surface magnesium hydroxide (brucitef, which is
easily and rapidly removed by an acid; -

The apparent slight increase incthe intensity of
some of the ggaks of leached asbestos materials haying very
low MLD values (i.e. on leaching the fibers under very mild
gondﬁfﬁpns) és can be‘bbserved in the diffraction scans -
(compare Figure 4:.10a and b) and also in the degree of

¢

sCcrystallinity being higher than 100% (Figure 4,11), are Que

sty

b
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e

o , Figure 4..11 A plot of degree of crystallxruty of the Al:.x
samples vs MLD. . ‘

v
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to tHe rapid dissolution of brucite impurity, organic
matter and some qther amorphous impurities ndrmally )

- inhe;ent in chrysotile asbestos (78). These impurities
lcontainéd in the asbestos do not contribute to the Bragg
peaks of cﬁfysotile, but their weight gives an apparent

Gxgower degree o? crystallini#y for unleached asbestos. The
dilute acid medium apparently attacks and cleans the
surface of %he figrias, leaving an unreacted core which
diffracts.x-rays the same as or better than the parent ‘

o

: R
chPysotile. The very raﬁid reaction of the surface )

&2

magnesium hydroxide layer was also noted by Pundsack et
al. (74). Thus under mild acid treatment the reactlon of
,dhrysotiié asbestos with an acid is limited to éhe surface
of the fikers, i.e. removél'of brucite impurit&.

LY .

2 \ " As thghleaching conditiois were varied from mild to
medium\and.finally to'sevefe, by increasing the acid
concentration of the leaching solution, the'intensity of
the Bragg peéis gradually decreased, showing progiessive

‘ loss of crystallinit; as magnesium was removed“(Figﬁre

- 4,10). The\aéjor effect\obsérved on éﬁe X-ray powder O

.- Pbattern with increasing MLD was: a progressive"decﬁlase in

" the Zntensity of the\ch;ysotile peaks such that at MLD -

higher than 98§ no peak was observed. This shows that

the crystalline structure of chrysotlle is completely
destroyed by a strong mineral aﬁﬁd at the app;gprlate

leaching condltlons, i.e. when high MILD values are obtained.

-
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Therefore, the resulting Alix material when all the
magnesium atoms are removed is amorphous silica. Moreover,
heating the Alix for 4 hours at 900 °C showed that it was

\ hydrated the final formula being $i0,.(0.5)H,0 for both

HCl and H,SO, leached asbestos products. Furthermore,

: when the degree of crystallinity was plotted against the

) . C ,
decreasing MLD, a linear correlation was obtained up to

about 95% MLD at which point it fell abruptly to zero.
o
The degree of crystalllnlty, which is a measure of the

¢ -

degradatlon of chrysotlle, is shown in Figure Ahll as a
function of MLD. q@e cdxrelatlon between the degree of
crystallinity and~ the MLD is in perfect agreement with the
ehypothesis.ef the magnesiﬁm atogi‘being originally pteseﬁt
in thé asbestos fibers framewotk as "structural" atoms,
i.e. directly linked to the structural silieop atoms via
oxygen bridges or. regularly inserted as magnesium hydroxide
between the previopsly mentioned structural Mg atoms T

(Figure 2.1).
1

4.4 IR Spectra

»

’ Some acidic chemical properties ‘of chrysotile asbestos

=~ were investigated by IR spectroscopy. The principal

[y

absqrption peaks for the leached asbestos materxa;s and the
\ parent chrysotile asbestos’ are given in Table 4.8. Fxgure

4.12 also reports .the IR spectra of,the chrysotxle asbestos
\ i

and the leached asbestos materials. as a function of MLD.

w

~
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Figure 4.12: IR spectra of chrysotile asbestos and leached

asbestos materials as a function of MLD.
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) dlstlnctlve peaks 1n the reglon 3450-3710 cm 1: a rather

d absor tion peak at 3703 cm
) P L
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Chrysotiie asbestosg was raprdli*eecompesed by
hydrochloric acid,'as indicated by the change in the IR .
spectra (Figure 4.12) as the ieaching'condftiens were“

"changed gradually from mild -to extreme. 'fhe spectrum oi'

‘chrysotile before treatment with hydrochloric acid shows

very sharp peaks indicative of a well defined.crystal'
‘struqture. The parent chrysotile asbestos (MLD=0%)
exhibits three strong absorptions in-the region of
950-1250 cm-i which corréspond to the symmetrical
stretchihg vibrétiohs of the Si-0 bonds (47). With

increasing magnesium leaching, progressive changes are
‘observed, resultﬁgg in seTe overlapping of the .peaks so
1% :
. S

that finally only two peaks are obtained: a very, strong
absbrption  peak. at ‘' about 1094 cnl and a véry weak

one at 960 cm-i; which correspond to the Si-0-Si vibratiohs

“

as in silicates (47). The partieular changes in the Si-Q
éiretching vibrations with increesing magnesium leaching

degree occur because the Mg2 ions ere . directly bonded

to the oxygens of the Sl—O bonds and ‘the Si-O0 bond strengths

whlch are not the same for Sl-O~Sl thigh MLD) as for

v —

§i-0-Mg (low MLD) '

Two I.R. bands, which norm!ﬁly correspond to the O-H

stretching vibrations in chrysotile'asbestos (46), gave two

»
v

broqd absorption centerea at’ 3460 em~! and a strong sharp

l were ‘observed. These'

¥ v
Al

\
-
% ~ B ‘ .

L d
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sharp decrease in intensity of the peak, even at low

v
¢ Q
- - )

A

absorption peaks were related to the'presence of the . .

-

external and lnternal hydroxyl groups in chrysotlle (28) .
The O-H stretching vibration at 3703 cm -1 was very sharp
and occurred at very high frequency, suggesting that the
hydroxyl groups are essentiallf free aﬁd:not~involveo in-
-hydrogen boﬁding Siﬁce these internal hydroxyl groups

correspond to the layers of “M'g(OH)2 s&hdw1ched between the

k4
o

51lxcate sheets of chrysotlle flbers, the rapld R

disappearance of such hydroxyl groups, as indicated hy the
« AN '

-

values of MLD, means that these structural Mg(OH)2 entities

are easily dissolved in a strong acidic medium. The high

frequency band gradually decreases w1th the magnesxum el

* ’

removal; however, it i Stlll observable at MLD as high as

92%; therefore, most b t not all of the® structural

hydroxyl groups are re ovea at moderaté leaching . -

conditions. The broad 1ow'frequency band is g;e to the

external hydroxyl grou

hydrated. This'bang g
inoziising_MLD. As th

asbestos material beco

s-arising from the samples being .
adually. increases in intensity.with
MLD increases, the'leacheg «

s -more siliceous anq'finallyvi
amorphous 5111ca is ob ained; The inorease in intens{ty
of the low frequency band isﬂaue to the contribution from o
ca (Si—oﬁ'vioration), since

)

ily hydroxylated. The removal of

hydroxyl gyoups of sil

. amorphous s\lica is ea

. - 3

magnesium from chrysbtile fibers during. the 1eaohing,

~
[ 4
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process can. also be observed through the gradual decrease

-1

of the Mg-o s retchlng vibration at 615 cm with

2

increasing MLD.) The characteristic absorption Rands for
. ‘ ! i ' .

amorphous silica, which was determined by Kagel (79),. are

shown in Figure 4.13.
' \

Figures '4.12d and 4.13 clearly show

\

that the residue from the dissolution of chrysotile fibers

by HCl,lwhose MLD

v L 4

) N \
as 98%, presented the .same, infrared

3

spectrum as amorpho*i gilica. ‘ : ) \

The degradation\of chrysotile by a.strong mineral .

acid involves the hyd olfsif of the fiber to its ;

fundamental unit,

magnesium ions as metal%'c salt. Thé silicic as}d on- |
being dried is thydrateaiin n amorphous silica thch
undergoes slow rehydroxylétion. The Ikxepeetroscopy

cleerly identifies the reaction product of chrysotile after
hydrocﬁloric acid treatment under rather Severé conditions,

i.e. MLD 2> 96% as .amorphous silica. .The IR spectra show that

\-

the ﬁeaphing out of magnesium ions from the chrysotile
fibers with a strong mineral acid transforms a well-ordered
macrostructur® into a ciegraded material, which results in_

the formation of an isomorpﬁous silica form. The major

sili

. “ )
ic acid, with the loss of the,

!

s

v

7

‘stfubtural transformation bcgezs at-an MLD higher than 55%,

and this is in fair agreement with SEM, X-ray di%fraction,

density measurements and BET surface area analyses. In
: '

general, the prese

can p'rovid! useful

ntjs

tudy indicates infrared spectroscopy ’

ormatipn about,structural changeés,
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silicate systems. ‘ .

e

4.5 Scanning Electron Microscopy

v . ' .
Figure 4.14 shovws the general morphology as observed

‘

in scanning electron microscogy (SEM) for the chrysotile

fibers and the resulting Alix Materials at different

1

K magnesium leaching dégrees (MLD= 27, 55, 81, 92 and 98%,

re§pectiqely). As cag be seen from the SEM micrograph,
the parent chrysotile has a specific charactexistic,

appearance; exhibiting long, thin and sometimes curved

fibrils with c§lindrical tubular nature. It clearl

appears {ﬁat under mild leaching conditions iéading to low
_hLD values (< SS%i, the acid treated asbestos fibers first
split into ‘thinner fibrils, but the asbestos fibers keep

their original fibrods form without any significant

/ o modification of their length. As the leaching of

' ! .
"chrysotile fibers’ progresses* further, under medium
» . .
conditions, many thinner fibers possessing very fragile

fibrous morphology are obtained. _ With more severe leaching
‘ -
conditions, high values qf MLD are obtained and. the loss of

L4

the last Mg (out of three per unit cell) 'leads to a J:\

structural collapse, such that the fibers are strongly

iragmented into shorter and smaller piecés. For MLD values
’ > . ’

equal to or gréater\ghan 92%, some larger aggregates

appear among the remnants. DThesé are probably amorphous

-
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. Figure 4.14: SEM microgi’"&pﬁs of chryéot,ila asbestos and .
, leached asbestos materials as a function of ‘ -
MLD: .

(a) 0%, (B) 27%, (c) 55%, (d) 818,
(e) 92%, and (£) 98%. Magnification = 500.

‘e'(’ ;
oA



(e) SEM of MLD = 923 (£) SEM of MLD = 98s

v
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" spectra of

{ .
§i0,, =as evi?enced by elemental analysis (Tablfs 4.1-%.3),
complete disappearance of chrysotile X-~ray diffraction

pattern, i.e. no Bragg peaks observed and IR'spectra. The
structura1 collapse of the'sevefely.leached fibers result;

in a large amount of SJ'.O2 being liberated. The sequenée

of fiber modifications during the leaching proceés qaﬁ'be

‘
<

summarized as follows:

original éibers-———)(dissoluﬁion of impuritiéé a;d
mild leaching) —— splitting of figérs into thinner’
fibrils with-‘practically no change in mogphblogy
(MLD=55%) —— fiber degradation (fragile fibrous

morphology) —— (MLD=§§%)__~_9presence of silica

[

21‘ ~ aggregates. ' .

2
. ~
.o .

] ) —
‘The SEM-micrographs show that when the MLD is at least 98%

L]

ﬁhe final residue of the chrysotile leaching has lost its

ché;acteriétic tubular and fibri&&ér morphology. -

.2 ~ W

-

4,6 Solid State NMR Spectra
’ N : Y f
IR spectra provided useful information on the Mg<O.

A}

(‘ “ .

and Si-0 poﬁds\ In order to gain further infqrmatié% o

the silicon environment, magic-angle spipning (MAS) NMR

295i were recorded for Alix materials.as 3

function of MLD (Figure 4.15) .~ Due to the presence of a

N 3

significant amount of ferromagnetic impurifies in the

asbestos fibers, mainly-Fe304, MAS NMR spectra of the

T . /

baad
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Figure 4.15:

2981 MAS NMR spectra of *chrysotile
asbestos as-a function of MLD: -

(a) 0%, (b) €3%, and (c) 95%.

Pegks marked (*) are spinning side +
bands. ' v . :
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parent chrysotile asbéstos were rather difficult to
interpret (Figure 4.15a). However, the presence of several

peaks at chemical shifts, ranging from -84 to -98 p.p.m.,
»
can be attributed, at first, to different environments of

the Si atoms in the parent chrysotile fibers. This
,O

s

contradicts the structural results of pure chrysotile,
which has one Si site only, therefore, it must be related
to the ;ﬁteractioné of the impurities located between the
layers of silicon ia\ﬁqﬁsahedral environment.~ Such an NMR

spectrum bears some similarities to that of the

/

clinoenstatite, MgSiO, (80). Partial leabﬁing of

3
chrysotile fibers, leading to an MLD of 63%, gives a strong

peak at -110 p.p.m. in the NMR spectrum (Figure 4.15b).
Such a peak is characteristic of the Si~0-Si assigned peak
in silicates or quartz (80). The initial éhrysotile peaks

are still present, but much weaker in infensity, indicating

incomplete removal of magnesium and ferroTagnetic '

impurities.

© T
At much higher MLD values ‘(85 to- 97%), i.e. in --

situations where the magne51um content is very low and the

-

'residue becomes very siliceous, the peak at -110 p.p.m.
PO .
becomes extremely 1ntense (Flgure 4, lSc) It is remarkable

that the intense peak at -110 p.p.m. does not 51gn1ficantly
change when zeolite particles of the ZsM-5 type are

- \j
crystallized from such a similar Alix material (20). For

MLD values close to 100%, a much cleaner spectrum is -
) . : \ ‘
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;obtained. The spectrum shows three peaks at about =93,

-102 and -112 p.p.m: in the‘ratiowof about 1:3:5,
respectively. This can be attributed to three different.
local silicon envifonments of~silica gel, the resulting
product. Thus, the high intensity.peak at -112 p.p.m. is
assigned to the.siliéon.atoms linked exclusively to other
siL;cqns via oxygen, whilﬁrﬂmfpeak at -102 p.p.m. is
assigned to single hydrqu; silanol site ( asiO)3SiOH;
simi%arly, the low iﬂtehsi@y peak at -93 p.p.m. is
assigned to surface silicon atoms bonded to'two sillcon’
atoms via oxygen and th hydroxyl groups, ( QSiO)zsi(OH)z.
These)values are in reasonable qualitative a@reemen& gith

the valués obtained. by Matiel et al. (81) for silica gel,

. @ .
by using Egsi MAS technique.

4,7 Specific Surface Area

’ The specific sﬁ;face area .of chrysotile asbestos

L4

grade 7TF-12, one of.the most “open"’commerc1al grddes with

shortest fibri; lengths,- as determlned by BET method, wé@

in good agrgement\wiﬁh the measured values determined. by

\

Fripiat et al. (69). ;Le surface area measurement was

A9

obtained for the€ starting chrysotile speéimens in the form

'

in which' they were received. The surface area results for

the parent chrysotlle asbestds and the. leached asbestos

materials are presented in Table 4.9%®The BET surface

A =3

areas of the aqld-treatEd chrysotile reaction products
R . ‘ J N

*y
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exhibited higher values. than the starting chrysotile
asbestos. 1In fact, the observed surface areas of the

leached asbestos materials were- strongly dependent on the

N .

leaching parameters used such as ac1d normality or reaction
time (Table 4.9). 1In general, the surface areas of the

Alix samples increased sharblf with the acid normality of

[

leaching solution, the reaction time and hence the

H

. resulting MLD. The variations of the BET specific surface
- i
area of the leached asbestos materlals as a functlon of

@

MLD is shown in Flgure 4.16. From MLD‘O (orlglnal ’ ‘

chrysotile fibers) to 55%, the surfaee area increases only

'+ from 49 to 149 m? g"l. This moderate increase is

i characteristic of relatively minor quificatiohs in the
. " . . ' *
%rystalline size and fiber morphology, in agreement with

- n "

electron mlcroscopy and X-ray powder diffraction pattern.

-2

The 1nternal and external (voids between the flbrlls)

pores of chrysotile fibers contain appreciableramounfs of
amorphous materials such as organic solid matter, '

N

.Convincing evidence for the prgsence of solid matter .
~ ~ f -

i within the fibrils has been obtained by Bates et'al. (82).
Thus an assehblage of chrysotilelﬁibrils iike'that‘
depicted in Figure 2.2 have surface areas and porosities

- consideraﬁly,smalier than would be expected from ehe
geometry of the fibrils; this is better‘illustrateq.by-the

theoretlcal value computed by Newmann et al. (65) which is |

about twice larger than the observed. value (see‘iﬁble 4.10),

°» .
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The initial effect of the acid treatment of the fibers{
particularly under rather“mi%d leaching coﬁditioﬁs; is to

<

open'up the filled or'blockéa pbres and voids by the

'removal of the amorphous matter and the brucite impurity

layer. The openlng of the.pores results in appreciable

°

increase in the surface area of the fibers.

With the removal of free brucite impurity, organic

[

.+ matter and other amorphous materials, assumed te -be filling

o

some of the central pores and the‘voids between the fibrils

" of ~the parent chrisotile fibers, further reaction of the
. .

°

fibers 'with an acid results in continuing dissolution of
magnesium ions. The acid by leaching out magnesium and

metallic impurities such as iron creates random pores and
. . .
small holes «inside the fiber macrostructure. The chemical

treatment of the acid also opens up the fiber bundles and &
' * *
splits them into thinner fibrils as observed_ .in the SEM

microgrsphs. All these chemical effécts of fthe acid on
-

the fibers, under mild to modergte leaching conditions,
T . "

explain the incréasingnsurface area of the leached asbestos

. e
. material with increasing MLD. However, above MLD=55%, a

sharp increase in surface area is observed such that at

MLD equal or greater than 92% extremely very high surface

area in the region of 400-500 m% g—l is obtained. The

>

*

leaéhiﬁg out of most or all of the M%2+ ions leads to the -«

" formation of a very porous, highly divided phase consisting

of some fragments of amorphous silica. The above

'

observations corroborate the previous SEM observations,

P

‘o . "
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1

. 3 )
since a decrease in particle size logically leads to an b

.increase of the surface area. The unpsuélly high\BET

[4

s

. o ’ » T,
specific surface ‘area-in excess of 400 m2

37! leads one
to suspect that considerable microporosity may be preseﬁt

at high MLD values. '

" -

4.8 Exg%rnal Surfacé Area

The exterhal surf@ce area of leached asbestos

N [
internal pores with benzene while leavipg the external
, PN . T,
surface free for nitrogen adsorption. Fudrthermore, during
o 4 § )

the subsequent nitrogen adsorptign BET determination

materials was obtaingﬁ by filiing up comg&?tely‘éll'the

benzene remained undesorbed because it wds frozen inside °
C :

the potes since the sample was immersed in'quu;g nitrogen.

Thevpores of chrysotile fibers. consist.-of the external
hY .

:pores~p¢tween the fibers and the internél pores (within

the indiéidual:fibers)r but there are twice as many

'external pores as the internal-pores (83). shown in

C T, Co
Table 4.10, the external surface area of the parent

¢chrysotile fibers obtaidéd by our technique compared
L) . » /

favourably with those obtained by Frip%;t et al. (84)..«

-

The geometrical surface area computed by Neumann et al.

i)

(65), assuming chrysotile was cdmposed,of hollow fibers

' Arranged inWgexagonal: close packing, is rather higher than
* . .

observed values; and this is attributed to th?-preséhce qf

amprphous materi;l in the pores. As shown in Table 4.10,

R

N .
~ g 2
’ .

{
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TABLE 4.10: Computed and experimental surface areas of
) the chrysotile asbestos.
” External "Internal Total
area area area
, hig | e | @i/g)
Present ‘ ' )
pore~filling =~ . | 30 < 19 49,
method ‘
Method of Fripiat .
ot al (84) 35 .16 51,*
| Theoretical value - . | . :
o calculated by ., 689 . 35, 104 .
* Neumann et al. (65) : |
. \ K ¥
. + TABLE 4.11: External surface’ area .of the startlng
o ‘ . chrysotile asbestos and Alix samples.

. [ \ N .
-, MLD BET specific surfacesarea . % | Benzeme
| - ( ¢ Internal -~ | adsorbed
(%) Total External (Total-External)| -
~ (m2/g) (m2/g) (m2/q) (%) (w/w).%
b o | a9 30 19 39 7| 2.61
27 | 71 - a4 27 38 3,13
.| 55 167 a 73 . 94 ‘56 6.28
, 80 227 © g5 - 132, - 58 10.63
92 302 145 157 52 | 12,04
' 99 | 483 192 201, 60 | 15.37
) - T - ~ L — - s
o ) f |
. ) - &
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the ?geometricaa(and'the’observed external surface area of

~the starting chrysotile fibers is normally twice the ?

internal surface area.
In Table 4.11, the contributions of..the surface areas -
of the external’ and internal pores of the leached asbestos'

materials, as. were obtained by the benzene pore filling

apd subsequent nitrogen adsorption BET meéhod, are
presented. At low MLD values, the external surface are€a
was significantly larger than the internal surface area. -
As tﬁe MLD increases, the total surface gréa increages,_
but the ratio of the external to the internal surface .

decreases so that at MLD 2 55% the external surface area‘Q )

-

becomes smaller than the internal surface area. Both the
- 4

-

external and internal surface areas of the leached °.

¢ 'Y
S

asbestos materials at high MLD valueg were several times

-

larger than the values obtained for the starting Ehrysotile

fibers. The results in Table 4.11 convincingly
. i
demongtrate that if fhe Alix materjal becomes mdre

!

micreporous at high MLD as suspected because of the
SN )

v

‘unusually high surface area, then the micrqporbsity is not

confined to the internal pores but is alsofgirongly ,

_associated with an appreciable amount of the external ®

surface. The amount of adsorbed benzene in the internal
% : , . . - ‘ ) A
pores, as was @etermined gravimetrically, increased with

increasing MLD.

%
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4.9 Pore Size Distribution ' .

The pore size distribution was obtained as the plot .

of cumulative surface area versus mean pore radius. The

L}

1

pore size distributidn curves of leached asbestos’
mater:a;s, as shown in Figure 4.17, are not distribution

f all the pore radii in the solid, but only those within
the range of vlalidity of Pierce's method(:hich extends down

’

to only 15.A and therefore excludes the pore radii and
' }

hence the surface area of micropores. In order to

determine the surface area of micropores, the BET surface

" area had to be performed so as to obtain the total surface

area of the leached asbestos materials. Since the pore
size distribution method in the application of Pierce's

model computed the surface area of macropores and

¥

t
mesopores, therdfore the surface area of mlcropores has

o

been extrapolated from the total surface area” of Alix .

samplés as given by the BET method. Thus, the difference

between the BET surface area observed and the cumulative

.

surface area of Alix samples as obtained from pore size

distribution method gave the surface area of micropores.
. ] ;
bo-

The BET surface areas, the surface area of micropores,

being the difference between the BET and cumulative
surféce area, are tabulated in Table 4.12.
[ ] Pl

Flgure 4 17 shows the macro and mesopores size

13

- =

y Py

dlstrlbut}on curves of Allx samples: each one “has a single
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TABLE 4.12

Cumulative surface area of the starting

133

chrysotlle asbestos-and Alix samples from popre
size distribution.

MLD BET area, Cumulative area,| Micropore area, ;Nbaﬂ
: S S Spmm=S ‘| pore .

A BET Cum BE? ?gm radius
(Surface area of . of

macro and maximum

mesopores ) peak *
- (%) (m?/g) m2/g) (m? /q) (A)

\ LY

0 49 51 ° 0 ¢ 26
.27 71 53 18 25
& ]
55 167 . 109 24
80 227 - 175 22
98 | 423 394 .21

* related to macro

DN
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ﬁgur? 4.17a: Pore size distribution _Of Alix of MLD = 0%.




C ok
| ’ 135
C
. ?
— _ .
— N\
T !
‘2]0 B | 4'0 T 6lo | 8lo Y ’1601 ~ ]u' 1} 0 T 140 |
. -PORE RADIUS (A
Fitjﬁre 4.i7b: Pore size distribﬁtioh of Alix of ‘«MLD' = 27%.
< ‘ v
.



o

o 80 © 100 120 jido’
L . PORE RADIUS (A

» . ‘ - N()
. B

»

o

~—

e

. « - ‘ .
Figure 4.17c: Pore size distributiz?;éf Alix of MLD = §5%, ' °
N % ‘ i .

L4 n L3

ot . *
WEoe o . .
5‘{‘:‘1&‘.: 7 ‘. -,



N . 137

. .
\
) -
¢
T T T 1 T T T I T T —
_, 207 40 60 80 100 120 140

Lo PORE RADIUS (A) °

. Figure 4.17d: Pore size distribution of Alix of MLD = 80%.

v
Lo - v
9
’ N
Y Y
. .\ N
) o
}



e - 138

20 | ;9 ! .‘a'o " 8o ,‘ 1100 . T 1}0; " -~ 440
- . LW ® .
. . . . P -
PORE . RADIUS (A}
- : L T l . . . ‘ Y
- : ’ ' o ' :u. X

i
°
’

Figure 4.17e: Pore size distribution of Alix of°'MLD = 98%.
’ . ¥

. .
“ . . ¢
By AN
¥ 3
. : ¢
l. i
<
o .
B »
-
n’. ‘ . a
TR '
N N PRIV v - / -
P L . \ t
$ @ . ;
. * 5, ’ -
v v ¢
- - -
- - »



139

maximum, the position of the maximum and ,th€ mean pore
- - .‘ - . .
radius appeared to be a function of MLD. As,the MLD

increased, the mean pore radius of the maximum peak

»

decreased gradually. (Table 4.12) and a shift of the

maximum peak towdrds the microporous region was observed.

k4

This phénomenornr becomes more obvious from the surﬁace area

of micropores of Alix sample which increased dramatically

-

with increasiné MLD as shown il Table 4.12, Thgs, ag thé

MLD increases, the leached asbestos material becomes more

microporousl‘the particle size decreases (as observed from

~

SEM) and pores become narrower and narrower which N

consequentl’y leads jgqgpr decreasing mean pore radius of the-
° \\ : -
maximum peak and a shifting of the pore size distribution

curve towards the micropoxous region,

~ * % -

X v 4.10 Density - e

A

' Figure 4.d8 reports the variation of the bulk density

’/n\\{with'tﬁe MLD (50,76). The removal of Mg up to an MLD=55%

Lo results in a decrease of the density from 2.5 g(!»‘::mm3 to

. . ps / e 3
« 2.4 g cm'3, whereas further increase in MLD leadd to a
more’dramatic decrease (2.4 g cn™? at MLD=55% to 1.9 g cm

at MLD=98%)e As the density is the ratio of the mass of

.

“. the sample over its volume, removal of magnesium results

-3

El

in a decrease in the gample mass. As a consequence, no’

—

wolume change would resuit in a rapid fall of the density,

whereas a correspondlng volume contractlon could partlyégr

o
L .

X
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totally cancel the effect of loss of mass, i.e. results in

a lower density decrease or none. Even an increase in

,

density could be observed if a more efficieﬁt packing were

obtaihed. ‘As shown in Figure 4.18, a slow linear decrease

in density is observed up to MLD=ca. 55%, i.e. the removal

of jusé slightly more than half of tﬁe initial magnesium.
'

Up to that point, SEM photographs show little fiber

degradégzon (?igure 4.1l4a-c), such :iaﬁ, based on the

dénsity resulfs, it is clear that maffnesium leaching is

not followed by a profound structural reorganization, only
\' ’ ‘
the release of some.of the strain due-'to its large size,

which partly offsets the volume vacated by magnesium.
The removal of the second half of the magnesium has a°

fiore drastic effect and leads to the collapse of jhe

fibrous structure as shown by elegtron microscopy {((Figurée

4.14d-f) . Amorphous silicon dioxide is produced, wkich is

- .
e A,

# ' .
'like19 poorly organized: and therefore nét well packed, as

shown by the rapid decrease in density. AL about 100%

MLD, the density obta%Péd of 1.9 g cm-3 i! significantly

lower tHan that reported (85) for various varieties of -
~

silica, such-as cristobalite (2.32), vitreous lechatelie;iua

o

{(2.19), tridymite (2.26), and Sibé.Hzozopal (2.17-2.20),

. indicating a highly porous and hydrated material,

4

.
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4.11 Adsorbtion of Water and 'n-hexane -

The sorétion eapacities as well as the'relative —
effipity index for the chrysotile asbestos 'and the Alix
materials are shown %n Table 4.13. ?he relative affinity
index (RAI) is defined as ghe ratio of the volume of
n-hexane over the veluhe of water sorptive capacities of
the samples. Uhleadhed chrysotile asbestos is highly
h?déophilip, due to the sheetﬂof hydroxyl groups covefiﬁg
the outer surface of each layer of the fibers. These
hydroxyl grggps fdrm.hyérogen bondipg Qith adsorbed water
moliéécules, makiné possible the adsorption of large'ameunt
of water, preferentialiy to hydrocarbons. However, in the
case af ‘silica, fhe reaction preduct; at MLD closel to ~10.6%,
this material is very hfdrophobic'and adsorbs large amount
of n-hexaxe dee to its porosity but still has some
hydroxyls attached tq the surfacge si}iconlatoms.ﬂ As the
leaching ope;ation pfoceeds to higher giD values, two
phenomena are observed: | ¢

(a) The volume of sorbed water does not SLgnlflcantly
change. The surfaee of the leached asbestos obviously ‘
becomes less hydrophilic but more'surface becomes available A\
with gra@ual removal of magpesium. The présenpexof many-

~

micropores of molecular dimensions particularly at high MLD
- . L ° ~—
values leads in principle to an ineré%se'in the b
- 9 . ¥
adsorption of water molC:ules since they are small enough q

'to enter the pdneSz s the MLD gradually increases, there
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'. o o
TABLE 4.13 Water and n-hexane sorptive capacities of the
starting chrysotile asbestos and Alix samples.
BN ) ’ ‘. ‘
Leached, MLD n-Hexane ﬁzo .} RAI*
Asbestos ) -
Material - (%) ($wt/wt) | (¥vol/wt) (fwt/wt) **
Chrysotile )
Asbestos 0 2,74 4.15 7.68 0.54(L
Alix 077 =27 4.96 . 7.52 8.74 0.66
Alix 067 © 55 7.97. | "10.09 | e.70 1.16
Alix 068 80 10.02 [/ 15.19 -4- 8.30 | 1.83
Alix 61 .4' 92" 9.46 14.34 } 7.47 "1.92 -
Alix 069 98 11.49 17.42 " 8.80 1.98
o 1—-' .
. Y ) R ) \ ,
* RAI = h-hexane/H,0 (vol/vol) of relative adsorption
affinity index. s '
he 8 N r]
** For H,0, the %wt/wt is equal to the %vol/wt as the
.densi%y(of H, O is eqial to 1, ™ .
n y % _ . ‘ f
6 ) e
’ . . '
N
) ’f/"w ql
S o s
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are two opposing changes related to the adsérppion of
- 3 N N x
water which tend’ to balance each other. The increasing

"KpQrosity of the so0lid surface offsets for the décreasing

~ 2

water affinity due to increasing hydrophobicity of the

siliceous surface which leads to-°repulsion of water
oot

-

. molecules. The net effect is that the water adsorbed p ' b

to

. - . ’

remains alQ?st constant with increasing MLD.’ %
o !

~__\;/“// : (b) The volume of sorbed n-~-hexane increases

dramatlcally with the MLD and becomes significantly hlgher

than that of the sorbed\

water at MLD hlgher than 55% due to
the increased por051ty and surface area awvailable for

L adso;ption. The su;faée of the silica formed, unlike that
of the ‘starting chrysotile asbestos, {s highly, hydrophobic

according to schemes (a} and (b) shown below.

©

- 5 o 1
A
- s ,‘\ he ‘e
s
-
°
[ 4 A\ . 4 R
‘H .
N\ H -
» ¥ IH -—-—l . LY
”’ H
H - H
) " , " t
3 ‘ ,'/ "1' . ' W
| P2 R 4
. 07 ¢ ‘ Q ol ’
> \ #
Mg . ——Si— = v
o ) e ) <>" ) v
v \ '
.
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Pauling's electronegativity vaﬂﬁes are as follows:

Mg' (1.31), 'Si (1.90).

~

. .
As illustrated in scheme (a), the Mg atom is a very

strong electron donor 'species, i.e. it is electropositive
and makes the oxygen atom electron rich, thereby strongly

enhancing its H-bond formation to water molecules. The

silicon atom is relectronegative and therefore has a

tendency to attract lone'pai;s of electYons on oxygen atom °..

"

as shown in.scheme (b). This leaves less electrons’

4

available faor Hgbonding to water molecules, and results in

some repulsion 8f water molecules. Thus H-bonding in

scheme (a)* is more favourable than are the 'interactions of
silica with water molecules (see scheme (b)). On the other
hand, the non-polaf n-hexane molecules are readily

adsorbed onto the apolar silica surface (physical

-

adsorption wiEh van der Waals type interactiéns)f

]

As a.cofisequence, the RAI, which gives a measure of <

the surface hydrophobicity of zeolite-like-mateérials, .

3

particularly the ZSM?S zeolites (86), increases with .
leaching. At the critical MLD value 55%, éffinity for

¢ N
water and n-hexane are idéntical. The RAI is much higher

A
than one when MLD exceeds 55%, i.e. the Alix surface -

hydrophobicity increases as the amount of magnesium in the
sample decreases and finally a finely divided amorphous

silica material is dbﬁained, indicating preferential

sorptive properties for hydrocarbons ‘and potential

¥

' P . -



146
. s ~ ' ! "
application in catalysts. “he RAI values higher than one

can be attributed to the more siliceous nature of the?

residue, which leads to a relatively‘higher affinity,
i . s
towards organic substances and to strong hydrophobic
character. At‘&‘ﬁigh MLD value, most of magnesium atoms
"

are removed from the chrysotile and the silica surface of

the residue is exposed, accounting for the increase in RAI.

R . . .
" The non-polar organic n-hexane molecules can be -strongly

_adsorbed on tha surface of the amorphous silica which is,

<

not readily available to -the highly polar water molecules, .
whereas the polar surface of unleached chrysotile and the

Alix ﬁaterials possessing low MLD values are hydrophilic

and therefore have greater affinities: for polar moiééﬁles

>

such as water.
~

F

.
a

N

%,



147

5 KINETIC AND THERMODYNAMIC STUDIES
OF THE LEACHING PROCESS ° g

Y

]

Kinetic studies of chemical reactions are very
important éinge they can be used to ‘throw light on the

general principles of ‘reactivity and arrive at '‘conclusive

reaction mechanism. In,a kinetic study of a reaction

there is no way-of measixing the rate directly:; normally,

the concentration of a reactant or product is determined
\ .

at various times. In particular, the initial slope,. at

. -

t=0, gives~the rate of reaction corresponding to the

f
known concentrations with which the experiment was started. v
“ v . n » KR

The initial rate method was used to determine the rate

constant and derive the activation energy, since the

-

. concentration of the acid and the magnesium loss at the

) e -

beginning were. known. Thus the application of'Arrhenius P
law to the dissolution of chrysotile in acidic media, -

activation energy was obtained. ' The Arrhenius rate

4 - '
AN
constant equation: ' .
. ¢ Q
ln’K .'?' —E/ + Const o e 0 0 0o » ves s o ess s ® o s e 5'1'.
RT ¥ ‘ |

may also be written as

. -E .
*‘Kg-Ae /RT _’..OOl\0.0l....'l.‘....l.%."'. 5.2

- a ' .
where K is the rate constant and E is the activation

energy. A éomputer program for Langmuir type

equation was used .for better curve ,Lfitting; then

A

o -
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- o

on differentiating the equation and extrap®lating to t=0,
the slope of the initial rate was obtained. The following
LangmuirLtype eqﬂ%tion'was'used to express the dissolution

of chrysotile (percentage loss of mdgnesium or- MLD) :
d . ‘

= at ’ P ]
Y '/b+t{"".'. - . s a o 9800 s e o & e s s o . 5.3
The initial rate t when t is close to zero is
1 = lim+ = (dY) -
t—),.o a? lt=o o o . t o 8¢ er e s e waps o s s 0 5.4
which gives ) /' -
- a » ‘
T. = LI ] -d'.:.‘..t‘... .
K = /b ----- e 8 5 0 c0 0 8 O 8 ¥ 5 5

The rate curves of the chry Qtile'dissolutioﬁJreaction
were obtained by performing t experiment a£ %hree
teqpqutures, §iil, 25°C, 50 °C and BO'C:gthe reaction time
was Vried while.the concentration of.phe HCl1 acid selution
was fixed. The‘resultgfare shown in Tables 5.1, 5.2 and
5.3. Tpe calculations obtained fo£ the reciprocal of the
absolute temperature and the‘corréspond%ng initial rates
are shown in Table 5.4. On plotting ln K against the

£}

t
reciprocal of the absolute temperature, according to
Arrhenius equation, a straight line was obtained. Figure

5.1 shows the plot of 1ln K against % for the‘dissolution",

of chrysotile in hydrqchloric acid. From the slope, the

apparent activation ehergy was ‘calculated. The calculated --

apparent, aétivatioﬁ'gnergy obtained was 20 K_Cal.Mole-l,

3

o
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~
i

<

which is close to the wvalue of 18 K Cal.Mqu‘l obtained by
. kbt S

Bleiman and Mercier (87) and '‘similar to that calculated

F

for sheet silicates, such as kaolipnite and montmorillonite.

. .
)
» . ‘
¢
:5!&
- ' 14
-
AN »
\4‘ )
8
2-
N ' .
4
P
0 T . " .
2-:0 2:5 3-0 - 35 4.0
! . . ) 3 o _-"”
. . 34'.“0 (K’)
Figure 5.1 A élot of 1ln K against L for the
- ' . dissolution of chrysotile in
: N . acidic media. The siope is equal . ..
.. . to - E/R, and leads to E=20.0 K Cal. ~
T . S Mole-1l, : . S
! .
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TABLE 5.1 %ffects of the leaching time of HCL (2. %9) on

the MLD at 25°C. -

y = at
(b+t)

parameter a = 104.1534
b = 47.6238

. Time S MLD - ' Y
(Hrs.) T %) ' ¢func.)
0 - o '~ 0
\ :
12 " ~ 26.8. . 20.962
.24 (. 36.2 . 34.900
36 \ 43.2 44.838
48 x 51.8 52,282
60 . . 57.0 58.065
: 722 . 61.3 . " 62.886 —
N }\96 : ‘& 69.2 69.617
“120 . ’  72.8 C I 74.562
© 144 77.9 v 78.268  __|
192 84.3 , 83.454 '
240 . 87.7 : 86.908
(312 - f 91.8)/ . 90.361

~

The standard deviation of the function is 17933

The estimated error of the function is 0.582

4
’ ©

.
2
L)
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5.2 Effects of ‘the leachlng time of HCl1l (2.4N)

¢

on the MLD at 50 °C.

~

. 151

- _ at
(b+t) .
= 105.6284
=  1.2314 °
Time MLD Y ‘
(Hrs.). (%) (func.)
J 1Y
0 ‘ Q 0
0.5 30.6 30.504
1.9 46 .5 ° 47.338
2.0 ''68.6 - '65.377
3.0 13.2 74.890
4.0 L 79.1 80.765
5.0 83.1 84.755
} s
6.0 88.2 87.642
7.0 '

91.8

89.827

1

r

‘4

The standard deviationm of the function is 1.622

The estimated efror of the function is 0.613
. ‘_r.,—g.g, .

4

«

R



~ - .
- -
‘ . : TABLE 5.3 . Effects of the leaching t%me of HC1 —(2.4N)
. cn the MLD at 80°C. . .
| . .o at
/ Y= (%Wt)
a = 97.5457 v 6 o
' = 0.2256 : . &‘ d
L 'Time MLD , .Y
. (Hrs.) . (%) © (Func.)
0 ' ) v 0 *
Wt . , A e . . :
0.5 “ 70.6 - i 67.2)9
Y 1.0 . ~76.6 79.591
:, ! ) ‘ v R . o,
" 1.5 80.9 84.793
| | \ .M
o A 2.0 . 85.2.° 1 . 87.658 #
2.5 | . 93.8 < §9.,472
1.
3.0 90.724
. b
L - 4.0 92.338 ~
» . P -
, : .0 .45 92.889
— 5.0 93,335
S ' \60\—/ . 95.2 941011
. I s 7.0. . ' 95.7" T, . 94,500
., ' . . : b
c pe i v
" The standard deviation of the fﬁnctién is 2.272
_ The estimated error of the fanction is 0.718
v, . o : ) A oo
, ’ “ o ‘
N N o
1) & ‘ N - ¢
. . ‘ . ) ) _
- : S
S A - / -
,‘ T o PP V‘ A . s

”-
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TABLE 5.4: Thé reciprocals of the absolute temperatures and
: the observed initial rate constants.
4 l ’ o ﬁfl
. T T o ro_-K In (K)
) ‘.C) * . (K.-l) (a/b)
-3 :
-k 25 3.356x10 2.187 0.78
™ . \
. . -3 i -, :
50 3.096x16 85.781 4.45
i . -3 .
Bo 2.832x10 432.410 - 6.07
- N .‘ c;
' . ®
K ° .
4 "‘ ‘
lva ‘
° P
4 p
< = . ' A v
v b‘ 14
)z’
. N
’ . . )
,.‘ a

s
4 e L
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6 A PROPOSED MECHANISM FOR THE CHRYSOTILE LEACHING
IN THE PRESENCE OF ACIDS

| 3 . 8,

y

A very interesting mechanism based on the-crystal
structure and stq;chlometry of the parent chrysotlle
asbestos as well as the physico-chemical properties of the

résulting leached asbestos materials is proposed in order

~

to. try to explain the results of chrysotile leaching in
the presente of acids, This mechanism contajns ‘three main

steps and two subste%s‘as follows: o .

-
A . ~

I)° 1~/1.r_;;35120_,)(0H)4 H+ ,'Mg(pﬁ)z + Mgz,S':LZOS'(OH)Z ce. 6.1.1

: * . P _ . "~ (porous) “
g “ + 2+ i .

Mg(OR) ,+28T4Mg™' + 210 y ce. 6.1.7
v ) Y + 3 ' ) \'.
I1) ~Mg251205(03)2 __H__T*Mg(OH)Z + M9281205 cee 6.201
) ) ' e (porous framework)

—_ . ' MLD=55-60% .
A 2+ .
Mg (OH) ,4#2H 4 Mg . 2H,0 eo. 6.2.2.
. + 2+ . . .
III) MgSi O +2H —eyMg + 2[8102.(0.5)}{20]% .,...6.3.1
‘ microporeus .
. ) . . A" A"' .
2540, (0.5 H,0P 5o 2 Si0#,0(9) . ... 6.3.2

In the presence of nt ions, the rathetr detached and

3

&

s e fLw e -

lablle layers of°Mg(OH) s which are sandwiched betweén the
\/\

silicate sheets of chryStolite flbers, are stripped away

. from the parent chrysotlle asbestos. This is followed by

\

the dissolution of the liberated Mg (OH) , moleculeg into
[

- .- . —_ - - - - < - o
B
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Mg2+ ions. The residual chrysotile, although mare porouo and
despite its loss of one-third of ito Mg atoms, remains
intact wiggout any ‘apparent st;;ctural,change. The second
major step involves the cleavage of all the structurai
hydroxyl groups with half of_the “skpletal" Mg atoms which

are liﬁkeﬁ to silicon vja oxygen bridges. Th® reaction in

step (II) leaves a very porous and siliceous resldue whlch

7
bas;cally retains the Lfibrillar morphology of the parent
/;’

'chrysotlle: However, this reaction is.accompanied by the
splitting of fiber into fibrils and moderaté loss in the
degree of crystallinity The dissolution of MgSlébs 1n

N
the last major step (ITI) requires an exoi§51of ‘0¥ ions

1
" i

and is.a wery slow and difficult reaction, and wpxmaliy
o . \

does not react unless severe leaching conditions are

/

. " .
.employed. The end product obtained at MLD )} 98% is;a/véry

L . .
microporous and amorphous material which was identified as
] -~ ' N

hydrated silica gel of formula: 2 §i0,.(0.5)H,0. On -

heating in air to‘higher tempofatﬁres, the chemisorbed
water progressively decreaged {hd becamo zero at 900 b.v
The reaction in the last step is precedeé by complete
structural collapse and degradation of the'fiber as was
eviéeqc%d by/;evera% physiqp;chomicai characterizatiog
technigues such as SEM, X-ray powder diffraction, |
Si MASDNMR‘sbectra and IR spectra, etc.

e

Our proposed mechanlsm is close td\fhe one proposed

by Pundsack and Relmschussel (74) . éccordlng to~thls

- - R -

+
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mechanism, the acid attack of chrysqtile woulq‘take place

in two dissolution steps, following a slow dissociation of

3

chrysotile, as follows: ' o T8
. H"‘ ’
© Mg,51,0, (0H) , 2 MgzOH)2+M951205 coee 64
" 2 mglon) a2 Mg®teaH 0 e 6.5
> T ) :
Mgsi.o 420t — " ., Mg®tsH_Si.0 " .. 6.6
.g N 2 5 y ¢ 2 2 5 oo7- .

N o )
! ~

Pundsack and Réimséhussel alsp state that the resulting
pY of an acid.attack, when the amount of acid is less . than
tl t required for a total é;ssolution of chrysotile, would
only be contrelled by the M§2+ iong;}eached out in£o the
solutioﬁl Howeyér, éﬁother proébged mecHanism put forwaré

by Barbeau et al. (75,88), based on the resemblance in,

- reactivity of chrysotile with thgt of forsterite and -

v

a4

enstatite, is not consistent with our 6bserz:§7experimental

results and therefore we haye not acceﬁfed is mechanism.

. . - 1 *
< . PR
.‘ ™,
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7 CONCLUSIONS AND SUGGESTIONS

- materials very selective catal¥§ts, adsorbents or

" leached chrysotile materials. The dissolution of

FOR- FUTURE RESEARCH

YN
.

7.1 Conclusions D ) o :
N

23 ’
In the presence of strong mineral'acids, the factors

-

which governed ‘the leaching éf chrysotile asbestos fibers
were respectiﬁely; the acid normality, the temperature- and

the duration of the operation. With weak organic agids, a

3

o

two-step leaching process was necéssary in.@rder to refine
\ . -

the leeching and obtain a better contfol of magnesium.

removal. Alix materials of MLD randing from 60 to 99%

rwere very use%hl because from such leached asbestos

Y ©

ion-exchangers qpuld‘be prepared. Organic.acids acted
more sloyly in the removal of magnesium thah mineral acids.
T acid strength; ahd“the nature of Ehe‘o:gaﬁic aci&
invo.véé in the éecond“ieachiqg step; played a big role in
the removal gf iron oxide émpu;;ties. ‘Pérticularly, tﬁe'
ghelating effect of EDTA is sugégsted for fhe very
efficient elimination of the iron qomponeﬁt:frém the

-in a total maximum weight® loss

, .

chyysotile by acids {esulted

of 60%@§;he attainment pf'thisivalue depended on the Iength
. » . .

of exposure, the.nature,, acidlsgrength and doncentration of

éhe acid, and the temperature of the leachihg solution.

The structural and chemical changes involved in the
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-dégradétion 5f~chrysotile ASbéstos by acids were detgrmiﬁéd
with physico-chemical characterization techniques. Tﬁe IR
spectra of the leached asbestos materlals showed that the

. intensity of O-H and’ Mg O stretchlng v1bratlons gradually
diminished and flnally dlsappeared in addition,

' progressive changes were observed ,in the silicate (si-0)
stretching vibrations, which gﬁggested some disordering of

the structure. The X-ray diffraction analysis showed that

- -

the external surface magnesium hydroxide (free brucite)
fz, .

layer was rémoved very rapidly and that the crfséalline v
structure of chrysotile was¢gr@dually'destroyed by an acigé;
In fact, the degrée of,crystallinity decreased linearly
with increasing MLD. : | v

The weakestipointé fo; an acid attack in the’
‘chrysotile structure, after dissolution of free brucite and
am;rphous‘impurifies, are p;obably the brucite-lik\é‘Mg(o'H)2 '
freely sandwiéhed betyee% the,silicate sheets of chrysétile
fibers (IR”observationsj.” The main structufal changes
océur at the MLD=55—60%, called the "critical MLD value",
when slightly more than half of the total Mg has b%gn
removed. Below this valu;, the leached.materials?gemain
fibrous and.physical changes -are %airlxwmipor.'i?he,loss-in
éhrysotile crystallinity:is directly propérttﬁﬁdi to "the
increase in the MLD, whereas the specific gurfacetarea

(BET) graddually- increases rom 50 to around 140 m2 g—l.

M ) . . .
These -gradual variations are also observed in the density.
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Under the critical value, the Alix materials remain L
hydrophilic (they absorb more water than n-hexane). ‘Above .

the critical MLD value,}in,ﬁorphology[ as well as in

porosity (high surface é&ea énd low dengity), 4re observed. )
The collapse of the fibrous texture and the rather rapid
morpholégical degradation (pa;ticularly, drast@c éﬁangesl

in length) are accompanied by a more rapid‘loss in ' o
chrysotile crystallinity, a rather—sharp increase in the

surface afea aﬂd ; dramatic drop pf’!he bulk densigy. _The o
high MLD Alix‘materials tend to have the characteristics .
of very porous,ghigh Surfacé area and low density) and
hydrophobic éiiica. Howevef, solid state NMR shows that

the ﬁ%, which remains 'in very small amount at very high

MLD, is bound to the silica network; i.e. it is skeletal Mg;

. ‘ R . . o .
-this detail is very important in order to explain the .
' A Y

~ Al

peculiar catalytic behawviour of the chrysozeolites at high

'MLD values. No ZSM-5 zeolite containing the same amount of |

Mg can feproducé such interestipg catalyt;c properties (20);
The. €nd pfoducﬁ,,obtainéd with an‘MLDfas-IOO%,

exhibits prbperties which'are_yéry close 'to those Of a

highly silibeous‘ZSM-é zeolite or qorréspondihg . o

silicalite: §pgcific surface area = 500 ﬁz g-l, deﬁsitf'- ‘

l.9ug cm-g, adsorption of hexane = 18 vol.¥ and RAI = 2.

However, contrafy to zeolites and sili%alites, the Alix

¢

material is amorphous. Alix free of magnesium (MLD=100%)

- consists of hydrated amorphous-silica, SiOz.(O:SLHEO. ‘The, “

£

-
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.undesirable impﬁrity and its high magnitude can greatly
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ove;ail'acid leaching -equation is:

0+6H’-—>3Mg2‘+23102(o.5)320 +4H0 ... 7.1

. 2H2.

7

. 7.2 Suggestions for Further Research Work

In this work, through the use-of atomic absorption

'épectrophotomeper“for elemental analysis, it was possible

anly to deterfine the total iron content of the parent

chrysotile asbestos and the resulting leached asbestos
L)

- materials. It would be more useful to have a detailed

knowledge of each of the three iron oxide arases. It is
‘
therefore suggested that further studies be carried out

with MOssbauer spectroscopy to determine quantitatively
the feo, Fe203 and Fe,0, contents, respectively. The
information obtained on the magnetito (Fe3 4) content is
pgrticuiarly ééry useful, becauqe\it is the most

limit the range of applications of leached asbéstos

. materials. From such studiés some knowledge can be gained

ot

on the leachlng effects of each -of the iron oxide phases
by mineral acids and organic ac1ds, partlcularly EDTA and
oxallc acgid., It ls.suspected that some iron oxides are
selectively leached ouélto a greater 'degree than others;
obviousiy, the magnetite is the most difficult to remove.,

It is also recomménqed that future research work to

'be carried out should . include particle size measurements

b’
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and thermal anélysis.’ A therﬁbgravimetric analysis is
needed to determihe the bruqite impurity content and to
follow its loss auring the leaching process. \

The most important gquestion of this research that
should be addressed is: "How can the physico-chemical
properties of the leached asbestos materials affect -the
ca?alytic, adsorptive or ;on-exchangeuproperties of the
chrysozeolites which are synthesized frgm these Alix
mateéials?“ It will also:be useful to find out whether
there is aﬁy relationshif between the degree of |
crystallinity of the leached ésbestos materials and the
resulting chrysgzeolites sYnthesized. In order to ensure
the producfion'of the highest eff%ciency chrysozeolites, ‘
which *have found a broad spectrum of applications as

catalyéts (or catalyst supports) and adsorbents (7,14), a

current‘reSearcb program is in progress to better

~,
e © -

understand the further changes in their‘physico—chemical

characteristics when the leached asbestos materials are -

‘submitted to various hydrothermal conditions ?or the

éynthesis of zeoliégéxﬂith various .particle sizes andy

. stiuctures. It is worth noting that-the ‘chrysozeolites

¥

" are materials which do, not preséht any éytotoxicitybas

recen%ly evidenced hy a systemaéic investigation on
hemolytic and macrophage damage activity (14); this is not

the case for the parent chrysotile asbestos. Therefore,
‘o

chrysozeoiites,provide new safe applications for ésbggios,k

.
.

!
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a material ‘definitely carcinogenic, althoudh its useful .
] » ’ R
, ’ mechanical and/or thermal properties are sometimes very .
‘. hard to find in syntheticsubstitutes.
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10°CLS J . ‘
20 DIM v(6) LVLl(]O) LV12(10),LvL3(30),LvL4(10)" '

30 DIM P](]O) p2(10),P3(10),P4(10),x(10),Y(10),FD(40)
- 40 CLEAR. «

50. DATA 0,13.32,32.2,59.61,93.23,136.43 )

60 REM read in the standard volumes . ?

70 FOR I=1 TQ 6 '

80 READ V(1)

90 NEXT I - :

100 INPUT " Sample name : " SAMPLE$ ; .
110 PRINT * ; : ‘
-120 LPRINT " Sample name : “;SAMPL§$ ‘.

130 LPRINT ; . .

140 REM input the experimental dat . '

150 INPUT " No. of equilibrjum in sgep'1 : ";NEPI

160 INPUT ' The equ111br1um temperagure in step 1 T

170 PRINT " Enter the 1evels and eq 111br1um.pressures 1n step 1"

180 PRINT ,

190 FOR I = 1°TC NEPY

200 INPUT Lvei(1), P](I)

210 NEXT 1 C

220 PRINT " . : - —

230 INPUT " No. of equilibrium-in-step 2 ";TC2 :

240 INPUT " The equilibrium temperature in step 2 : ";TCR
\250 PRINT " Enter the levels and equilibrium pressures in step 2"

260 PRINT ‘ .

270 FOR I = 1 TO NEP2 .

280 INPUT LVL2(I) @2( ) N

290 NEXT I _ . ~ i

300 PRINT " S . "

310 INPUT ™ No. equilibrium in step 3 : ";NEP3 -

320 INPUT " The equilibrium temperature in step 3 : ";TC3
.330 'PRINT " Enter. the levels and equilibrium pressures in step 3"

340 PRINT . ' a

350 FOR I = 1 TO NEP3

TM60 INPUT LVL3(I),P3(1)

370 NEXT T ! . ne ‘ w :

380 PRINT " ’ ' "

390 INPUT " No. of equilibrium in step 4 .« -";NEP4 ‘

400 INPUT " The equilibrium temperature 1n step 4 : ";TC4

410 PRINT " Enter the levels and equilibrium pressures in step 4" .

420 PRINT ' . . ’ o
430°FOR 1 =1 TO, NEP4 - . o

440 INPUT LVL4(1),PA(I) . ' -
"450 NEXT 1 : ‘

460 PRINT " ew " . “

" 470 PRINT : INPUT " The weight of sample : ";W :

480 REM cal®ulate ‘the dead volume ) ' »

490 SUM = 0 ‘ = T
500 FOR I =1 TO (NEP1-1) :

510 vl = v(LvLI(1)). . : -

520 v2 = V(LVL1(I+1)) : T
530 V3-= ((v2 * PI(I41)) - V1 = Pl(I))/(P1(I) - P1(14)

'y t
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540 SUM = SUM + V3
-550 + NEXT I
560 DEAD = SUM / (NEP1- 1) »” :
57§JLPRINT LPRINT " Dead volume : ";DEAD;"cc.”
580 REM calcu]ate the total volume of Helium
590 SUM =
600 FOR I =1 TO NEP1

-+ 610. V1 = v(LVLi (1)) + DEAD

620 SUM = SUM + (V1*P1(1)*273. 15/((TC1+273 15)*760))

(630 NEXT I
- 640 HE = SUM / NEPI

650 LPRINT : LPRINT " Total volume of He : ";HE;"EC."

" 660 REM calc late the free space

" 670 SUM = 0

.680.FOR I =1 TO.NEP2 - . >
690 V1 = v(LVL2(I)) + DEAD
700 V2 = HE - (V1*p2(1)*273. 15/((Tcz+273 15)*750))

. N0 FREE =N2Z/-P2(1) =

120 LPRINT : LPRINT " Free space “; I " : ";FREE
730 - SUM = SUM + FREE ; A
740 NEXT 1 ‘ :

750 AVE'= SUM / NEP2

760 LPRINT : LPRINT " Average free voTumes : “;AVE
770 REM calcu1ate vo1ume absorbing.gas 1ntroduced
780° SUM = 0 . . -
79 FORI =1 T0 NEP3 . . ,
800 V1 = V(LVL3(I)) + DEAD

810 . SUM = SUM + (V1*P3(I)*273.15/((TC3+273. 15)*760))

820 NEXT I

830 N2 = SUM / NEP3 .

840 LPRINT : LPRINT " Volume of N2 1ntr0duced :"3N23"ce."

850 REM calcu]ate the added volumes of N2 at various pressures

172

860 LPRINT : LPRINT " Vol. ‘ads.,"P. relativef,"P. equ11 " "T equil."

870 LPRINT ll Il [{] ll'll L1} ’“
880 PO = 10°2.8806618#

890 FOR I = 1 TO NEP4 —
900 V1 = V(LVL4(I)) + DEAD -

V1 * Pp4(1)*273. 15/((T04+273 15)*760)

3

910 V2

920 V3 = P4(I) * AVE .
930 VADD = N2 - V2 - V3 A .
940 X(I) = P4(1)-/ PO

950 Y(I) = P4a(I) / (VADD * (PO- P4(I)))

960 LPRINT : LPRINT-VADD,X(I),P4(I),TC4

970 NEXT I '

980 REM Calculate the slope and intercept by least square
990 SX = O \

1000 SY = 0
1010 SY = 0
1020 SXX = 0 . \
1030 sYy =0 . ‘ |
1040 FOR 1 : '
1050 SX
1060 - SY-

n’n n

fAls]
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’
1070 SXX =,SXX + X(I1)*X(I) g
1080 ©  SXY = SXY + X(I)*Y(I) -
1090  SYY'= SYY + Y(I)*Y(I) M
1100 NEXT I , T
1110 ITC = ((SXX * SY)-{SXY * §X))/((NEP4 * SXX)-(SX-* SX))

1120 LPRINT : LPRINT : LPRINT * Intercept : ";ITC :

1130 SLP = {{NEP4 * SXY)-(SX * SY))/((NEP4 * sxx) (SX-* sX))
1140 LPRINT : LPRINT." Slope

1150 VWM = 1 / (SLP + ITC)

1160 C = (SLP / ITC) + 1

1170,REM Calculate the surface area

1180 SA = VM * (6.023E+23) * (9.999999E- 21)/(22414 * W) . ’
1190 REM Ca]cu]ate the correlation coefficient (r)

1200 CXY = .

1210 XVARI =

1220 YVARI = 0

1230 FX = 0O °

1240 XAVE = SX / NEP4 . .
1250 YAVE = SY / NEP4

1260 FOR I =1 TO NEP4

1270 CXY = CXY + (X(I) - XAVE) * (Y(I) - YAVE) -
1280  XVARI = XVARI + (X{1) - XAVE) 2
1290 YVARI = YVARI + (Y(I) - YAVE) 2

1300 FX = FX 4+ X(I)*Y(I)

- 1310 NEXT I

1320"°R = ABS(CXY) /. SQR{ YVARI 8 XVARI)
1330 LPRINT : LPRINT " Correlation coefficient r : “;R

1340 REM Ca1cu1ate standard deviation :
1350 MEAN = FX / SY ’
1360 DEVI = ABS{(SYY - SY 2 /NEP4)/(NEP4 1)) -

1370 STDEV = SQR(DEVI) i

138D LPRINT : LPRINT " Standard deviation : ";STDEV

1390 REM Calcuiate ‘the surface error

1400 FOR J =1 T0 10

1410 READ FD(J)

1420 NEXT J

1430 DATA 12.706,4.303,3. 182 2.776,2.571,2.447,2.365,2.306,2.262,

1440 DATA 2.201, 2 179, 2 16,2.145,2.131,2. 12,2 11 2.101,2.093,2.086

1450 DATA 2.074,2.069,2. 064 2.06,2.056, 2 052 2. 048 2. 045 2. 042

1460 CORR = ABS(] - R*R)

1470 ERROR1 = FD(NEP4-2) * SQR(CORR) * STDEV )

1480 LPRINT LPRINT " Error on the 1ntercept : "+ ERRORY

1490 XM1 =1 / (SLP + ITC + ERROR1) )

1500 XM2 = 1 / (SLP + ITC - ERROR1) ) , ‘

., 1510 XM12 = ABS(XM1 - XM2)/VM \
1520 ERROR2 = SA * XM12 - ' .

1530 LPRINT : LPRINT " Monolayer volume : ";VM;"cc."

. 1540 LPRINT : LPRINT " Parameters C per BET i " C

1550 LPRINT

1560 LPRINT : LPRINT : LPRINT " SPEC. AREA (m 2/g. ads.) : ";SA
1570 LPRINT : LRPINT " ERROR {+/-) : ";ERROR2. '
1580 END .

o
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S

0
10
20
30
40
50
60
65
70
.80
90
100
110
120
121

123 .

125

.130
135

140
150
160

170

180
190
191

- 192

194
195
200
220
230
235
237
240
270
280
290
29
300
310
320
330
340
350
360
370
380
390
400
410
420

ve o

430
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REM .
REM U .

INPUT " Sample name : ";NAM$’

PRINT ™ - _

INPUT " Weight of sample : ";W

INPUT " Enter equilibrium temperature : ";RT .

INPUT " Enter number of data-point : ";N

INPUT " DEAD VOLUME : (=0 IF NO)";DV-

DIM‘P(N),V(N)\B(N,S) A(N 17), FXI(]O) FXZ(]O) PO(N),P12(N)

REM

FORI=1T07 , , )
READ FX1(1) ~ - >
NEXT I

DATA -9.150241E-3,174.645, -3843 314,46907.4,~304972.2

FOR I =1 T0 9

READ PX2(1)

NEXT 1

DATA 5.934531,-24.01543,147.535,-294. 9527 141.7335

DATA -455. 7216 284 .1504

REM

PRINT " 'Enter your data please ! (Pressures Vblumes)

FORI =1 TO N
READ P(1),V(I)

Y * . v

NEXT I
REM :
FOR I=1 TO N
IF I=I THEN V(I)=V(I).+ DV
IF 1,1 THEN V(I) = (I) 5.65 + DV
NEXT I .
FOR I'=1 TO N
B(1,1) = P(1)/760 V
B(1,2) = (LOG(]Q)*4 15)/LOG(760/P(I)) o
NEXT I ,
FORI=1T0 N-1 ‘
IF B(I+1,1) « = ,2 THEN GOSUB 1000 ELSE GOSUB 2000 ;
B(I,3) = SUM ‘
8(1,4) = B(I,Z) + B(I 3) . "' ' % |
TE =273.15 / (273.15 + RT, oo
B(1,5) = TE * (V(I)*B(I,1)- V(I+1)*B(I+1,1)) }
NEXT 1 ' \
L=20 , _
FORI =1 TO N ' -
IF B(I,4) =150 AND B(I,4)>»= 10 THEN 340 ELSE 400
L=1L+1 '
A(L,1) = B(I,1)
A(L,2) = B(1,2)
A(L,4) = B(I,3)
A(L,6) = B(I1,4) ‘
A(L,8) = B(I,5) K
NEXT I - B
REM ,
SA =0

FOR I = 1.70 L-1

PR



. 800 DATA 758,95.5,753,94.8,751,94.3 741593 2, 732 91.9,722, 90 4,72,89,

A \

176
440 P12(1) = (A(I,1)+A(1+1,1))/2
450 v. A(1,3) = (A(1,2) + A(I+1,2))/2
460 A(1,5) = A(1,8) - A(I+1,8) -
470 A(1,7) = (A(1,6) + A(1+1,6)}/2
480 A(1,9) = A(I,8)
490 ‘A(1,10)= ‘064 * A(I,5)
500 ACIL1) = A(1,10) * A(I-1,17)
510 A(1,12) = A(1,9) - A{E,11) s
520 ACI,13) = A(1,7) ~2 / A(1,3)"2 o
521 . A(1,13) = A(1,13)*.148 ”
530 A(I,14) = A(1,13) * A(1,12)
540 A(1,15) = 31.2 / A(1,7)
550 ACI.16) = A(1,15) * A(I,14)/M
560 SA = SA + A(I,lﬁ) }
570 A(1,17) = : ' :

. 572 RADI = RADI + (A(I 7) * A(1,16) %
580  NEXT I - Y, , Lo
582 RADI = RADI /SA \ .

590 REM
600 LPRINT " Sample : ";NAM$ ] - -
610 LPRINT " , , : L
620 LPRINT "= :
630 LPRINT " Weight of sample:(g) : "W . ~ -
640 LPRINT " Equilibrium temperature (degree C) : “;RT
641 LPRINT " - DEAD VOLUME DV : "; DV
650 LPRINT
660 LPRINT " Radius (A)","Area (m 2/g)"."Total Area"."Percentages"
670 'LPRINT * : . : —_—
680 LL = 0 ,
6950 FOR 1 =1 TOL - 1 .
700 IF A(I,16) > O THEN 710 ELSE 730 - ,
710 FINA = A(1,17) ° . .
720 LL = LL +1
730 NEXT I . .
740 FOR I'=1 71O LL
750 pc(1) = A(1,16)/FINA * 100, -
760  LPRINT A(1,7),A(I1,16),A(1,17),pC(T) -
770 NEXT Y- ' . .
780 LPRINT " ‘ "

782 LPRINT:LPRINT
786 LPRINT "Average pore radius (A): “;RADI
790 END-

701,87.3,6, 91 »85. 6 680 83. 9 666 82. 2 654,80. 3 643 78. 5 630,76. 8 618,

75. i »605, 73 6,591, 73 57 2y 72 8, 555 72 4, 543 72 1,530 71 .8, 514 71.6,501,

71 .4,486,71.1,475,70.8, 462 70. 4 4, 48 70.% 437

810 DATA 69.4,426,68.9,414,68.2, 403 67. 6, 394 66.9,384,66. 2 373;65.6,

364,64.9,356, 64 2, 346 763, 5,339, 62 9 331.62 3,323, 61 7,315, 61. 1,307, - .
60. 5 301,59, 8 292,59. 2 28, 5 58.6, 277 58,269, 57 3, 263 56 6,256, 56 248, ?
55.4,244,54.6,235,54, 229 53. 3, 225 52.6 N
820 DATA 28, 52 2\2 51 3,206, 50. 6,200,50,195,49. 4 ,189,48.8,184,48.1,
179,47.5,174,46.9, 169 46.3 164 45.7, ]59 45 155 44.5,150, 44, 145,43.4,

.142,42.8,138,42, 3 134,41.8

BN



1000
1010
1020
1030
1040
1050
2000
2010
2020
2030
2040
2050

" -
REM ~————==Relative pressure is less than .2
SUM = 0
FORJ=1T07
. SUM = SUM + (FXI(J) + B(I,1) ~ (3-1))
NEXT J
RETURN ‘
REM Relative pressure is greater than
SUM =0
FORJ=1T09 f
SUM = SUM + (FX2(J) * B(I1,1) ~ (g-1))
NEXT J ' 4
RETURN ! : \

.2“
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