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ABSTRACT

The electrokinetic hehavinur and dissolution in water of 

several ferrornagnesium silicates were studied as a function of their 

aging time* The particular magnesium silicates studied were asbestiform 

and nonasbastif orm varieties of serpentine, and crocidolite, a fibrous 

member of the ampbibole group. Acid treated and untreated samples of 

the three minerals ware studied,

Changes in the pH, point of zero charge (pro) and electrophore­

tic mobilities were noted for various aging times upto ten weeks for two 

different (weight/vulume) suspensions of these minerals. Concentrations 

of magnesium, iron and silicon were measured in the leachai-fis at inter- 

madia t?: time intervals.

it was observed that the pzc*8 of these minerals are variable 

quantities and are dependent, on the history of the. minerals, on the 

ionic constituents of the suspensions and hence, on the pH cf the sus­

pensions. It was also noted that the dissolution of the magnesium 

silicates .is a zero order kinetic, reaction and that such a study can 

throw more light on the disputed structure of chrysotile.
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lNTROi)UCT IC'W

Considerable data sre a vs liable in ilia scientific literature 

chous. t.be behaviour of minerals in aqueous environment*? at high tempers- 

tuma and pressures. Recently, attempts have been made in determine the 

behaviour of aqueous mineral suspensions at low temperatures one? 

pressures. Mot much is known, however, about the macharusro end rats of 

dissolution of many important groups of minerals. In some cases this 

may bo because of extremely slow approaches of the dissolution reactions

to c u m ?.") iurium. It is or ten contended that, the dissolution of suspended 

mineral particles in an aqueous medium is governed by a change in the 

surface charge of the mineral in suspension. The present investigation 

deals with the change in the surface charge of some asbestos minerals ss 

a. function of their aging time in water.

All asbestos minerals are essentially moonesiurn silicates 

containing comparatively hjqh percentages of Ferrous and ferric iron,

In the present investigation, several ashestiform and one nonasbestiform 

ferromagnesium silicates were studied.

THE MAfAT.STt^ SIl ICATf.S:

Tha ashestiform minerals that are of value in industry are 

often classified according to their mineralogical constituents, chemical 

composition and crystalline form. They have been divided into the
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CLASSIFIED nnuPHiC OF Trlt RECOGNISED
1

ASBESTOS MINERALS

A, Serpentine Croup:

MonocIinic (1 ) Ohrysotile 
\2) Picrclito

B 0 Amphibcle Group t

Monoclinic - (1 ) Crooidoli to 
Tremolite 
Acttno]5 to

Ortho­
rhombic (') Anthophyl 3 its 

(2) Amosite

Chrysot.Ue end crocidolite are the two rnonoclinic ashestiform 

minerals that have been selected hare to represent the serpentine and 

amphibole groups respectively, In addition, a nonfibrous sample of 

serpentine? was chosen for study, In short, this study is limited to 

ohrysotile, crocidolite and serpentine, two ashestiform and one nonasbes 

tiform magnesium silicates.

CKRY30TILE, CROCIDCLITF AMD SERPENTINE t

Serpentine is known to exist as a transformation product of 

olivine. It exhibits two different physical forms, but generally, has 

the same chemical composition, Chrvsot.il e is a fibrous variety of 

serpentine and is classed as a hydrated magnesium orthosilicate contain­

ing a high percentage of magnesia and of water* In addition, ohrysotile
v 'i- + + 'r

usually contains varying amounts of Fe and Fe oxides and alumina.



The nonfib-

rouS variet>'» SSXSSD^ P b , has the same chemical composition, but is & 

noncrystalline layer silicate. An Plg(0H)2 sheet is joined teith an 

si2°5 8haet bY 0*Y9Bn sharing. In the next layer, the mg([)H), sheet is 

joined to the oxygens of the S i ^  sheet by hydrogen bonding. It is 

sometimes seen to exhibit monoclinic habit. Crocidulite is, chemically, 

a metasilicate of soda, ferrous and ferric oxides with water and 

magnesia. Its composition is extremely variable and could be represent­

ed by the formula, 2(Na20), 6(Fe,IY|g)0, 2Fe203, 1?SiP ,

jts chemical composition may be expressed as Mg^i^OgCOH)g.

SURT A fir PROPflRTTCB - p FCTRIPA! DOUBLE LAYER;

By "surface properties", as far as this investigation is 

concerned, it is meant the "aqueous surface properties". When an oxide 

or silicate mineral is fractured in air and subsequently immersed in 

water, it ha? bean postulated that, positive and negative sites on the 

mineral surface attract OH and H+ ions resulting into the hydroxyla ted 

surface on the mineral. It has been observed that when immersed in 

aqueous solutions, solid silicates and oxides develop an electrical 

charge, The origin of this charge at a solid-liquid interface hus been 

definitely linked with the ionic strength of the solutions, the dissol­

ution of the suspended mineral in the liquid phase and lately, to the 

presence of other ionic species in ths suspension.

One possible mechanism fcr the production of surface charge on 

the minerals is the amphoteric dissociation of the surface hydroxyl



groups. T.-.e charge, according to another mechanism, is sunposseri to 

originate through an adsorption on the mineral, surface of charged hydro- 

lysis products of its dissolution or through a complete exchange of 

charged species of the liquid phase for those of the mineral surface."

If no other ionic species is specifically adsorbed on the mineral

surface, the charge on the mineral is determined by H', OH and/or

hydrolysis products that are adsorbed on the mineral surface* f or this

reason, they are called potential determining ions (pdi). This concept

4 5
is discussed in greater detail in available literature. '

In a suspension, at the solid-liquid interface, there exists 

what is called the ’‘electrical double layer”. In Stern's model^ of the 

electrical double lever, the inner layer has been described as "the 

anchored layer of charged ions, the charge being opposite to that on the 

mineral surface”. The value of the potential difference applied in 

order to bring a unit (opposite) charge from an infinite distance in 

the bulk of the liquid to the plana of shear of the solid-liquid inter­

face is called the zeta potential, figure 1 is a pictorial representa­

tion of the electrical double layer and the variation of potential with 

distance in the diffuse layer.

It. is the magnitude and sign of the zsta potential which acts 

os an indicator for the nature and extent of the charge at an aqueous 

surface. The point of zero charge, pro, of the mineral is a very useful 

reference in order to predict the charge dependent behaviour of the 

minerals and their suspensions. The pzc has been defined as the pH at 

which the surface charge on the solid from all sources is zero, that is.
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Figure 1, Stern's Model of the electrical Double Layer

the zeta potential ja zero.’ The surface of the mineral in suspension 

exhibits a negative charge in solutions which are more basic than the



p/c. ami it sxnibi’ a pcr.it 7. vb charge .in blip solutions mere acidic than 

trie p.-.f;,. in this investingtion, pzc has been characterized as the pH 

at which the eleev.rophnret.ic mobility of the mineral particles is 

zero. It will he of interest to note at this point, that, the isoelec­

tric point ot the mineral is, by definition, the pzc under the condition 

that the surface charge is determined solely by the potential datermin- 

inci ions.

The pzc of a mineral in aqueous suspensions is dependent upon 

various properties and characteristics of the mineral and of water.

These properties vary with the previous history of the mineral end its 

crystallinity and with the purity of the water. It has been successfu­

lly shown that shifts in the values of the pzc occur in response to 

specific adsorption and to changes in cation coordination, crystallinity,

hydration state, cleavage habit, surface composition and ion exchange 
8,9,10

capacity. Soma of these properties change with time of immersion

in water and so does the concentration of ions that leach out of the 

mineral. It has been thus contended that time variance of the pzc of a 

mineral suspended in water should be correlated with the dissolution of 

the mineral. This, precisely, is the main point of this investigation.

GOALS or- This STUDYi

One goal of this study i.s to determine, for the first time, the 

change in the pro's of chrysotile, orocidolite and serpentine as a func­

tion of their aging time in water. Secondly, the change in the pro's is 

to be correlated with the change in the pH of the suspension and change



IiYlPORTAbuT or THIS nT'JDV:

A care! uj look at the following pages will reveal that this is 

the study o* aqueous surface properties of a vitally important group of 

minerals. Asbestos minerals have been shown to he hazardous to health 

and to possess carcinigenic properties. The study cf their electro- 

kinetic behaviour will prove to be very important,, because it is belie­

ved that, "the aqueous surface properties and adsorptive properties 5n 

general, play a very significant role in initial adsorption of various

nils and metal contaminants on the fibers and their behaviour in lunos 

11and other organs."

12 13
In addition, van Olphsn and t'ysals have reviewed the import­

ant role the surface charge of the mineral plays in ion exchange, rheo­

logy, sedimentation rats, adsorption of flotation reagents and floccula­

tion. Colloids, presumably possessing a surface charge, have been found 

to be useful in removing traces of rare metals from solutions and it is 

quite probable that thsy will be very important agents for controlling 

concentrations nf several elements in sea water.
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MATERIALS AND EXPERIMENTAL DETAIL'S

I lie followi ng section on general experimental procedures gives 

an outline of the techniques employed end materials used during various 

steps of the investigation. Some theoretical aspects relevant to the 

procedure and affecting the techniques have been discussed.

MINERAL PREPARATION;

Description and Prel iminary J.l~,£r’tIf ic»tion: -

Naturally occurring minerals cannot be expected to possess a 

high decree of chemical purity. Synthetically prepared minerals can be 

mads chemically pure, but it is rather a complicated process. Also few 

methods exist which can reproduce the unique physical characteristics 

(so. the extremely thin fibers) of the natural asbestos minerals. For 

this and many other reasons all the minerals used here were natural. 

They were purchased from W/s. Wards Natural Science Establishment, Inc, 

of Rochester, New York, The minerals were in a relative- high stats of 

purity and were obtained from locations famous for the respective 

minerals. Thus, ehrysotile, the fibrous variety of serpentine, was 

obtained from Quebec, Canada and croeidolite, the fibrous member of the 

amphibols group, came from Prieska District of Griqualand in bouthiuest. 

Africa, The Kilmar mining district of Quebec, Canada was the source of 

nonfibrous serpenl.ins,

mineral

for preliminary identification and characterizeticn, each 

was compared with its standard physical characteristics as found
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in literature. standard characteristics of chrysotile, crocidolite and

serpentine are listed in Table I.

TABU.
14,15

I

STANDARD CHARACTER I ST IDS OF 

CHRYSOTILE, CROCIDOLITE AND SERPENTINE

PROPERTY

Col our

Crystal
Structure

Crystal System

Lustre

Hardness*

Cleavage

Composition

CHRYSOTILE 

Greenish White

Fibrous

Monoclinic

Silky

3 - 4

010 perfect

Hydrous silicate 
of magnesia

CROCIDOLITE 

Dark Blue

F i brous 

Monoclinic 

Silky to dull 

4

110 perfect

Silicate of Na, 
Fe, Mg.

SERPENTINE 

Greenish White

Nonfibrous 

Menoclinic 

Dull 

4

010 perfect

Hydrous silicate 
of magnesia

* Hardness determined on Mod's scale,

The three minerals used in this investigation were found to be 

matching quite well with their standard physical properties.

This primary labelling was followed by optical examination and 

X-ray diffraction. For the X-ray diffraction study and also for the 

electrophoresis and leaching study, particles of vary fine mesh sire 

were required. The primarily idstifled, hand picked minors La were



therefore, ground

Crindino:-

Depending upon the crystal structures of the minerals, two

different methods were employed, 

magnesium silicate, conventional

or serpentine, the nonfibrous ferro- 

primary hand crushing with a 1 i"

stainless steel mortar and pestle was used, 

size reduction in agate mortar and pestle.

This was followed by final 

Use was made of acetone to

prevent lighter particles from flying off because of the impact of the 

pestle. The ground mineral was then sieved through a standard screen 

oi Ptu mesh size ( 44 microns). The -325 mesh serpentine was then 

storso in styrono vials for furthsr procsssincio

The two fibrous asbestos minerals could not be ground by this 

method. Placing the mortar in dry ice and then grinding also proved to 

be unsatisfactory. In literature, no satisfactory method is available 

for dry grinding c;f asbestos. There is an easier way of wet grinding 

asbestos, which consists of suspending the fibers in distilled water and 

then applying ultrasonic vibrations to the suspensions. As our study is 

concerned mainly with aqueous suspensions and time variance of surface 

charges, the possibility of employing the method was ruled out.

Finally, the fibrous magnesium silicates were ground with the use of pica 

mill, 7ho pica mill is manufactured bv Pittsburgh Manufacturing Corpo­

ration of Pittsburgh, Pennsylvania and essentially consists cf a motor- 

driven shaft on which are mounted frames which have a vibratory motion 

when the motor is turned on. The sample and a ball are kept in a 

hollow cylindrical container (vial) with lids on bail's the sis-Jes, which 

jb mounted on the frame and screwed tight. The vials used in this
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experiment; were 

the vials, Thi.

r3f.13 of iOngsten Carbide end so were the balls placed in 

machine is, in essence, a miniature ball mill.

Tungsten carbide is very resistant to wear and supposedly, does not

yreavi/ contaminate ».hp ground sample, this procedure proved to be a 

very slow yet satisfactory way of dry grinding the fibrous minerals, 

The ground minerals were, again, screened through a 325 mesh standard 

sieve and the “325 mesh material was stored in styrene vials.

At this stage of the experiment, three ground minerals were 

obtained* ihe next stage was that of final identification by means of 

X-ray diffraction and other studies.

fin a 'l I d a n h i f i c a t j p n - X-ray Diff r a ctio n :

For the spectrograph.ic analyses of the three samples, a Bausc'h 

and Lotnb Littrow Spectrograph no, 1778 was used in conjunction with a 

Jarre)-Ash Power Supply. Carbon electrodes were used with a DC arc 

operating at 7 amperes for half a minute, The results of the Emission 

Spectrograph analyses may be found in Table II.

TABLE IT

FU NEPAL ELEMENTS PRESENT I;T0ICHIOMETRIC EXPRESSION

Chrysotile Fe, fll, Fig, Si •Wg5.75A10.75^ Si3.25F e0,25]
01 n( OH)

Crocidolite F e, Na, mg, Si ( Na./ e ?f.1g 0,5 ) S i /' 2 2 ( 0

Serpentine he, fil, Mg, S i
^ . 75A ' 0.75! ̂ Sl3.25^B0-95\0-j q V Oh,
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Identifier cion of the ground minerals urn also made using X-ray 

diffraction analysis. The X-ray diffraction patterns were obtained with 

0 North American Phillips Company Diffractometer. As all the samples 

were -325 mesh, they were put directly into powder sample holders for

diffraction studies. The scanning speed used wars 1 degree per minute, 

ihe slits wore 1 degree divergence and scatter, and the receivinq slit 

was 0,005". All the patterns were obtained with a copper X-ray tube 

operating at 35 kilovolts and 15 mil lamps, A nickel filter was used to

eliminate copper radiations. The d spacings observed are shown in 

Table 1 I, Also shown are the AbTM standards for the mineral, s,

TABLE III

<1 STAGINGS OF ASBESTOS MINERALS

SAMPLE # 1 SAMPLE i 2 SERPENTINE

CHRYSOTILC SERPENTINE ASTM 11-386

7.20 7,22 7.25
4.43 4.53 4.61
3.90 3.85 3.91
3.63 3.63 3,62
2,50 2.49 2.50

*> • 2.14 2,15
r c 1.79 1.79
f i 1.73 1,73

1.54 C ft 1.54

SAMPLE # 3 CR0CJD0LITE

c r o c ioolite ASTM 14-230

8,19 8.42
4.51 4.52
3.83 3,88
3.56 3,67
3.39 3.43
3.08 3,08
9  *7 *\* ■ € * v J 2.73



Within allowable) limits of experimental error and insignificant 

amounts of impurities, all the ASTM standards confirm the mineral 

indicated, Excsp'c fur croc idol its, X-ray patterns for chrvsotile and 

serpentine both, showed identifiable peaks.

At

ground -325

crooidolite

tbrs stage, the different plastic vials containing the 

mesh samples were legitimately labelled as chrysot.il e, 

and serpentine. The next stage of the experiment was to

suspend them in water and start the study of their surface charge as a 

funotion of ti.me,

REAGENTS AMI LARORATCRY WARP;

In order to avoid the contamination of the mineral surface with 

silica, laboratory glassware was not used. All the beakers, flasks, 

pipettes and funnels were made of polyethylene. The minerals were 

suspended in distilled, deionized, double boiled water. The only purpo­

se of boiling water two times was to remove as much of the dissolved 

carbonic: acid gas as possible. For rinsing the laboratory ware and for 

other purposes, only distilled and deionized water was used, NaOH and 

i'iCl vers used to adjust the pH of the system, Buffer solutions of 

various pH values in the related pH ranges were prepared using standard 

procedures, All the chemicals used were of reagent grade. The suspen­

sions were stored in a glove box which was intermittently filled with 

Nitrogen gas. In order to absorb any carbon dioxide from Nitrogen that 

entered the glove box, a plug of Ascar.ite was placed in between the 

Nitrogen cylinder and the glove box*
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SAMP1 r  PRrnAf iA' i  i q n  ;

The Mineral sampler; collected in plastic vials were then one by 

one treatrn.j as * o.t.?.owa* ihe samplee yjsto thoroughly mixed and divided 

into two equal parts. One part was subjected to the action of 18% conn. 

MCI for two hours, -If ter all the mere Hies and other impurities were 

supposedly leached out, the sample was thoroughly rinsed with distilled, 

deionized water to remove any chlorine or other acidic material. A lj 

loss in weight was observed for ehrysoti'le, which was also observed for 

serpentine. The loss in the weight of crocidolits was only about 4%.

I he acid leached sample was then dried overnight at about 110 degrees 1". 

1 he ether half of all the three minerals was not processed at all. At 

this stage of the exooriment, six samples on the whole were obtained as 

follows;

Chrysotile Acid Treated

(2) Untreated

Crocidolite *11««t«11 ( 0 Acid Treated

(2) Untreated

Serpentine «WtVGCC»f« ( ̂ ) Acid Treated

(2) Untreated

At this time, the suspensions in water were to be prepared out 

of these samples. It was decided to study the change in the pzc and
A H- K* ,

change in the concentrations of Mg , Fe and Si in the .laachatiC for 

the period of about two months taking intermittent time intervals. For 

this reason, large quantities of the suspensions were made. Two differ­

ent suspension densities wore obtained for the six samples, A 1% susp-
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elision was obtained by suspending 3 grammes of the ground mineral in 

3nn ml« water, >i ruler ly, 300 ml, of water containing 5 grammes of the 

ground mineral, as a suspension resulted in a 2/ suspension. Thus, at 

the beginning of the actual core of the investigation, there were twelve 

suspensions in a)l to be studied, e,g.

Chrysotile Acid Treated

Untreated

'\% susp. 
2% susp,

')% susp, 
Zfi susp.

and similarly four for each of the other two minerals.

INSTRUMENTS:

The instruments utilized during this study could not be said to 

be "very complicated" or "complex", but they were extremely sensitive to 

the procedure used and were such that even a slight carelessness would 

create a multiple damage or would give ambiguous results.

The oH Meter?-

As this study is mainly the study of the surface charge with pH 

of the system as a preliminary variable, the pH meter was a very 

important part of the study. The pH meter used during the investigation 

was a Corning model - 10 with expanded scale. This .instrument nas been 

found to be very sensitive with a good response to the slightest change 

in the value of the pH of the solution in question. ihe pH meter was 

standardized before making any pzc measurement. The standard glass 

electrodes e? onqwith a ref Greece electrode were used. The electrodes



were rinsed with distilled, deionized water and then 

end before dipping them in any liquid. These simple 

very rigidly followed.

wiped clean after 

preelections were

The Zeta Meter:-

The instrument used far the measurements of electrophoretic 

mobilities of various mineral particles at different pH values and hence 

the pro’s of the minerals, was a commercial microelectrophoresis apoara- 

tus manufactured by M/s, Zeta Meter, Inc, of New York City, New York, 

There are many other ways in which a surface charge could be measured. 

Some theoretical aspects of the working of this instrument are discussed 

in Appendix I, The microelectrophoresis device or "zeta meter" essenti­

ally consists of a plexiglass cell with two hollow cylinders connected 

by a narrow tube, A difference of potential is applied at either end of 

the cell from an external source. The anode and the cathode are plati­

num-iridium electrodes, At pH values lower than 3,0 and higher than 

11,Q, use is made of molybdenum anode, A high powered microscope with 

calibrated eyepieces is focussed on the minute mineral particles, the 

suspension of which is filled in both the cylinders of the cell and 

which are lighted by an external light source. When the current is 

switched on, fchn particles move either towards the cathode or towards 

the anode depending upon the charge they carry. Measurement is made of 

the time taken by a carefully selected particle to traverse one full 

division of the calibrated eyepiece. 1 he value of the electrophoretic 

mobility for too measured time length is then obtained from a chart 

supplied by the manufacturers and is expressed in microns per second par
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volt per centimetre, i iio arrangement of tits pH meter and the zeta meter 

is shown in figure 2,

Alongwit.h the measurement of the surface charge of the minerals

at various time intervals, measurements were also made of the concentra- 
+ .). *+ 4 +

tions of Wg , Fe arid Si in the 1 cachant. An adequate aliquot of the 

mineral suspension was taken out of the plastic beaker at the end of the 

predecided time p e r i o d ,  After noting the? pH of the suspension and 

measuring the pre of the particles, the suspension was filtered through 

Whatman filter paper number 42, The filtrate was stored in a styrene 

vial for a subsequent chemical analysis.

CHEMICAL ANALYSIS TECHNIQUES:

For tiie quantitative analysis of the leachant, two different 

techniques were utilized. The silica contents of the leaohants were 

measured by a simple colorimetric method, while atomic absorption 

spectrophotometry was used to determine the iron and magnesium contents 

of the leachants.

Atomic Ahsrrotion Spectrometryr-

This is ones or the most commonly used methods for the analyses

of various aqueous solutions. The basic principles on which the method

is based ere very clearly explained in standard literature on analytical 

1?chemistry. Standard iron and magnesium solutions wore prepared and 

used for the analyses of the leachants. Use was made of a Perkin Elmer 

303 A tonic Absorption Instrument having a digital concentration readout,
Si' , + +

Standard error was +0 , 1 1 5 ppm at 1 ppm Mg arid <f>, 08 ppm at 1 ppm f e ,
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Col prime hrv

A bsusch and l.omb Speotronic - 20 coir, rime tur was utilized for 

the determination of silicon as a yellow coloured silicomol. ybdate 

comp' t which on reduction with sodium sulfide forms tho molybdate blue 

complex< fills is a standard method for the analysis of silica and the 

standard error at 1 pen op HiQ was determined to be 0,0? ppm» The 

principle of working of this method j.c described by Rainwater and

Thatcher.
18

SOME TECHNICAL DFTf■' 5 OF THE PROCEDURE:

The 15? and ?.% suspensions (w/v) of acid treated and untreated, 

ground, -325 mesh chrysotile, crocidolite and serpentine were made in 

distilled, deionized, double boiled water, pH of which was adjusted to 

6.5. The suspensions were stored in a CO2 free N_ atmosphere. 1 he 

temperature of the chamber was around 25 to 28 degrees centigrade. The

pH and the electrophoretic mobilities were measured for the time inter­

vals of 1 day, 1 week, 3 weeks, 5 weeks, 8 weeks and 10 weeks after the 

initial measurements at the time the suspensions were made. A 30 ml. 

aliquot of each of the suspensions was taken out at the time of the

surface charge measurement. When measuring the pzcts at various time 

intervals, distilled, deionized water was taken in a plastic beaker.

The pH of tho water was adjusted to a particular value by HC1 or jteOH. 

To this beaker containing water of known pH, rive drops o. the eycu 

suspension 0f the mineral were added. The beaker was shaken for about



thirty seconds and the zeta meter coll was completely filled with the 

contents of the beaker* I he time token by a mineral particle to traverse 

one full division or a computable fraction of it for a potential 

difference of' 10fi volts for both, normal and reverse current directions, 

was measured. Cars was taken to trace only those particles which were 

in sharp focus* he final pH of the suspension was noted down. The 

zeta meter electrodes and the cell were always rinsed with 0*1N HC10., 

washed with distilled, deionized water and wiped dry before taking the 

next reading. For all the mineral samples at various time intervals, 

values of pzc's were found.
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RESULTS

/\t i‘ie end of the leach'.ng study, some very interesting data

were collected for the three magnesium silicates in question. The

maximum aging time uias ten weeks for all the minerals and pH, p?c,

electrophoretic mobility, etc,, were measured for the time intervals of

one dry, one week, three weeks, five weeks, eight weeks and ten weeks

using techniques and equipment described earlier. The data have been

represented hereunder in two forms, tabular form and graphical form.

during the course of this study, time has been considered as the master

variable, but the fact that the pH of the system is a more effective

variable cannot be ignored. The pzc of the minerals after a decided

period of aging time has been measured with pH as the primary variable.

This will he clear by reference to Appendix II. It is believed that

with pH as the main variable, some discrepancy in results is not
++ ++ 4+

always avoidable. The concentrations of Mg , Fe and Si species in 

the leachants have been determined by atomic absorption spectrometry 

and colorimetry and have been found to be, surprisingly enough, 

reproducible for three to four times.

As mentioned earlier in Chapter II, for every mineral, there 

are two different samples; one of which had not been treated with any 

chemical before suspension, while tne other one had be^n kept fo. ^wc 

hours in 1f$ concentrated hydrochloric acid. For every sample, again, 

two different suspensions were marie, one being a 1% (w/v) suspension 

and the other one i’u. Thus, the pH, electrophoretic mobility, pzc end
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the Fe' , Wg and Si contents for various knew time intervals 

been measured for four different suspensions of every mineral,

have

£hSXSSM.!o.:- Table IV-A represents the data for the and 

7% suspensions of acid treated chrysotile. Table IV-B has similar data 

for the untreated chrysotile samples. The electrophoretic mobilities 

are represented in microns per second per volt per centimetre and the 

concentrations of iron, magnesium and silica in the leachonts arc in 

parts per million (pprn).

It is quite apparent from tables IV-A and IV-B that there are 

differences in suspension pH's and the magnitude and sign of the charge 

carried by the mineral depending upon the history of the mineral. The 

pzc of the acid treated mineral in both the suspensions is around that 

for quartz and does not vary by a considerable amount as the suspension 

is aged. This is not true, however, for the untreated chrysotile sample. 

Both suspensions of the untreated sample show a rather high pH, which 

tends to decrease gradually with time. There seem to be many factors 

interrelated with this. The electrophoretic mobility of the mineral 

particle in these two suspensions is from the anode to the cathode 

clearly indicating s positive charge, which, however, is found to cnange 

in a negative value after a two month*' aging. Is that the time when the 

mineral, just, immersed in ’water of pH 6.5, itself reaches its pzc oy

some way, e.q. dissolution of cho^ge carrying species nr adsorption cF

species carrying the opposite charge? 

that the concentration of magnesium in

It is also .interesting to note 

the leachsnr. after various time

a linear relationship with the aging time.intervals boa



TABLE IV-A

ELCCTROKINETIC DATA FOR ACID TREATED CHRYSOTILE 

1?' Suspension : Chrysotile in Water

ng Time pH epm pzs
Ji ’ *t-

To Mg
4-1

Si

rj 5113 V , tf 3.0 c e *■ • ft f • ....

1 rla y 6,61 ‘ . -0.54 3.3 0.3 1.4 0,5

7 days 7,11 -0.91 2.6 0.2 2.0 0.6

21 days 7,43 -1.02 2.8 0.3 1.5 0.9

35 days 7.67 -1.03 2.9 0.4 2.0 1.0

55 days 7.74 -1.05 3.0 0.4 2.3 1.0

70 days 7.85 -1.05 2.9 0.5 2.8 1,2



TABLE IV -B

Q.ECTROKINETIC DATA F'BR UNTREATED C.'iTRYSOTJLE

1% Suspension : Chrysotile in Water

Aging Time PH epm pzc
+ +

I e
* +

ng
4 +

Si.

0 10,11 1.8 ... .... 0 t  t c . . . »

1 day 9,42 0.53 10.3 2.1 2r->. 0 0.1

7 days 8.91 0.70 9.9 3.5 25.0 0,2

21 days 9.03 0.67 9.9 4.8 31.0 0.3

35 days 8.96 0.60 9.0 4.9 38.0 0.1

55 days 8.94 -0.56 8.7 4.7 46.0 0.1

70 days 8.92 -0.63 8.7 6.1 49.0 0.4

2% Suspension : Chrysotile in Water

0 10.05 1.8 • • # • • • • • • • • • • V

1 day 9.34 0,46 9.7 3.9 30.0 0.

7 days 8.76 0.52 9.4 5.8 48.0 0.

21 days 8.79 0.37 9.3 9.7 53.0 0.

35 days f i r  61 0.39 9.1 6.3 60.0 0.

56 days 8.68 0.24 9,n 4.2 71.0 0.

70 days 8.84 -0.71 8.7 5.3 78.0 0,
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” Arj chrysotile and serpentine are members of the 

serpentine and have the same chemical composition, it mas expected that 

there would be some similarities in their electrokinetic behaviour. It

has, however, boon observed that serpentine gives a different response,

especially for the. values of pH, pzc and electrophoretic mobility.

This will be clear from tables V-A and V-B, which, as in chrysotile, list

data for acid treated and untreated samples of serpentine respectively.

it can be seen from the tables that more f'lg is extracted out of the 
++

surface than Fe or Si are. This is also true in the case of 

chrysotile. The pzc shown by the acid treated sample is again that of 

or nearly equal to that of quartz. The charge on the mineral surface 

for both, acid tretaed and untreated samples, is negative thus suggest­

ing that the pzc of the mineral is lower than the pH of the suspension 

at that time. One interesting factor observed here is the gradual 

decrease in the magnitude of the surface charge with time. The pH of 

the suspension also seems to be decreasing with time in the case cfthe 

untreated sample. Will the value of the electrophoretic mobility be 

zero after a considerable length of time? And will the pH oi the suspen­

sion be at the observed pzc? An increase in the pH of the suspension of 

the acid treated samcle could be attributed to exposure of innex 'T-t'-H, 

layers tr. the liquid phase. There are many interrelated factors here 

also. The difference observed in the behaviour of the two members of 

tiie serpentina group seems to be because of the dif: erence in 

physical forms. Structures of the asbestiform and nonasbestiform 

minerals are discussed in detail in the next chapter.

• 2
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ELEETROKINETIC DATA TOR ACID TREATED SERPENTINE 

15? Su spans ion : Serpentine in Water

TABLE M-A

Aging Time pH spm pzc
+ +

Fe
+ +

Mg
4 +

Si

C 6.70 -1.20 3.4 • * T * «... * » « »

1 day 7.16 -1.40 2.3 0.3 1.2 0,6

7 days 7.70 -1.00 2.4 0.4 1.9 0.8

21 days 8.21 -1 . 0 0 2.5 0.4 2.3 0.8

35 days 8.61 -0.97 2.7 0.5 2.4 0.9

56 days 8.17 -0.83 2.8 0.6 2.6 1,0

70 days 8.21 -0.99 2.9 0.6 2.8 1.1

25? Suspension : Serpentine in Water

0 6.62 -1.20 2.9 • * • • • • • • • * • ft

1 day 7.24 -1.34 2.8 0.4 2.0 0.9

7 days 7.68 -0.73 2.8 0.6 3.7 1.0

21 days 7.79 -0.71 2.7 0.7 4.3 1.0

35 days 7.94 -0.63 2.7 0.7 4.6 1.2

56 days 7,89 -0.91 2.7 0.5 4.8 1.3

70 days 7.87 -0.88 2.7 0.9 4,8 1.5
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TABLE V-9

ELECTROKINETIC DATA FOR UNTREATED SERPENTINE 

Suspension : Serpentine in Water

Aging T ime pH epm pzc
*<• +

Fe
4 +

Mg
44-

Si

0 9.89 1.02 6.0 t « » » .... . . . .

1 day 9.5R -0,57 8.4 2.2 24,0 0.1

7 days 9.34 -0.45 5.9 3.0 39.0 0,2

21 days 9.29 -0.39 5.8 3.4 43.0 0,2

35 days 9.18 -0.37 6.2 3.5 46.0 0.3

56 days 9.11 -0.46 6.7 3.6 49.0 0.4

70 days 9.03 -0.4? 7.1 3.B 52.0 0.4

2% Suspension : Serpentine in Water

0 9.82

CDO• 10.00 (It* • f » t • * • 9

1 day 9.43 -0.95 6.90 4.1 38.0 0.2

7 days 9.15 -0.74 6.10 6,2 57.0 0.3

?1 days 9.03 -0.68 5.90 6.7 68.0 0.4

35 days G,9S -0.62 5,80 7.1 77.0 0.4

56 days 8.89 -0.72 5.80 7.6 84,0 0.5

70 days 8.86 -0.70 6.00 7.4 91.0 0.6
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Wot many attempts have bean made to determine 

the slectrokinetic behaviour of the fibrous member of the amphibole 

group. Crocidolite has not been investigated sufficiently for its form, 

its electrophoretic mobility, its pzc and its dissolution in water or 

anyothsr solvent. Being a fibrcus magnesium silicate, it did show a 

high pH value for all its suspensions, but the surface charge was 

negative throughout with a larger magnitude than in the case of chryso- 

tils or serpentine. In the case of the untreated sample of crocidolite, 

it is surprising to find that the concentration of iron and silicon is 

more in the 3 enchant after every interval of aging time than that of 

magnesium. All the observations are tabulated in tables VI-A and VI-B,

GRAPHICAL r<rnPEBE~NTATTON;

In order to facilitate an easy comparision of the various 

phenomena observed for the three minerals, the observations tabulated 

in tables IV-A, IV-B, V-A, V-B, Vl-A and VI-B have been represented 

in figures 3, 4, 5, 6, 7, 8, 9 and 10,
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TABLE VI-A

ELCCTROKIKETIC DATA FOR ACID TREATED CROCIDOLITE

Suspension : Crocidol ite in Water

ing Tima pH epm p?c
•* +

Fe
++

Mg
4+

Si

b 6.58 -2.51 3.4 «• *. ■ * » * « b a k t

1 day 6.07 -2.91 3.5 0.2 0.2 1.0

7 d3ys 6,45 -3.15 2.4 0,3 0,4 1.3

21 days 6.56 -2.97 2.3 0.1 0.4 1.7

35 days 6.62 -2.92 2.3 0.4 0.5 2.2

56 days 6.71 -2.RR 2.2 0.2 G.3 2.8

70 days 6.79 -2.91 2.2 0.8 0.6 3.4

7fo Suspension : Crocidolite in Water

0 6.51 -2.51 3.5 • • . 0 0.00 6 0 t t>

1 day 6.49 -3.62 2.5 0.2 0.1 1.8

7 days 6.53 -3.41 2.1 0.3 0,1 2,9

21 days 6.61 -3.37 2.0 0.3 0.2 3,7

35 days 6.57 -3.1 B 2.0 0.3 0.3 4.8

56 days 6.52 -2. Q5 r> /
L  » i 0.1 0.3 5.1

70 days 6.55 -2,90 2.2 0,3 0.5 5.3
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ELECTRON I fCTIC DATA FCR UNTREATED CROCIDOLITE

TABLE VI-3

“\% Suspension : Cronidclite in Water

Aging Time pH
++ /• -J.

epm pzc Fe Mg Si

0 0.05 -3.15 3.7 e • • * • • • • r r • ¥

1 da y 0.81 -2*21 3.4 0.5 0.3 2,5

7 days 0.63 -2.08 3.3 1.1 0.3 2,0

21 days 9.42 -1.91 3.2 2.0 0.5 3..1

35 days 9.31 -1.79 3.2 2.4 0.4 3.2

56 days 9.14 -1.67 3.2 3.2 0.5 3,0

70 days 0.11 -1.52 3.2 3.5 0.6 3.4

2% Suspension : Crocidolite in Water

0 9.91 -3.19 4,4 • • • • i » « i if**

1 day 0.73 -3.40 3.4 0.8 0.5 3.1

7 days 9.57 -3.51 2.7 1.5 0,7 3.4

21 days 9.39 -3.58 3.3 3.8 0.3 3.8

35 days 9,24 -3.69 3.3 5.0 0. 8 3.6

56 days 9.17 -3.73 3.2 6.0 0.7 3.0

70 days 9.15 -3.59 3.1 7.3 0.3 4.2
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Chrysotile

Crccidolite

Serpent.i ne

1?- and 7$ Suspensions of UNTREATED

Chry'nti]n, Crocidolifa and Serpentine
1% S uspension___

1 ̂ -Suspension.---

MIKA * >«nie Chrysotile 2% S u s p , —

Vfn Suspension—— *— • " • — *Seroentine 2% Susp.— *•— A  —

TINE. (WEEKS) >

r igure 3-A
Tine (weeks)Plot of PZC (pH) versus Aging



1'/ and 2f: Suspensions of ACID TREATED

Ciirysofcile, Crocidolite arri Serpentine,

Chrysotile 1% Susp,._------ -- (Jj * -— Chrysotile 2% Stjsp.._----------™_ s

Crocidolite 1?bSiisp. ---- 41 - C r n n  1 H r.l i f p

Serpentine 1% Susp.— • »  «* —  A -------- — ■ Serpentine 2% Susp,—

--------------

PZC

3 4 -5 6

_______ TI PIE (WEEKS)

figure 3-8 Plot cf P?C (pH) versus Aging Time (weeks)
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and ?/■ 
Chrysnti'J e,

Suspensions of UNTREATED
Cirocidolite and Serpentine

ohrysotile Suspension :___
Chrysotile ?% Suspension s----
Drool rJolite Suspension :____

Crocidoiite 2% Suspension 

Serpentine 1p Suspension '—  
Serpentine 2t Suspension

TIME(weeks)

figure 4-A Plot of pH versus Aging Time (weeks)
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1/' and 7f Suspensions of ACID TREATED 
Enrysotile, ^rccidolite and Serpentine*

Chrysotile Susp,— —   --- - O   - — - Chrysotile 2% Susp.— . < —

Crocidoliie I^Susp.---- ----- B ------— - Crocidclite 2^Susp___ __ .g_

Serpentine 1/5 Susp.—  --- ^ ---- ------ Serpentine 7% Susp.     ^  ,

igurt 4-B Plot of pH versus Aging Tine (weeks)
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1'/ BnrJ Suspensions of ACID TREATED
Chi'yu.jtilr, o.-oci oolite end Serpentinei

ChrysotiJn Suspension 

Chrysoti ie ?% Suspension 

Crootdolite 15? Suspension :• 

Crocidolite 7jf> Suspension :* 

Sernentino Y% Suspension 

Serpentine 7?. Suspension

O

$

-Q-

A

Jk

F i qur■F. n Plot of Concentration of Mg
4 +

( po™) versus Aging Time (weeks)
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l/> and 7$, Suspensions of 
Chrysotile and

UNTREATED 
Serpentine

Chrysotile 1/'- Suspension

('hrysotile ?/> 

Serpentine \%

Suspension

Suspension

- O

&

Serpentine 2% Suspension
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1/' and 7% Suspensions of UfJTRFATEO 

Crocidoli to

0.6

Conn,
( ppm) 

0.5

T I M E ___ _________ _—

Crocidoli te A Cf 1 p Suspension : ----- p — -----

Crocidoli te 2% Suspension : «—-———*---------------

++
f inure 6-3 Plot of Concentretion of Mg (ppm) versus Aging Time (weeks)
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1'~> and 7% Stisp 
Ciivyso t tie, C rnn

'srsions of ACID TREATED
idolite and Serpentine t-

Ohrysniil.e 1% Suspension •„

Crirysotile 2% Suspension 

Crrcidolits '\% Suspension :• 

CrenirJol ite 2% Suspension :■ 

Serpentine Suspension : 

Serpentine 7% Suspension s—

O • 

t

A

A

1.0

0 .9

i i
n .R

0.7

0.6

Coon,
( ppm)0 ,5

o;4

0.3

0.2

0.1

(1,0

„T I PC (weeks)-

++.
P ’ r: o r. of Concentration of Fe * PPm) versus Aging Time (weeks)F igure 7
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1/-; and Tj. .Suspensions of UNTREATED 
F^r/rotilOj -!'OCjdoli te and Serpen cine

Chrysotile 1;' Suspension

ChrysotiIn ?/ Suspension 

Cracidolite 1% Suspension 

Crocidolite 2% Suspension 

Serpentine *\% Suspension

«5>

-- &

Serpentine 2% Suspension -  A

Cone, 
(ppm) 5

TIME(weeks)—

Figure R Plot of Concentration of Fe++ (opm) versus Aging Time (weeks)

A  ^
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1"’. and 2% Suspension-:; of ACID TREATED 
Chrysotile, crocidol•to and Serpentine.

Chrysotile 1 Suspension 

Chrysotile '2°Z. Suspension 

Crncido)ito 1/- Suspension 

Crocidolite 7% Suspension 

Serpentine Vf Suspension 

Serpentine 2% Suspension

A

Cone.

(ppm)

Plot of Concentration or

TI ME (we s !< s)— *------ -----

Si4+ (ppm) versus Aging Time (weeks)Figure 9
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1r'- and 2% Suspensions of UNTREATED
C' roc idol its

Tone. 
(ppm)

»

- TIME (weeksf-.----- -— —-— -»*»

Crocidolite '\% Suspension : — —— — — --S' 

Crocidolite 2% Suspension : *------------ S'

Figure 10-8 Plot of Concentration of Si4 (ppm) versus Aging Time (weeks,'
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DISCUSSION

It is a recognized foot that pzc's of certain simple oxides 
5.19

vary with time. Attempts have been and are being made to investigate
20

such behaviour in more complex minerals. As far as the measurement of 

pzc as a function of aging time is concerned, this is the First time 

that such an attempt is made for ferromagnesium silicates, Values for 

the pzc *s of) some of these minerals have been reported in literature,

21
but the history of the mineral is not reported accurately in most cases,

12
while in others, there ore apparent experimental errors. Also, it is 

a general procedure to make the measurements of pzc's of minerals 

"after the double layer has (supposedly) been stabilized". Different

values reported by various investigators may be because of the variable
IpCfOiZ C

lengths of time for which the suspension was aged because making the 

measurements, Pzc values for crocidolita and serpentine could not be 

obtained in literature available upto the present date, Pzc values 

reporter! for ohrysotile are shown in table VII.

As has been pointed nut. earlier and also m  Appendix I, the

values of par's obtained by different persons using various methods ore

sf fee ted by what, could be termed as ” instruments I and human factors",

fhe value? Tor the pre's of ohrysotile reported here are quite satis-

factory in conjunction with those reported by the ot.her.M. 1 1 va.>. ur>
f J 5 22 

5zc of chryrotils calculated by Parks' formula is anywhere between

n.2 and 12.5, It can further be seen from table IV--8 that for both the
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TABLE 'ill

PZC of Chrysotiile

PZC REMARKS REFERENCE

- 12.5 calculated Luce (23)

11.3 streaming potential Martinez and Zucker

1 - 11.0 adsorntion of
acetate ions Chwastiak (21)

10.0 microelectrophoresis Pundsack (25)

9.8, 11.1 microelectrophoresis Riddick (22)

10.1 microelectrophoresis 
7 weeks aging Picuf (16)

10.3 microelectroohoresis 
1 day aging Present Study

R.7 microelectrophoresis 
10 weeks aging Present Study

suspensions of the untreated sample of chrysotile, the pzc was around 

0.7 after a 10 weeks’ aging time. It is contended that the pzc will not 

Show any change in its value after a considerable length of time which 

remains to be determined. Ibis time will be when the potential

determining ions present at the interface are enough to nullify the 

effects of each other. This is the definition of pzc. What are these 

potential determining inns in our case? Are they OH and h or are 

they the hydrolysis products of Mg++ and Si s.g. WgOH and ^SiO^ ? 

Or is there the presence of other polynuclear species? I or dilute
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aq.^ous solutions, no magnesium-silica complex ions have been reported" 

for a detailed disenior; and interpretation of the potential determin­

ing ions an-' the pzo’s, it is essential to get an idea of the distribu­

tion of all significant ionic species as a function of the pH of the

system in quo-cion, in our case of magnesium silicates, the following
CcrYV-jJfc#

stability canstants are enough for calculating the concentrations of 

all significant ionic species:

?r.

(fOg++)(OH~)
r 107.58 • r « :  i  m  • :  $ « i (77)

(H )(H3Si04 ) 

(H^Sifi^)
10 ■9.8

........... v 28)

(H+ ) ( H2S i n 4 "~)

(H3S i 04 ")
10 •12.15

(28)

figure 11 shows the distribution of ionic species as a function of pH at
++ .4+ _ . .

arbitrary total concentrations of Mg and 5i . I he positive charge 

on chrysotile below pH 10 and the negative charge above this pH must be 

accounted for by tbs potential, determining ions, Tt can be seen from
+ V

figure 11 that between pH 10 and 11, the concentration of Mg and OH
4*

is equal. - There is no decrease in the concentration of Mg ions be_lou; 

pH 10 which could also account for the positive charge shown by the 

chrysotile surface at dH values below pH 10. On the ocher hanu, the 

concentration of Mg ions above pH 11 tends to decrease, while that or 

OH** tends to increase, thus accounting for a negative charge on the 

surface at oH above 11. This locates the pzc in between pH 10 and 11.



46

Eii2iLaL.Li]!LLii£iivitv (mnles/liti-p) j,h

4

Tnta) Arbitrary Concentration of IMg++ = 1.5x1C)"5 moles/litre 
and of Si4+ = ID-4 moles/litre.
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A*, far as the pzc s of nonfibrous serpentine and crocidolite 

are concerned, no value has beer, reported in literature. However, an 

attempt is rode to justify the values reported here, by comparing them 

with those calculated by barks' formula.

According to Parks' formula,

PZCflB = K + (PZCa )/(1+x ) + x(PZCB)/(1+x)

where A and B are two simple oxides constituting the complex 

oxide AB and x is the number of sites of B per site of A. K is a 

constant dependent on the surface charge, which is a function of pH 

and x. Serpentine, as we know, is ffig Si Ci(OH) , Assumung that per 

Wg(llH)^ site on the mineral surface, there are two silica sites and 

also assuming that the pzc of tfg(BH) is 12.5 and of Si0o is 1.0, the 

pzc of seroentine can be calculated as follows;

PZC.serpent!ns = X ♦ <PZSlg(0H)2)/(l+2) + 2<PZCSi02V ( 1*2)

= (12,5)/3 + 2(1.8)/3 

- 5.3 (approximately)

The value observed during the course of this study is 5,8

which increases to 7.1 after a ten week aging time. This may be because

of the different, rates of dissolutions of the two oxides which disturbs

the Si0„ :f»ig(GH) :;2:1 proportion. It is observed in the dissolution 
7 ++

study reported here that the rats at which ,!>g xeuches out of the 

surface is far more than that at which Si leaches out of the surface.



This could not, however, bo taken as the most logical explanation, 

because there are several other complexities and interdependences of 

various sites o'' other species and impurities claiming their own charge 

on the situation. This can be more clarified by consideration of our 

next mineral, crocidclite.

t.rocirioli te is a magnesium silicate with considerable amount 
++ +++

of Fe and Fe oxides present alongwith silica and magnesia. We have 

earlier assumed the pzc of Mg(0H)„ to be 12„5, Let us also assume that 

that, of Fed is around 11, fl. Assuming that the number of sites of 

Mg([lH)? is equal to that of Fe(OH)^, we can consider the overall pzc of 

a complex oxide of fflgO and FeO to be at the arithmetic mean of 11.8 and 

12,5 ie 12,2, Let us designate this complex oxide as A, Then,

PZCnrcnidolite = PZCSi02-A = ^ ^ S i O ^  +

= (3/4)(l,8) + (1/4)(12.2)

» 4.4

this is assuming, of course, that SiO !As:3s1, We have observed that 

the pzc of crocidclite is around 4,4.

As this similarity in the observed and calculated values of the 

pzc * s is based on many assumptions as regards the pze's of various 

constituent oxides and also because the very basic formula for the cal­

culations is largely based on assumptions and has its own limits of 

empiricism, the safest possible way is tc conclude i h a t h e  p̂ .c s o?



magnesium silicates should not be considered a constant, hut a variable 

quantity because of choir more easily dissolved cations,

/-.s the suspension is aged, again ref erring to table IV-8 it 

can he seen that the pH of the suspension decreases. This may be because 

of the formation of surface l*!gOH and SiOH groups. The dissociation of 

WqOH and SiOH groups is pH dependent. This decrease in the pH of the 

suspension might bo responsible for a decrease in the electrophoretic 

mobility of the particles, thus having a direct tendency to decrease 

the pzc of the minerals, It is contended that the pH of the suspension 

will increase after a certain aging time as a result of the exposure of 

more acidic silica sites.
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It is reported that the extraction of magnesium and soluble

silica is dependent on the acidity : or basicity of the suspension and

29
also on the temperature at which the leaching is carried out. This

type of study should prove to be of much interest and quite informative,

The study reported here, however, takes into account the dissolution of 

++ 4 +
Mg fe AMD Si at room temperature and at natural pH of the suspen­

sion, As can be seen, the only two variables are the history of the 

mineral and the suspension densities of all the suspensions in water.

In the abscence of any' temperature other than the room temperature and 

also with no more than two suspension densities, the data may seem mere 

specific than general. No attempt is hence made to generalize these 

data for another suspension density or to determine whether the dissol­

ution is Diffusion controlled. It is not known what is the extent of
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the effect of the change in . H on dissolution. It is certain, however,
29

that pH changes do affect dissolution.

Researcuers in the field of asbestos and other Ferromagnesium

minerals hold different views as regards the structure of the asbestiform

minerals. The sheet structure with alternate sheets of Mg(OR) and
2

Si-0 is generally accepted for the nonfibrous serpentine. Figure 12 

is a schematic representation of the idealized structure of serpentine.
50

G  O  O  O  O  O  0 '~HyI,ro,<yl
e  0  e  ©  Magnesium

Silicon

Z? Oxygon

Fioure 12 Idealized Structure of Serpentine

For the structure of the fibrous variety of serpentine, however, two

schools of thoughts exist and noth have convincing evidence in their

favour. Chrysotile was classified first as an amphibola structure

With a repeating Si^O^"0 unit which was then revised to a sheet ^

type structure with a repeating Si^O^ unit." ouring the earlier

which clearly showed the fibers in the form of hollow tubas.

part of the 'fifties, electron micrographs op chrysotile were published
33,34,35



Tbe hollow tubular structure has, however, been ruled out as 'highly 

improbable' as it is not compatible with experimentally determined 

density values for sealed, solid blocks of asbestos fibers.36 The 

tubular structure is supposed to be formed as a result of the bending 

nf the Si-O-Ng-OH layers in order to relieve strain caused by 

differences in the dimensions of the intermeshing layers.33 This type 

of strain effect was predicted as early as 1930, '

The tubular hypothesis has further been substantiated by

showing that isomorphous substitution of various cations for Mg++ or

Si ions can relieve the strain in the chrysotile lattice and form flat
38

plates similar to many clay mineral structures. Chrysotile has, hence,

been classified hv many as the magnesium analog of the kaolin group,
39

particularly of Halloysite.

Crocidolite, on the other hand, shows a distinct physical

structure. It has been shown that single fibers of crocidolite are
40

in the form of laths. Electron microscopy shows that crocidolite
41

fibers are actually ribbons.

While it is not certain what is the actual structure of the 

twr. fibrous minerals, it is sure that, the fibers have an outer layer oi 

magnesium hydroxide and an inner layer of silica, Ihis is supported by 

high alkalinity of their suspensions in water. On the other hand, it 

is contender! that if the outer layer of f!g(0H)^ is somehow removed,

layer should be exposed to the liquid. This has been

51

the inner silica



shown

three

by the data ga

minerals, when

thered during the present investigation. All the 

treated for two hours with 1 f$ concentrated MCI,

lost the cuter layer of readily dissolved Wg(OH) and showed surface
2

charge and electrophoretic behaviour almost similar to that of silica. 

They all exhibited pzc values between 2 and 3, not showing substantial 

change by aging. The pzc values for silica (quartz) reported in

literature are also found to be lying anywhere between 1.5 and 3 and
20

not changing with the aging time of the suspension.

Another important aspect of the present investigation is the

study of the kinetics of dissolution of the magnesium silicates in

question. The possibility of employing various methods for measuring

rates of reactions primarily depends upon the system being studied.

The experimental techniques applicable to hydrometallurgicsl systems

such as these, are more limited than those applicable to solid-gas or

gas-pas reactions. The reaction is called homogeneous when it occurs

within only one phase of a system. In hydrometallurgical systems, we

commonly come across solution diffusion which is a homogeneous

reaction arid which is a main phenomenon in dissolution of minerals.

In systems involving dissolution of a solid ( also precipitation of a

solid, which is just the reverse ), diffusion through a zone adjacent
42

to the solid-liquid interface controls the rate.

A chemical reaction could be represented by the equation: 

aA + bB cC + dD



■fhc rates in the Forward (rf) and the backward (r ) directions

are expressed as

rf = kf (A)d (B)h and rfa = kb (C)c (0)d where 

kr and kb are the rate constants for the forward and the backward 

reactions. Considering only the Forward reaction, the order (n) is 

equal to the sum nr the exponents (a+b). Therefore, any reaction rate 

involves a product of concentration raised to some power according to 

the equation

dc/dt = +. k where c is the concentration of the

species which changes as a result of the reaction.^

Considering a reaction of the order n with respect to reactant 

c, the general differential rate equation is

dc/dt = -!<(e) .

When n = 1, the reaction is first order and upon integration becomes 

ln(c0/c) = kt.

Similarly, for a zero order reaction, dc/dt = k ie c - kt. Zero order

kinetics result from the fact that the concentrations of all the
42

reactants in a rate step remain constant during the reaction. Crystal 

growth From saturated solutions and many heterogeneous solid-gas arid 

solid-liquid reactions ore examples of zero order reactions.

The dissolution of the serpentines could be represented as

2Si(0H)4 + 6(0H)“

53

n93Si2n5(0H)4 + H2°
+- 3 Mg
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U  is interesting to note that in the case of Mg++ leached out of

untreated chrysotile samples, the plot of concentration versus aging

time is a straight line obeying a linear equation of the form

y = mx + c where m is the slope of the straight line and c, the

intercept made on tire vertical axis# This is shown in figure 6# The

values Gi the slope and the intercept for both the suspensions have
45

been estimated by the method of least squares and it has been found 

that the best linear unbiased estimates for the slopes of the straight 

lines are x,7 and 3,4 Tor '\% and 1% suspensions respectively, and 

those for the intercepts are 23,1 and 46,3 for the two suspensions.

It is further interesting to note that 23,1, the intercept made by the 

line for 1% suspension is almost half of that made by the line for 

2/f. suspension. Suspension density thus seems to be a governing factor. 

This type of linear relationship seems to exist for other suspensions 

and dissolution of other species of the same suspension. This is 

evident from figures 6, B and 10, In some of the cases it is observed 

that the plot is not exactly a straight line. In order to throw more 

light on this matter, another approach has been taken.

The same data could be looked at in another way to draw
_ + + + + _ 4 +

a similar conclusion, The concentrations of I'lg , fs and Si in

the suspensions of chrysotile, crocidolite and serpentine in moles per 

litre, when plotted on the semilogarithmic scale with their corresponding 

aging times did not show a linear relationship in all the cases, but i or 

seme of the suspensions it did show linearity, which tended to curve out
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after a considerable .length of time. This could be explained by a 

possible readsorption of the dissolved species on the mineral surface. 

Also, it must he kept in mind that zero order reactions some times show 

behaviour of a first, order reaction which is because of an incomplete 

adsorption or -he products taking place because of low pressures. The 

linearity observed in these cases (represented in figure 13) is just a 

limiting case of the plots in figure 6 and has resulted due to the 

change of units of concentration which has caused the contraction nf the 

scale. This further helps substantiate the conclusion that this dissolu­

tion is a zern order kinetic reaction, Looking at the similarity 

(although the two are exactly reverse of one another) between the 

processes of dissolution and precipitation, it is evident that the 

initial time period which is assigned to the phenomena of "Nucleation 

and Growth." in precipitation or recrystallization needs special 

attention. Go attempt has therefore been made to give emphasis to 

the amount of Mg , Fe and Si dissolved in water for aging times 

of upto one week.

The amounts of magnesium, iron and silicon that leach out 

of the mineral surface is dependent not only on the history of the 

sample, but also on the sample concentration itself• Thus more of 

iron and silicon species were detected .in the leachant of the untreated 

crocidolite sample than magnesium was, while chrysolile and serpentine 

lost more of their magnesium in the aqing suspensions because the 

magnesium content in the serpentines was initially higher. The initial 

composition of the minerals, however, should not he a guiding criterion,
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Figure 13~B Plot of Cone, of fflg 
1/'. and '//' Suspensi

(::iola?/litr.;>) versus Aging Time 
or,ei of Untreated Crocidolite

(weeks)

4
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This can ho seen in table IV-9 again. The amount of silicon that

was extracted out of the mineral surface was at no time more than

0,5 part, per million, while at the same time Mg in the lea chant

was found to be as high an 80 ppm, Similar results have been
Ah

observed by others. This might be due to the amount of soluble 

silica that might be less from the very beginning or it may be due to 

the readsorption of the hydrolysis product of silicon, or another

possibility is the unability of the molybdate method to detect 

soluble silica that might be present as another complex, which, in

turn, might not he able to form silico molybdate complex which is

1 8essential for the colorimetric determination of silica.



CONCLUSIONS

From this investigation it can he concluded that:

(1) :he points of zero charge of magnesium silicates 

are variable quantities and not constants. The pzc of chrysotile 

varies from 10.1 initially to B.7 after a ten week aging time. That 

for serpentine changes from 8.4 to 5.8, while croeidolite shows the 

points of zerocharge at 4.4 initially which decreases to 3.1 after a 

ten week aging period. This variability of the pzc's is primarily due 

to the dissolution of surface magnesium hydroxide sites leaving behind 

less soluble silica sites thus changing the initial proportion of 

their sites with one another and causing the pzc to move towards the 

pzc of the new complex nxi.de site on the surface,

(2) The suspension pH, the history of the mineral 

and the suspension density of the mineral in water affect the dissolu­

tion of the mineral in water and also its pzc.

(3) The surface area and hence the particle size

effects the dissolution of the minerals. Because the fibers have a
o

tntal outer diameter of not more than 500 A, which is too small to be 

compared with the length of an average sized fiber, it can be said 

that the surface area does net change very drastically. 1 his might 

lead to the situation where the plot of change of surface area versus 

soing time might be a straight line parallel to the horizontal axis.

(4) The rate of dissolution of some species is



comparatively much higher than that of other species.

( 5 ) The dissolution of magnesium silicates can be

considered to be a zero order reaction. It cannot be said f r o m  the 

data collected during the present investigation whether the reaction 

is diffusion controlled or surface reaction controlled.
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SUGGESTIONS FOR FURTHER RESEARCH

It is suggested that an extensive experimental research be 

devoted to carry on additional exploration of the topic investigated 

in the present project.

A completely new approach should be made to the variable pzc's 

of the minerals. For an easy interpretation and generalization of the 

data, at least four different suspension densities should be studied 

and if possible, a different size fraction of the minerals should be 

used. Similar dissolution studies could be carried out at different 

temperatures and in various atmospheres. The electrokinetic behaviour 

nf these minerals should also be studied under various environments, 

e.n, inert atmosphere like nitrogen or an active atmosphere like carbon 

dioxide. An attempt should also be made to correlate change in the 

surface area with aging and dissolutinn.

Dissolution should also be studied in a greater detail during 

the first stage of leaching. Taking more frequent measurements of the 

concentrations of the dissolved species should throw more light on that 

stage of dissolution which has been labelled earlier as being the reverse 

nf "nucleation and growth". The dissolution study should be carrieo out 

at different temperatures and use should be made of the isotherms thus 

obtained to determine whether or not the reaction is diffusion

control led.
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Development of some type of theoretical formula that, might 

correlate the concentrations of dissolved species with aging time 

should help decide the structure of the minerals in question.

Looking from the point of view of a medico-engineer, it might 

prove to be of great importance if pzc, pH, structure and size of the 

fibrous minerals are correlated with coagulation, dispersion or 

flocculation of the fibers. This might lead to further knowledge in 

the direction of carcinogenic properties of fibrous asbestos.
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APPENDICES



APPENDIX I

fci

Zf TA POTENTIAL, ELECTROPHORESIS AND /'[TA METER

At the sol id-liquid interface, two types of potentials a m  

developed. They are called pi and zeta potentials. Electrokinetic 

behaviour of a minor 1 depends on the potential at the slipping plane 

between the charged surface and the electrolyte solution. This poten­

tial is called the electrokinetic or zeta potential. A layer of water 

of about, one molecule thickness is supposed to he bound to the surface 

by chargn-o'ipole interaction. Therefore, the surface of shear is 

generally supposed to be located just outside the Stern layer. (See 

figure 1, page 5.)

If an electric field is applied tangentially along a charged 

surface in contact with water or an aqueous electrolyte, s force is 

everted cn both parts of trie double layer. The charged surface and 

the attached material tend to move in the appropriate direction, while 

the ions in the diffuse layer alongwith associated water cf hydration, 

show a net, migration in the opposite direction. As a result, if the 

charged surface and the mobile part of the double layer are made to 

move relative to one another, a potential gradient is created. 'he 

movement of charged minoral particles relative to a stationary liquid 

by an applied potential difference is called electrophoresis. If the 

material being investigated is a stable suspension or an emulsion 

containing microscopically visible particles cr droplets, then electro
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phonetic behaviour can be observed and measured directly.

; he zeta meter is a commercially available apparatus for the 

measurement of the electrophoretic mobilities of various.particloo by 

microelectrophoresis technique. The electrophoretic mobility can be 

expressed as the zeta potential of the mineral particles by a simple 

relationship known as Helmholtz - Smoluchowski equation. It is often 

f o u n d  that there is a slight extent of error in the conversion of 

electrophoretic mobility to zeta potential by this formula. This is 

the reason why attempt is not mads to convert the mobilities to zeta 

potentials, but the data have been interpreted in the form of the

mobilities only. Theoretical details in this direction could be found 
45,46,47,48

in literature.

Although the zeta meter is only one of many other commercially 

available apparatus for surface charge measurements by many methods 

like the Tiselius moving boundry method, zone electrophoresis, electro- 

osmosis, streaming potential and sedimentation potential, its relative 

cose in hand? ing and accuracy of results are two main factors that 

attract the attention of researchers in this field. There are, however, 

some drawbacks of this apparatus, which should be made note oi .

Firstly, the cylindrical nature of the connecting tube of the 

zeta meter cell (or Riddick cell) requires an optical correction for the 

focussing action of the cell walls and is unsatisfactory if any sedimen­

tation takes place during the measurement.
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Secondly, microejsctrophoresis measurements are complicated by

simultaneous occurence of electroosmosis. The internal glass surfaces

of the cell are generally charged, causing an electroosmotic flow of the

liquid neer to the tube walls together with a compensating return flow

of the liquid with maximum velocity at the centre of the tube. This

results in a parabolic distribution of liquid speeds with depth, and the

true electrophoretic mobility is only observed at the locations in the

tube where the electroosmotic flow and the return flow of the liquid 

49
cancel. It has been calculated that the diameter factor that marks

the position of .the tracking line in a circular tube type electrophoresis
. 50

cell is at 14,7^4 of the tube diameter from either wall of the tube.

Lastly, the thermal overturn in the liquid in the tube, caused 

by the rise in temperature of the liquid by the applied potential 

gradient can have an adverse effect on the observed electrophoretic 

mobility of the particles.

These are only a few of the facts that should be paid attention 

to when interpreting electrokinetic data obtained by this method.

Appendix II shows the plot of electrophoretic mobility versus 

pH for a 2% (w/v) suspension of untreated chrysotile.



APPENDIX II

PLOT OF ELECTROPHORETIC MOBILITY (EPM) VERSUS pH 

?/ Suspension : Chrysotil r in Water

PZC=10.1

pH

Figure 14


