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

In rotary d r i l l i n g of o i l wells the c i rcula t ion of a d r i l l i n g 
fluid i s conditio sine qua non: i t s primary functions are to cool 
and lubr ica te the b i t and to remove the d r i l l cu t t ings . Thus the 
function of a d r i l l i n g fluid i s conparable with that of a cut t ing 
o i l in metal cut t ing operations, 

In p r inc ip l e , therefore, a s ingle f luid (o i l or water) or a 
fluid eimilsion would do the j o b . However, an addi t ional functicm 
of a d r i l l i n g fluid is to keep the hole in tac t : the weight of the 
mud column should res tore the disturbed equilibrium of the forma­
tion pressures . In most cases the spec i f i c gravi ty of the mud 
should be greater thein 1 to achieve t h i s , pa r t i cu la r ly when h i ^ 
pressure gas r e se rvo i r s a re encountered: the f lu id column may 
thai prevent a blow-out. TTie f luid should therefore be weighted, 
e i ther by suspending heavier material or by dissolving such mate­
r i a l s in the f lu id ( e . g . b r i n e s ) . In the case of suspensions 
the s e t t l i n g of the suspended matter should be prevented which 
may be achieved by the addition of co l lo ida l ly dispersed matter . 

In most cases the use of suspensions w i l l be impera t ive : 
usually porous formations are encountered where a single f luid or 
solution would get los t by penetration into the formation. A sus­
pension, on the o ther hand wi l l f i l t r a t e on the porous w a l l , 
leaving behind a ra ther impermeable f i l t e r cake, preventing fur­
ther f luid losses . This phenomenon i s ca l led the ' p l a s t e r i n g " of 
the formation by the mud. Also for th i s purpose the presence of 
col lo idal matter which i s known to improve the impermeability of 
the f i l t e r cake, wil l be higlily des i rable . 

In general, therefore, the principal components of a d r i l l i n g 
fluid are the fluid phase, suspended weighting materials said col ­
loidal ly disfjersed suspending emd plas ter ing mater ia l . The l a t t e r 
wi l l often require the addit ion of pept i s ing agents in order to 
regulate the s t a t e of f)eptisation of the co l lo ids . 

In addit ion, special compounds may be added for special pur­
poses, e .g . to prevent the dispersion of clays of the formations 
d r i l l e d , to itiprove the p las te r ing on extremely porous formations, 
to improve the removal of the mud cake which i s formed on the 
productive zone ( 'yep las te r ing") and to counteract the taking up 
of gas ("gas cu t t ing") . 

The requirements to be met by a d r i l l i n g fluid in c i rcu la t ion 
may be sumnarized as follows: 
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Tliey should 
1. adequately lubr ica te and cool the b i t ; 
2. carry the d r i l l cut t ings in tlie upward stream; 
3. release the cut t ings in the mud di tch; 
4. keep the weighting materials in suspension; 
5. be easily pumpable; 
6. keep tlie hole in tac t and prevent blow-outs by the i r weight; 
7. have excellent p las te r ing and deplastering propert ies; 
8. not disperse tl)e formations encountered; 
9. r e s i s t gas-cutting; 
10. be non corrosive and non abrasive, 

The relevant properties to be considered are: 
lubr ica t ing proper t ies , heat conductivity and heat transfer coef 
f ic ients in contact witli s tee l in connection with (1). 
rheological propert ies (1 , 2, 3, 4 and 5) 
specif ic gravity (6) 
f i l t r a t i on behaviour (7) 
interact ion with the fonnation (8) 
foaming tendency (9) 
corrosivi ty and abrasiveness (10) 

I t i s beyond the scope of t h i s thes i s to give a de t a i l ed 
discussion of th i s complex of propert ies or of the large variety 
of d r i l l i n g fluid compositions, designed to meet the above re­
quirements. Our at tent ion will be focussed on two items which, a t 
the present stage of development, are considered to be of primary 
importance. 

F i r s t the rheological propert ies of d r i l l i n g fluids will be 
discussed in relat ion to the problem of pumpability. Secondly the 
col loid chemical properties of tJie most widely used type of d r i l l ­
ing f lu ids , viz the clay-water base muds will be dea l t with. I t 
i s known tliat the adjustment of the co l lo id chemical proper t ies 
of these clay suspensions have a d i rect bearing on their rheolog­
ical behaviour and th is forms the link between the two items under 
discussion. The pumpability study i s a typical engineering prob­
lem, as we are here handling many tons of d r i l l i n g fluid in c i r ­
culation over large dis tances . In the colloid chemical investiga­
t ion, on the other hand, we riiust think in terms of p a r t i c l e s of 
col loidal dimensions. However, the d is t r ibut ion of charges a t the 
surfaces of the extremely small clay p a r t i c l e s determines the 
pressures required to pump the d r i l l i n g fluid in bulk. This i s , 
in our opinion, tiie par t icu lar charm of the combination of an en­
gineering witi) a col loid chemical study. 
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The pumpability and the colloid chemical problem are dis­
cussed in part I and II, respectively. In part III the link be­
tween the two will be dealt with. 



P A R T I 

RHEOLOGY, VISCOMETRY AND PLMPABILITY 
OF DRILLING FLUIDS 

S L M M A R Y 

Mud rheology and mud viscometry are discussed from the pump­
a b i l i t y point of view. F i r s t , mud flow in the rotary c i r c u i t i s 
analysed. Oh the strength of th is emalysis the rheological infor­
mation required to attack the pumpability problem i s formulated 
and f ina l ly a su i t ab le viscometer i s developed enabling the de­
terminat ion of those rheological constants from which pumping 
pressures may be calculated. 

With this instrument, amodified Stormer viscometer, a number, 
of muds has been tes ted, pa r t i cu l a r ly clay base muds before and 
a f te r chemical treatment. I t appeared that the muds, under the 
conditions prevai l ing in the c i r cu i t , behave as e i the r Newtonian 
or Binghaim p las t i c systems. Chemical treatment was found to affect 
mainly the Bingham yield s t r e s s of a mud, the small d i f fe ren t ia l 
v i s cos i ty remaining p r a c t i c a l l y unal tered . In the laminar flow 
region th is resu l t s in a decrease of the pumping pressure, since 
in t h i s region the pumping pressure i s mainly governed by the 
Bingham yie ld s t r e s s . In the turbulent flow region i t was not 
known whether yield s t ress reduction would lower the pumping pres­
sures since insuff ic ient information i s obtainable in the l i t e r a ­
t u r e . Therefore a number of semi technical scale and one ful l 
scale pumping experiment have been carr ied out with simultaneous 
determination of the rheological behaviour of the muds. I t was 
found in th i s , s t i l l l imited, amount of tes t s that pressure losses 
in the turbulent region are higher than predicted from differen­
t i a l v iscosi ty data but a t constant d i f fe ren t ia l viscosi ty a va­
r i a t i o n of the y ie ld s t r e s s from p r a c t i c a l l y zero to about 150 
dynts/cm^ appeared not to a f f ec t the tu rbu len t flow pressure 
losses . I t was, however, shown that the c r i t i c a l c i rcula t ion ca­
pacity for the onset of turbulence increases with increasing yield 
s t r e s s . As a consequence, in some rangies of c i rculat ion veloci t ies 
the mud with the higher yie ld s t ress which i s s t i l l in the lïuninar 
flow region may be more eas i ly pumped than that with the lower 
yie ld s t r e s s which i s in the turbulent flow region. Par t icu lar ly 
with weighted muds, where turbulent flow pressure losses are ex­
tremely high due to the high speci f ic gravi ty , the yield s t r e s s 
may be raised in order to keep pumping pressures low by the main­
tenance of laminar flow. 
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PART I RHEOLOGY, VISCOMETRY AND PUMPABILITY 
OF DRILLING FLUIDS. 

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

Tlie mud pump and c i rcu la t ion system are the hear t and veins 
of the ro ta ry d r i l l i n g equipment. I f blood thickens the hea r t 
fa i l s and l i f e s tops, i f mud thickens, the pump fa i l s and d r i l l i n g 
must be stopped. This may demonstrate the importance of the rheo­
logical propert ies of rotary d r i l l i n g f lu ids . In a given mud c i r ­
cu i t the maintenance of a minimum rate of c i rcula t ion required to 
cool the b i t and to carry the d r i l l cu t t ings , ent i re ly depends on 
the adequate adjustment of the rheological behaviour of the mud. 

When o i l wells were d r i l l e d to shallow depths and slush pumps 
were driven with steam power, the pumpability of the mud was neverr 
a very ser ious problem. In present-day deep-dr i l l ing operat ions , 
however, and >rfiere the pumps are driven by Diesel engines, pumping 
pressures are more c r i t i c a l . Consequently, increasing a t t en t ion 
i s being devoted to the pumpability of muds and the e f fec t of 
t he i r rheological c h a r a c t e r i s t i c s cm the pumping pressures . Al­
though much t h o u ^ t has been given to both pumpability and rheo­
logy of muds, their re la t ion i s s t i l l not suff ic ient ly known. 

Tliis i s mainly due to the lack of appropriate viscometers to 
supply the required rheological information. The usual apparatus 
l ike the MacMichael and Stormer instruments or the Marsh funnel 
e t c . are a rb i t r a ry instruments in which the flow pat tern i s i l l 
defined, and although the r e s u l t s may be used in a r e l a t i v e way 
in the da i ly rout ine control of mud samples, no basic data are 
obtained for use in p ressure l o s s c a l c u l a t i o n s . Therefore the 
need was f e l t for a viscometer-preferably a routine type i n s t ru -
ment-which would supply these fundamental data. 

Generally speaking, when handling such a problem of applied 
rheology, the p r a c t i c a l problem should be analyzed c a r e f u l l y . 
Therefore thé re la t ion between the rheological charac te r i s t i cs of 
muds and the i r pumpability must be discussed f i r s t . Then on the 
strength of the analysis of mud flow in the rotary c i r c u i t , the 
fundamental rheological information required for pressure loss 
calculat ions can be formulated. Finally a su i tab le viscometer may 
be developed. 

A l imi ted number of pumping experiments on a semitechnical 
scale and one full scale experiment have been carr ied out in order 
to check the r e l a t i o n s between viscometer readings and pumping 
pressures in a rotary c i r c u i t . 
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A. R H E O L O G I C A L D E F I N I T I O N S U S E U,-̂  

As wil l be shown,later, under the conditions prevai l ing in 
the irud c i r c u i t , d r i l l i n g muds approximately obey the equations 
for e i ther Newtonian or Bingham p la s t i c flow. Their flow bdiaviour 
may thus be represented by one of the following formulas: 

T = r|D for Newtonian flow and t - Xg - n.D for Bingham flow «riiere 
X "• the shearing s t ress applied (dynes/cm^ or N/m^) 
XB« the Bingham yield s t ress 
D •• the ra te of shear ( s e c . ' ^ 
r\ • the viscosity (dyn^sec.i«;m2 
n the di f ferent ia l viscosi ty 

' po i se" or N sec./m2)" 

(between brackets the e .g . s . and practical unit», respec* 
t ively; if pressure losses according to the formulas given 
are calculated in dynes/cm-^ they may be converted into p . s . i . 
or atmospheres by multiplying by 14.5 x 10'* or by 0.986 x 
10" respectively,) 

These re la t ions are represented in f ig . I , ] , showing the x-D 
diagrams. 

NEWTONIAN FLOW 

/) s cot a 

'BINGHAM FLOW 

h = cot a 

no. 1,1 
6276-1-B^ 



For Bin^am flow the extrapolated "Bingham" yield stress isj larger 
than the yie ld stress defined as the minimum stress causing flow 
(XQ), Hie deviation from the straight l ine at low rates ojF shear 
i s , however, of no interest for the pumpability problem,'At the 
high rates of shear prevai l ing in the c i rcu i t , therefore, the 
system may be treated as an ideal plastic system obeying the equa­
tion X — XQ " n.D, substituting ig for XQ* 

Most muds show the phenomenon of thixotropy or isothermal 
sol-gel transition. Thus the x-D relation i s not a.fixed relation 
but depends on the history of the mud. However, in the pumpability 
studies one i s mainly interested in the x-D relat ion which i s 
valid for the mud in circulat ion or, in other words, which i s 
valid for the mud at the " fchixotropic l e v e l " prevailing in the 
c i rcu i t , 

All this applies to laminar flow where the stream l ines are 
paral le l . With increasing fluid ve loc i t ies the ratio of inert ia 
forces and f r i c t iona l forces increases , £md beyond a certain 
cr i t ica l velocity this results in turbulent flow. This c r i t i c a l 
velocity i s usually crainected with the cr i t i ca l ratio of inert ia 
and frictional forces by means of the dimensionless Reynolds Num­
ber. As soon as flow becomes turbulent the speci f ic gravity of 
the mud enters the pressure loss formulas. 

B. A N A L Y S I S O F M L D F L O W W I T H R E S P E C T TO 

T H E P R E S S t' RE L O S S E S I N T H E C I R C U I T , 

Pressure losses in the circuit occur in the surface coruiex-
ions (standpipe, hose, swivel, kelly and dr i l l collars), the dri l l 
pipe, the tool jo in t s , the b i t nozzles, the bottom of the hole, 
where the mud stream i s reversed and the annulus, i , e . the annular 
space between dri l l pipe and bore hole or casing. The s l ight dif­
ference of the specific gravity of the mud in dr i l l pipe and an­
nulus due to jhe presence of the dr i l l cuttings in the l a t t er , 
requires a small additional pumping pressure. 

A short survey may be given of the pressure-loss equations 
in the different parts of the mud c ircuit for both a Newtonian 
and a Bingham p l a s t i c system. 

a. Pressure-loss formulas for Newtonian liquids (x • T^.D) 
1. Flow through the drill pipe. 

The pressure-losses for laminar flow are governed by 
Poiseui l le 's HIM: 
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P -. 8 L Ti.V 8 L T). Q / j x 
R 2 T C R " ^ ' 

where R and L are the i n t e r n a l radius and length of the d r i l l 
pipe; 

O = the volume ra te of flow 
V = the average l inear velocity of the fluid = Q/rR^. 

The maximum shearing s t r e s s a t the wall of the pipe i s Xg = "^r* 

the maximum ra t e of shear D = X^ = Jift = Vfr 

Flow i s laminar up to the c r i t i c a l value of the Reynolds 
number 

where p =the density of the fluid and m the mean hydraulic radius 

of the pipe m = - i ^ = fV2. 

The c r i t i c a l value i s dependent on the shape of the ends of 
the tube and may be assumed to be ca 2000 in th i s case. 

As soon as the c r i t i c a l Reynolds number i s exceeded flow be­
comes turbulent , and then the pressure- losses are given by the 
Fanning-Darcy law: 

P = f . J ^ ^ = f . _ L ^ ^ = f . J ^ • (2) 
71 n 

where f i s the " f r i c t i on fac to r" an empirical constant , which 
varies with the value of the Reynolds number. The re la t ion of f 
and Re depends on the roughness of the tube. According to Blasius 
f = 0.079 Re-« for Reynolds numbers between 2000 and 100.000 and 
the pressure losses become proportional to 

p i . 25 

At s t i l l higher Reynolds numbers f becomes gradually l e s s 
dependent on the v i scos i ty and P then becomes d i r e c t l y propor­
tional to the density. This will resu l t in high pressure require­
ments when pumping barytes weighted muds into deep wells. 

The pressure losses P as a function of the ra te of c i rcula­
t ion Q for some Newtonian l iqu ids are presented in f ig. 1. 2a. 
The data are ca lcula ted for flow through 3000 ft of 4/4 i n . C D . 
d r i l l p ipe . For Tow v i scos i ty f lu ids parabol ic turbulent flow 
curves are obtained a t any pract ical ra te of c i rcula t ion (curves 

8 ,̂  
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1, 2, 3 ) . Flow wi l l be laminar up to p r ac t i c a l r a t e s of c i rcu­
l a t i on in the case of h i ^ v i s cos i t y f lu ids (curves 4 , 5 ) , The 
sh i f t towards higher pressures of curve 2 with respect to the 
curve for water (curve 1) i s mainly due to the high s p e c i f i c 
gravi ty (1 .25) . 

2. Flow through the annulus 

For laminar flow the equivalent of the Po i seu i l l e equation 
reads 

R? - R2 
0 = - ^ (Rf - Rp (Rf + R5 '- T-i) (3) 

8 1 - ^ ' ^ * ^ In R j / R j 

where 2 Rj « I.D. of the casing and 2R2 « O.D. of the d r i l l pipe, 

The Reynolds number for the annulus i s 

4mVp 2 (Ri -R2)Vp 2 Q P ^ i - ^ 2 "1-P2 

Theoretically, therefore, flow may be turbulent in the d r i l l 
pipe at a cer ta in volume ra te of flow where the flow in the an­
nulus i s s t i l l laminar. However, in p r ac t i c e , the swinging and 
ro ta t ing d r i l l pipe wil l c e r t a i n l y d is turb laminar flow in the 
annulus. In the case of leuninar flow eccen t r i c i ty of the d r i l l 
pipe r e s u l t s in smaller pressure losses than those ca lcu la ted . 

If the Reynolds number exceeds the c r i t i c a l value of ca.2000, 
flow in the annulus becomes turbulent and the pressure losses are 
calculated according to the Fanning-Darcy equation for the annu­
lus : 

P= t.j£ïl= i.j£ïl =i h£^ (4) 
2m Rj-R^ 7t2(R^_R^)(R2_R2)2 

Theore t i ca l ly , the pressure losses in the turbulent range 
are independent of the eccen t r i c i ty of the d r i l l pipe, the mean 
hydraulic radius remaining the same. 

3. Flow through the tool joints and bit nozzles. 

The pressure losses on passing a s t r i c t u r e where the d i f fe r ­
ence in he igh t i s n e g l i g i b l e i s according to the B e r n o u i l l i 
theorem: 

p = ^pQ^ u-r-) (5). 
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where ^ i s the ratio of the diameters of the str icture and the 
dri l l pipe. A i s the cross sectional area of the stricture and C 
i s an empirical cpnstant, the " coeff ic ient of discharge" which 
depends on the shape of the stricture and the Reynolds number in 
the stricture. 

For the bit nozzles C i s usually found to be 0.8 and p* may 
be neglected, being small compared with 1. 

For tool joints'C i s usually taken to be equal to 1.0 and i t 
i s found that about 70% of the total pressure loss i s recovered 
after passing the tool jo int . The value of p depends on the type 
of tool joint . For "regular" tool jo ints p = 0.55-0.60 amd conse­
quently the pressure losses are rather large, they are, however, 
negligible for "internal flush" jo ints nrfiere p a 0.97-0.98. 

4. Pressure losses in the surface connexions and at the bottom, 

The losses in the surface connexions are comparatively small: 
they may be roughly calculated from the number of boids, f i t t ings 
and valves, which are to be expressed in equivalent lengths of 
pipe according to the engineering handbooks. 

The pressure loss at the bottom of the hole where the mud 
stream i s reversed, will not exceed /4pV^ where V, i s the linear 
velocity in the annulus, which i s comparatively small. 

As to the relative magnitude of the pressure losses in the 
various parts of the system, i t i s found that the losses in the 
annulus are usually small in comparison with those in the dr i l l 
pipe. The losses in the b i t nozzles become very high for small 
nozzles. This i s an important consequence of the use of so-called 
j e t b i t s , where the mud stream passing the small nozzles i s di­
rected onto the formation in front of the bit blades in order to 
take advantage of i t s erosive action. As an example the following 
pressure losses ( p . s . i . ) are obtained when circulating a 1.24 sp. 
gr. mud at a rate of circulation of 400 GPM, 

Surface connexions: 50 
3000 ft ^ in O.D. dr i l l pipe I .F.: 175 
3000 ft annulus (8.83 in I,D,casing): 12 
Two 5/8 in bit nozzles: S70 
Two lV« in bi t nozzles: 55 
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h. Pressure loss formulas for Bin^am plastic systems. 

In the regions, where laminar flow may e x i s t , v i z . in the 
d r i l l pipe and in the annulus, the pressure losses may be calcu­
lated from the Bingham-Buckingham equation. At prac t ica l ra tes of 
flow in the d r i l l pipe th i s equation reads: 

Q = - ^ (P - 4/3 p„) where p^ ^ % ' ^ " (6) 

which i s represented by the asymptote of the steep par t of the 
curves in f ig , I , 2b. This asymptote cuts the P-ordinate a t a f)oint 
4/3 P3. 

For turbulent flow in b i t nozzles and tool j o i n t s and — at 
h i ^ ra tes of c i rcu la t ion — in d r i l l pipe and annulus, formulas 
r e l a t i n g the pressure losses with both n and 1 are not known. 
Although for pipe flow a parabolic re la t ion between pressure loss 
and rate of c i rcula t ion i s found roughly, as indicated schematic­
a l ly in f i g . I , 2b, the l i t a r a t u r e data cannot be corre la ted with 
r e l i ab le data for both n and T „ , 

Pressure losses may again be expressed in a Fanning-Darcy 
equation i oV* 

P = f *" P'̂  vdfiere the f r ic t ion factor f should be r e ­
la ted to the Reynolds number, but the problem i s how to define a 
Reynolds number for these systems. 

For ideal p l a s t i c systems where x — x^ = n.D. (x^ = the mini­
mum s t r e s s causing flow or the normal y ie ld s t r e s s ) , a co r rec t 
mathematical deduction of a Reynolds number as a function of n 
and T^ from the Bingham-Buckingham equation i s given by McMillen 
(1) , For the systems inves t iga ted by him the c r i t i c a l value of 
the Reynolds number according to h is formulaticM» i s again around 
2000, However, for many systems reported in the l i t e r a t u r e showing 
Bingham flow much lower c r i t i c a l values resu l t from McMillan's 
equations. McMillen's expression for the Reynolds number contains 
the numerical value for the r e l a t i v e plug radius c. Since for an 
ideal p l a s t i c system the value of c under various condit ions of 
flow will be different from that for a Bingham system i t i s ev i ­
dent that h is formulas do not hold for the l a t t e r . 

According to Binder and Bisher (2) a c r i t i c a l value of 2000 
i s found for many data in l i t e r a t u r e i f a Reynolds number i s based 
on an apparent viscosi ty defined as T] =n + W T _ wiiich i s derived 

11 



from the a n a l o g y - ^ = - ^ . TI (Poiseuil le) w i t h - ^ = - ^ ( n + -TO^B^ 

(Bingham-Buckingham asymptote). 

The t r ans i t ion points of laminar to turbulent flow indicated in 
f i g . I , 2b are actual ly calculated according to the i r def ini t ion. 
However, these authors do not r e l a t e tu rbu len t flow pressure 
losses with th is Reynolds number. 

IDunn, Nuss and Beck (3) were the f i r s t to r e l a t e pressure 
losses in the mud c i r c u i t with viscometric data . They describe 
the turbulent flow pressure losses by the in t roduc t ion of the 
"equivalent turbulent viscosi ty" r] which i s equal to the viscos­
i t y a Newtonian l iquid would have which would give the same tur­
bulent flow pressure losses as the p l a s t i c system under identical 
condi t ions . In other words a "Reynolds number" Re' = \ , P i s 
defined for tlie p las t i c system so that i t s f-Re relat ion i s 
iden t ica l with the f-Re relat ion of a Newtonian l iquid with v is ­
cosity T\ = r)_. This procedure has been proposed e a r l i e r (2) but 
Dunn, Nuss and Beck re la te r\ with viscometric data. However, they 
r e l a t e r\ with n only, thus neglec t ing the ef fec t of the yield. 
s t r e s s , t h i s does not seem correct , although for a number of muds 
tested in the fieW, pressure losses could be calculated accordifilg 
to the i r procedure which agree with those measured to within 10%. 
As, however, for various systems reported in the l i t e r a t u r e , the 
yield s t ress certainly appears to affect the turbulent flow pres­
sure losses in pipes and s t r i c t u r e s , i t i s s t i l l quest ionable 
whether the yield s t ress may be neglected in the case of turbulent 
flow of d r i l l i n g f luids . Further data will be required to s e t t l e 
th i s question. 

C. C O N S E Q L E N C E F O R M I D V I S C O M E T R Y 

Turning to the discussion of the significance of rheological 
data for the prac t ica l pumping problem, the above considerations 
may be summarized as follows, 

The flow of low-viscosity muds without a yield stress is 
turbulent under a l l circumstances throughout the mud c i r c u i t . As 
the pressure losses vary only s l igh t ly with the viscosi ty (given 
by the f r ic t ion factor-Reynolds number re la t ion) no accurate de­
termination of tlie v iscosi ty i s required in th i s case, and a rough 
estimate will suff ice. 

The flow of high viscosity muds without a yield stress, how­
ever, niay be laminar in d r i l l pipe and annulus up to p rac t i ca l 
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r a t e s of flow. In t h i s case the v i scos i ty should be determined 
accurately, the pressure losses being proportional to the viscos­
ity. Since the mud suspensions may only be approximately Newtonian, 
the viscosity should be determined imder the conditions prevai l ing 
in p rac t i ce i . e . a t the r a t e s of shear occurr ing in d r i l l pipe 
and annulus (which may be estimated to cover the range of about 
100 to 400 sec .* ' ) and af ter subjecting the mud to a pretreatment, 
s imula t ing the amount of shear in pump and b i t nozz l e s . This 
shearing action will affect the viscosi ty in d r i l l pipe and annu­
lus , respect ively , because of the thixotropic behaviour of most 
muds. The proper pre t rea tment has to be s tandard ized on the 
strength of comparative experiments with samples taken from dif­
ferent p a r t s of the mud c i r c u i t and with samples subjected to 
ag i ta t ion in laboratory s t i r r e r s . 

Also for muds having a yield stress flow may be laminar up 
to p r a c t i c a l r a t e s of flow in the d r i l l pipe and annulus; then 
the pressure losses are determined by the posi t ion and slope of 
the curve in the P-Q diagram or , in other words, by the Bingham 
yield s t r e s s and n. I t would be desirable, therefore, to determine 
a few points of the s t r e s s - r a t e of shear curve a t some de f in i t e 
ra tes of shear in the shear region of 100-400 sec.** and to ex­
t r apo la t e the curve in order to find the Bingham y ie ld s t r e s s . 
Again the mud should be subjected to a proper treatment in order 
to measure at the thixotropic level prevail ing in the c i r c u i t . 

In pract ice there are s t i l l some other factors affecting the 
rheological proper t ies v iz . temperature and pressure. The former 
i s eas i ly taken in to account by carrying out the determinations 
in a bath of the required temperature. I t i s bel ieved tha t the 
pressures occurring in p r ac t i c e wi l l not affect the rheological 
behaviour appreciably. 

D. A M O D I F I E D S T O R M E R V I S C O M E T E R 

For determinations a t well-defined r a t e s of shear a ro t a ­
tional cylinder type viscometer will be the most sui table in s t ru ­
ment. Cleartmce between the cylinders should be small in order to 
keep the ra te of shear between narrow l i m i t s . The dimensions are 
further d ic ta ted by the range of ra tes of shear a t which the ap­
paratus should operate e .g. 100-400 s e c . * ' , which should be cov­
ered by a convenient range of r a t e s of ro ta t ion . 

In addition, due consideration should be given to the poss i ­
b i l i t y of s l i p of the suspensions at the surface of the cylinders 
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which would obscure the determinations. Para l le l experiments with 
smooth cyl inders and those provided with a n t i - s l i p s t r i p s have 
shown that in most cases both assemblies yield ident ical r e s u l t s . 
However, in some cases -par t i cu la r ly emulsion base muds and f loc­
culated clay water base muds-viscosity and y ie ld s t r e s s values 
are found which are 30-40% low i f the smooth cylinders are used. 
Therefore, although s l i p i s ce r ta in ly not of common occurrence, 
the provision of smt i - s l ip s t r i p s will ensure the general appl i ­
cab i l i ty of the instrument. 

A s u i t a b l e cup and ro to r have been developed along these 
l ines and they have been adapted to the well known Stormer v i s ­
cometer, an apparatus which i s already in common use for the t e s t ­
ing of muds. The o r ig ina l cup and rotor of the Stormer did not 
comply with the above requirements as wide variat ions of the ra te 
of shear are encountered between cup and rotor , as well as inside 
the hollow ro tor . Further the design of the or ig ina l Stormer i s 
fa i r ly favourable for the development of turbulence which l imi t s 
i t s app l i cab i l i ty to low ra tes of shear. The usual determination 
of the "600 rpm Stormer v i s c o s i t y " i s c e r t a i n l y ca r r ied out in 
the turbulent range and cannot be converted in to fundamental data. 
F ina l ly s l i p i s not avoided. The apparatus i t s e l f , however, i s 
of reasonable mechanical design and the modification can be res­
t r i c t ed to a modification of the cup and ro to r . Fig. 1,3 shows 
a photograph of the new cup and rotor, F ig . I ,3a the construction 
and dimensions. 

E. C A L I B R A T I O N O F A P P A R A T U S 

With the modified Stormer viscometer the r e l a t i o n d r iv ing 
weight-rate of rotat ion (W-w) i s measured, from which the funda­
mental x-D diagram may be derived which i s again t rans la ted in to 
the pract ica l P-Q diagram. This procedure i s schematically sketch­
ed in fig. I , 4. 

The " t r a n s l a t i o n " procedure B -• C was dea l t with in sec­
t ion A, For the t r a n s l a t i o n A -• B the apparatus cons tan t s of 
the viscometer must be determined e i t h e r by c a l i b r a t i o n or by 
c a l c u l a t i o n . • 

a, Newtonian flow, apparatus constant for the calculation of the 
viscosi ty. 

The moment on the rotor i s given by M = '° '—where 
W = driving weight (g) 
a = radius of pully + radius of cord (= 1.45 cm) 
s = gear r a t io ( = 1 1 in the instrument used) 
g = the acceleration due to gravi ty . 
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The v i s c o s i t y can be c a l c u l a t e d from the speed of r o t a t i o n 
( r . p . m . ) caused by a d r i v i n g weight W a c c o r d i n g t o t h e formula 
T) = k. W/ü) where k = the appara tus c o n s t a n t for the c a l c u l a t i o n of 
the v i s c o s i t y . Th i s c o n s t a n t may be determined e i t h e r by c a l c u l a ­
t ion o r by c a l i b r a t i o n wi th o i l s of known v i s c o s i t y , 

i, calculation 

The r e l a t i o n between the angu la r v e l o c i t y Q and the moment 
on the r o t o r , v a l i d for t h e space between the two c y l i n d e r s i s 

-"^-Ti^^'/^l-^/K^ - ^ ( 1 / R j - }/l\l) (8 ) 

where Q = the a n g u l a r v e l o c i t y = ^J'A"^ 

h = h e i g h t of r o t o r ; R, = r a d i u s of r o t o r ; Rj = r a d i u s of 
cup;which may be c o n v e r t e d i n t o : 

= 60 a. K. ( " 2 , - ; i ) W/o) = k , , W/u) 
BTi^h. s . " l " 2 

r e s u l t i n g in k , = 0 . 8 8 6 . 

The s h e a r i n g s t r e s s v a r i e s between 

(8a ) 

M M x„ = : : :_ and x„ = —Ü o r between 1,146 W and 0,962 W 
^1 27tR?h '̂ 2 27tR|h 1 dynes /cm^, 

Thus t he a v e r a g e s h e a r i n g s t r e s s i n the modi f i ed c y l i n d e r 

s e t i s 1.05 W dynes/cm^ + 10%. 

The r a t e of shea r v a r i e s between: 
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7t R^ 7t R^ 

or between 1.291 o) and 1,082 CD s e c , * ' , 
Thus the average rate of shear i s I.I860L) sec* ' + 10%, 

The t o t a l apparatus constant i s found from that for the cyl­
inder surfaces and that for the top and bottom p la te . The l a t t e r 
may be estimated from the f r ic t ion of a disc which i s given by: 

M =-3f T, , Q Rf or = J80_aiJL.^ . W/o) = k , , W/o) (9) 
^ ' 64 7 t . s . R ^ 2 

resulting in k = 14. 

The total apparatus constant for the calculation of the vis­

cosity may be found from 1/k = 1/k + l/k^ since if T) = 1, top 

and bottom of the rotor will rotate with a speed w = 1 with a 

driving weight 1/k , the cylinder with a weight 1/kj and both to­

gether with a weight 1/k̂  + 1/k . 

This calculation results in a total apparatus constant 
k = 0.883. 

2. calibration 

The speeds of rotation at various driving weights were meas­
ured at 259c for a number of oils of known viscosity. The speed 
of rotation is calculated from the time required for the rotor to 
make 100 revs. In order to avoid inertia effects at the start the 
time for 100 revs, was measured between the 20th and 120th revo­
lution of the rotor (the speed proved to become constant within 
the first 20 revs). The driving weights applied should be cor­
rected for friction in the apparatus. To this end the weight was 
determined which would give the same rate of rotation of the rotor 
in air and this weight was subtracted from the weights used with 
the calibration oils. The calibration data for five different 
oils are given in Table lA. 

T A B L E lA 

CALIBRATION DATA FOR THE APPARATUS CONSTANT FOR THE VISCOSITY 

VISCOSITY 
(POISES) 

0.211 
0.578 
0,975 
3.97 

11.04 

a)/W 

4,00 
1,44 
0.86 
0.212 
0.0752 

k 1 
0.84 
0.83 
0.84 
0.84 
0.83 1 
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The calculated constant appears to be in good agreement with 
tha t found by c a l i b r a t i o n . Apparently, the ef fect ive radius of 
cup and rotor are indeed given by the radius of the cylinders en­
veloping the ends of the s t r i p s since these were introduced in 
the ca l cu la t ions . 

Tlie determinations of v i s cos i t i e s in the range of ra tes of 
shear of 100-400 s e c . * ' should be carr ied out a t r a tes of rota­
tion of 85-340 r.p.m, 

In the viscometer, too, flow becomes turbulent a t high rates 
of ro ta t ion . The lower the viscosi ty the lower the c r i t i c a l ra te 
of rota t ion. However, the region of laminar flow in the viscometer 
fully covers the region of laminar flow in the mud c i r c u i t . For 
those low viscosi ty muds which show turbulence both in the c i r ­
cuit and in the viscometer we are only in teres ted in the estimated 
order of magnitude of the viscosi ty which would enable a su f f i ­
c ien t ly accurate calcula t ion of the pressure losses . 

CMIBOATIONOr CMPAND WTOR. The RCLiTION OF f M) »r 
LAniNAf) AND TWBULENT FLOW RFOION Flu I, 5 
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A method for the est imation of the v i scos i ty from data ob­
tained in the turbulent region of the viscometer i s advised by 
Squires and Dockendorff (4) and also quoted by Wilhelm and Wrough-
ton (5). Analogous to the flow in pipes we may define a Reynolds 
number in the ro ta t iona l cyl inder viscometer to be proport ional 
to oop/Ti and a f r i c t ion fac tor proport ional to W/p.w^. From the 
c a l i b r a t i o n data for o i l s of known v i s c o s i t y , f and Re may be 
p lo t t ed on log- log paper in both the laminar and the tu rbu len t 
flow region. A curve of the same type as t h a t found for flow 
through pipes i s obtained (Fig. I , 5) . 

For a mud showing turbulent flow in the viscometer, the value 
of f i s calculated for a cer ta in observed combination of W, p and 
0Ü values and the Reynolds number belonging to th i s value of f i s 
obtained from the graph; then TI may be calculated from Re, p and 
to. The method suppl ies rough data which a re , however, accurate 
enough. 

6. Bingham flow, apparatus constant for the calculation of the 
differential viscosity and the Bingham yield stress. 

The ÜO-W rela t ion for a Bingham p l a s t i c system i s represented 
in F i g . I , 4, The curved lower pa r t appl ies to plug flow in the 
viscometer, the s t ra igh t l i ne portion (which i s not an asymptote 
as in the case of the P-Q.diagram) i s a p lo t of the following 
formula: 

" = T O : (VR? - i/R,̂ ) --i-^e 1" Vï^i no) 
in which the effect of the top and bottom p l a t e of the ro to r i s 
neglected. Equation 10 may be wri t ten: 

- = ^ - ^ ^ W] - 1/R̂ ,) --11 ^ I n R,/H. (lOa) 

- - = ^ - f - b ^ ( I I ) 

S ince for w = 0 W = W equa t ion (11) becomes i(k,W„„-bx„) = 0 
oo • n 1 oo B 

« " ' ^ W o o = - ^ = - B - f ^ T ^ l " R 2 / « i (12) 

S u b s t i t u t i n g b r„ = kW in ( 1 1 ) : 
B l o o W W 

" = K I °° <13) 
Thus the d i f f e ren t i a l v i scos i ty n i s found from the slope of the 
s t ra igh t l ine portion by multiplying with k , . In analogy with the 
Newtonian systems the co r r ec t i on for the top and bottom p l a t e 
wil l be accounted for by using the value of k instead of k . 
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The Bingham yield stress x„ is connected with W„ by the re-
lation 

27iB?h 
^ = T 7 t - ^ B (14) 

which is valid for the cylindrical surface. In practice W is 

determined by extrapolation of the straight line portioi to a)=0. 

There is, however, a fixed ratio between W^ and W depending on 

the apparatus dimensions as calculated from (12) and (14): 

' - / W a V Z ^ y ^ l n R / R . (15) 

This ratio amounts to 1.08, thus W is 8% larger than W„. Taking 
' OO *-̂  B _ 

i n t o account the top and bottom of the r o t o r in t h e c a l c u l a t i o n 
o f both \V and \V i t may be assumed t h a t for the complete r o t o r 
W w i l l a l s o be about 8% h i g h e r than W„. S ince t h e r e l a t i o n o f 

p o , B 

H' and T „ for t h e complete r o t o r i s 
B B • . • ^ 

T3 = " ' T " - - 3 - = 0.P8 W 
" 2rcRjh i. |7tRj ^ 

the apparatus constant for the calculation of the Bingham yield 

stress from W' amounts to 0.81, thus: x„ = 0.81 W dynes/an^. 
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F. R E S U L T S O B T A I N E D W I T H T H E M O D I F I E D 

S T O R M E R V I S C O M E T E R 

The best procedure to determine the s t r e s s - r a t e of shear 
diagrams which are derived from the driving weight-r.p.m.diagrams 
i s to use a fresh sample for the determination of each point of 
the curve a f te r submitting the sample to the required p r e t r ea t ­
ment. If, a l t e r n a t i v e l y a complete curve i s determined on one 
sample only, thixotropic changes during each run may be superim­
posed on the t rue curve. If, a f t e r the pre t rea tment , the mud 
s t i f fens only slowly, both procedures yield pract ica l ly identical 
r e su l t s . 

All muds tested appeared to approximate very closely Bingham 
or Newtonian flow. Some examples, demonstrating the general shape 
of the curves obtained are co l l ec t ed in F igs . I , 6 and I , 7, 
whereas a number of t e s t data are co l lec ted in table IB. From 
these resul ts the following general rules may be drawn up: 

The d i f fe rent ia l viscosi ty of clay water base muds generally 
var ies between 5 eind 25 cp. Oil base and emulsion base muds *) 
usual ly show higher values: between 35 and 100 cp. The Bingham 
yield s t resses vary within a wide range from zero to 300 dynes/cm . 

I t i s seen from the tab le that chemical treatment of clay 
base muds primarily results in a decreasing yield stress, although 
the d i f fe ren t ia l v iscosi ty may decrease at the same time. A def­
i n i t e increase of the d i f fe rent ia l viscosity accompanied by a de­
creased yield s t r e s s was noticed a f te r lime treatment of a red 
mud. 

An increasing clay content gives r i se to an increase of both 
yie ld s t r e s s and d i f f e ren t i a l v i scos i ty and an analogous effect 
i s observed on the addition of bary tes . 

*) "Oil base muds" are usually prepared from a low viscous oil in 
which blown asphalt as colloidal material and ground limestone 
as weighting materia] are incorporated. 
"Emulsion base muds" are usually emulsions of a clay-water mud 
and a low viscous o i l . 
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T A B L E IB 

RHEOLOGICAL DATA OF MUDS OBTAINED WITH THE MODIFtffi) STORMER VIS 

OOMETER 

Mud base 
Chemical t r e a t m e n t 

Talang Eljimar clay mud s .g , 1,15 
1.20 

Tarakan clay base mud s .g . 1,15 
1,20 
1,30 
1,40 

Tjepoe clay base mud s .g , 1,15 
1,20 

Talang Djimar clay mud s ,g , 1,15 
+ 10% NaCl 
+ 1% starch 

+ 1% s tarch + 20% NaCl 
+ 0.1% Na polymetaphosphate 
+ 1/4% Na polymetaphosphate 
+ 1/2% Na polymetaphosphate 
+ 0.1% Na metas i l i ca te 
+ 0.1% NaOH 
+ 0.1% NaOH + 0.1% quebracho 

Talang Djimar clay mud s .g . 1.20 
+ 0.05% Na polymetaphosphate 
+ 0.1% Na polymetaphosphate 
+ 0.05% Na metas i l ica te 
+ 0.1% Na metas i l ica te 
+ 0.05% Na c i t r a t e 

Tjepoe clay mud s .g . 1.20 
+ 0.2% Na polymetaphosphate 
+ 0.2% Na polymetaphosphate + 

barytes 
+ 0.3% quebracho + 0.2% NaOH 
lime t rea ted red mud without s tarch 

Emulsion base mud A 
Emulsion base mud B 

di f.feren t i a l 
V i s CO s i t y 

c e n t i p o i s e s 

14.5 
26,8 
<5 
8,1 

13;7 
58 
8,3 

13.8 

14.5 
16.1 
35 
12.8 

9.3 
6 

29.2 
<5 
<5 
11.4 

26.8 
25,5 
25,5 
25,5 
19,4 
20,8 

13,8 
<5 
23,7 

17,1 
40,3 

35 
87.5 

Bingliam 
y i e l d s t K e s s 

dynes /cni2 

53 
150 
<5 
14,5 
52 

600 
106 
285 

53 
114 
63 
55 

21 
8 

10 (s .g ,1 .80) 
<S 
23 
9 

150 
124 
106 
114 
68 

105 

285 
60 

178 
( s ,g , 1.80) 

68 
23 

65 
220 



Note 

I t may be remarked that the viscometer i s a lso su i tab le for 
the determination of the yield s t r e s s XQ of the system determining 
the minimum pressure required to s t a r t c i rculat ion af ter a period 
of closing down as well as i t s thixotropic change. These data may 
be obtained by determining the minimum driving weight causing ro­
ta t ion of the ro tor , chosing an a rb i t r a ry valve for the ra te of 
ra ta t ion (or ra te of shear) which should be considered the beginn­
ing of flow of the mud, 

G. S E M I T E C H N I C A L - S C A L E P U M P I N G 

E X P E R I M E N T S 

In the preceding chapters the relat ion between the rheologi­
cal behaviour and the pumpability of muds has been discussed. I t 
appeared that in some cases these r e l a t i o n s are s t i l l i n su f f i ­
c i en t ly known, e .g . tu ibulent flow pressure losses for Bingham 
systems. 

Therefore a number of semi-technical scale pumping experi­
ments was carr ied out with muds which were simultaneously tested 
with the modified Stormer viscometer. Although a full account of 
Ihese experiments i s beyond the scope of th i s tliesis, some resul t s 
wi l l be described which are i l l u s t r a t i v e for the discussions in 
the previous sect ions . 

1. equipment 

Ihe mud was pumped through 3/4 in. pipe by means of a high 

pressure piston pump driven by a Diesel engine, the maximum de­

livery being ca 5 m^/h for 37 m of pipe where tl>e pressure losses 

for the thicker muds amount to ca 10 kg/an^. 

The rate of circulation was measured by means of measuring 
tanks and the pressure drop with Bourdon type manometers for the 
full length and with mercury manometers for part of the length of 
the pipe. Simultaneously the Bingham yield stress and the differ­
ential viscosity of the muds were measured, taking samples from 
the flow line. 

2. Drilling mud 

A clay water base mud of specific gravity 1.33 was used and 

the rheological properties were adjusted by metasilicate treatment 

or by partial flocculation with salt. 

The results of the viscometer readings are reported in Table 

I, C. 
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T A B L E I , C 

VISCOMETER DATA 

Mid cond i t ion 
1 in run No. 

I 
I I 

I I I 
IV 
V 

VI 
VII 

d i f f . v i s c o s i t y 
c e n t i p o i s e s 

11 
9 .5 
8 

10.5 
5.5 

10 
14 .5 

Bingham y i e l d s t r e s s 
dynes/cm'' | 

14.5 
43 .5 
77 

107.5 
156 
214 
306 1 

Results 

In F ig . I , 8 the resu l t s are shown for the cal ibrat ion of the 
pipe with water in terms of the f r ic t ion factor-Reynolds number 
re la t ion . The empirical formula derived from these data reads: 

3 „ - 0 , 2 44 f = 0.0701 He 

which is practically identical with the Blasius equation (see 
page 8). 

FRICTION FACTOR 

aoi 

0001 

6 — ^ ^ 

^ 

2 

10^ W los 
RE/NOLDS NUMBER 

t -Re RELATION FOR PIPE FROM CAUBRATION WITH FI0.19 
WATER 
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A comprehensive graphical representation of the r e su l t s for 
muds with d i f fe ren t y i e ld s t r e s s e s i s given in F i g . I , 9 and an 
enlargement of the laminar flow parts of the curves in F ig . I , 10. 
In the l a t t e r graph the dotted curves are those calcula ted from 
the viscometer readings ( the s t r a i g h t l i ne s are the ca lcula ted 
asymptotes). Although a t low ra tes of c i rcu la t ion the measured 
points are somewliat sca t t e red around the calculated curves, the 
general agreement of measured and calculated data i s reasonable, 
keeping in mind that a t low rates of c i rcula t ion thixotropic ef­
fec ts are l e s s easy to con t ro l . For the various.muds, with in ­
creasing Bingham yield s t r e s s (and only s l igh t ly varying differ­
ent ia l viscosity) the c r i t i c a l rate of flow for the onset of tur­
bulence appears to increase. 

Passing a small region of unsteady flow, parabolic turbulent 
flow curves are obtained. Turning to F i g . I , 9 , i t i s seen that at 
high r a t e s of c i r c u l a t i o n the pressure losses for the various 
muds become prac t i ca l ly the same, despite the i r largely differ ing 
yield s t resses . The dotted curves in t h i s graph refer to the tur­
bulent flow pressure losses calculated for hypothetical Newtonian 
l iquids having the same specif ic gravif, as the mud, but varying 
v i scos i t i e s ( the l a t t e r are indicated on the curves), A comparison 
of these dotted curves and those measured for muds indicates that 
the "equ iva len t turbulent v i s c o s i t y " of the muds gradually in­
creases with higher ra tes of c i rcula t ion. In the beginning, r\̂  i s 
equal to about 5 cp while a t higher mud v e l o c i t i e s a value of 
about 16 cp i s reached for a l l muds t es ted . Thus the equivalent 
turbulent viscosity approximates a value which is roughly l\i times 
the d i f fe ren t ia l viscosity on an average. Tliis resu l t i s in d i s ­
agreement with that obtained by Dunn, Nuss and Beck (3) who report 
that 71 i s only about ] /3 of the d i f ferent ia l viscosi ty. In thei r 
work, however, a f-He r e l a t ion was used which was not obtained 
from ca l ib ra t ion of t h e i r c i r c u i t but from l i t e r a t u r e . The dif­
ference between t h e i r f-Ke r e l a t i on and ours accounts for the 
discrepancy between the r e s u l t s , 
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H. F U L L S C A L E P U M P I N G E X P E R I M E N T 

(>ie full scale experiment has been carried out in a deep well 
a f t e r cementing a 7 in casing a t ca 8000 f t . Pumping pressures 
were measured a t different ra tes of flow and with various lengths 
of d r i l l pipe in se r t ed in the cas ing. Also the s ize of the b i t 
nozzles was varied. At the same time the rheological proper t ies 
of the mud used were determined with the viscometer. Chly one mud 
was t es ted and no ca l i b r a t i on experiments with water have been 
carried out. 

a. Equipment and circuit 

The ra t e s of flow were measured by means of a rectangular 
measuring tank with a cross section of 200 x 220 cm. The pumping 
pressures were read on manometers ranging from 0-19 and 0-150 
kgs/cm^. The manometers were connected to the stand pipe via a 
gas buffer in order to level out the pressure fluctuations of the 
punf). The gas buffer was f i l l ed from a nitrogen cylinder in order 
to ensure a s u f f i c i e n t l y la rge cushion of gas at high piimping 
pressures. 

The r a t e of c i r cu la t ion was varied by varying the speed of 
the engine or — a t g rea te r depths — by using e i the r one or two 
paral le l pumps. 

Readings were taken for the following c i r cu i t s 
a, surface connections including 1 stand of d r i l l col lars inserted 

in the 7 in casing, 
b , (a) + b i t with two 5/8 in nozzles 
c, (a) + b i t whith two 1 in nozzles 
d, e, f, g, h, i , j , k 

(c) + 224, 473, 973, 1473, 1973, 2660, 2632 and 2660 meters of 

3% in O.D. drill pipe with F,H. tool joints in the 7 in casing 

respectively. 
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<i.p. TC2H" " ' ' Ti*(R^-R„)(R*-R^)' 

28 



fc i 
The measured pressure losses at the surface connections (a) 

were applied as a correction to calculate the losses at the bit 
nozzles (b—a and c-a) . The losses in d r i l l pipe and annulus at 
various depths were calculated by subtracting the loss at the 
surface connections and at the 1 in bit nozzles from the measured 
losses (d—c, e-c etcj . 

Readings were made with the b i t at bottom (2660 m) and at 
one stand above bottom (2632 m) in order to evaluate any ef fect 
of immediate reversal of the mud stream after passing the nozzles, 

The experiments w«-e carried out without rotating the dr i l l pipe 
but after each run the dr i l l pipe was rotated for about one minute 
to check whether rotation of the d r i l l pipe would af fect the 
pressure. It may be mentioned already here that neither immediate 
reversal of the mud stream nor the rotation of the d r i l l pipe 
showed any significant effect on the pressure losses , 

L. Drilling mud 

Hie mud was a cement ccmtaminated s a l t water mud which was 
in a flocculated condition, Tlie mud showed set t l ing and therefore 
the specif ic gravity was found to increase s l ight ly with greater 
depths despite the fact that prior to the ser ies of experiments 
the mud was homogenized by three hours circulation at full depth, 
In addition the mud was circulated before each test run during 20 
min, to an hour depending on the depth of the dr i l l pipe, 

The rheological properties were measured during each run at 
the temperature and thixotropic leve l of the mud by taking the 
samples from the flow l ine directly in the cup of the viscometer 
Owing to the rapid set t l ing of the mud the readings in the viscom­
eter could not be too accurate but a d i f ferent ia l v i scos i ty of 
about 7 centifK>ises and a Bingham yield stress of about 15 dynes/ 
cm2 may be considered a fair average valid for a l l of the experi­
ments. 

c. Results 

The results of the experiments are col lected in Table I, D. 
F ig . I , 11 represents the measured pressure loss-rate of c ircula­
tion relat ions . 



d. Evaluation of the results. 

The flow of the r a t h e r th in mud may be expected to be turbu­
l e n t in any p a r t of the c i r c u i t a t the r a t e s of flow i n v e s t i g a t e d . 

1. Tlie coefficient of aischarge (C) in the p r e s s u r e l o s s fomu-
l a for tlie b i t n o z z l e s may be c a l c u l a t e d from t h e r e s u l t s . For 
t h i s c a l c u l a t i o n only the r e s u l t s for the 5/8 in b i t n o z z l e s can 
be used s ince those for the 1 in nozz l e s a re not a ccu ra t e enough, 
t h e p r e s s u r e l o s s e s be ing r a t h e r low. 

Tlie v a l u e s for C were found to d e c r e a s e s l i g h t l y wi th i n ­
c r e a s i n g r a t e of c i r c u l a t i o n (or with i n c r e a s i n g Reynolds number) 
a s shown in Table I E. These va lues a r e in c l o s e agreement wi th 
t h e value repor ted by Nol ley , Cannon and Ragland (6) who give the 
f igure C = O.P. 

T A B I E 1 E . 

COFFFICIFNT OF niSCllARGE (C) AS A FUNCTION OF FiATF OF CIRCULATION 
FDR 5/8 IN BIT NOZZLKS 

0 (mVh) 

50 
60 
70 
80 
85 

C 

0.P84 
:.R44 
0.833 
0.833 
0.820 

2. The friction factor ( f ) in tlie formula for p r e s s u r e l o s s e s 
i n both d r i l l p ipe and annulus may be c a l c u l a t e d as f o l l o w s : 

When e v a l u a t i n g the exper imenta l r e s u l t s , the compara t ive ly 
small p r e s s u r e l o s se s in the tool j o i n t s a re c a l c u l a t e d and s u b ­
t r a c t e d from the l o s s e s in the d r i l l p i p e , tool j o i n t s and annulus 
t o g e t h e r . From tlie r e s u l t i n g p r e s s u r e l o s s e s in d r i l l p i p e and 
annulus t oge the r the empi r ica l c o n s t a n t s in the formulas: f and 
1 , the f r i c t i o n f a c t o r s in d r i l l p ipe and annulus , may be c a l c u ­
l a t e d , s i n c e the r a t i o of these c o n s t a n t s i s known. According to 
B l a s i u s the f r i c t i o n f a c t o r i s p r o p o r t i o n a l to He"", thus 

1 C O 

l l i e r e s u l t s of the c a l c u l a t i o n a r e c o l l e c t e d in t a b l e I , D 
and in F i g . I , 12 where f̂  i s p l o t t e d as a funct ion of the r a t e 
of c i r c u l a t i o n on l o g - l o g paper . 

The log i . - log Q r e l a t i o n i s shown in f i g . I , 12. The r e ­

s u l t s app ly ing to sha l low dep ths which a r e l e s s a c c u r a t e a r e i n ­

d i c a t e d by t r i a n g l e s . 
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Tlie log f- log Q relation i s principally equivalent to the 
log f - log Re relation. Re being proportional to Q. The f-Re re­
lat ion according to Blasius , assuming an equivalent turbulent 
viscosity of 10, 15 and 20 cp respectively i s drawn in the figure, 
Most points are found in the regiem between 10 and 15 cp, so that 
an average equivalent turbulent viscosity of 12.5 seems to be a 
reasonable f igure, allowing for a spread of ± 7% which i s well 
within the experimental error, Tlie Reynolds numbers applying to 
this viscosity value are indicated on the Q ordinate. The results 
show, however, that with increasing rates of circulation (or in­
creasing Reynolds numbers) the equivalent turbulent v i s c o s i t y 
tends to increase from ca 10 cp at 30 mVh to ca 17 cp at 80 m^h, 

Summarizing i t may be concluded from these preliminary re­
sults of both semi technical and full scale pumping experiments, 
that in the turbulent flow region the equivalent turbulent v i s ­
cosity of the muds tends to be higher than the differential v i s ­
cosity and increases s l ight ly with increasing rates of flow. And 
although the actual value of the Bin^am yield stress was found 
to have l i t t l e e f f ec t on the turbulent flow pressure losses at 
sufficiently high rates of circulation more experimental data wil l 
be required to s e t t l e this point definitely. 

Finally i t may be remarked that the observed increase of the 
cr i t ical rate of flow for the onset of turbulence with increasing 
y ie ld s tress of the system as shown by F i g , I , 10 may have the 
following practical consequence: In some ranges of flow rates the 
mud with the higher y ie ld s tress which i s s t i l l in the laminar 
region may be more easi ly pumped than that with the lower y i e ld 
stress which i s in the turbulent region. Therefore, particularly 
in the case of weighted muds, where turbuloit flow pressure losses 
are extremely high due to the high spec i f ic gravity, the y i e ld 
s tress may be raised in order to keep the pumping pressures low 
by the maintenance of laminar flow, 
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P A R T II 

COLLOID CHEMICAL STUDY OF THE MECHANISM OF 
CHEMICAL TREATMENT OF CLAY WATER BASE 

DRILLING FLUIDS 

S U M M A R Y 

In part I the effect of chemicals on the rheological proper­
t ies and pumpability of muds was analyzed. Ihe chemicals appeared 
to mainly affect the Bingham yie ld s t r e s s of the muds which ex­
pla ins t h e i r favourable effect on the pumpability. The present 
par t deals with the s t a b i l i t y conditions in treated clay suspen-
siwis from a col loid chemical point of view, aiming at an under­
standing of the mechanism of chemical treatment. The invest iga­
tion i s confined to montmorillonitic clays. 

Submicroscopical pa r t i c les of these clays are extremely thin 
p l a t e s . Their thickness to diameter rat io: corresponds with that 
of a 0.1 mm razor blade. Jus t as the razor ' s edge i s the most es­
sen t i a l pa r t of the blade, i t i s the edge surface of the f l a t 
clay par t ic les where the play of chemical treatment i s e sso i t i a l ly 
enacted. The chemicals have a charging ef fec t on the l a t e r a l 
surface which r e s u l t s in a s t rong repuls ive force between the . 
edges of different p la tes . Thus edge to edge association and con­
sequently the formation of a voluminous r igid network i s prevented 
and the suspension remains a readily flowing l iquid . This i s how 
the primary purpose of chemical treatment i s achieved, Ihanks to 
the re la t ive ly small la te ra l surface area of the plates the chem­
ica l s are active at remarkably low concentrations. Also in prac­
t i ce muds containing, say, 30% of technical clay can be effec­
t ively t reated with a few tenths of a perc«i t of chemicals « i ly , 

The above mentioned picture i s derived from a detailed study 
of the charge dis t r ibut ion on the clay par t ic les and the s t a b i l i t y 
conditions in d i l u t e clay s o l s , which may be sumnarized as fol ­
lows: 

The pa r t i c l e s are assumed to have a dual is t ic character, the 
f la t surface bears a negative charge due to imperfections of the ^ j - ^ - C.;H 
l a t t i c e whereas the l a t e ra l surface charge may certainly be p)osi-
tive in the neutral so ls . Here the tetrahedrical s i l i ca and octa-
hedrical alumina sheets are broken. The double layer formed oppo­
s i t e the l a t t e r wi l l be p o s i t i v e l i k e that of an alumina sol 
mice l l e . Also the exposed s i l i c a sheets may obtain a pos i t i ve 
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charge owing to the presence of t races of aluminum and hydroxyl 
ions in the in termicel lar l iquid . Several supports for a posi t ive 
edge charge could be obtained. Owing to the unlike charges of the 

«two surfaces a s t ruc ture i s formed in a dialyzed sodium mcmtmoril-
lon i t e suspension by edge to surface association (ge l ) . On adfli-
t ion of an e l e c t r o l y t e the o r ig ina l gel becomes a s o l . This i s 
a t t r ibu ted to a reducticm of both surface potent ia ls resul t ing in 

I a reduction of the edge to surface associat ion. On further addi-
* t ion of e l ec t ro ly te , however, the repulsive potent ia ls wil l become 
I so small tha t edge to edge and surface to surface associat ion i s 
no longer prevented and a new st ructure i s formed, again resul t ing 
in a s t i f fen ing of the suspensions. Such a s t i f fening of the sus­
pension can be avoided — and t h i s i s the purpose of chemical 
treatment — i f chemicals are added which have a charging effect 
on caie or both par ts of the clay surface. I t has been found that 
such an effect of the conventional mud t rea t ing chemicals indeed 
e x i s t s . They convert the o r ig ina l ly pos i t ive edge charge into a 
s tronger negative charge,thus creat ing a repulsive potent ia l at 
the l a t e r a l surface which prevents s t ruc ture formation up to r e l ­
a t ive ly high s a l t concentrations. 

The po in t of view of the conversion of the p o s i t i v e edge 
charge in to a negative one i s based on the observation of anal­
ogies between the response to chemical treatment of montmorillonite 
and of some posi t ive so ls , viz. pos i t ive quartz and posi t ive alu­
mina s o l s . These so l s are considered a model for the broken s i l ­
ica and broken alumina sheets , respectively, which are exposed a t 
the l a t e r a l surface, 

The observed ana log ies are q u i t e genera l : they apply to 
treatment with phosphates , m e t a s i l i c a t e , oxa la te , c i t r a t e and 
a lka l i and even to tannate treatment. The l a t t e r has been studied 
by using the t r i v a l e n t phenol pyrogallol as a model for the i l l 
defined polyphenol mixtures of which the natural tannins are com­
posed, Also tannate treatment in r̂ he presence of lime could be 
s tudied with pyrogal lol and model s o l s . 

The s t a b i l i s a t i o n effect on the broken s i l i c a sheets i s seen 
as the resu l t of the removal of adsorbed aluminum hydroxyde which 
i s r espons ib le for the p o s i t i v e charge a t t h i s po in t , leaving 
behind a negative s i l i c a surface. The s t ab i l i sa t ion effect on the 
broken alumina sheets i s a t t r i b u t e d to anion adsorption via an 
aluminum l ink , r e su l t i ng in a negative charge. The t o t a l ef fect 
o f a p e p t i s e r i s a superposition of both ef fec ts . If a s t a b i l i s i n g 
effect on the alumina par t of the l a t e r a l surface i s lacking the 
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to ta l ef fect i s usually ra ther small. If the octahedrical sheet 
contains more t r ivajent Fe the effect of most chemicals i s reason­
able since contrary to alumina a fe r r ic hydroxide sol i s s t a b i ­
l i sed by most pep t i se r s , 

In l ime/tannate t rea ted suspensions, the s i l i c a sheets are 
peptised by the adsorption of anions which are linked to the s i l ­
ica via calcium which i s infer red from the analogous effect of 
lime tannate treatment on a montmorillonite and a quartz so l , 

The contribution of the f la t surface potential to the overall 
s t a b i l i t y i s only apparent a t low pept iser concentrations or in 
untreated suspensions. 
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PART II COLLOID CHEMICAL STUDY OF THE 
MECHANISM OF CHEMICAL TREATMENT OF CLAY 

WATER BASE DRILLING FLUIDS 

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

Ch preparing a d r i l l i n g mud by dispersing clay in water, the 
v i rg in suspension i s usua l ly in the f locculated s t a t e owing to 
the presence of f loccula t ing s a l t s in both the raw clay and the 
water used. Such a flocculated mud i s - apart from other defects-
too s t i f f to be readily pumpable. According to common experience 
the remedy i s to pept ize the suspension. This might be achieved 
by d i a l y s i s but t h i s i s an uneconomical procedure in the f ie ld . 
Fortunately, clays can be peptized by a large variety of chemicals, 
most of which are ac t ive a t remarkably low concentrations, par­
t i c u l a r l y as compared with the rather high concentration of clay 
(a few tenths of a percent on 30-50% of clay). The s t r ik ing resul t 
of such a chemical treatment i s the conversion of the s t i f f sus­
pension in to a readi ly flowing l iqu id . As has been shown in par t 
I th i s i s a matter of a sharp..decrease of the yield s t ress of the 
suspension, rather than a resu l t of a viscosity change. 

Some of these chemical t rea t ing agents have been discovered 
acc iden ta l ly , others were given a t r i a l on the strength of more 
or l ess hypothetical concepts of the mechanism of pept isa t ion. In 
order to give an idea of the variety of chemicals which are used 
in d r i l l i n g p rac t i ce , the experience in t h i s f ield may be summa­
rized as follows: 

a. Since the p a r t i c l e s of a clay suspension are negatively 
charged, the f l occu la t i ng concentra t ion of polyvalent ca t ions 
wi l l be lower than tha t of monovalent ca t ions , Tliese s t rongly 
f locculat ing polyvalent cat ions — par t i cu la r ly C&\ -̂  may be ren­
dered ineffect ive by prec ip i ta t ion or complex formation with va­
rious sodium s a l t s . Thus the polyvalent cation wil l be replaced 
by an equivalent amount of the monovalent sodium ions which are 
haimless to the clay up to a reasonably high concentration. Well-
known examples are sodium metas i l i ca t e ( " s i l " ) , sodium oxala te , 
sodium polymeric phosphates e t c , 

b. Tannins l ike quebracho ex t rac t often cause a strong de-
f loccu la t ing e f fec t . Tlieir appl ica t ion together with a l k a l i or 
with a lka l i + lime has led to the development of so ca l led " r ed 
muds" and " l ime red muds". In connection with the remarks under 
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(a) the a c t i v i t y of these compounds in combination with lime,which 
has been discovered a c c i d e n t a l l y , i s cer ta in ly a rather paradoxal 
e f f e c t , 

c. Adjustment of the pH of the mud by a l k a l i or by CO2 has 
been success fu l in some c a s e s , 

d. Hydrophi l ic m a t e r i a l s l i k e s tarch are s u c c e s s f u l l y ap­
p l i ed , par t i cu lar ly in s a l t water muds where they ipay act as pro­
t e c t i v e c o l l o i d s , 

Obviously there i s a cons iderab le choice o f chemicals for 
the treatment of muds, l l ie empirical approach has indeed so lved 
many problems i n the f i e l d , but f a i l u r e s s t i l l do occur. I t i s 
a l so obscure why a cer ta in treatment i s success fu l for one type 
o f mud but f a i l s for einother mud, why a treatment i s e x c e l l e n t 
for one well but f a i l s in another well. D i f f i c u l t i e s are sometimes 
encountered when the mud takes up f l occu la t ing e l e c t r o l y t e s from 
the formations d r i l l e d which w i l l require frequent readjustment 
o f the treatment. Furthermore in deep w e l l s the high tenperature 
may have a detrimental e f f e c t on the treated mudi In order to un­
derstand t h i s and to find the proper remedies the analys i s of the 
mechanism of chemical treatment wi l l be imperative. At the present 
s t a t e of development the empirical approach seems to have reached 
i t s l imi t s and further progress w i l l require a fundamental attack. 
A f i r s t attempt i s made in the work presented in t h i s part. 

A s u i t a b l e system had to be chosen for the work. In pract ice 
a large v a r i e t y of l o c a l c l a y s i s used for the preparat ion o f 
muds. These c lays are usua l ly mixtures of representat ives of the 
three main gro<(ps of c lay minerals v i z . the montmoril lonite, the 
i l l i t e and the kaolin group. In fundamental work, however, a well 
def ined c lay i s to be preferred and although the study o f pure 
representat ives of a l l three groups should be included in an ex­
t ens ive i n v e s t i g a t i o n , the work reported here i s l imi ted to the 
study of one type of c lay only , v i z . bentoni te which belongs to 
the group of the montmori l loni tes . A montmoril lonite was chosen 
s ince the suspensions of t h i s c lay mineral exhib i t the most pro­
nounced rheo log ica l e f f e c t s , 

The preparation and c o l l o i d chemical c h a r a c t e r i s t i c s o f d i ­
l u t e montmor i l l on i t e s o l s and the mechanism of the e f f e c t o f 
chemical treatment on the s t a b i l i t y o f these s o l s w i l l be d e a l t 
with in the fol lowing chapters. 
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C h a p t e r 1 

PREPARATION AND PROPERTIES OF FRENCH 
MONTMORILLONITE SOLS (1) 

A. S T R U C T U R E O F M O N T M O R I L L O N I T E 

I t i s a favourable condition for a fundamental attack of the 
d r i l l i n g mud s t ab i l i s a t i on problem that during the l a s t few dec­
ades the s t ructure of clay minerals has been extensively studied, 
pa r t i cu la r ly by X-ray and electronmicroscopical investigation to­
gether with differential thermal analysis and other physical tech­
niques . As a r e s u l t of the combination of these techniques the 
general s t ruc tu ra l re la t ionsh ips of clays are f a i r ly well known 
(2) , although d i f fe ren t i n t e r p r e t a t i o n s are s t i l l found in the 
l i t e r a t u r e and many de t a i l s s t i l l remain to be explained. In our 
working hypothesis we have adapted the Hofmann s t r u c t u r e for 
montmorillonite (2a) as well as the views of Ross and Hendricks 
(2b) regarding the origin of the cation exchange capacit,y of mont­
mori l loni te which are also based on the Hofmann concept * ) , 

The clay minerals belong to the s i l i c a t e s , the s t ruc tu ra l 
element of which i s the p rac t i ca l ly regular Si-O^ tetrahedron. In 
the clay minerals these tetrahedrons share three of t he i r four 
oxygen atoms with three neighbouring tetrahedrons, thus forming a 
sheet of tetrahedrons "T" , The empirical formula of such a sheet 
i s (Si20g)^. According to Hofmann the apexes of a l l tetrahedron's 
are at the same side of the sheet. 

The second s t r u c t u r a l element of the clay minerals i s an 
octahedr ica l ly arranged sheet " 0 " of Al or Mg atoms, surrounded 
by 6 0 and/or OH groups, analogous to the s t ruc tu re of cer ta in 
modifications of the corresponding hydroxides (hydrargyl i te and 
b ruc i t e , r e spec t ive ly ) . 

The te t rahedr ica l and octsihedrical sheets are linked by p r i ­
mary va lenc ies , bu i ld ing l a t t i c e l aye r s , which in the case of 
montmorillonites consist of 2 " T " and 1 " 0 " in between. The clay 
cons i s t s of a p i l e of these l a t t i c e layers which are linked by 
Van der Waals forces. 

An ideal ized un i t ce l l i s sketched in F i g . I I , 1 which shows 
the projection on a plane perpendicular to the layer. As shown on 

*) For different concepts we refer to (2c). 
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the right hand side in the figure, the ideal la t t i ce i s electro-
neutral. Ih is i s realized in the mineral pyrophyllite. If 2 Al 
are substituted by 3 Mg, occupying the third vacant octahedrical 
position as well, the structure of the mineral talcum i s obtained 
which i s also electroneutral. These two minerals do not display 
clay properties. In the la t t i ce of the clay minerals indicated by 
the name montmorillonites — to which bentonite st montmorillonite 
belongs — electroneutrality i s disturbed mainly by isomorphous 
substitutions in the octahedrical sheet. In the case of bentonite 
trivalent Al in octahedrical position i s replaced by divalent Mg 
which i s not compensated by a full occupation of the third octa­
hedrical position. The result i s a surplus of negative charge and 
this surplus charge i s compensated by adsorption of cations like 
Na or Ca** at the layer surfaces. These are the exchangeable 
cations of the clay. Their hydration results in adsorption of 
water between the layers causing the swelling of the layer l a t ­
t ice, The base exchange capacity of bentonite usually amounts to 
about 100 m,eq,/100 g which can be roughly accounted for by an'; 
isomorphous substituticm of ca 17 % Al by Mg, A more detailed ac- • 
count of the base exchange capacity will be given in section E, 

I t will be clear that in the case of pyrophyllite and talcum 
neither swelling nor any cation exchange will be observed since 
no compensating ions are required in these minerals, 
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The X-ray diffraction patterns of the clay minerals show two 
types of ref lect ions: those connected with the arrangement of the 
atoms or ions in the two dimensitMial layers ("prism reflect ions") 
and the r e f l ec t ions connected with the stacking of the layers 
("base r e f l e c t i ons" ) . In the montmorillonites the place of the 
l a t t e r i s also determined by the water content of the clay, the 
water being adsorbed between the l a t t i c e layers. Consequently the 
corresponding spacing may vary between 10 and 20 A. 

I Since the layers are bound by the comparatively weak Van der 
jWaals forces, they are easi lv sp l i t along a plane para l le l to the 
1 layers. The resul t i s that suspended clay pa r t i c les are very thin 
plates which can be demonstrated by electromicrographs. 

B. P R E P A R A T I O N O F M O N T M O R I L L O N I T E 

S O L S 

In order to study the pept isa t ion of montmorillonite so ls 
both in the presence of Ca** and in Ca * free systems, a sodium 
and a calcium montmorillonite sol were prepared. As a su i t ab l e 
base material a bentonite of French origin was chosen, which ac­
cording to X-ray analysis did not contain any other clay mineral 
thsin montmorillonite. 

After destruction of any organic matter by H2O2 treatment, 
the col lo ida l fraction of the bentoni te was separated and con­
verted in to a calcium or a sodium bentoni te , r espec t ive ly , by 
base exchange (repeated treatment with CaClj or NaCl), The sols 
were purif ied by d ia lys i s (washing on an u l t r a f i l t e r ) . Since on 
prolonged washing there i s a risk of the sols being converted in­
to hydrogen bentonite (by base exchange witli the H of the water) 
dialysis was discontinued as soon as the pH of both sol and u l t r a -
f i l t r a t e was j u s t a l i t t l e over 7.0, which should be considered an 
arbi trary choice. 

A detailed description of the procedure i s given below. 

Preparation of Na montmorillonite sols. 
50 g of raw bentonite were digested with 100 cc of 30% H2O2 in 

order to destroy any organic matter present in the bentonite. Af­
ter standing overnight the excess peroxide was decomposed by heat­
ing on a steam bath. 

Subsequently a 1% suspension of the bentonite was prepared in 
distilled water and the coarse fraction allowed to set t le . After 
decantation the suspension was centrifuged during 2h at 500 r.p.m. 
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Tlie radius of the centrifuge from the centra] shaft to the bottom 
of the tubes was 28 cm and the liquid column in the tubes had a 
length of 15 cm. About 75% of the bentonite was discarded in this 
way leaving a i/i% suspension of the" fine fractions of the bento­
nite . 

Three parts of this suspension were flocculated with 1 part of 
1 NNaCl. The flocculated suspension was centrifi<ged in 100 cc 
portions and the supernatant liquid was decanted. The remaining 
sediment of about 1 cc in each tube was suspended in 100 cc of 
fresh 1 N NaCl solution and again centrifuged. The decantation, 
the suspending in fresh NaCl solution and centrifuging' were re­
peated four times after which no calcium ions could be detected 
in the decanted NaCl solution by means of the oxalate reaction. 
Ihen the sediment was taken up in d i s t i l l ed water and centrifuged. 
After decantation, the sediment was again digested with d i s t i l l e d 
water and this manipulation was repeated until the suspension be­
came peptised. Next the peptised suspension was dialysed by ultra­
f i l tration and washing with d i s t i l led water on a collodion membrane 
mounted on a Buchner funnel. In order to prevent conversion into 
hydrogen bentonite d ia lys i s on an u l t r a f i l t e r was preferred to 
electrodialysis , the former being easier to control. 

Washing was continued until the pH of both sol and ul trafi l trate 
was jus t a l i t t l e over 7 .0 . The sol had to be washed with about 
four times the original sol volume of d i s t i l l ed water. 

Preparation of calcium montmorillonite so l . 
Ca montmorillonite was prepared in a similar way, however using 

CSCI2 instead of NaCl for the conversion of the original bentonite 
into calcium bentonite. 

C. S I Z E A N D S H A P E O P T H E M O N T M O R I L ­
L O N I T E M I C E L L E S 

The knowledge of the s i ze and shape of the micel les of the 
sols to be invest igated i s desirable with a view to the quant i ta­
t ive interpretatie»» of possible adsorption reacticms with chemical 
t reat ing agents. 

O» ultramicroscopical observation the sols show the image of 
a hydrophobic soh ultramicrons in brisk Brownian motion. The p l a t e 
l ike shape of the micelles i s obvious from the in termi t tent sca t ­
ter ing of l igh t due to the rota t ional movement of the p la te s which 
i s superimposed on the t r ans l a to r i a l Brownian mqtion, 

In order to determine the average diameter and the average 
height of the p l a t e s , the r e s u l t s of two methods were combined: 
From the r e l a t i v e v i scos i ty of d i l u t e suspensions the r a t i o of 
height and diameter of the p l a t e s i s calculated according to the 
Peter l in-Burgers equation (3 ) , In these ca lcu la t ions the p l a t e s 
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are considered as f l a t e l l i p s o i d s of ro ta t ion . Their axis r a t i o 
i s an approximate figure for the heightrdiameter r a t i o . From u l ­
t ramicroscopical counting of the number of micel les the volume 
of one micelle may be determined, the to ta l volume of clay in the 
suspension being calculated from the weight percent of clay and a 
speci f ic gravi ty which i s based on an assumed degree of hydration 
of the micel le . 

Let Pa be the spec i f ic gravity of the micelle which i s assumed 
to be 2.70 for montmorillonite dried at 105°C and (100-a)2,70 + a 

100 
for montmorillonite containing a% of water. 
Let gg be the weight concentration of the so] of montmorillonite 

with a% of water, expressed in g/100 ml of the sol , thus 

Ka = g +Toö"e 
where g i s the weight concentration of dry clay. 

Let Cpa be the r e l a t i v e volume of the micelles containing a% of 
water, thus cPa = 0.01 g^/Pa. 
The r a t i o of height to diameter of the p la tes (p) — or the axis 

r a t i o of the e l l i p s o i d s - i s found from the Pe t e r l i n -Burge r s 
equa t ion : 

in the case of montmorillonite micelles we may write: 

where T\g = viscosi ty of the sol and T̂^ that of water. 

Let n be the average number of p a r t i c l e s (average of 200 deter­
minations) in the cy l indr ica l counting volume v of the u l t rami-
croscope with a height of 3.0 [i and a diameter of 19.3 10. There­
fore V = 0.878 . 10"9 ml. 
Before counting the sol i s di luted to V times i t s original volume. 

Then the number of mice l l e s pro 100 ml of the o r ig ina l sol i s 
100 . nV/v and the volume of one micelle will he 

100 q'a _ V 

100.-2^ "^ 
•Pa 

Writing nV/vxN„ (the number of micelles pro ml of original soL) 
the volume of each micel le will be Cp^N^ which i s equal to rtr h 
where h = 2 r . p . and thus 

2Tlr^p = q)a/N„ (2) 

Combining ( I ) and (2) we find: 

3 lis - l̂ o 1 1 
2 ^ ' ' - T ^ - ' T : ^ •— 
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l/5 i s - ^ o 

^ 
1 0.375 (3) 

Thus the radius of the m i c e l l e s i s independent of the degree of 
hydration assumed in the c a l c u l a t i o n s . 

For var ious assumed values of a, the percentage of water o f hy­
dration, the fol lowing dimensions of the Na and Ca montmorillonite 
m i c e l l e s are c a l c u l a t e d ; ( the r e l a t i v e v i s c o s i t y data are given 
for a d i l u t i o n of 1; 6 of the or ig inal 1.48% s o l , where the r e l a ­
t ion o f r e l a t i v e v i s c o s i t y and concentration i s s t i l l l i n e a r and 
the N values are derived from counting data in a d i lut ion 1:1000) 

T A B L E II A 

CALCULATION OF MICELLE DIMENSIONS FBOM RELATIVE VISCOSITY 

' AND COUNTING DATA 

Na 

Ca 

Na 

Ca 

Na 
Ca 

montm. 

montm. 

montm. 

montm. 

montm. 
montm. 

^s-^o 
no ' 

f l 

"HB" 

' c ' 

at 

r 
/ 

a s 

Pa» 
6 « a * 

10 X <pa =" 
0.0985 l /p = 

0.0761 1 /p» 

0% 
2.70 

0.246 
91 

225 

198 

0 . 0 9 8 5 . ^ 6 . 3 7 5 : N^ 

0 . 0 7 6 1 - ] ^ 0 . 3 7 2 : N^ 
0 

h = 

h > 

37 

42 

10% 
2.53 

0.270 
106 
220 

169 

25% 
2.28 

0.307 
135 
172 

133 

50% 
1.85 

0.369 
200 
114 

90 

= 1 . 9 8 . 1 0 " - r „ =4800 

= 2 .25 .10 '2 -*rj,^=4230 

43.5 
49 

56 
63 .5 

84 %. 

92.5 X 

X 
o 
A 

Deviat ions of the c a l c u l a t e d and the real s i z e may occur as a 
r e s u l t of a number of f a c t o r s that have been n e g l e c t e d iri the 
c a l c u l a t i o n s : Nei ther the e f f e c t of he terod i^ers i ty , nor the ef­
f ec t of the p a r t i c l e charge on the r e l a t i v e v i s c o s i t y which should 
be accounted for by some Smoluchowsky term in the Pe ter l in -B irgers 
equat ion, were introduced. Moreover the s p e c i f i c gravity of ben­
t o n i t e and the water of hydration may not be add i t i ve owing to 
or ienta t ion e f f e c t s of the hydration water between the l ayers . As 
a matter of fac t the average radius of the Ca and Na montmoril­
l o n i t e sol m i c e l l e s are ca l cu la ted to be d i f f e r e n t although they 
may be expected to be equal , being prepared from the same parent 
mater ia l . A p o s s i b l e correc t ion factor w i l l be d iscussed l a t e r . 

I t may be c o n c l u d e d from t h e s e d e t e r m i n a t i o n s t h a t t h e mi ­

c e l l e s a r e e x t r e m e l y t h i n compared w i t h t h e i r a v e r a g e d i a m e t e r . 

The t h i c k n e s s c o r r e s p o n d s w i t h t h a t o f a p a c k e t o f about 5 l a y e r s 

( c a 40 A i n dry c o n d i t i o n ) . 
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In view of the incertainties involved in the calculation of 
the dimensions a further check by different methods was considered 
desirable. Both X ray and electronmicroscopical techniques were 
applied. 

After concentrating the sols by ultrafiltration definite base 
reflections were obtained. This indicates that the hydrated plates 
may be estimated to be thicker than 100 A * ) . The basal spacing 
being ]9 A this would correspond to the thickness of a packet of 
more than 6 layers. On dilution, however, the base reflections 
disappear before they are obscured by continuous water bands. At • 
the same time the low angle scattering increases. Both observa­
tions point to a splitting up of the micelles on dilution. The 
base reflections of calcium montmorillonite are more persistent 
on dilution than those of sodium montmorillonite. The first are 
still visible on the background of a strong water band at a sol 
concentration of 3/4 %, the latter have disappeared at a concen­
tration of IM %. 

Analogous effects of dilution were encountered in the ex­
tremely diluted sols which are used for ultramicroscopical count­
ing. The number of particles (calculated on the undiluted sol) 
increases with increasing dilution and also with the time elapsed 
between the preparation of the dilution and the observation. Some 
counting results are collected in Table II 3. (250-500 particles 
were counted, amounting to an error of between 5 and 10%). 

T A B L E II B 

EFFECT OF DILUTION AND TIME ON THE NUMBER OF PARTICLES OF MONT' 

MORILLONITE SOLS 

so l 

Na montm. 

ICa montm. 

d i l u t i o n of 
1. 48% s o l 

1 : 600 
1 : 1000 
1 : 1000 
1 : 1200 

N„.10-12 1 

di r e c t 

1 .90 
1.98 
2 . 2 5 ' 
2 . 6 0 

7 days 

2 . 8 3 
2 . 4 4 

10 days 

2 . 2 4 

14 days 

2 . 7 2 
3 . 0 5 

20 days 

2 .77 

32 dayal 

2 . 3 2 

Apparently a dynamic layer associat ion-dissociat ion equi l ib­
rium ex i s t s in these so ls , the posi t ion of which i s dependent on 
the micelle concentration, 

• ) This was pointed out by Ir .P.Franien who carried out the X-ray 
work together with Miss. G.van Tilburg. 
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In view of t h i s dependence of the pa r t i c l e s ize on the sol 
concentration i t was not s t r i c t l y correct, after a l l , to combine 
viscosity data with ultramicroscopical counting resul ts which are 
obtained in d i f fe ren t concentration ranges, although no large 
e r r o r s wi l l be involved. 

Electronmicroscopy *) was expected to supply a more d i rec t 
check on the micel le dimensions. The electronmicrographs show 
rather i r regular micelles having diameters of 1000-2000 X, which 
i s considerably smaller theui calculated above. Some c lus ters of 
par t ic les are observed, which may be due, however, to flocculation 
when preparing the samples on the supporting film. The transpar­
ency of the micelles indicate that they are real ly extremely thin 
and gold shadow cast micrographs show very small shadows. The 
length of the shadows i n d i c a t e s the above ca lcu la ted mice l le 
thickness (40 A for the dry micelle) to be of the right order of 
magni tude. 

Regarding the discrepancy between the observed and the ca l ­
culated diameter i t may be stressed that one should be careful in 
in terpre t ing the electron micrographs. A breeiking up of the thin 
crys ta l p la t e s when the droplet of the sol i s evaporated on the 
supporting collodion film i s certainly conceivable and this would 
resul t in smaller diameters. In order to check this poss ib i l i ty a 
d i lu te sol was counted and evaporated to dryness under vacuum a t 
room temperature. The residue was again taken up in the original 
amount of water and the sol was counted again. The r e s u l t was 
that twice the original number of micelles was counted after the 
tes t , which may indeed be a t t r ibuted to a breaking up of the thin 
crystal p la tes . 

Summarizing the above, a thickness corresponding with that 
of a packet of ca 5 layers may be considered a reasonable figure, 
The magnitude of the micelle diameter, however, leaves more room 
for speculation. 

D. S O L S T A B I L I T Y A N D C H A R G E D I S ­
T R I B U T I O N ON T H E M I C E L L E S 

Microelectrophoresis experiments, using the apparatus of 
Rutgers, Facq and van der Minne (4) show that the micelles are 
negatively charged. The electrophoretic mobility i s comparatively 
small: for the sodium montmorillonite -2.1 y/sec/Volt/cm and for 

*) The electronmicroscopical work was carried out by Ir.L.van Reyen, 
Mrs. N.M.C.van Veen-Tuyl Schuitemaker and J.Wolffes. 
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t h e ca lc ium m o n t m o r i l l o n i t e - 1 . 0 1 / s e c / V o l t / c m a t a s o l c o n c e n t r a ­
t i o n of 0.0003%. 

The d e t e r m i n a t i o n of t h e f l o c c u l a t i o n va lues of the s o l s was 
c a r r i e d o u t by means o f a c e n t r i f u g e t e c h n i q u e , d e v e l o p e d by 
G .K . J one s * ) . The method i s b a s e d on t h e d e t e r m i n a t i o n o f t h e 
s e d i m e n t volume of t h e s o l s which u n d e rg o es a sudden i n c r e a s e 
when t h e s o l f l o c c u l a t e s . 

The c e n t r i f u g e used was a small e l e c t r i c a l l y d r i v e n l a b o r a t o r y 
c e n t r i f u g e f i t t e d w i t h s i x g radua ted , conica l -bot tomed 10 cc cen­
t r i f u g e t u b e s . The mean r a d i u s of r o t a t i o n was 10 .3 cm. 
A f l o c c u l a t i o n experiment i s c a r r i e d ou t as fol lows: 
An e l e c t r o l y t e s o l u t i o n i s added t o each o f t h e s i x t u b e s i n 

s t e a d i l y i n c r e a s i n g q u a n t i t i e s from a m i c r o - b u r e t t e . Water, suf­
f i c i e n t t o make up t h e e l e c t r o l y t e volume t o e x a c t l y 5.0 cc , i s 
run i n from a n o t h e r b u r e t t e i n such a way as t o f l o a t on top o f 
t h e e l ' e c t r o l y t e . Then, 5 .0 cc of a 0,5?? m o n t m o r i l l o n i t e so l i s 
p i p e t t e d i n t o each of t h e t u b e s wi th the minimum of mixing . The 
t ubes a r e s t oppe red immediately and shaken v i o l e n t l y for about 30 
seconds a f t e r wliich they a r e t r a n s f e r r e d to the c e n t r i f u g e . 
A f t e r t h e t u b e s have been c e n t r i f u g e d for 5 minutes a t 1400 r . p ,m, , 

t h e dep th of sediment i n each tube i s de te rmined . Tlie f l o c c u l a ­
t i o n p o i n t i s taken a s t h a t e l e c t r o l y t e c o n c e n t r a t i o n a t which 
t h e f i r s t d e t e c t a b l e i n c r e a s e i n sediment volume o c c u r s . 

T h i s method i s more r e l i a b l e than the s u b j e c t i v e c l a s s i c a l 
method o f v i s u a l o b s e r v a t i o n . Tlie method i s on ly s u f f i c i e n t l y 
s a i s i t i v e i f t he f l o e s a re r a t h e r voluminous which l i m i t s i t s ap ­
p l i c a b i l i t y t o s o l s w i th a n i s o d i m e n s i o n a l o r t o t h o s e witii hy ­
d r a t e d p a r t i c l e s . 

Some f l o c c u l a t i o n v a l u e s for Na and Ca m o n t m o r i l l o n i t e s o l s 
a r e c o l l e c t e d i n Tab le I I C, 

T A B L E I I C 

FLOCCULATION VALUES OF SODIUM AND CALCIUM MONTWORILLONITE .SOLS 

sol c o n c e n t r a t i o n !4% 

Na m o n t m o r i l l o n i t e 
1 Ca m o n t m o r i l l o n i t e 

f l o c c u l a t i o n va lue 
NaCl 

between 12 and 16 
between 1.0 and 1.3 

( m . e q . / l ) for 
CaCl2 1 

between 2 . 3 and 3 .3 1 
between 0.17 and 0 . 2 3 | 

In a c c o r d a n c e w i th t h e low e l e c t r o p h o r e t i c m o b i l i t y of t h e 
m i c e l l e s t h e s t a b i l i t y o f tlie s o l s i s low a s compared w i th t h e 
s t a b i l i t y of o t h e r n e g a t i v e s o l s towards f l o c c u l a t i n g s a l t . I t i s 

*) p r i v a t e communication. 
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apparoit from both the electrophoretic mobility and the floccula­
tion values that Ca montmorillonite sols are even less stable than 
Na montmorillonite so l s . 

The negative charge of the micelles originates from the i so­
morphous replacements of Al by Mg in the l a t t i c e as was pointed 
out in section A. This surplus charge may be considered the inner 
coating of the double layer of the f ia t surfaces of the micelles, 
The exchangeable cat ions which are accumulated near the layer 
surfaces are the compensating " counter ions" of th is double layer. 

Due considerat ion should be given to the s i tua t ion at the 
edges of the p l a t e - l i ke micelles where e lec t roneutra l i ty w i l t be 
disturbed owing to the disruption of the tetrahedrical s i l i c a and_ 
the octahedrical alumina sheets . Analogous to the formation of a 
double layer a t the surface of most hydrophobic sol micelles due 
to incompleteness of the l a t t i c e at these surfaces, also a double 
layer will be formed a t the broken edges of the p la tes . The prob­
lem i s to make a reasonable assumption about the sign of the 
double layer a t the edges. A p r io r i , th i s potential may be e i ther 
posi t ive or negative: although the micelles are electrophoret ic-
a]ly negative a posit ive edge potential may not be excluded since 
tlie effect of the negative surface layer potential may be prepon­
derant. 

When cons ider ing the poss ib le charge d i s t r i b u t i o n a t the 
edges an analogy may be drawn with s i l i c a so l s and alumina so l s , 
I t i s known that s i l i c a so l s are negative, alumina so ls on the 
other hand may be posit ive up to a rather high value of the pH. 
Therefore, the bfoken s i l i c a sheets could be assumed to bear a 
negat ive charge (with s i l i c a t e anions as po ten t ia l determining 
ions) and the broken alumina sheets a positive charge (with Al 
as |K)tential determining ions), (Compare the views of Ford, Ix)omis 
and lidiam ( 5 ) ) , The sign of the double layer potential i s , how­
ever, not exclusively a matter of the d is t r ibu t ion of fiotential 
determining ions. The presence should also be considered of ions 
which are able to reverse the sign of the double layer potent ia ls 
of micelles e,g, the reversal of the charge of a negative colloid 
by polyvalent ca t ions , Tliis i s a real p o s s i b i l i t y in bentoni te 
sols where small amounts of Al * or Fe are present in the in­
termicel lar l iquid , the concentration of which i s , however, suf­
f i c i en t ly high to reverse the negative po ten t ia l at the broken 
s i l i c a sheets into a posi t ive potent ia l . I t i s conceivable, there­
fore, tha t the t o t a l l a t e r a l surface potent ia l i s pos i t i ve . If 
so, the montmorillonite micelle would have a rather excepticwial 
s t ructure , having two double layers of different sign, a negative 
one located at the layer surfaces and a posi t ive one at the l a t ­
eral surface 
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There is indeed a number of phenomena which may be seen as a 
support of the presence of two different charges on the micelle 
i. The comparatively low electrophoretic velocity of the mont­
morillonite micelles may result from a counteraction of the con­
tributions of the negative layer surfaces and of the positive 
lateral surfaces, 

ii. In the case of kaolinite strong evidence of a positive charge 
of the edges was obtained by Thiessen (6): He has shown from elec-
tr«i micrographs that negative gold particles are exclusively ad­
sorbed to the edges of the kaolinite micelles. Since the elec­
trical conditions at the lateral surface of the kaolinite and the 
montmorillonite micelles may be expected to be rather similar 
this would point to a positive edge charge for montmorillonite as 
well. 

iii. A viscosity anomaly was observed on addition of small amounts 
of a flocculating electrolyte to a sodium montmorillonite sol, 
which may be explained on the basis of the positive edge hypothe­
sis. 

Oh addition of a flocculating amount of NaCl or CaCl to a 
Na montmorillonite sol a sharp rise of the viscosity is observed, 
whereas at the same time the number of particles and the electro­
phoretic mobility decrease (compare the data in Table II D). Ihis 
is the normal behaviour caused by a decrease of both double layer 
potentials resulting in both edge to edge and surface to surface 
association of the micelles. The higher viscosity in the associated 
(flocculated) state may be seen as a consequence of the apparent 
volume of the porous particle agglomerates which is greater than 
the total volume of the individual particles. The effect is known 
as voluminosity effect and will depend on both degree and type of 
association of the micelles. 

However, at a salt concentration which is fairly below the 
flocculating concentration, a slight decrease of the relative 
viscosity is observed (column 2 Table II D). Assuming a certain 
positive edge-negative surface association in the original sol as 
pointed out above, the decrease of the relative viscosity may be 
interpreted as a decrease of this type of association, since both 
double layer potentials will decrease at the same time and thus 
the electrical attraction between edges and surfaces. 
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T A B L E I I D 

EFFECT OF SALT ON VARIOUS PROPERTIES OF SODIUM MONTMORILLONITE SOL 

1 NaCl c o n c . m . e q . / l 

1 e l e c t r o p h o r e t i c mob. 
1 M/se c/Vol t /cm 
1 sol conc . 0 . 0 0 6 % 

r e l a t i v e v i s c o s i t y • ) 

number o f m i c e l l e s 
pro ml of 1.5% so l 
average o f 200 d e t s . 

1 X 10-»2 

assumed mi e e l 1 e 
a s s o c i a t i o n 
p r i m a r i l y 

0 
o r i g i n a l 

s o l 

2 ,9 

1. 10 

1.9 

edge 
t o 

sur face 

3 

2.7 

1.07 

1.3 

s u r f a c e 
t o 

s u r f a c e 

15 
f 1 o c c u l a t e d 

2 . 1 

1.42 

1 .15 

80 1 
s o l 1 

1 .55 

• 1 
0 . 3 

edge to edge and 
s u r f a c e to s u r f a c e 1 
and edge to s u r f a c e 1 

• ) The v i s c o s i t y was measured a t 25''C in an Ostwald v i s c o m e t e r -
The d i l u t e s o l s (0.25*7) do n o t e x h i b i t t h i x o t r o p y when d i a l ­
y z e d . On f l o c c u l a t i o n , however , the v i s c o s i t y d e c r e a s e s a f t e r 
p r e v i o u s a g i t a t i o n i n d i c a t i n g a s l i g h t d e g r e e o f t h i x o t r o p y . 
In t h i s c a s e the sys tem was l e f t u n d i s t u r b e d d u r i n g S m i n u t e s 
in the upper r e s e r v o i r and c a p i l l a r y p r i o r to the d e t e r m i n a ­
t i o n . Moreover , the v i s c o s i t y was found to i n c r e a s e wi th the 
t ime e l a p s e d a f t e r the a d d i t i o n o f s a l t . The v a l u e s r e p o r t e d 
are the maximum f i g u r e s which are o b t a i n e d a f t e r 2̂ * 1 hour . 

If the aliove explanation holds, the calculation of pa r t i c l e 
size from re la t ive viscosity and counting data should be corrected 
for the conglomeration effect in the case of sodium montmoril­
l o n i t e s o l s . The minimum r e l a t i v e v i scos i ty af ter sa l t addition 
which is about 3% lovier tlian that of the pure sol would be a more 
appropriate figure to be used in the calculations. The correction 
resu l t s in elimination of the discrepancy between the values for 
the radius of Na and Ca montmorillonite and also the figures for 
the axis r a t io then become prac t i ca l ly equal. 

However, the in t e rp re t a t ion given must not be considered a 
defini te proof of the posit ive edge potential since two additional 
effects may contribute to the decrease of the viscosity: F i rs t the 
dec rease may be seen as a small e ] e c t r o v i s c o u s e f f ec t ( t he 
electrophoret ic mobility decreases) and secondly i t may be a r e ­
su l t of the formation of t h i cke r packets with a smaller axis 
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r a t i o , which might be due to a p a r a l l e l association (the number 
of micelles decreases!) . Generally speaking the interpretat ion of 
v iscos i ty behaviour i s rather involved. A more d i rec t indication 
of the fonnation of s t ruc tura l agglomerates may be obtained from 
yield s t r e s s determinations in more concentrated systems. 

iv . The development of r i g id i t y in dialyzed bentonite suspensions 
a t r e l a t i ve ly low concentrations and the effect of small amounts 
of s a l t s on the yield s t r e s s and thixotropy of these systems has 
indeed supplied a r a the r strong support for the pos i t i ve edge 
hypothes i s . 

A d e t a i l e d d i scuss ion of these e f fec t s wi l l be given in 
chapter V dealing with a different montmorillonite, which proved 
to be more sui table for t h i s work than the French montmorillonite 
used in the beginning of the inves t iga t ion . In t h i s t h e s i s , we 
thus follow the progress of the work in the course of time. Tlie 
above supports for the pos i t i ve edge hypothesis, however weak, 
were considered to have suff icient r ea l i t y to warrant adaptation 
of th i s assumption as a possible working hypothesis. 

E, T H E B A S E E X C H A N G E C A P A C I T Y 

i . Location of the exchangeable cations on the micelle 

The base exchange capacity of montmorillonites i s usually of 
the order of 100 m,eq./lOO gram of clay. The surface occupied by 
one exchange able ion may be calcula ted at about 125 A , corre­
sponding with a charge density of 0.8 x 10''' esu/cm^. The surface 
area of both s ides of a un i t ce l l i s equal to 2 x 5.15 x 8.9 « 
92 A^. Therefore 0.73 exchangeable ion i s present per unit c e l l , 
corresponding with a replacement of 0.73 of the 4 Al by Mg or a 
replacement of ca 18% of the Al. This calculation i s only roughly 
corroborateo by chemical ana lys i s . In order to obtain a be t t e r 
corre la t ion Ross and Hendricks ( l . c ) assume that the isomorphous 
subs t i tu t ions are a l i t t l e more complicated. In addition to re­
placement of Al by VIg in the octahedrical sheet also a replacement 
of Si by Al in the te t rahedr ica l sheet i s supposed to take place 
to some extent . Moreover, the th i rd vacant octahedrical posi t ion 
may be pa r t ly f i l l ed by Al or Mg. Thus the to ta l excess negative 
charge of the l a t t i c e and therefore the exchange capacity i s found 
from the excess negative charge due to Si-Al and Al-Mg replacement 
minus the excess pos i t ive charge due to the par t ia l occupation of 
the vacant octahedrical posi t ion. I t will be impossible to predict 
the b . e . c . on the bas i s of the chemical ana lys i s but i f both 
analysis and b . e . c . are known, the amount of Si and Al in t e t r a ­
hedrical posi t ions and the amount of Al and Mg (and possibly fer­
r i c ion) in octahedrical position may be calculated, 
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In Table II E the results of such a calculation are given 
for the parent material of the montmorillonite sols described in 
this chapter, having a b.e.c. of 87. For comparison the data for 
a French montmorillonite taken from the paper of Ross and Hendricks 
are also inserted in the Table. These data were calculated for 
a.b.e.c. of 70. Since a b.e.c. of about 70 instead of 87 is also 
found for our bentonite if the b.e.c, is determined by means of 
the method applied by Ross and Hendricks *) the calculation of 
the formula for our bentonite is also given for a b.e.c. of 70. 

T A B L E II E 

Sample 

Wyoming 
b e n t o n i t e 

French a c e . 
to Ross 

French 

French 

French i f 
c o n t a i n i n g 
5°; q u a r t i 

b . e . c . 

75 

70 

70 

87 

70 

formula for m o n t m o r i l l o n i t e : 

(A^rrxtw:) (Air-'^i^:::)x,o^„(oH)J 
o c t a h e d r i c a l 
c o o r d i n a t i o n 

a-y 

1. 53 

1.6<4 

1.62 

1.60 

1.63 

b 

0 . 1 9 

n . 0 5 

0 . 0 7 

0 .07 

0 . 0 7 5 

d 

0 .27 

0 , 3 6 

0 ,37 

0 .37 

0 .40-

t e t r a h e d r i c a l 
c o o r d i n a t i o n 

y 

0 . 0 6 5 

0 .12 

0. 15 

0 . 1 6 

0 .27 

4-y 

3 .39 

3.88 

3 .85 

3 . 8 4 

3 . 7 3 

exch. 
base 

X 

0 . 3 2 

0.33 1 

0.33 1 

0 , 4 0 

0.35 1 

The table shows that the sample analyzed by Boss et al. and 
our parent material give practically indentical results (compare 
the results for a different bentonite viz, a Wyoming bentonite 
given in the first line of the table). If it is assumed that 5% 
of quartz is present in the French bentonite the results of the 
calculation do not change appreciably (last line of table II E), 

A comparison of the results for French bentonite, assuming 
either a b,e,c, of 70 or of 87 demonstrates that slight changes 

*) The method applied is conversion into hydrogen montmorillonite 
and subsequent potentiometric titration with NaOH. The result 
of the method is doubtful since the equilibrium pH is reached 
only very slowly, particularly in the neighbourhood of the end 
point, 
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in the subs t i t u t i ons would have a marked effect on the b . e . c . 
Since such s l igh t changes in the l a t t i c e seem to occur on acid 
treatment when converting bentonite into hydrogen bentonite as 
shown by Mukherjee (7) , th i s i s another reason why tlie determina­
tion of the b .e .c . via hydrogen montmorillonite does not seem ap­
propriate. Also for th i s reason we did not follow the common pro­
cedure for the preparation of Na or Ca montmorillonite via hydro­
gen montmorillonite and subsequent neut ra l iza t ion with NaOH or 
Ca(CH)2, but we preferred the direct exchange with NaorCa s a l t s . 

The theory of Ross and ilendriieks does not take into account 
the possible presence of a fraction of the excliangeable ions at 
the edges of the micelïès, where e lec t roneut ra l i ty will also lie 
disturbed owing to the disruption of tlie l a t t i ce sheets. 
A.L. Johnson (8) takes the extreme opposite view; he assumes that 
the exchangeable ions are exclusively located at the edges. He 
shows that the b.e. c. calculated from the micelle dimensions agrees 
with the measured b .e . c . if the number of broken Si-O-Si bonds at 
the la te ra l surface i s taken equal to the number of exchangeable 
cations. However, his determination of the micelle dimensions i s , 
in our opinion, open to cr i t ic ism: tlie electron micrographs pub­
lished in his paper suggest that the dimensions of the plates are 
actually larger than those which are used in the calculations and 
which are derived from the equivalent spherical diameter according 
to Stokes' law. Therefore the l a t e r a l surface will ac tual ly be 
smaller and the number of broken bonds would only account lor a 
fraction of the exchange capacity. Moreover, the presence ol ex­
changeable ions between the l a t t i c e sheets i s beyond doubt; their 
hydration explains the swelling of bentonite in water and the i r 
exchange with organic cat ions r e s u l t s in complexes with these 
cations which are located between the layers as inferred from X-
ray analysis . 

I The location of a fraction of the exchangeable cat ions at 
the edges i s usually assumed to explain the increase of the b .e . c . 
on grinding amounting to an increased la tera l surface by breaking 
the thin pla tes . However, grinding may also cause l a t t i c e dis tur­
bances which may give r i se to an increased charge deficiency and 
consequently an increased b . e . c . Vtoreover, the b . e . c . i s not a l ­
ways observed to increase on grinding (compare (9) ) . 

Finally a remark may be made about the mechanism of exchange. 
I t i s generally assumed tha t the exchanging ions penet ra te be­
tween the layers . However, an a l t e rna t ive mechanism may be pro­
posed, bearing in mind tha t the assoc ia t ion of the l aye r s to 



packets may be seen as a dynamic equi l ibrium as pointed out in 
t h i s chapter. Then, the exchange can be supposed to take place at 
those sur faces of the l a y e r s which happen to be exposed to the 
l iqu id phase. The reaction would be complete as soon as a l l layers 
would have had the ir turn in the d i s soc ia t ion -as soc ia t ion process . 
Par t i cu lar ly in the case of exchange with extremely large organic 
c a t i o n s ( s e e next s e c t i o n ) the l a t t e r mechanism w i l l be more 
l i k e l y , in our opinion. Moreover, i f the assumption i s made that 
the edges of the p la te s are p o s i t i v e l y charged, t h i s charge would 
form a barr ier for the c a t i o n s to penetrate between the l a y e r s 
from the s i d e s . 

2. Determination of the base exchange capacity of montmorillonite 

The fo l l owing methods for the determination of the 1^,e,c, 
were appl ied: 

i , exchange with an e x c e s s of NH.Cl and determination of the 
f i n a l ammonium concentrat ion in the equi l ibrium l i q u i d ; 

i i , p e r c o l a t i o n of Ca montmori l lonite with NaCl and determina­
t ion of Ca in the percolate and percolat ion of Na montmoril­
l o n i t e with HCl and determination of Na in the percolate; 

i i i , a method based on the exchange with strongly adsorbed organ­
i c c a t i o n s , which was newly developed. I t i s an extremely 
simple t e s t tube method, which may be carr ied out with as 
l i t t l e as 0 . 25 g of montmori l lon i te . 

i , 4iiiiioniuB chloride method 

Tlie wel l -known ammonium c h l o r i d e method was c a r r i e d out a c ­
c o r d i n g to the i n s t r u c t i o n s o f Hofmann and G i e s e ( 1 0 ) . A s u s p e n ­
s i o n of a weighed amount o f c l a y i s shaken with an e x c e s s of NH4CI . 
The b . e . c . o f the c l a y i s c a l c u l a t e d from the d e c r e a s e of the NH4 
c o n c e n t r a t i o n . The f i n a l NH4 c o n c e n t r a t i o n i s c o r r e c t e d for the 
amount o f water adsorbed by the c l a y , which i s d e r i v e d from the 
i n c r e a s e o f the Cl~ c o n c e n t r a t i o n o f the e q u i l i b r i u m l i q u i d . 

S i n c e a r a t h e r l a r g e amount of b e n t o n i t e i s r e q u i r e d f o r 
t h i s procedure i t was o n l y a p p l i e d to the p a r e n t m a t e r i a l o f our 
s o l s . The r e s u l t s o f d u p l i c a t e t e s t s were 100 and 103 or a v e r a g e 
102 m.eq. / lOO g. 

A genera l c r i t i c a l remark may be made c o n c e r n i n g t h i s method. 
Clay s u s p e n s i o n s o f t e n show an a l k a l i n e r e a c t i o n . On p r o l o n g e d 
s h a k i n g o f such an a l k a l i n e s u s p e n s i o n with NH^Cl some NH^ may be 
removed as NH 3, which a c c u m u l a t e s in the volume of a i r above the 
l i q u i d in the s h a k i n g b o t t l e . T h i s amount g e t s l o s t b e f o r e the 
d e t e r m i n a t i o n o f the f i n a l NH4 c o n c e n t r a t i o n , r e s u l t i n g i n too 
h igh a v a l u e o f the b . e . c . In a blank t e s t i t was found t h a t t h i s 
does o c c u r : on p r o l o n g e d s h a k i n g o f the same volume of an NH4CI 
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s o l u t i o n in a botjtle of the same s i z e and ad jus t ing the pH to the 
same va lue as t h a t for the clay-NH4Cl suspens ion a dec rea se of 
the NHJ con ten t of the l i q u i d was observed. Although the decrease 
amounted to only 1.63%, t h i s has a c o n s i d e r a b l e e f f e c t on the 
c a l c u l a t e d b . e . c , the c o r r e c t e d va lue being 87 i n s t e a d of 102. 

Th i s d e f e c t i s avo ided in the m o d i f i c a t i o n of the NIl.Cl 
method where the NH. content of the clay i t s e l f i s measured a f t e r 
the exchange. For t h i s procedure the NH4'c]ay has to be washed but 
according to R.C.Mackenzie (11) there i s no danger for the NH^ to 
be removed from the c lay i f the washing i s c a r r i e d out with 80^ 
a l c o h o l . 

ii. Percolation method 

This method has been a p p l i e d to both ca lc ium and sodium 
m o n t m o r i l l o n i t e . Ca montmori11oni te was r epea ted ly leached with 
1 N NaCl and the exchanged Ca ions were determined in the pe rco­
l a t e . Na m o n t m o r i l l o n i t e was r e p e a t e d l y leached with 0 . 1 N HCl 
and the exchanged Na i o n s were determined in the p e r c o l a t e . The 
b . e . c . of Ca m o n t m o r i l l o n i t e was found to be 94 and t h a t of Na 
m on tm or i l l on i t e 106. The va lues were co r r ec t ed for the amount of 
Ca and Na r e s p e c t i v e l y in the i n t e r m i c e l l a r l i q u i d of the s o l s . 

iii. Li s sol amine method (12) 

The a d d i t i o n of succe s s ive small amounts of pure t r i m e t h y l -
c e t y l ammonium bromide ( p u r i f i e d " L i s s o l a m i n e A") to a d i l u t e 
clay sol causes a gradual decrease in s t a b i l i t y of the l a t t e r un­
t i l the sol becomes comple te ly f l o c c u l a t e d ; f u r t h e r a d d i t i o n of 
Lissolamine causes a r eve r sa l of t h i s behaviour and the degree of 
p e p t i z a t i o n of the clay sol i n c r e a s e s . 

This phenomenon may be explained as follows: dur ing the f i r s t 
a d d i t i o n s of L i s so lamine , q u a n t i t a t i v e base exchange takes p lace 
between the exchangeable c a t i o n s of the clay and the s t rongly ad­
sorbed ce ty1 t r i r ae thy] ammonium ions u n t i l a l l a v a i l a b l e nega t ive 
exchange p o s i t i o n s are f i l l e d by the l a t t e r . 

As a r e s u l t the l a t t i c e l aye r sur face will become o l e o p h i l i c , 
being covered by hydrocarbon chains and the s t a b i l i t y of the sol 
wil 1 d e c r e a s e . 

On f u r t h e r a d d i t i o n of L i sso lamine , a s s o c i a t i o n between the 
hydrocarbon chains a l r e a d y bound to the c lay p a r t i c l e and the 
hydrocarbon chains of the f r e sh ly added Lissolamine would be ex­
pected to take p l ace , the p o s i t i v e groups of the l a t t e r being d i ­
r e c t e d towards the water p h a s e . The m i c e l l e wi l l thus o b t a i n a 
p o s i t i v e charge and once again become p e p t i z e d to some e x t e n t . 

The sol wi l l be in i t s l e a s t s t a b l e s t a t e when the number of 
L i s s o l a m i n e i o n s added i s equal to the number of exchangeab le 
ions on the c lay m i c e l l e . All n e g a t i v e spo ts wi l l be n e u t r a l i z e d 
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a t t h i s p o i n t . Thus we s h o u l d be a b l e to c a l c u l a t e the b a s e e x ­
change c a p a c i t y of the c lay from the amount of L i s s o l a m i n e n e c e s ­
s a r y to a c h i e v e t h i s minimum s t a b i l i t y . However, t h i s l a t t e r p o i n t 
c a n n o t be d i s t i n g u i s h e d w i t h any d e g r e e o f a c c u r a c y by v i s u a l 
means, s i n c e the so l i s r e l a t i v e l y u n s t a b l e over a wide range o f 
L i s s o l a m i n e c o n c e n t r a t i o n s . 

Tlie f o l l o w i n g e x p e d i e n t o f f e r s a so lu t i o n to t h i s d i f f i c u l t y : 
At the s t a b i l i t y minimum the m i c e l l e s u r f a c e has become c o m p l e t e l y 
o l e o p h i l i c , s i n c e i t i s c o v e r e d wi th the hydrocarbon c h a i n s o f 
the L i s s o l a m i n e and no l o n g e r bears a n e g a t i v e c h a r g e . The p o s i ­
t i v e l y charged edges on the o t h e r hand w i l l not adsorb any o r g a n i c 
c a t i o n s , s i n c e t h e i r l i k e c h a r g e p r e c l u d e s a d s o r p t i o n . Thus a t 
t h e e q u i v a l e n c e p o i n t the c o a t e d c l a y m i c e l l e w i l l be s i m u l t a n e ­
o u s l y o l e o p h i l i c ( a t the l a t t i c e s u r f a c e s ) and h y d r o p h i l i c ( a t 
the m i c e l l e e d g e s ) . A m i c e l l e of t h i s s t r u c t u r e would be e x p e c t e d 
t o a c t as an e f f i c i e n t e m u l s i f i e r . Exper imenta l v e r i f i c a t i o n o f 
t h i s h y p o t h e s i s was r e a d i l y o b t a i n e d by s h a k i n g the s o l s , p r e v i ­
o u s l y t r e a t e d w i t h i n c r e a s i n g amounts o f L i s s o l a m i n e , w i t h a 
p a r a f f i n i c t y p e o f gas o i l . A c o m p a r a t i v e l y s t a b l e e m u l s i o n was 
i n d e e d formed a t a c r i t i c a l L i s s o l a m i n e c o n c e n t r a t i o n . Va lues o f 
the base exchange c a p a c i t y o f v a r i o u s m o n t m o r i l l o n i t e s u s p e n s i o n s 
c a l c u l a t e d by u t i l i z i n g t h i s c r i t i c a l L i s s o l a m i n e c o n c e n t r a t i o n 
for emu]s i f i c a t i o n were found t o be in good agreement with t h o s e 
o b t a i n e d by o t h e r methods . T h i s i s shown in t a b l e I I F. 

T A B L E II F 

samp 1 e 

French montmor. 
Na moncmor.sol 
Ca mon tmor. s o l 

base exchange c a p a c i t y m.eq . / lOO g, d e t e r m i n e d 1 
by the 

Ml4( l method 

87 

Perco l a t i o n 
method 

106 
9 4 

L i s s o l a m i n e 
method 

86 
105 

98 • ) 

*) I t may be remarked t h a t the f i g u r e s are r e l a t e d to the w e i g h t 
of c l a y a f t e r d r y i n g a t I05°C. Ca m o n t m o r i l l o n i t e was found to 
r e t a i n more w a t e r o f h y d r a t i o n a t t h i s t e m p e r a t u r e than Na 
m o n t m o r i l l o n i t e . Compared w i t h t h e w e i g h t a f t e r d r y i n g at 
900°C, Ca m o n t m o r i l l o n i t e r e t a i n s 10.1% of water a t 105°C and 
Na m o n t m o r i l l o n i t e 6.4%, 5% o f which i s h y d r o x y l w a t e r . Cor­
r e c t i n g for the d e g r e e o f h y d r a t i o n the v a l u e s for Na and Ca 
m o n t m o r i l l o n i t e w i l l come c l o s e r t o g e t h e r . 

In Table I I G some r e s u l t s o f the L i s s o l a m i n e method are compared 
wi th those for the Nil Cl method for some raw c l a y s . 
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T A B L E II G 

O r i g i n of c l a y 

T a l a n g Dj imar 

Badas 

Tjepu 

N i g e r i a 

Gron ingen 

Black China 

Ta rakan 

b a s e exchange c a p a c i t y m . e q . / l O O g, 

d e t e r m i n e d by t h e 1 

NH4CI method 

34 

22 

3 1 . 5 

31 

1 1 . 5 

13 

9 

L i s s o l a m i n e 1 

me thod 

3 5 . 9 1 0 . 7 

2 4 . 1 + I . 1 

3 1 . 7 + 0 . 9 

27 + 0. 5 I 
10 + 2 . 5 

1 3 . 3 1 0 . 8 

12 1 1.0 

I f smal l i n c r e m e n t s of t h e o r g a n i c b a s e a r e used a c c u r a t e r e s u l t s 
a r e o b t a i n e d . For e x a m p l e , f o r Na m o n t m o r i l l o n i t e a v a l u e of 10 5 i 
1 was found, which i s in e x a c t a g r e e m e n t w i t h the v a l u e found w i t h 
t he p e r c o l a t i o n method . The L i s s o l a m i n e method i s much s i m p l e r and 
may be c a r r i e d ou t w i t h v e r y sma l l s amp le s of c l a y , v i z . 0 . 1 5 g . i n 
t h e c a s e of m o n t m o r i l l o n i t e . 

I t was o b s e r v e d , however , t h a t t h e p r e s e n c e of f l o c c u l a t i n g e l e c ­
t r o l y t e s w^ll a f f e c t t h e d e t e r m i n a t i o n : t h e p r e s e n c e of 20 m . e q . / I 
of NaCl in a 0 .25% sodium m o n t m o r i l l o n i t e so l ( o r 47 grams of s a l t 
on 100 grams of c l a y ) r e s u l t e d i n a b . e . c . which was h i g h to t h e 
e x t e n t of 10%, w h e r e a s t h e a d d i t i o n of 5 m . e q . / l of FeCl3 ( o r 11 
grams on 100 grams of c l a y ) y i e l d e d a v a l u e which was low to t h e 
e x t e n t of 15%. On t h e o t h e r hand , t h e b . e . c . of a d i a l y z e d c a l c i u m 
m o n t m o r i l l o n i t e so l p r o v e d n o t t o be a f f e c t e d by t h e a d d i t i o n o f 
10 m . e q . / l of CaCl5 t o a O . 2 5 % sol (22 grams on 100 grams of c l a y ) . 
In t h e c a s e o f s t r o n g l y f l o c c u l a t e d c l a y s , t h e r e f o r e , t h e p r i o r 
removal of e l e c t r o l y t e s . by w a s h i n g on a c o l l o d i o n f i l t e r w i l l be 
d e s i r a b l e f o r a c c u r a t e wor4<. 

The p r o c e d u r e i s as f o l l o w s ; In a s e r i e s of t e s t t u b e s I.O ml of 
a 1.5% c l a y s u s p e n s i o n i s t r e a t e d w i t h i n c r e a s i n g amounts of a 1.0% 
s o l u t i o n o f p u r e c e t y l t r i m e t h y 1 ammonium b r o m i d e * ) , t h e f i n a l 
volume b e i n g made up to 6 .0 ml w i t h d i s t i l l e d w a t e r . A f t e r s t a n d i n g 
o v e r n i g h t t h e c o n t e n t s of t h e t u b e s a r e g e n t l y s h a k e n w i t h 5 ,0 ml 
p o r t i o n s of a p a r a f f i n i c t y p e gas o i l • • ) . The c r i t i c a l amount o f 
b romide from which the b . e . c . i s c a l c u l a t e d i s l i m i t e d be tween a 
l o w e r and an u p p e r v a l u e c a l c u l a t e d from t h e a m o u n t s of b romide 
p r e s e n t in t h e l a s t d e m u l s i f i e d and t h e f i r s t e m u l s i f i e d m i x t u r e . 

• ) P o s s i b l y o t h e r c a t i o n a c t i v e compounds which a r e a v a i l a b l e i n a 
s u f f i c i e n t l y p u r e s t a t e may be u s e d a s w e l l . 

• • ) In a few c a s e s x y l e n e was u s e d i n s t e a d of t he g a s o i l , y i e l d i n g 
i den t i c a ] r e s u l t s . 
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In a p r e l i m i n a r y s e r i e s the o rde r of magnitude of the b . e . c . may 
be determined u s i n g l a r g e i nc remen t s of the bromide. In a second 
s e r i e s a more a c c u r a t e va lue may be enc losed u s i n g inc rements of 
O.OI ml of the bromide s o l u t i o n . 

The b . e . c . i s c a l c u l a t e d from: b . e . c . = ^b?''364° "^«^e » i s the 
number of ml of 1.0% bromide s o l u t i o n a t the c r i t i c a l c o n c e n t r a ­
t ion and b i s the ailiount of c l ay in grams (364 i s the mol .wt of 
the b romide) , 

F i n a l l y some a d d i t i o n a l i n f o r m a t i o n was o b t a i n e d r e g a r d i n g the 
t h e o r e t i c a l b a s i s of the L i s s o l a m i n e mel^hod. 
The r eve r sa l of the èharge of the so] was proved by c a t a p h o r e s i s ; 

with an excess of L i sso lamine , t h e m i c e l l e s become p o s i t i v e , 
The i n t e r l a y e r a d s o r p t i o n was p roved by X-ray a n a l y s i s . For 

e q u i v a l e n t exchange the basal spac ing becomes 20 ,5 A or ca 10 A 
more than for dry b e n t o n i t e a l though the d i f f r a c t i o n p a t t e r n i s 
r a t h e r vague. On . add i t ion of an excess of amine ( e q u i v a l e n t with 
about 3 times the b . e . c . ) the basal spac ing becomes 39 S and the 
d i f f r a c t i o n p a t t e r n shows 16 sharp o r d e r s . 

Jordan ( 1 3 ) , who s t u d i e d the a d s o r p t i o n of s t r a i g h t chain amine 
s a l t s to b e n t o n i t e , has shown t h a t the basal spac ing of the com­
p l e x i s ca 4 A h i g h e r than for dry b e n t o n i t e i f the basal p l a n e 
a rea covered by amine i s s m a l l e r than 50% of the t o t a l a r e a and 
ca 8 A for a h i g h e r p e r c e n t a g e covered . For e q u i v a l e n t exch'ange 
i t may be c a l c u l a t e d t h a t amines up to C^Q wi^1 occupy l e s s than 
50% of the s u r f a c e area and those of h igher chain l eng th more than 
50%. Jordan assumes that- the cha ins between the l a y e r s l i e f l a t , 
t he t h i c k n e s s of 1 hydrocarbon chain be ing 4 A. If t he s u r f a c e 
coverage i s l e s s than 50%, the o r g a n i c molecules on the top s u r ­
face of one lamina may f i t i n t o the gaps between t h o s e on the 
bottom su r f ace of the lamina d i r e c t l y above i t . Where the cha ins 
a re longer and occupy more than 50% of the su r face a r e a , ad jacen t 
f lakes wil l be unable to approach more c l o s e l y than the t h i c k n e s s 
of two hydrocarbon c h a i n s or 8 A. With the q u a t e r n a r y ammonium 
s a l t s used in our work the presence of the t h r e e methyl groups a t 
t h e end of t h e c h a i n s a p p a r e n t l y p r e v e n t s t h e l a y e r s to come 
c l o s e r than 2 x 5 8 i n s t e a d of 8 8 ( fo r the C^g chain the s u r f a c e 
coverage wi l l be h ighe r than 50%). At h ighe r L isso lamine concen­
t r a t i o n s more l a y e r s of amine wi l l be adsorbed. Their o r i e n t a t i o n 
may be found from a Four ie r a n a l y s i s r f the X-ray diagram. 

I t has been found from a d s o r p t i o n d e t e r m i n a t i o n s t h a t an amount 
of L i s so lamine which i s e q u i v a l e n t to the b . e . c , i s indeed quan­
t i t a t i v e l y adsorbed. The maximum a d s o r p t i o n c a p a c i t y for Na jnont-
m o r i l l o n i t e was found to be about 2 .4 times the b . e . c , ad so rp t i on 
being p r a c t i c a l l y q u a n t i t a t i v e up to about 1.5 times the b . e . c . 

The idea of the e m u l s i f i c a t i o n t e s t was based on the general 
concept t h a t f i ne ly d iv ided m a t e r i a l s wi l l ac t as e f f i c i e n t emul-
s i f i e r s i f the p a r t i c l e s u r f a c e s a r e p a r t l y o l e o p h i l i c and p a r t l y 
h y d r o p h i l i c . Assuming t h a t the e x c h a n g e a b l e c a t i o n s a r e e x c l u ­
s i v e l y l o c a t e d a t the n e g a t i v e l a y e r s u r f a c e s and not a t the pos­
i t i v e l a t e r a l s u r f a c e s , t h i s c o n d i t i o n would indeed be r e a l i z e d 
a f t e r coraplete«exchange with o r g a n i c c a t i o n s . Th? l a y e r s u r f a c e s 
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w o u l d t h e n h a v e become o l e o p h i l i c , w h e r e a s t h e l a t e r a l s u r f a c e 
would r ema in h y d r o p h i l i c . A l t h o u g h t h e s u c c e s s of t h e e m u l s i f i c a -
t i o n t e s t c o u l d , m u t a t i s m u t a n d i s , be c o n s i d e r e d a s u p p o r t f o r 
t h i s a s s u m p t i o n , i t may c e r t a i n l y n o t be c o n s i d e r e d a d e f i n i t e 
p r o o f , s i n c e o n l y l i t t l e i s known a s y e t a b o u t t h e a c t i v i t y o f 
s m a l l p a r t i c l e s as e m u l s i f y i n g a g e n t s in c o n n e c t i o n w i t h t h e i r 
s u r f a c e c o n d i t i o n s . 

* * * * * * 
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C H A P T E R 2 

THE EFFECT OF SODIUM POLYMETAPHOSPHATE ON THE 
STABILITY OF FRENCH MONTMORILLONITE SOLS 

Polymeric sodium metaphosphate as well as other phosphates 
are very ef fec t ive deflocculants for muds. These compounds are 
known to form soluble complexes with calcium ions: they have a 
cer ta in "calcium sequestering ab i l i t y " . Therefore, as mentioned 
in the introduction, the i r pept is ing effect might be a t t r ibuted 
to an inactivation of the strongly flocculating calcium ions which 
will be present in most muds. 

However, th i s may not be the whole t ru th . In addition, some 
other mechanism might contribute to their ac t iv i ty . Therefore, in 
the present invest igat ion, the i r effect was f i r s t studied in the 
absence of calcium ions, using a dialyzed sodium montmorillonite 
so l . Subsequently the effect on calcium montmorillonite as well 
as the protect ion against the f locculat ing action of dissolved 
calcium s a l t s was inves t iga ted . 

A . P O L Y M E R I C M E T A P H O S P H A T E 

Oie of the most commonly used phosphates in the treatment of 
d r i l l i n g fluids i s the water-soluble sodium metaphosphate which 
i s usually referred to as " sodium hexametaphosphate" * ) . According 
to modem concepts these products are not hexameric but polymeric 
metaphosphates, containing 15-30 PO3 groups depending on the 
method of manufacture (14) , 

W. Teichert et a l . have shown that the complex formation ab i l i ty 
with alkaline earth ions increases with the degree of polymerisa­
tion, The l a t t e r may even be calculated from the Ba-Na ra t io in 
the soluble complex which is found from conductometric t i t r a t i o n . 
F ig . I I . 2 represents the result of such a t i t ra t ion of 20 ml O.I N 
sodium polymetaphosphate which was used in the present investiga­
tion with 1,0 N barium ace ta te . (The normality of the metaphos­
phate solution is based on the equivalent weight of the NaP03-
group). The t i t r a t i o n was carr ied out with the Philoscope at a 
frequency of 1000 cycles. Despite the addition of barium acetate, 

*) A commercial product marketed under the trade name"Ca]gon" 
was used in tn i s inves t iga t ion . 
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t h e c o n d u c t i v i t y f i r s t remains p r a c t i c a l l y the same, i n d i c a t i n g 
the f o r m a t i o n o f a s o l u b l e complex . The i n f l e c t i o n p o i n t a t 1 ,2 ml 
barium a c e t a t e , from where a p r e c i p i t a t e i s formed, i n d i c a t e s t h a t 
t h e s o l u b l e complex c o n t a i n s 12 e q u i v a l e n t s o f barium a g a i n s t 8 
e q u i v a l e n t s of s o d i u m . From T e i c h e r t ' s f o r m u l a , r e l a t i n g t h e 
bar ium-sod ium r a t i o w i t h t h e m o l e c u l a r w e i g h t , i t i s c a l c u l a t e d 
t h a t the d e g r e e o f p o l y m e r i s a t i o n of our product i s about 30 . 
Owing t o the p r e s e n c e of p o l y m e r i c a n i o n s in the s o l u t i o n , the 
a c t i v i t y o f the sod ium i o n s may be e x p e c t e d to be r a t h e r l ow . 
Th i s may be d e m o n s t r a t e d by the dependence o f the e q u i v a l e n t con­
d u c t i v i t y o f the metaphosphate s o l u t i o n s on the c o n c e n t r a t i o n . In 
F i g . I I , 3 the e q u i v a l e n t c o n d u c t i v i t y Ay o f sodium po lymetaphos ­
p h a t e s o l u t i o n s i s p l o t t e d v e r s u s v/ n . c „ , where c„ = the molar 
c o n c e n t r a t i o n and n = the number o f i o n s i n t o which the sa l t i s 
d i s s o c i a t e d . For t h e p o l y m e r i c m e t a p h o s p h a t e the v a l u e of n . c ^ 
may be taken equal t o the e q u i v a l e n t c o n c e n t r a t i o n c „ . A c c o r d i n g 
t o the t h e o r y f o r s t r o n g e l e c t r o l y t e s t h e Av — ^ v n. c r e l a t i o n 
s h o u l d be l i n e a r a t low c o n c e n t r a t i o n s as i n d i c a t e d in the graph 
for a 1-1 v a l e n t and a 1-4 v a l e n t e l e c t r o l y t e (NaCl and Na4Fe(CJ<)g 
r e s p e c t i v e l y ) . The o b s e r v e d c u r v e s show the genera l c h a r a c t e r o f 
the d e v i a t i o n s from t h e o r y . Al though the t h e o r e t i c a l curve cannot 
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be c a l c u l a t e d for a polymeric e l e c t r o l y t e , the low c o n d u c t i v i t i e s 
of the sodium polymetaphosphate s o l u t i o n s demonstrate the low ac­
t i v i t y of the sodium ions in these s o l u t i o n s . 
Polymeric metaphosphates may be considered to be dehydrated o r tho-

phosphates : X H3PO4 - X rijO = (HPO3),. The sodium s a l t s rehydra te 
very slowly when d i s s o l v e d in water, forming o r tho - and pyrophos­
pha t e . The p rog re s s of h y d r o l y s i s may be followed from p o t e n t i o -
metr ic t i t r a t i o n with both NaOllandHCl. Metaphosphoric acid being 
a s t r o n g a c i d - i t s t i t r a t i o n curve i s analogous to t h a t of HCl-
the s l i g h t a c i d i t y of the metaphosphate s o l u t i o n s should be a t ­
t r i b u t e d to the p resence of products of hydro lys i s v i z . acid or tho 
and acid pyrophosphate . F i g . I I , 4 shows the r e s u l t of the t i t r a ­
t ion of 20 ml 0 . 1 N sodium polymetaphosphate with 0, 1 N NaOH and 
0 .1 N HCl, r e s p e c t i v e l y . An exact q u a n t i t a t i v e i n t e r p r e t a t i o n of 
t h i s curve should only be given from a comparison with the t i t r a ­
t ion curves of known mixtures of the var ious pl iosphates, j u s t as 
T e i c h e r t does in the case of the a c i d s . However, the t i t r a t i o n 
supp l i e s a convenient check on the qua l i ty of a metaphosphate so­
l u t i o n . In the i n v e s t i g a t i o n the s o l u t i o n s were no longer used 
than one or two weeks a f t e r p r e p a r a t i o n dur ing which time t h e i r 
composit ion i s p r a c t i c a l l y c o n s t a n t . I t i s apparent from the t i ­
t r a t i o n curve t h a t about 10% of the phosphates i s p r e s e n t in the 
ac id form. 

B. S T A B I L I S A T I O N O F S O D I U M 

M O R I L L O N I T E S O L S B Y S O D I U M 

M E T A P H O S P H A T E (15) 

Increasing amounts of sodium polymetaphosphate were added to 
a 0.25 % dialyzed sodium montmorillonite sol and tlie behaviour of 
the treated sols towards the action of NaCl was investigated. 

F i g . I I , 5 represents the variations in relative viscosity of 
the original and the phosphate-treated sols on addition of NaCl.*) 
Addition of a small amount of s a l t to the o r ig ina l sol (curve 
marked " 0 metaphosphate") resu l t s in a sl ight i n i t i a l decrease in 
r e l a t i ve v i scos i ty , which, on further addition of s a l t , i s fol­
lowed by a sharp r ise of v iscosi ty , indicat ing flocculation. (This 
effect was already mentioned in chapter 1, section D), Also when 
the metaphosphate i s added to the original sol , a s l ight decrease 
in r e l a t i ve viscosi ty i s observed f i r s t but on subsequent addi­
t ion of s a l t to the t r ea t ed sol the sharp r i s e in v i scos i ty i s 
largely suppressed, the more so as the quantity of the phosphate 
added i s l a r g e r (compare the curves for 0 .7 -3 .3 -6 ,0 and 33,3 
m , e q , / l metaphosphate) . 

•) 17 m,eq/l of NaCl i s equivalent to 0,1% wt of N«Cl. 
9.8 m.eq./I of sodium polymetaphosphate is equival ent to 0. 1% wt. 

M 0 N T -

P O L Y -

62 



EL. Vise 
1. 

150 

1.*0 

1.30 

120 

too 

1.10 -/—• 
Fl.^ 

^jSL j 3 -

METAPHOSPHATE 
ny— 

f*-
'_PJ ___ METAmgSPHATE 

f 33 METAPHOSPHATE^-»' 
- l - " I J MgTtPHOSPHATE_ 

''ff- !ii3i 
•J31 HefAPHösmn 

( » 4ö » «o 5oö flö MÖ «5 m 200 5» 3»ö MÖ MD JW 
«•11^ MC/ 

ttAiir/l^ VISCOSIT/ CHANGES Of 025 % Ha MONTMORIi-
IIHHE SOL ON ADDITION OF BOTHiNaPOi), AND NaCI 

FIO. a, 5 

Parallel to th is effect on re la t ive viscosity, the floccula­
tion value of sodium montmorillonite towards NaCl i s found to in­
crease appreciably with increasing metaphosphate concentration as 
indicated by"FL" in Fig. I I , 5. This stabilizing effect of sodium-
polynetaphosphate on sodium montmorillonite shows that the favour­
able effect of the metaphosphate is indeed not restricted to its 
calcium sequestering ability. 

In order to correlate the s t ab i l i sa t ion phenomenon with the 
charge of the metaphosphate-treated sol micelles, the effect of 
the metaphosphate on the electrophoretic mobility (e.m.) of the 
sols was investigated, the resu l t s of which are presented in Fig. 
I I , 6. For comparison also the effect of small amounts of s a l t 
has been included in the graph. On addition of sa l t the e.m. of 
the sol decreases gradually, whereas the addition of metaphosphate 
resu l t s in a d i s t i nc t i n i t i a l increase in e.m. On further addi­
t ion of the phosphate the e.m. f i r s t decreases s l i gh t ly , af ter 
which i t remains constant at a value which i s eibout equal to that 
of the or iginal sol p a r t i c l e s , ( ^ a l i t a t i v e l y , these r e su l t s are 
in agreement with the observed s tab i l i s ing effect of sodium poly­
metaphosphate. 

Next, the variations in association tendency of the micelles 
in the presence of sodium metaphosphate or sodium chloride was 
studied by ultramicroscopical counting (compare chapter 1, section 
D), As expected the number of micelles decreases on addition of 
NaO owing to f locculat ion, Paradoxally, however, also on addi­
tion of polymetaphosphate an increased associat ion tendency i s 
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observed, which at f i r s t sight seems inconsistent with the s tab i ­
l i s ing effect , 

A possible explanation of the•phenomena observed may be liased 
on the hypothesis that tiie p l a t e - l ike sol micelles bear a negative 
charge a t ' t h e layer surface and a pos i t ive charge at the broken 
edges as set forth in the f i r s t chapter. Then the polyvalent meta­
phosphate anions may be assumed to be adsorbed to the pos i t ive 
edges of the micelles, resul t ing inanega t ive charge of the edges 
which i s ref lected in the increased negative electrophoret ic mo­
b i l i t y , . 

On the other hand, the negative double layer potent ia l a t 
the layer surfaces wi l l gradual ly decrease owing to the Na ion 
concentration of the sodium metaphosphate solution, which accounts 
for the ul t imate decrease in e lec t rophore t ic mobil i ty. This de­
crease of the surface layer potent ia l wi l l also resu l t in an in­
creased tendency to pa ra l l e l association of the sol micelles, or, 
i n other words, in a " p a r a l l e l f locculat ion", which may explain 
the decrease in the number of micel les . The observed visSosi ty 
behaviour t i e s in with t h i s explanation: Oi addit ion of s a l t to 
the or ig ina l so l , both the edge and surface double layer Qoten-
t i a l s decrease and the micelles will further associate - surface 
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to surface and edge to edge l inks being formed too - into a net-
worlt, displaying a rather high viscosity and thixotropy as well. 
If the metaphosphate i s added f i r s t , creat ing a strong negative 
charge of the edges, the edge to edge association i s largely pre­
vented and no network i s bu i l t up in th i s case, (consequently the 
viscosity remains low. The para l le l association of the phosphate 
t r ea ted sol micel les , discussed above, even tends to lower the 
v i scos i ty according to the Peter l in-Burgers equation, 

The effect of sodium polymetaphosphate on sodium montmoril­
lonite may therefore be attributed to the charging of the edges 
of the thin crystal plates of the sol by adsorbed polymetaphos­
phate anions which prevents the formation of a gel-like network, 
even in the presence of rather large amounts of a flocculating 
electrolyte. 

In Table II H the various phases of micelle association are 
indicated together with the data observed, 

T A B L E I I H 

TOE EFFECT OF SOniUM POLYMETAPHOSPHATE ON THE PBCPERTIES OF SODIUM 

MONTMORILLONITE SOLS 

properties 

e l e c t r o p h o r e t i c mobi l i ty 
k l /sec . /Vol t/cm 

r e l a t i v e v i s c o s i t y of 
0.246% sol 

No X 10-*2(No » number of 
p a r t i c l e s pro 1 ml of 
1'.% sol ) 

f loccu la t ion value NaCl 
(m.eq . / l ) 

micel le a s s o c i a t i o n 
pr imari l y: 

conc. sodium polymetaphosphate(m, e q . / l 

0 

2 . 9 

1.10 

1.90 

15 

edge to 
surface 

6 . 5 

3 . 3 

1.07 

80 

28.5 1 

2 .8 

1,07 

1,50 

230 

surface to surface 

The above tentative explanations are supported by the results 

of adsorption capacity determinations for sodium polymetaphosphate 

to sodium montmorillonite, 
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A sodium montmorillonite sol containing a known amount of sodium 
polymetaphosphate was subjected to u l t r a f i l t r a t i o n and the meta­
phosphate concentration in the u l t r a f i l t r a t e was determined from 
which the amount of metaphosphate adsorbed by the montmorillonite 
was calculated. 
The metaphosphate concentration was measured by means of a sensi­

t ive colorimetric method (16). Since th i s method isonly valid for 
orthophosphates, the polymetaphosphate was f i r s t converted into 
ortliophosphate by hydrolysis with acid, 

U l t r a f i l t r a t i o n was carr ied out on a fine sintered glass f i l t e r 
In a blank tes t with ametaphosphate solution containing 3 m,eq. / l , 
the concentration of the phosphate in the u l t r a f i l t r a t e was only 
1!<% low. The adsorption of the phosphate by the glass f i l t e r could 
therefore be considered negligible , 
Evaporation of the f i l t r a t e during f i l t r a t i o n was ciiecked by 

measuring the increase in weight of a calcium chloride tube in­
ser ted between vacuum pump and flask. The concentration of tlie 
u l t r a f i l t r a t e was corrected for evaporation losses . 

I t was assumed in the ca lcu la t ion that the phosphate does not 
change the degree of hydration of the montmorillonite. This as­
sumption i s supported by X ray inves t iga t ion of wet pastes of 
phosphate- t rea ted montmori l loni te , 

The adsorption capacity being calculated froin the small differ­
ence of two re la t ive ly higli concentrations, no iiigh accuracy can 
be obtained. 

The r e s u l t s of the adsorption capacity rleterminations are 
shown in Table II , I. 

T A B L E I I , I 

ADSORPTIW CAPACITY OF .SODIUM MONTOORILLONITF SOL FOR SOniUM 

POLYMFTAPHOSPHATF 

c o n c e n t r a t i o n 

Na mon t m o r i 1 1 

g / 1 

2 , 5 

7 . 4 2 

1 8 . 9 

conc .Na p o l y -

m e t a p h o s p h a t e 

added to s o l 

m . e q . / l 

2 . 6 

1 4 . 3 

3 2 . 1 

Na p o l y m e t a -

phosplia t e 

a d s o r b e d 

m. e q . / l 

0 . 2 5 + 0 . 0 5 

1.32 + 0.2ft 

1.70 i 0 , 6 5 

a d s o r p t i o n c a p , 

s o l 

m . e q . / i n O g of c l 

1 0 + 2 

18 ± 4 

9 ± 4 

of] 

ay 

(10 ml of so l was u s e d f o r each d e t e r m i n a t i o n ) 
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The order of magnitude of the adsorption capacity of Na 
montmorillonite for sodium polymetaphosphate i s therefore about 
14 m,eq,/100 g of clay, 

This adsorption capacity may be accounted for by the adsorp-
ticxi capacity of the l a t e r a l surface of the clay micelles i f the 
following assumptions are made: there are three adsorption s i t e s 
a t each uni t ce l l which i s exposed at the l a t e r a l surface v iz , 
two opposite the s i l i c a £md one opjHjsite the alumina sheet. Then 
for the most unfavourable choice of the micelle diameter, v iz , 
8000 A an adsorpt ion capaci ty of 14 m,eq , / l of metaphosphate 
would imply that the f lexible chains have contact with the edges 
a t 4 to 5 points , 

TTie a l te rna t ive of edge adsorption viz surface adsorption of 
the anions i s unlikely because of the repulsive negative charge 
of the layer surfaces. This view i s supported by X ray diffraction 
diagrams of metaphosphate t r ea ted sodium montmorillonite a f te r 
vacunn drying at 60°C.: the observed layer spacing was found to be 
about 10- A as in the case of the untreated sodium montmorillonite, 
leaving no space for phosphates in between the layers, 

I t may be remarked that there i s a poss ib i l i ty for the par­
t i c l e s to be linked by polymetaphospliate anions. Since the e lec­
tron micrographs show that the diameter of the par t ic les does not 
change on metaphosphate t reatment the phosphate anions might 
stimulate the formation of p i l e s of p la tes which are attached to 
the polymetaphosphate chain. This association will be promoted by 
the decreased repulsion between the f lat surfaces due to the Na"*" 
ion concentration of the phosphate solution which was seen as the 
cause of the decrease of the number of p a r t i c l e s . Analogous ef­
fects might occur on addit ion of protect ive col lo ids . 

C ' F L O C C U L A T I O N A N T A G O N I S M » 

The s t ab i l i s a t i on of sodium montmorillonite sols by sodium-
polymetaphosphate was studied for a wider range of concentrations 
than discussed in section B, including the flocculation value for 
the phosphate i t s e l f , which was found to be as high as about 
600 m . e q . / l . F i g . T I , 7 , curve a shows the flocculation values of 
NaCl as a limction of the amount of polymetaphosphate added. The 
curve c lea r ly demonstrates the considerable antagonistic effect 
of phosphate and s a l t , by which i s meant the deviation from ad-
d i t i v i t y of the f locculat ion values of both e l ec t ro ly t e s . This 
antagonism wil l be pa r t ly caused by the charging effect of the 
polymeric phosphate anions as po in ted out in the preceding 
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sec t ion . This effect may be cal led "peptisation antagonism". A 
second contributing factor wi l l be a so-called ion antagonism by 
which i s meant the an tagonis t ic effect which i s due to the de­
crease in ac t i v i t y (and therefore in flocculating power) of the 
Na ions in the mixture containing the polyvalent metaphosphate 
anions (cf Vester 17), This i s indeed another factor to be taken 
into account when explaining the s tabi l iz ing effect of polymeta­
phosphate, If in F i g , I I , 7 the NaCl concentration should be re­
placed by Na ion a c t i v i t i e s the maxima of the curves would be 
lower and only the pept isa t ion antagonism would remain. The va­
lency of the polymetaphosphate anion being ra ther high the ion 
a c t i v i t i e s cannot be ca lcu la ted . Unfortunately, therefore the 
re la t ive importance of the ion antagonistic effect cannot be es­
timated, The ex t r ao rd ina r i l y high f locculat ion value of poly­
metaphosphate i t s e l f i s , however, undoubtedly par t ly a resul t of 
the low ac t iv i ty of the sodium ions in the solutions of this s a l t , 

0, E F F E C T O P S O D I U M P O L Y M E T A P H O S ­
P H A T E O N C A L C I U M M O N T M O R I L L O N I T E 
S O L S 

The flocculation antagonism of NaCl and sodium polymetaphos­
phate for a calcium montmorillonite sol i s included in F i g , I I , 7 
curve b. The s t a b i l i t y of the phosphate-treated calcium mont­
mori l loni te i s somewhat l ess tha/i that of the sodium montmoril­
lon i t e so l . However, in view of the very low original s a l t s t a ­
b i l i t y of the calcium montmorillonite sol as compared with tha t 
of the sodium sol the antagonist ic effect i s s t i l l enormous, and 
a t su f f ic ien t ly high metaphosphate concentrations the s t a b i l i t y 
of both sols i s of the same order of magnitude, ([^lalitatively t h i s 
resul t may be seen as a consequence of the conversion of the ca l ­
cium montmoril lonite sol in to the inore s tab le sodium form and 
simultaneous inac t iva t ion of the strongly flocculating calcium 
ions by the formation of soluble complexes with the polymetaphos­
phate anion. 

E, P R O T E C T I O N A G A I N S T F L O C C U L A T I O N 

B Y D I S S O L V E D C A L C I U M S A L T S 

The f loccula t ion value of sodium montmorillonite towards 
calcium s a l t s i s strongly increased on addition of sodium poly­
metaphosphate as i s indicated by the dotted line in F ig , I I , 8, At 
low concentrat ions of metaphosphate th i s can be quant i ta t ive ly 
a t t r ibu ted to the inact ivat ion of the calcium ions by the meta­
phosphate: the amounts of calcium (in excess of the flocculation 
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values are ident ical at low metaphosphate concentrations, which 
demonstrates the importance of the calcium sequestering a b i l i t y 
of the metaphosphate. At higher concentrations of metaphosphate 
the add i t i ona l f l occu l a t i ng act ion of the sodium ions of the 
phosphate added will be responsible for the difference between 
observed and calcula ted values, 

Note 
No comparison has been made of the effect of the large variety 

of polymeric phosphates which have found teciinical appl icat ion. 
Since the rehydration of these dehydrated orthophosphates to r e l ­
a t ively inact ive orthophosphate may depend on such factors as pH, 
temperature and presence of e l e c t r o l y t e s , a study of tlie rehy­
drat ion react ions would be a p re requis i t e for the invest igat ion 
of the p rac t i ca l merits of li.ese phosphates whicli i s beyond the 
scope of th i s t hes i s . Some ten ta t ive experiments have siiown that 
the s tab i l i s ing effect of sodium pyrophosphate on lioth sodium and 
calcium montmorillonite i s of the same order ol magnitude as that 
for polymetapiiosphate. The effect of sodium ortliophosphate, which 
i s indeed much lower, will lie dealt with in the next section, 
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C H A P T E R 3 

THE EFFECT OF SODIUM METASILICATE, OXALATE, 
CITRATE AWD ORTHOPHOSPHATE OIN FRENCH MONT­

MORILLONITE SOLS 

This chapter deals with the effect of some additives for 
drilling fluids which are able to form precipitates with calcium 
ions. Their activity is sometimes attributed to a conversion ol 
calcium clays into more stable sodium clays while simultaneously 
inactivating the strongly flocculating calcium ions by precipita­
tion. Since it has been shown for polymeric phosphates that an 
inactivation of calcium ions accounts for only part of the stabi­
lising effect, the activity of the calcium precipitating treating 
agents - like in the case of polymetaphosphate - was studied for 
sodium and calcium montmorillonite sols separately. The salts in­
vestigated are sodium metasilicate ("sil"), oxalate, citrate and 
o rthophosphate. 

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

As described for polymetaphosphate, the flocculation anta­
gonism for mixtures of NaCl and each of the four salts mentioned 
was determined, the results of which are represented in Fig,II,9, 
For comparison the data for polymetaphosphate have been included 
in the graph. The figure shows that both metasilicate and citrate 
ha-̂ e a reasonable antagonistic effect on sodium montmorillonite 
sols, which, however, amounts to only about half of the activity 
of the polymetaphosphate. Both oxalate and orthophosphate have a 
negligible effect, 

As pointed out for polymetaphosphate, the total antagonism 
observed for metasilicate and citrate will partly consist of a 
peptisation and partly of an ion antagonism. Since the latter 
salts contain a di- and a trivalent anion, the total sodium ion 
activity in the mixtures with NaCl may actually be calculated. At 
the maximum of the metasilicate and citrate curve the total Na 
ion activity amounts to 145 and 162 mg ion/1 respectively, where­
as the blank sol is flocculated by 20 m, eq,/l of NaCl correspond­
ing with a Na ion activity of 17 mg ion/1, Tlie ion antagonistic 
effect, therefore, does not account for the total emtagonism which 
proves the presence of a definite peptisation antagonism, 
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FLOCC.VALUE 
NaCt m.tq/l 

no 
m.tq/1 or PePTOBt 

nocaumoN OF Na MONTMORILLONITE SOLS WITH MIXTURES OF PEPTIZERS AND ma fM.s.$ 

R E F F E C T ON C A L C I U M M O N T M O R I L 
L O N I T E S O L S 

Contrary to polymetaphosphate which s t ab i l i s e s calcium mont­
mori l loni te , i t was foiuid that metasi l icate and orthophosphate do 
not show any effect of t h i s kind: calcium montmorillonite so ls 
a re already f locculated by ca 5 m,eq, / l of these chemicals and 
although the f loccula t ion value for sodium oxalate and c i t r a t e 
are higher (ca. 25 m,eq./ l for oxalate and as high as 250 m,eq./ l 
for c i t r a t e ) , t he i r s t a b i l i s i n g effect i s negl ig ib le . Thus, con­
t ra ry to general bel ief these s a l t s are unable to s t a b i l i z e ca l ­
cium montmorillonite by conversion in to sodium montmorillonite. 
Possibly the calcium s a l t s of these anions are precipi ta ted on the 
micelle surface proper, destroying the s t ab i l i s i ng double layer, 

Thus the pept i sa t ion effect of some of the chemicals inves­
t iga ted i s l imited to the sodium montmorillonite so l s , A discus­
sion of the pept i sa t ion mechanism in these systems will be given 
in Chapter VI af ter the col lect ion of more information including 
the effect of a lkal i and of additional data for the effect of the 
various chemicals on a different montmorillonite. 
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C n A P T E R 4 

THE EFFECT OF ALKALI ON FRENCH MONTMORILONITE SOLS 

In the chemical treatment of muds it is common practice to 
try first whether addition of alkali in^jroves the rheological 
properties of the mud. In some cases a thinning effect is indeed 
observed. This, however, does not apply to every mud, in many 
cases the reverse is true and the mud stiffens on addition of al­
kali, indicating flocculation of the clay. The reason for the 
different behaviour of various muds in this respect is not known, 
It may be either a matter of the different types of clay or of the 
type of exchangeable cations present in the mud, A third possi­
bility is that foreign matter in the clays, for example humic 
acid, is neutralized by the alkali which might result in an im­
proved stability owing to the action of the humate ions, 

In this chapter the effect of alkali (NaOH of NajCOs) on 
montmorillonite sols is discussed. Both H, Na and Ca montmoril­
lonite sols have been investigated, 

There are four possible ways in which alkalies may act as 
stabilizers for montmorillonite suspensions viz: 

a. Hydroxyl ions have a peptization effect on the montmorillonite 
sol. This may be checked by studying the effect of NaOH on Na 
montmorillonite sols. 

b. NaOH converts hydrogen clay into more stable sodium clay. In 
order to clieck this, the effect of NaOH on H-montmorillonite 
sols should be investigated. 

c. Na^COj converts a calcium clay into a sodium clay and at the 
same time inactivates the strongly flocculating calcium ions 
by precipitation. This can be studfed by investigating the 
system NajCOj-calcium montmorillonite sol. 

d. Na2C03 renders ineffective any calcium ions dissolved in the 
intermicellar liquid. This may be checked by investigating the 
flocculation of Na montmorillonite with calcium chloride in 
the presence of various quantities of NajCDs. 

In the following paragraphs these possibilities will be dealt 

with, 
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A. E F F E C T O F NaOH O N S O D I U M M O N T M O R I L ­
L O N I T E S O L S 

The following flocculation values have been obtained for one 
of our sodium montmorillonite so l s : NaCl 37m.eq, / l and NaOH 16 
m.eq . / l . 

The order of magnitude of these flocculation values is p r i ­
mari ly governed by the f loccu la t ing act ion of the monovalent 
cation Na, the net charge of the sols being negative. Apparently 
the presence of OH' causes a somewhat higher sens i t iv i ty of the 
sol towards the f locculat ing action of the Na ions. 

This also appears from the resul ts of flocculation experi­
ments with mixtures of NaCl and NaOH, which i s shown in F i g . I l , 
10. The observed deviation from addi t iv i ty i s called " s e n s i b i l i ­
zat ion" which i s the opposite of "antagonism" which has been de­
scribed previously, 

Also the effect of NaOH on the viscosity of the 0.25% sol at 
25°C was measured and the resu l t s may be coirpared with those for 
NaCl by inspect ion of F i g . I l , 11. The i n i t i a l decrease of the 
viscosity on addition of NaCl which is followed by a sharp r i s e , 
ind ica t ing the beginning of f locculat ion * ) , has already been 
discussed in chapter 1. A curve of ident ical shape was obtained 
for Nafll. Although the action of NaOH i s roughly comparable with 
that of NaCl the s l ight sens i t iza t ion by the OH' is apparent from 
the more rapid increase of the viscosity on addition of NaOH. 

I t may be concluded therefore, that NaC)H does not s t ab i l i ze 
sodium montmorillonite so l s ; on the contrary, i t sens i t izes the 
sols s l ight ly towards the flocculating action of sodium ions. 

This effect of the hydroxyl ions willbemore fully discussed 
i n chapter 5. 

B. E F F E C T O F NaOH O N H - M O N T M O R I L L O N I T E 

S O L 

Hydrogen montmorillonite sol was prepared from sodium mont­
mor i l lon i t e by base exchange with HCl, following an analogous 

• ) The r i s e in v i s c o s i t y i s o b s e r v e d a t e l e c t r o l y t e c o n c e n t r a ­
t i o n s which are l o w e r than the f l o c c u l a t i o n v a l u e d e t e r m i n e d 
a c c o r d i n g to the c e n t r i f u g e method, the v i s c o s i t y being a more 
s e n s i t i v e c r i t e r i o n for d e t e c t i n g the i n i t i a t i o n of f l o c c u l a t i o n . 
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procedure as described for the preparation of sodium and calcium 
montmorillonite, 

Hydrogen montmorillonite sol is rather unstable. The NaCl 
flocculation value for example is only about 3 m.eq./l. 

The sol contains 50% more particles than the sodium montmoril­
lonite sols of the same concentration. Its relative viscosity is 
about 8% lower. The micelle dimensions as calculated from both 
counting and viscosity data using the procedure described in 
chapter 1 are about 5500 A for the diameter whereas the average 
thickness corresponds with that of a packet of about 8 layers. 
Since HCl treatment is known to remove some Al and Fe from the 
mineral it is conceivable that some of the plates are broken at 
the points wAiere attack has taken place. This may account for the 
small diameter of the H montmorillonite particles in comparison 
with that of the sodium montmorillonite particles. The average 
association of the layers is higher than for sodium montmorillonite 
indicating a lower surface potential in H-montmorillonite. 

The flocculation value of H-montmorillonite against NaCkl is 
about 35 m.eq,/l, thus much higher than that against NaÜ, and of 
the order of magnitude of the Na"*" flocculation value for sodium 
montmorillonite. This can be seen as a consequence of a quantita­
tive conversion of less stable H-montmorillonite into more stable 
Na montmorillonite by base exchange and simultaneous neutraliza­
tion of the liberated hydrogen ions. 

Fig.Il, 12 shows the flocculation data with mixtures of NaCH 
and NaCl, The solid line shows the plot of the NaCl flocculation 
value as a function of the amount of NaOH added, Ihe observed in­
crease in stability may be seen as a result of neutralization on 
addition of NaCH, The dotted line shows the increase in total 
sodium ion stability against the amount of hydroxyl ions added, 
Since the sol concentration in the experiments was 0.25%, only 
2.5 m,eq,/l of NaOH is required for neutralization of exchangeable 
"H. From this a sudden increase in the stability on addition of 
the first few milliequivalents of NaOH was rather expected instead 
of the gradual increase over a wide range of NaOH concentrations, 
This might be explained by the rather slow exchange reaction of H 
and Na, complete neutralization during the flocculation experiment 
being only achieved with a large excess of Na ions (compare chap­
ter 1, section E where the time effect of the potentiometric ti­
tration of H montmorillonite with NaOH is mentioned). 

It may be concluded, however, that neutralization of H mont-

morillwiite by NaCXl increases the salt stability, although not 

beyond that of Na montmorillonite. 
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The following flocculation values for a calcium montmoril­
lonite sol have been observed: 
Naa:5 m,eq,/l; NaOH:6 m,eq,/l; Na2C03:23 m,eq./l, 

The values for both NaCl and NaOI are thus much lower than 
those for sodium montmorillonite, the Na^fi^^ ;value, however, is 
of the same order as that for monovalent cations for sodium mont­
morillonite. This may be interpreted as a conversion of calcium 
montmorillonite into more stable sodium montmorillonite and si­
multaneous inactivation of the liberated calcium ions by precipi­
tation. As a result essentially the flocculation value of sodium 
montmorillonite towards sodium ions will be measured, 

Fig,II, 13 shows the flocculation of calciiun montmorillonite 
with mixtures of NaO and NajCDj, The solid line is the plot of the 
NaCl flocculation value as a function of the amount of carbonate 
added, the dotted line shows the effect of carbonate on the total 
sodium ion flocculation value. Again the gradual increase of the 
Na+ stability suggests a gradual completion of the exchange reac­
tion with increasing excess of sodium carbonate, 
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D, F L O C C U L A T I O N O F Na - M O N T M O R I L ­
L O N I T E BY C A L C I U M I O N S AND I T S 
P R E V E N T I O N BY A D D I T I O N OF S O D I U M 
C A R B O N A T E 

F i g , I I , 14 shows the f locculat ion values of Na montmoril­
loni te towards CaClj ^s a function of the amount of NajCOs pre­
viously added to the sol . The increase of the flocculation values 
due to sodium carbonate addition may be ascribed to the inactiva­
tion of strongly f locculat ing calcium ions by prec ip i ta t ion of 
CaCDg. This would resul t in a flocculation curve indicated by the 
dotted line in the figure. However, the addition of NajCDg implies 
the addition of sodium ions, which also have a certain flocculating 
power although less than the calcium ions. As a resul t an optimum 
effect of the carbonate i s reached at about 16 m.eq./ l NajCDs, 
wliere the sol ju s t remains s table at a concentration of 10 m.eq./l 
of CaClj (about 0.05% wt). On further addition of carbonate the 
flocculating action of the sodium ions which are unavoidably add­
ed, makes i t s e l f fe l t and at a concentration of about 30 m.eq./l 
the system i s flocculated by sodium carbonate alone. This is known 
as overtreatment. 

Heviewing the four possible s t a b i l i z a t i o n mechanisms men­
tioned above we may conclude: 

sub a. Hydroxyl ions have no pept iz ing e f fec t on sodium mont­
morillonite micelles, 

sub b, c and d. Both hydrogen and calcium montmorillonite are 
s tabi l ized to some extent bij NaCH or Na CD., respectively 
due to conversion into Na montmorillonite and simultaneous 
inactivation of the l iberated H or Ca respectively. The 
carbonate also will render ineffect ive any calcium ions 
present in the intermicel lar l iquid. However, the maximum 
s t ab i l i t y obtained never exceeds that of sodium montmoril­
lonite against Na ions. This s t ab i l i t y being rather low, 
the effect of alkal i i s only small in comparison with that 
of additives with peptizing anions l ike polymetaphosphate. 
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C H A P T E R S 

MONTMORILLONITE SOLS FROM WYOMING BENTONITE 

The study of montmorillonite so ls described in the previous 
chapters was limited to those prepared from one type of bentonite 
only. Part of the work has now been repeated with sols prepared 
from a different bentonite viz, a Wyoming bentonite, in order to 
check to what extent the phenomena observed in one individual case 
might be considered c h a r a c t e r i s t i c of montmorillonite so l s in 
genera l , 

A, P R E P A R A T I O N O F T H E S O L S 

Both a sodium and a calcium montmor i l lon i te so l were prepared 
from MVoming b e n t o n i t e fol lowing the procedure descr ibed in chap­
t e r 1 which i n c l u d e s t h e removal of m a t e r i a l of a p a r t i c l e s i z e 
> 2|i e q u i v a l e n t s p h e r i c a l d i ame te r , 

In a d d i t i o n , an ext remely f ine p a r t i c l e s i z e f r a c t i o n *) of 
the sodium form was o b t a i n e d by f r a c t i o n a t i o n in a supe rcen t r i f uge , 
P a r t of t h i s f r a c t i o n was conver ted i n t o calcium m o n t m o r i l l o n i t e 
by r epea t ed exchange wi th CaClj and d i a l y s i s . 

The fol lowing n o t a t i o n s of the var ious s o l s w i l l be used in 
t h i s and the fol lowing c h a p t e r s : 

WB 
WB-Na 
WB-Na-ff 
WB-Ca 
WB-Ca-ff 
FB 
FB-Na 
FB-Ca 

= 
> 

= 
=s 

= 
= 
= 
=E 

Wyoming b e n t o n i t e (raw) 
i t s sodium form as d ia lyzed sol 
f ine f r a c t i o n of the same 
i t s calcium form as d ia lyzed sol 
f ine f r a c t i o n of the same, prepared from WB-Na-ff 
French b e n t o n i t e used so f a r (raw) 
i t s sodium form as d ia lyzed so l 
i t s calcium form as d i a lyzed s o l . 

B , A P P E A R A N C E O F T H E S O L S , P A R T I C L E 

S I Z E A N D S H A P E 

The observations on the appearance of the various sols are 
col lec ted in Table I I , I . 

* ) Kindly suppl ied by Shell Oil Cy, Houston F. A P Laboratories. 
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T A B L E II.I 

APPEARANCE OF VARIOUS MONTMORILLONITE SOLS 

Observation of; 

Tyxiall l i ght 
t r a u n t t e d l i | ^ t 
a l tnnicrascope 
•adiaen tation 
rheological prop. 

of 1% aol 
of 3X aol 

UMi» 

greeniah 
brom i ah 
diffuse 
none 

VISCOUS 

go) 

WB-Na-ff 

greeniah 
brmmish 
diffuse 
none 

VISCOUS 

*B-CA 

nilky 
browp^ sh 
subnicrona 
slow 

liquid 

WB-Ca-ff 

milky 
browni sh 
suboicrons 
slow 

liquid 

FB-Na 

aiilky 
browniah 
submicrons 
none 

liquid 
l iquid 

F&Ca 1 

milky 
broimiah 
subnicrans 
alow 

liquid 1 

The most striking differences between the WB-Na and ƒhe pre­
viously studied H3-Na sols are the transparency and the high vis­
cosity of the WB-Na sols as compared with the milky appearance 
and the water-like fluidity of the FB-Na sols, 

Instead of distinct submicrons as observed in the ultrami-
croscope in FB-Na sols, the WB-Na sols show only a diffuse Tyndall 
cone, 

The WB-Ca sols, however, are coarser than the WB-Na sols, 
even those prepared from the fine fraction sodium bentonite,Their 
appearance and ultramicroscopical picture are not too different 
from that of the fB-Ca sols. The presence of calcium apparently 
results in a higher degree of association as compared with the 
WB-Na sols. 

The determination of the micelle dimensions from relative 
viscosity and counting data (compare chapter 1) is only possible 
for the WB-Ca sols, counting being impossible in the case of the 
WB-Na sols. For WB-Ca sols the relative viscosity was found to be 
1.086 for a 0.25% sol and the number of particles for 1 cc of 1.5% 
sol:2.0 X 10*^ (counted in a dilution 1:1000). From these data 
the average radius may be calculated at 4650 A and the axis ratio 
for the dry micelle at 225, Thus the average calculated height 
for the dry micelle will be 41 A, These data are of the same order 
as found for the FB-Ca sols (and FB-Na sols as well). 

If the average radius of the WB-Na micelles is assumed to be 
the same as for WB-Ca micelles, the average thickness of the WB-
Na micelles may also be calculated, the axis ratio being known 
from the relative viscosity. In the region of proportionality of 
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relative viscosity and sol concentration, the relative viscosity 
of a 0.25% WB-Na sol was found to be 1,21, from which an axis 
ratio of 545 for the dry micelle is calculated. Thus an average 
micelle thickness of 17 A is obtained which is much smaller than 
for the calcium sols. 

A further check on the calculation of the micelle dimensions 
was obtained from electron micrographs. Photographs ] a, b, c and 
d show some typical electron transmission micrographs of the dif­
ferent sols together with one shadow cast picture. The crystal­
lites appear to be much more perfect than those of the French 
montmorillonite. The micelle edges are curled * ) , which is clear­
ly demonstrated by the shadow cast pictures. This effect is also 
the cause of the black borderlines of the micelles in the trans­
mission micrographs. Unfortunately this invalidates the shadow 
cast technique for the estimation of the micelle thickness from 
the shadow length. A relative estimate may, however, be given by 
comparing the transparency of the \'B-Na and TO-Ca micelles in the 
transmission micrographs. Although both are extremely thin, the 
Ca form seems to have thicker micelles tlian the sodium form. The-
variable transparency and the relief on the micelles in the sliad-
ow cast pictures suggests that tiie thickness of the plates is 
variable.although shrinking effects may contribute to the apparent 
inhomogeneity. If the thickness is indeed variable it is conceiv­
able that some plates may easily break at the regions of smallest 
thickness. In fact, this may have caused the apparent small diam­
eter in the FB-Na micrographs and the increase of the number of 
micelles on evaporation as described in chapter 1. 

Although the shape of the micelles often appears to deviate 
from the disc shape - a number of oblong particles are observed -
the order of magnitude of the above calculated average diameter 
(ca 9000 A) is certainly not far from the truth. 

When preparing the electron micrographs the supporting film 
was positively charged by means of Lissolamine adsorption in order 
to fix the negative particles separately on the film before re­
moving the last traces of water of the sol droplet. In the case 
of negative sols an excellent separation of the particles is usu­
ally obtained by this technique (18) and the formation of agglom­
erates of sol particles on evaporation of the droplet of sol is 
avoided. The method was indeed successful in the case of calcium 

•) This was also observed by Mile Mathieu-Sicaud, Communication 
at the Groupe des Argiles Francais, 1949 and by Miss Marjorie 
MacEwen, Communication at the Clay Minerals Group of the 
Mineralogical Soc.1950, 
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bentonite; in the sodium bentonite agglomerates are still present. 
The micrographs give the impression of collapsed structures. This 
would be in line with the assumption of an edge-to-surface asso­
ciation of the micelles in a sodium bentonite sol, owing to the 
opposed charges, as pointed out earlier. By accident the coherent 
structure of the micelles in a WB-Na sol was beautifully shown 
when the supporting collodion film broke during the electron mi­
croscopical observations: photograph 2a shows that the clay 
structure remained intact. The vagueness of part of the micelles 
building this structure demonstrates its three-dimensional char­
acter. 

The latter picture was taken when studying the gold adsorp­
tion to the clay micelles. In chapter 1 the preferential adsorp­
tion of negative gold particles to the edges of kaolinite par­
ticles as observed by Thiessen was mentioned as a support for the 
positive edge hypothesis since the electrical conditions at the 
edges of kaolinite micelles might be considered analogous to those 
at the montmorillonite micelle edges, Thiessen*s results could 
easily be reproduced in the case of kaolinite, but not for the 
French montmorillonite sols because of the rather vague micro­
graphs obtained for these sols. A better chance was offered in 
the case of the WB-Na sols, which give much better micrographs. 
The result of the gold adsorption experiment is shown in photo­
graph 2b. and, although the photographs are not as striking as 
those for kaolinite, there seems to be a preference for the gold 
particles to be adsorbed to the edges. 

C. B A S E E X C H A N G E C A P A C I T Y 

The b.e.c. of raw Wyoming bentonite was found to be ca 75 
(the lissolamine method yields 73, the ammonium chloride method 
78). For the dialyzed Na and Ca bentonite sols ca 96 was found 
(lissolamine and percolation method). These values are of the 
usual order of magnitude for bentonites. 

The bentonite formula calculated from both chemical analysis 
and b.e.c. which was reported earlier (Table II E of chapter 1) 
suggests that the degree of substitution in the silica sheet is 
smaller for Wyoming than for French bentonite. Thus the Wyoming 
bentonite should be considered a more perfect montmorillonite. 
Tliis difference might explain the smaller degree of association 
of the WB-Na crystal layers as compared with thoée of FB-Na: The 
counter ions in the FB-Na layers will be more firmly bound since 
the distance of the centres of negative charge to the surface is 
smaller. This would involve the accumulation of a hi^er percent-
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age of the counter ions at the surface and thus a steeper poten­
t i a l drop in the double layer , amoiuiting to a smaller repulsion 
between two crys ta l l ayers , 

D. S O L S T A B I L I T Y AND C H A R G E D I S T R I ­
B U T I O N ON T H E M I C E L L E S 

The f loccula t ion values for WB-Na and WB-Ca with various 
s a l t s were determined by means of the centrifuge technique. With 
the sodium so ls the c r i t i c a l concentrat ion where floes are be­
coming v i s ib l e does not show up as a rapid increase of the sedi­
ment volume s ince the f loes are too l i g h t to s e t t l e proper ly , 
Therefore the flocculated appearance of the suspension af ter cen­
tr ifuging was taken as a c r i te r ion for the flocculation value,The 
following values in m,eq,/ l were found (between brackets the cor­
responding values for a FB-Na so l ) : 

Na so l s : NaCl 40-50 (17-20); CaCl^ 3-4 (2-3); Na^SO^ 50-60 (14-15) 
Ca sols : NaD 2-3 (2-3); CaCla 0.5-1.0 (0 .8-1.0) . 

The Somewhat higher s t a b i l i t y of the WB-Na sols as compared 
with that of the FB-Na so ls might be due to the more favourable 
charge d is t r ibu t ion on the l a t t i c e layer surfaces as inferred from 
the.lower degree of association of the WB-Na sols . 

When discussing the charge dis t r ibut ion on the montmorillonite 
micel les in chapter 1 the presence of a pos i t ive charge at the 
edges was considered a real p o s s i b i l i t y . Some supports for t h i s 
hypothesis were mentioned and the anomalous decrease of the re la­
t ive viscosi ty of the 0.25% sols on addition of a small amount of 
a f locculat ing e lec t ro ly te has been interpreted as a decrease of 
the pos i t ive edge-negative layer surface a t t rac t ion forces. Anal­
ogous resu l t s were obtained for WB-Na sols as shown in figure I I , 
15, 

I t has been pointed out e a r l i e r that th i s v iscos i ty effect 
could a lso be explained by p a r a l l e l associa t ion of the p l a t e s 
(decreasing shape fac to r ! ) or by a small e lec t roviscous effect, 
Generally speaking the in te rp re ta t ion of the viscosi ty behaviour 
of these suspensions i s ra ther involved and i t s conclusive force 
regarding s t ructure formation in the suspensions i s not too strong. 

A more d i r ec t indicat ion of s t ruc tu re formation i s the de­
velopment of r i g i d i t y in a dialyzed WB-Na sol at a clay concen­
t r a t i o n as low as 3%, Probably because of the smaller p a r t i c l e s 
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in the WB-Na sols a rigid system is obtained at a much lower con­
centration than in the case of FB-Na sols, 

In order to further substantiate the view that the structure 
formation in the dialyi,ed sol is a result of positive edge-nega­
tive layer surface association, the effect of the addition of 
flocculating electrolytes on the yield stress of these concentrated 
sols has been determined (19). Since the addition of small amounts 
of NaCl will gradually reduce both double layer potentials of the 
^micelles, the attractive force between the unlike charges will 
[decrease, which would result in a smaller yield stress. On addi-
1 tion of more salt, flocculation will occur: then the Van der Waals 
attraction forces will prevail and the micelles will associate 
again - edge to edge, edge to surface and surface to surface -

I giving rise to an increased yield stress. 

This expected behaviour was indeed confirmed by the experi­
ment. Tlie yield stress of the suspensions was determined by means 
of the modified Stormer viscometer. The determination was carried 
out both immediately after stirring of the suspension and after 
a period of rest of 30 minutes in order tc*" measure the thixotropic 
change of the yield stress. The results are collected in Table 
II K. 

T A B L E U K 

YIELD STRESS OF 3% DIALYZED W.B, SODIUM MONTMORILLONITE GEL ON 

ADDITION OF FLOCCULATING SALT. (MAXIMUM AMOUNT ADDED: 1 ml OF 

SALT SOLUTION TO 50 ml OF GEL) 

S a l t 

c o n c e n t r a t i o n 

( m . e q . / l ) i n 

the s o l 

0 

0 . 2 

0 . 5 

1,0 

1,5 

2 , 0 

3 , 0 

5 , 0 

10 

15 

20 

i n i t i a l y i e l d s t r e s s 

d y n e s / c m 2 

NaCl 

8C 

30 

20 

10 

5 

0 

5 

7 

7 

50 

140 

NagSCj 

80 

45 

10 

3 

0 

3 

3 

3 

5 

20 

70 

CaCl 2 

80 

40 

20 

10 

5 

5 

0 

0 

25 

200 

270 

y i e l d s t r e s s a f t e r 30 ' 
dynes /cm2 | 

NaCl 

80 

30 

20 

10 

5 

0 

10 

15 

100 

210 

2 50 

Na2S04 

80 

45 

10 

3 

0 

3 

3 

10 

100 

130 

190 

CaCl 2 

80 

40 

20 

10 

5 

5 

5 

12 

175 

310 

390 1 
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Without going i n t o the s l i g h t l y d i f f eren t behaviour of the 
three ind iv idual s a l t s , the general e f f e c t i s a decrease of the 
y i e l d s t r e s s on addit ion of small amounts of s a l t followed by an 
increase when a f l occu la t ing amount of s a l t i s present . The dif­
ference in th ixotrop ic behaviour between the systems at low con­
centrat ions of s a l t and in the f locculated condition i s s tr ik ing: 
the f i r s t ins tantaneous ly s e t to a ge l a f t er s t i r r i n g , whereas 
the f locculated systems show slow s t i f f e n i n g to even higher y i e l d 
s t r e s s e s . 

These observations on the tjjixotropy may be seen as a further 
siqpport of the in terpre ta t ion given: the mice l le assoc iat ion due 
t o the un l ike charges on l a y e r «md edge surfaces may indeed be 
expected to be instantaneous, whereas the associat ion in the f l o c ­
culated system, which i s a r e s u l t of the comparatively weak Van 
der Waals a t t r a c t i o n forces , should be rather slow, 

E. R E S P O N S E T O W A R D S C H E M I C A L T R E A T ­
M E N T 

In fig,II, 16 the NaD flocculation values for 0.25% WB-Na 
sols are plotted as a function of the amounts of various peptizers 
added. Analogous curves have been presented previously (fig. 11,9) 
for FB-Na sols. 

Conparing the effects of the various peptizers on WB-Na and 
FB-Na sols, it is seen that the highly antagonistic effect of 
(NaPOs), and the moderate effect of sil are similar. Furthermore 
the slight sensibilizatioB by NaOH is observed in both cases. The 
following differences are, however, observed: For FB-Na sols the 
effect of citrate is moderate, like that of sil, but for WB-Na 
sols it is equally strong as for (NaPOs),. A further difference 
between the two sols is the high activity of oxalate and ortho­
phosphate in the case of WB-Na sols as compared with the prac­
tically negligible effect of these chemicals on FB-Na sols. 

A more detailed theory of the peptization mechanism should 
account for these individual characteristics of the two bentonites, 
Such a theory will be discussed in a subsequent chapter. 

Finally it may be mentioned that the behaviour of WB-Ca sols 
towards polymetaphosphate and metasilicate is comparable with 
that of the FB-Na sols: calgon stabilizes the WB-Ca sols to the 
same extent as the sodium sols whereas a small amount of meta­
silicate flocculates the calcium sol, 

• * * * * • 
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C H A P T E R S 

MODEL SOLS FOR MONTMORILLONITE - TBE PEPTIZATION 

MECHANISM 

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

At the present stage of the investigation into the mechanism 
of chemical treatment of montmorillonite sols a new element has 
been introduced viz. the study of some model sols. The electrical 
conditions at the micelle surfaces in these sols will be consider­
ed as a pKJSsible model for the conditions at the lateral surface 
of the montmorillonite micelles. 

In previous chapters it was assumed that montmorillonite 
micelles may have a dualistic character. Tlie surface of the flat 
micelles will undoubtedly bear a negative charge which is due to 
isomorphous replacement in the lattice, the exchangeable cations 
being the counter ions. At the edges of the plates, on tlie other 
hand, a local positive charge due to the disruption of the octa­
hedrical alumina sheets is a likely possibility in view of the 
fact that alumina sols are positively charged in a neutral medium. 

The assumption of a positive edge charge, which is strongly 
supported by the results of rigidity measurements as discussed 
in chapter 5, proved to be a fruitful working hypothesis. On this 
basis the peptization of montmorillonite sols by various chemicals 
might be attributed to the adsorption of the di- or polyvalent 
anions of these chemicals to the positive spots at the edges re­
sulting in a negative charge. The play of chemical treatment is 
thus supposed to be enacted at the lateral surface of the micelles. 
Thanks to the relatively small lateral surface area of the mi­
celles the treating chemicals are already active in very small 
concentrations as compared with the high percentage of clay in 
muds. 

In order to further substantiate our hypothesis, due con­
sideration should be given to the electrical conditions at the 
edges in view of the fact that the stability conditions at the 
positive edges have been found to be less favourable than after 
a reversal of the charge due to anion adsorption. For polyvalent 
anions an increased charge density is conceivable (compare chap­
ter 2), but in the case of divalent anions the occupation of one 
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posi t ive spot per anion would only result in an equal negative 
charge. The best l ine of attack seems to be to draw an analogy 
between the conditions at the lateral clay surface and that at 
the surface of simpler sol micelles viz . of both an alumina and 
a s i l i c a so l , 

If the assumption holds that the broken Al-O-di sheets are 
posit ively charged, an alumina sol may be considered a model for 
that part of the micelle. Consequently alumina and montmorillonite 
so ls may show an analogous behaviour towards chemical treating 
agents, 

S i l ica so ls , on the other hand, might offer a model for the 
s i tuat ion at the broken s i l i c a sheets . Despite their negative 
charge there i s yet a p o s s i b i l i t y for certain anions to have a 
steibilizing effect on this part of the edges, as they might act 
as potential determining ions l ike iodine ions for negative s i l ­
ver iodide so l s . In that case these anions should f i t into the 
s i l i c a sheet l a t t i c e , which i s possibly the case for metaphos­
phate and metasi l icate anions. This poss ib i l i ty , which was not 
discussed in the earlier chapters should also be considered. It 
may be studied by investigating the behaviour of s i l i ca sols e.g. 
quartz sols towards chemical treating agents. As mentioned ear­
l i e r there i s , however, a third poss ib i l i ty : the simultaneous 
presence of posit ive and negative charges at the broken alumina 
and s i l i c a sheets respectively does not seem to present a very 
sat isfactory picture for the following reason: In the intermi­
c e l l a r l iquid of a montmorillonite sol traces of Al ions are 
present, which are l ike ly to act as the potential determining 
ions for the broken alumina sheets. Now a negative s i l ica sol can 
be shown to become posi t ively charged i f minute amounts of alu­
minium ions are present in the intermicellar l iquid. Therefore 
i t wil l certainly be possible that not only the broken alumina 
sheets but also the broken s i l i c a sheets are positively charged, 

If so, the micelle surface of a s i l i ca sol which i s positive­
ly charged by aluminium may be expected to present an adequate 
model for the situation at the broken s i l i c a sheets, 

In view of these considerations the study of the behaviour 
of the model so l s alumina, s i l i c a and pos i t ive s i l i c a towards 
the chemical treating agents may throw some l ight on the e l ec ­
trical conditions prevailing at the montnorillonite micelle edges, 

Preparation ond properties of alumina and silica sols 

Alumina sols were prepared according to Ostwald by addition 
of amnonia to an AlClg solution until a {^ of about 5 i s reached. 
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After dialysis of the alumina suspension peptization is achieved 
by boiling, resulting in a slightly acidic sol ({ü: 5-6). 

Silica sols were prepared by dispersing finely ground quartz 
in distilled water. The quartz had first been washed with distill­
ed water. A small particle size dispersion was obtained by sedi­
mentation and decantation, 

The sols are milky heterodisperse suspensions of subnicronic 
particles. The alumina micelles are positively charged, which is 
inferred from their electrophoretic behaviour; the silica parti­
cles are negative, 

The flocculation behaviour of the alumina sols was measured 
by means of the centrifugal technique. This technique failed in 
the case of the silica suspensions, the change in floe volume be­
ing small in comparison with the sediment volume of the stable 
suspension. For this sol the classical visual method had to be 
used, 

Some flocculation values for both sols are reported in Table 

II L, 

T A B L E II L 

FLOCCULATION VALUES FOR ALUMINA AND SILICA SOLS 

Salt 

NaCl 
NagSO* 
CaCl 2 

Flocculation value m.eq. / l for 1 

alumina *) s i l i c a * * ) 

20-25 
0 ,5 -0 .7 
2 5-30 

50-75 
25-50 

1-2 

*) centr i fuge method, sol concentration; 0,25% 
•*) visual method, sol concentration: 0.12% 

observed af ter 48 hours' standing. 

B, A N A L O G I E S I N R E S P O N S E TO C H E M I C ­
AL T R E A T M E N T B E T W E E N M O N T M O R I L ­
L O N I T E AND M O D E L S O L S - P E P T I Z A ­
T I O N M E C H A N I S M 

The effect of various peptizing agents on the sa l t floccu­
lat ion of the model so ls was determined, A rough inspection of 
the results has disclosed a certain s imilarity between the re-
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sponse to chemical treatment of model and montmorillonite sols, 
Where an antagonistic effect is noticed for montmorillonite sols, 
an analogous effect is observed in the case of some model sols, 
The slight sensibilization of montmorillonite sols by alkali is 
also found for model sols. This qualitative congruity pleads in 
favour of the value of the alumina and silica sols as models for 
montmorillonite. A detailed quantitative discussion of the sta­
bility conditions in these model sols may now offer the key to 
the mechanism of chemical treatment of montmorillonite sols. 

The stability and charge cMiditions of quartz sols will be 
discussed first. 

Troelstra (20) has stressed that the well-known charge re­
versal of negative sols by trivalent cations like Al''"'"'' requires 
the presence of traces of alkali. Therefore he assumes that the 
adsorption of the product of hydrolysis of an aluminium salt, 
viz. A1(0H)3, is responsible for the positive charge of the 
treated sols. On addition of more than an equivalent amount of 
alkali the sol again becomes negative. 

Flocculation £md electrophoresis experiments with AlCl3--and 
NaOH-treated quartz sols confirm Troelstra's observations. The 
stability and charge conditions for this sol are presented in 
fig. 11,17. For adialyzed quartz sol the flocculation value for 
NaCH (22 m,eq./l) is marked on the abscissa and that for AICI3 MI 
the ordinate (0.09 m.eq./l). That part of the figure which is 
marked by a dotted square near the origin is represented on a 
larger scale in fig. 11,18, When following the horizontal line 
marked "c" in fig.II,18 in the direction of increasing NaCH con-
cMitration at the constant AlCls concentration of 0.5 m.eq./l, it 
is seen that the originally flocculated sol is peptized by traces 
of alkali emd remains stable up to an amount of alkali which is 
equivalent to the amount of AICI3 added (0.5 m.eq./l). In this 
region of stable sols the micelles proved to be positively charg­
ed. Then, on passing a narrow region of instability near the 
equivalence point, a stable sol is again obtained on further ad­
dition of NaOH, but now the sol proves to be negatively charged, 
These negative sols are finally flocculated by a larger excess of 
NaQi (see fig.II, 17). 

By repeating the flocculation experiments with different 
concentrations of AICI3 the conplete diagram of fig. II, 17 is 
obtained. With increasing concentrations of AlClg the stability 
region of the positive sols.widens proportionally but the region 
of stable negative sols becomes narrower, and no stable negative 
sol can be obtained with AlClg concentrations beyond ca 5 m.eq./l, 
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The use of the following notations may sinplify the wording 
of the next paragraphs: the original-negative-quartz sols will be 
referred to as "Q'" sols, those which are positively charged by 
AICI3 as "0+" sols and the negative sols obtained after the second 
reversal of the charge of the Q+ sols as "Q*--" sols. The stability 
regions of these different quartz sols are indicated in figs,II, 
17 and 18. 

The first question which may be raised is whether the mi­
celles in the Q+" and those in the original O"sols are identical 
or not; in other words, whether the aluminate anions formed on 
addition of an excess of NaCH to the Al(CH)3-bearing positive 
sols will remain adsorbed to the quartz particles or become dis­
solved in the intermicellar liquid. Analytically this will be 
difficult to decide because of the small amounts of Al in the 
systems, but a connparison of the salt stability of the two sols 
may provide an answer to this question. In this respect, too, the 
salt stability of the Q* sols will be of interest. 

Therefore, at a constant AlCls cwicentration of 0,5 m,eq,/l, 
the salt stability of the quartz sols was determined as a func­
tion of the NaCH concentration. The results are collected in fig. 
11,19, which is thus valid for the systems indicated by the cross 
section "c" in fig, II, 17, Fig,II, I9a is a large-scale represen­
tation of part of fig, II, 19 in the neighbourhood of the origin, 

The figures show that the salt stability of the Q"*" sols is 
lower than for the Q"*"" sols. When shifting the ordinate in the 
diagram to the vertical line marked "a" (at the arbitrary NaOH 
concentration of 0,3 m,eq,/I) the stability diagram of some ar­
bitrary Q'*' sol towards NaCl/NaGH mixtures is obtained. Similarly 
the part of the graph located to the right of line "b" for a con­
stant NaCH concentratie»! of, say, 2,5 m,eq,/l represents the sta­
bility conditions in an arbitrary Q^~ sol towards flocculation by 
mixtures of NaGH and NaCl, 

These diagrams foraQ"*" and a Q*" sol respectively may now be 
compared with those for either an alunina or an untreated quartz 
(Q") sol. Then it is seen that at low NaGi concentrations (in the 
0"'' region) the behaviour of the Q+ sols is very much analogous to 
the behaviour of alumina sols towards NaQH/NaCl mixtures (dotted 
line in fig, II, 19a), This suggests that aluminium hydroxide 
which, according to Troelstra, is adsorbed to the quartz, governs 
the stability conditions in the positive quartz sols. 
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m.tqlt NaCI 

STAaUT/AND CHARGE CONDITIONS OF OUARTZ SOLS ON 
ADDITION or NaCl AND NaOH 

At higher NaCH concentrations, in the region of the Q*" sols , 
the behaviour of the quartz sols i s very much analogous to that of 
the 0" sols (compare the dotted l ine in f i g . I I , 19), par t icular ly 
with regard to the order of magnitude of the flocculation values 
and the s l igh t sens ib i l i za t ion by NaOH. Yet the Q+- sols may not 
be concluded to be i d e n t i c a l with the Q' s o l s , s ince they are 
s l i g h t l y d i f f e ren t with respect to t h e i r NaCH s t a b i l i t y , as i s 
demonstrated by the pa r t of F i g . I l , 17 marked with an arrow: i f 
0 .5 m .eq . / l of AICI3 i s added to a Q' sol conta in ing, say, 15 
m.eq. / l NaCH, the additional amount of NaCH required to flocculate 
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the sol increases from 7.5 m.eq. / l for the Q" sol to 18 m.eq. / l 
for the Q'*~ so l . This increase i s too large to be explained as a 
removal of NaCH by AlClg and must therefore be a t t r ibu ted to a 
cer tain s tab i l i za t ion of the quartz micelles by aluminate ions. 

Following th i s comparative discussion of the model sols the 
f locculat ion behaviour of the montmorillonite so ls may be ana­
lyzed. In the chapters 4 and 5 i t has been shown that a s l i gh t 
sens ib i l i za t ion i s observed of montmorillonite sols after a lkal i 
treatment. Further, the flocculation values for NaCl and NaCH are 
rather low. All t h i s i s very similar to the behaviour of quartz 
sols in the 0"*"" region or in the original condition (0") , There 
i s , however, no indication of a comparatively unstable region a t 
low NEICH concentrations (the 0"*" region). 

Returning to the discussion of the s t a b i l i t y conditions of 
montmorillonite sols , these were assumed to be primarily governed 
by the double layer at the l a t e r a l surface of the micelles and 
the p o s s i b i l i t y has been s t ressed (see introduct ion) that the 
s t ructure of th i s double layer might be analogous to that at the 
surface of a posi t ively charged quartz micelle (Q"*" condition). If 
so, the l a t e r a l surface would cause a ra ther unstable condition 
of the dialyzed sol (as in the 0+ so ls ) , button addition of NaOH 
i t would become negative and thus the sol would become more stable 
(as in the Q^" so l ) . The l a t t e r i s indeed in l ine with the obser­
vations but, as was already said, the l ess s table region at low 
NaOH concentrations i s not apparent in the experiments. At f i r s t 
sight i t might therefore be concluded that the e lec t r ica l condi­
tion at the l a t e ra l surfaces in the dialyzed sol i s not the same 
as that at the surface of the Q"*" sol micelles, but rather of the 
Q+" or even of the Q' mice l l e s . I t i s believed, however, tha t 
th i s conclusion of i den t i ca l s t ruc tu re of negative quartz and 
l a t e r a l surface in the dialyzed sol i s wrong, for the following 
reasons: 

In the f i r s t place, that the region of low s t ab i l i t y smd the 
f i r s t f locculat ion point with small amounts of NaOH i s lacking 
may well be a resul t of the presence of a second s t ab i l i ty factor 
in the montmorillonite sols viz. the layer surface potent ial . 

Furthermore, besides the various supports for the assumption 
of a pos i t ive edge po ten t ia l , there are some even strong indica­
t ions tha t t h i s o r i g i n a l l y pos i t i ve l a t e r a l surface charge i s 
converted in to a negative charge on addition of NaCH, j u s t l i ke 
the conversion of a Q^ in to a Q*' so l . 
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This may be concluded from a comparison of the effect of 
NaCH and NaCl on the y ie ld s t r e s s of dialyzed concentrated WB-Na 
s o l s . In continuation of the experiments described in chapter 5 
the yield s t r e s s of 3% WB-Na sols (dialyzed) was determined af ter 
addition of increasing pmounts of NaCH, The resu l t s are collected 
i n t a b l e I I , M together with the previously reported data for 
N a a , 

T A B L E I I M 

EFFECT OF ALKALI AND OF SALT ON THE YIELD STRESS OF 3% DIALYZED 
WYOMING BENTONITE SOLS (SODIUM FORM) 

E l e c t r o l y t e 

c o n c e n t r a t i o n 

D i , e q , / 1 

0 

0 , 2 

0 . 5 

1 .0 

1 . 5 

2 , 0 

3 . 0 

5 . 0 • ' 

10 

15 

20 

I n i t i a l y i e l d s t r e s s 
d y n e s / c m 2 

NaCl 

80 

30 

20 

10 

5 

0 

5 

7 

7 

50 

140 

NaOII 

80 

55 
40 

25 

15 

10 

0 

0 

0 

0 

0 

Y i e l d s t r e s s a f t e r 3Cf' 
dynes /cm2 

NaCl 

80 

30 

20 
10 

5 
0 

10 

15 
100 

210 

2 50 

NaOII 

80 
55 
40 
25 
15 
10 
0 

n 
0 

0 

0 

The i n i t i a l decrease of the yield s t ress on addition of NaCl 
up to a concentrat ion of ca 3 m.eq . / l has been a t t r i b u t e d to a 
simultaneous decrease of the opposed double layer po ten t i a l s on 
layer and -lateral surfaces, resul t ing in a reduction of the e lec­
t r i c a l a t t r a c t i o n between these surfaces . As soon as the double 
layer po t en t i a l s have become so small tha t tiie micelles will as­
soc ia te due to the p reva i l ing Van der Waals a t t r a c t i o n forces, 
the th ixo t rop ic s t i f fen ing becomes very pronounced. In the case 
of NaOH, on the o ther hand, the i n i t i a l decrease of the y ie ld 
s t r e s s i s not followed by a thixotropic s t i f fening: the 30' yield 
s t r e s s remains negl ig ib ly small up to NaQl concentrations which 
are near to the flocculation value. This may be explained by the 
assumption tha t the edges become negative with small amounts of 
NaCH, Thus edge-to-edge and edge-to-surface assoc ia t ion of the 
micelles leading to the formation of r igid s t ructures i s avoided, 
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In t h i s respect i t i s also in teres t ing to note that the ad­
di t ion of NaOH to FB-Na sols does not result in a decrease of the 
e l ec t rophore t i c mobil i ty, as i s the case on addition of NaCl, 
This may also be seen as a resul t of the conversion of the posi­
t ive edge charge into a negative charge, which may compensate the 
effect of the decrease of the negative surface charge on the elec­
trophoretic mobility, 

Summarizing these observations the following interpretat ion 
of the behaviour of montmorillonite sols towards the flocculating 
action of mixtures of NaCl and NaOH may be offered: The sal t s ta­
b i l i t y of the dialyzed sol i s mainly dictated by the s tab i l i ty of 
tiie surface double layer, which compensates the low s t ab i l i t y of 
tlie la tera l surface and even the further decrease of the s t ab i l i t y 
at tliis point on addition of traces of NaQl. At higher NaCH con­
centrations tlie l a te ra l surface which obtains the character of a 
(•)*' sol governs the s ta l ) i l i ty of the montmorillonite sols: the i r 
behaviour i s characterized by a sensibi l iza t ion curve *) . 

Final ly , tlie i n t e rp re t a t ion of the effect of peptizers on 
montmorillonite so ls will be discussed. 

The effect of chemical t r ea t ing agents on montmorillonite 
sols may be analyzed from a comparative study of thei r ac t iv i ty 
towards tlie model sols . Fi rs t the effect of polymetaphospiiate may 
be discussed witii reference to figure 11, 20 where the sal t floc­
culation values are plotted (as a function of the amount of phos-
pliale added) for montmorillonite, alumina and quartz sols . 

The response of a posit ive quartz sol, containing 0,5 m,eq/l 
.Aid 3 and 0,3 m.eq./l NaOH, to metapiiosphate addition i s repre­
sented in figure 20 c. The s a l t s t a b i l i t y of the Q"*" sol i s 10 
m.eq . / l , which i s p lo t t ed on the ord ina te . On addition of 0,1 
ni,eq./l of polymetapiiospliate tiie sol i s flocculated but becomes 
s table and negative on further addition of phosphate. The sa l t 
s ta l i i l i ty of tiie negative sol i s rather higii, maximum 250 m.eq. / l . 
Witli more polymetaphosphate the s a l t s t a b i l i t y decreases again 
and the quartz i s f ina l ly f locculated with 160 m.eq./ l of the 
piiospiiate. Qual i ta t ively t h i s behaviour of pos i t ive quartz sols 
i s s imi lar to that of alumina so ls , as shown by fig.20 b. The 
pos i t ive alumina sol i s f locculated with 0.1 m,eq. / l of poly-
metaphosjihate but becomes s tab le and negative on further addi-

•) A further analogy between the montmorillonite and quartz sols 
with respect to alkali treatment is that neither montmorillo­
ni te sols nor quartz sols are flocculated with large amounts 
of ammonia. 

97 



1 

/ * 
^AUII 

ALU 

«^. 
UNA 

1INA 

s N. 
100 200 300 440 

OUARTZ 

IS JM 40» 

STABILIZATION OF MONTMORIUONITE, ALUMINA AND OUARTZ SOLS TOWARDS NtCl 
B/ M» POL/METAPHOSPHATE 

Fl6.IZ,Ka.baiit* 

t ion of phosphate, exac t ly l i k e the Q* s o l s . This i s another 
support of the view that the s t a b i l i t y of the Q"*̂  sols i s governed 
by the adsorbed aluminium hydroxide. 

The conversion of the pos i t ive charge of alumina and posi ­
t ive quartz sols into a negative charge by polymetapiiosphate may 
be seen as an adsorption of the polyvalent metaphosphate anions 
to the micel les by means of an aluminium ion l ink. This i s con­
ce ivable s ince i t can be shown from conductometric t i t r a t i o n 
t h a t aluminium ions form complex ions with the metapiiosphate 
atiion. The flocculation antagonism with polymetaphosphate and NaCl 
for montmorillonite so ls and alumina or pos i t ive quartz so ls i s 
indeed very similar (compare fig.20a) except for the lack ol the 
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f i r s t f loccula t ion point a t 0.1 m.eq. / l of polymetaphosphate. 
Again, as discussed above in the case of NaQH, the point of zero 
charge at the la te ra l surface at 0,1 m.eq./l of polymetaphosphate 
may not show up in the experiments owing to the second s t a b i l i t y 
factor in montmorillonite so l s . Moreover, the behaviour of the 
r igid concentrated WB-Na sols towards pept izers i s analogous to 
that towards NaCH: the i n i t i a l decrease of the yield s t r e s s on 
addition of peptizers i s a lso followed by a region of zero yield 
s t ress , which points to a charge reversal at the la teral surface. 
Furthermore, the increase of the e lect rophoret ic mobility on ad­
d i t ion of polymetaphosphate, which was discussed in chapter 2, 
points in the same d i rec t ion . 

Although the conclusive force of the observed analogies 
seems strong, another analogy has been observed which leaves room 
for a d i f fe ren t i n t e r p r e t a t i o n of the pept iza t ion antagonism: 
There i s a close congruity between the polymetaphosphate/NaCl 
f locculat ion curve for the Q"*" sol beyond the piiosphate concen­
t ra t ion where the quartz has become negative, and the curve for 
tiie o r ig ina l ly negative quartz sol containing no aluminium (Q' 
sol, f i g . I I , 20 C). This means that polymetaphosphate s t ab i l i zes 
tliese negative (Q") quartz so l s . The observed suitagonism may be 
p a r t l y an ion antagonism and pa r t ly a pept iza t ion antagonism. 
Tiierefore, polymetaphosphate anions may s t a b i l i z e quartz so l s 
witliout being linked to the micelle by aluminium thus acting as 
po ten t i a l determining ions . Consequently the s t a b i l i z a t i o n of 
the jKjsitive (]uartz sol may also be seen as a resul t of the d is­
solution of tiie adsorbed aluminium iiydroxide in the intermicellar 
l iquid by complex formation, leaving behind a negative quartz sol 
wluch is peptized by polymetapiiosphate, 

Hetuming to tiie montmorillonite micelle, possibly both ex­
planations liold for the l a te ra l surface: the aluminium link theo­
ry may be applicable to the broken octahedrical Al-O-CH sheets , 
whereas the s tab i l i za t ion of the broken s i l i c a sheets may be ex­
plained by removal of adsorbed alumina and subsequent s t ab i l i za ­
tion of the exposed negative s i l i c a surface by polymetaphosphate. 
Tiien the montmorillonite s t ab i l i za t ion may be seen as a superpo­
s i t ion of the two effects . 

Turning to other peptizers , their total effect on montmoril­
lon i t e so l s may be predic ted from the separate effects on the 
broken octaliedrical and tetraliedrical sheets which may be derived 
from their ac t iv i ty towards alumina and quartz sols respectively. 

As in the case of polymetapiiospliate, the s tab i l iz ing effect 
of sodium c i t r a t e , metas i l icate , oxalate and orthophosphate on Q+ 
sols i s identical with tliat for Q' sols in the region of peptizer 
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FUKCULAnON OFCTSOLS WTTH Naa AND VMIOUS PEPTIZERS Fn.U.21 

concentrations where the positive quartz sol iias been converted 
into a negative sol. Fig. II, 21 shows the flocculation curves 
for a Q" sol (or a converted Q* sol) for the various peptizers. 
The 0" sols being considered a model for the condition of the ex­
posed silica sheets at tiie lateral surface at not too low concen­
trations of peptizer, the sequence of the activities of the vari­
ous peptizers observed for quartz sols may equally apply to the 
silica part of the lateral surface. This sequence and the heights 
of the maxima (expressed in m.eq./l of salt) is the following: 

polymetaphosphate (260) > citrate (200) > ortliophosphate 

(180) > metasilicate (150) > oxalate (110). 
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For the FB-Na sols , however, the following sequence and max­
imum sa l t s t a b i l i t i e s are observed: 

polymetaphosphate (375) > c i t r a t e = metasil icate (200) 
> oxalate = orthophosphate (50), 

The differences between the observed sequences for both sols 
may be a resul t of the different contributions to the total effect 
by the exposed octahedrical sheets . The l a t t e r contribution may 
be derived from the beiiaviour of alumina sols towards the various 
peptizers. As mentioned eibove, the conversion of positive alumina 
sols into more stable negative sols by polymetaphosphate makes i t 
c lear that for th i s peptizer both the broken s i l i c a and alumina 
sheets are s tabi l ized, resul t ing in a large total effect. The op­
posite i s found for oxalate and orthophosphate: these electrolytes 
are unable to peptize posi t ive alumina sols to negative sols and 
th i s may be the reason for the small t o t a l effect on FB-Na sols , 
despite the s t ab i l i z ing effect of these pept izers on the s i l i c a 
part of the la te ra l surface. Like polymetaphosphate, metasilicate 
does liave a s t a b i l i z i n g effect on pos i t ive alumina sols , which 
are converted into negative so l s , and th i s explains that meta­
s i l i c a t e s t a b i l i z e s H3-Na s o l s . That i t s a c t i v i t y on FB-Na i s 
somewhat smaller tiian that of polymetaphosphate i s readily ex­
plained by the lower a c t i v i t y on quartz so l s , and thus on the 
s i l i c a par t of tlie l a t e r a l surface, 

.Altiiough c i t r a t e has no s t ab i l i z ing effect on alumina sols 
ei ther, i t i s irore active on montmorillonite sols than orthophos-
piiate, despite the fact that both peptizers have nearly the same 
effect on quartz sols . 

Since tiie above explanation of the peptization mechanism of 
montmorillonite sols and various peptizers i s quite general, i t 
should equally apply to some otiier montmorillonite. However, in 
ciiapter 5 i t has been siiown that the response to chemical t r ea t ­
ment i s d i f fe ren t for ITJ-Na and WB-Na s o l s . Thus the question 
ar ises how tiiese individual c l iaracter is t ics of the FB-Na and WB-
Na siiould be explained. In the case of the WB-Na sols the follow­
ing sequence for the various peptizers was observed: 

polymetaphospliate = c i t r a t e (475) > oxalate (425) 
> orthopiiosphate (300) > metasilicate (175). 

It could be shown that there is an important difference be­
tween the chemical compositions of the French and Wyoming bento­
nite: the latter contains about three times as much ferric ion in 
octahedrical position than the former (table II E of chapter 1). 
Therefore the broken octahedrical sheets in the WB-Na sols, to a 
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cer ta in extent, may display fe r r ic hydroxide sol charac te r i s t i cs 
and the in t e rmice l l a r l iqu id may contain more f e r r i c ions than 
that of a FB-Na so l . Now, the previous discussions on the charge 
reversal of s i l i c a sols with NaOH or peptizers in the presence of 
aluminium ions apply with equal force to f e r r i c ions. Therefore 
the response of the s i l i c a sheets to pept izers will be analogous 
for both FB-Na and WB-Na sols , but the response of the octahedric­
a l sheets in the WB-Na sols may d i f fe r from that of the FB-Na 
so ls , since the react ion of f e r r i c hydroxide sols and aluminium 
hydroxide sols to peptizers i s different . Contrary to tlie AKQDg 
sols , Fe(OH)g sols are converted into s table negative sols by a i l 
the peptizers mentioned above, thus including oxalate, orthophos­
phate and c i t r a t e and t h i s may explain why in the case of WB-Na 
sols a l l pept izers have a reasonable effect . Tlie resul t ing to ta l 
e f fec t seems to be governed by the s t a b i l i t y conditions of the 
broken s i l i c a sheets: apart from oxalate the sequence of the pep­
t i ze r s for WB-Na sols i s the same as that for quartz sols . 

Semi-quant i ta t ively speaking, therefore, tlie p ic ture given 
i s well balanced. I t i s thought, however, that tiie e l e c t r i c a l 
conditions at the l a t e ra l surfaces oLthe montmorillonite micelles 
are too de l ica te to allow of a detai led quant i ta t ive in terpre ta­
t ion . 

Summarizing the above t i ieor ies , tiie analogy study lias re ­
su l t ed in a reduction of the more complicated problem of clay 
s t a b i l i t y to tiie simpler one of tiie s t a b i l i t y of quartz and alu­
mina ( f e r r i c hydroxide) so l s . This i s , of course, only the f i r s t 
step toacomplete analysis of tiie peptization meclianism of clays. 
The problem i s now mainly replaced by the more general one of the 
response of s i l i c a and alumina so ls towards chemical t r e a t i n g 
agents . 

Inc iden ta l ly , during the above discussions , some possible 
i n t e r p r e t a t i o n s of the pept izat ion mechanism in these sols were 
indicated. A more deta i led account may be given below; 

a. Peptization of quartz sols 

The t races of aluminium or f e r r i c hydroxide on the surface 
of the posi t ive quartz sol pa r t i c les (or the broken tetrahedrical 
s i l i c a sheets in montmorillonite) were assumed to be removed by 
the pept izers leaving beiiind a negative quartz sol , whicli i s s ta ­
b i l i zed by the pep t ize rs . The antagonist ic effect of mixtures of 
these p e p t i z e r s and NaCl on negat ive quartz so l s may for the 
grea ter part be an ion antagonis t ic effect: t h i s i s suggested by 
the sequence of the a c t i v i t i e s of the various peptizers which was 
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found to be polyvalent metaphosphate > t r i v a l e n t c i t r a t e and or­
thophosphate > d iva l en t m e t a s i l i c a t e and o x a l a t e . I f the t o t a l 
sodium ion a c t i v i t i e s in the mixtures are ca lcu la ted neg lec t ing 
the ion dimensions, the ion antagonism does not account for the 
t o t a l antagonism': The sodium ion a c t i v i t y in the maxima of the 
curves s t i l l remains about twice as high as at the f l occu la t ion 
value for the untreated s o l . Poss ib ly , therefore, part of the an­
tagonism should be at tr ibuted to a pept izat ion antagonism, 

6, Peptization of aluminium hydroxide or ferric hydroxide sols 

The s t a b i l i z a t i o n of aluminium and ferr i c hydroxide s o l s (or 
the broken octahedrical shee t s in montmorillonite) was seen as a 
conversion of these p o s i t i v e s o l s into more s tab le negative s o l s 
by anion adsorption v ia an Al or Fe ion l ink . This point of view 
should be defined more p r e c i s e l y . Apart from the f locculat ion ex­
periments in alumina s o l s i n the presence of polymetaphosphate 
which have been described e a r l i e r ( f i g . I I , 20 b ) , the fol lowing 
experiments were carr ied out with fresh ly p r e c i p i t a t e d alumina 
for a l l p e p t i z e r s under d i s c u s s i o n . A so lu t ion of 10 m.eq . / l of 
AICI3 was bo i led for 'A h with 9 m,eq , / l of NaOH, The p r e c i p i t a t e 
o f aluminium hydroxide obtained appeared to become pept ized on 
addit ion of traces of a l l p e p t i z e r s , but i t i s again f locculated 
by l e s s than 1 m , e q , / l of these chemicals . At s t i l l higher con­
centrat ions the hydroxide i s again pept ized by m e t a s i l i c a t e and 
polymetaphosphate, h)ut not by oxalate , c i t r a t e or orthophosphate, 
I'~or m e t a s i l i c a t e the second p e p t i z a t i o n i s observed around 7 
m , e q . / l , but t h i s i s already fol lowed by a second f l o c c u l a t i o n 
around 15 m , e q , / l . For polymetaphosphate the second pept i za t ion 
range i s much wider, v i z , from 0 ,3 to 350 m , e q , / l , 

In the case of freshly prepared f e r r i c hydroxide (us ing the 
same procedure as described above for alumina) a second pept iza­
t ion range i s observed for a l l pept i zers . The ranges are: 

10-50 m,eq, / l for orthophosphate 
20-50 m,eq , / l for oxalate 
3-300 m,eq , / l for m e t a s i l i c a t e 
5 to more than 500 m,eq , / l for c i t r a t e and 
1 to more than 500 m.eq , / l for polymetaphosphate, 

This remarkable behaviour may be interpreted on the basis of 
the fol lowing assumption: (example: aluminium hydroxide and meta­
s i l i c a t e ) 

i , with the f i r s t t r a c e s o f m e t a s i l i c a t e the hydroxide becomes 
negative and s tab l e by adsorption of the anion to the surface 
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by means of an Al link forming a double layer, which may be 
represented by the formula: 

(Al20g,H20) Al-SiOg- Na+ 

ii. with more metasilicate, aluminiummetasilicate is formed, which 
is insufficiently dissociated to form a stabilizing double 
layer and the hydroxide is flocculated. 

iii. the aluminium metasilicate at the micelle surface is peptized 

by an excess of metasilicate anions, acting as potential-de­

termining ions and the sol is peptized for the second time, 

iv, with a large excess of metasilicate the sol is again floccu­
lated, mainly due to the increasing sodium ion concentration. 

An analogous interpretation may be given for the other pep­
tizers. Their effectivity would, according to this interpretation, 
depend on the ability of their anions to act as potential-deter­
mining ions for the aluminium salts, 

These suggestions regarding the mechanism of the response of 
aluminium or ferric hydroxide and quartz sols to chemical treating 
agents are in part speculative. A full account of the stability 
conditions can only be expected from an extensive fundamental in­
vestigation of these sols. 
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C H A P T E R r 

THE PEPTISATION OF MONTMORILLONITE BY TANNINS 

On the bas i s of the ana lys is of the pep t i sa t ion of mont­
mor i l loni te by a number of s a l t s as described in the preceding 
chapter i t may now be attenpted to solve the problem of the mecha­
nism of tannin treatment, 

A . T Y P E S O F T A N N I N - T R E A T E D M U D S 

Tannins are widely used for the treatment of muds. Several 
types of tjuinin-containing muds may be distinguished; 

i . Muds to which a small amount, a few tenths per cent, of a 
tannin i s added in alkaline solution. Some other convention­
al t rea t ing chemical, e,g, s i l , i s often added simultaneously 
(21). 

i i . So-called red muds, containing a re la t ive ly high percentage 
of quebracho tannin (0.5-2%) in strongly alkaline solution 
(22). 

i i i . Lime red muds, which are red muds to which sol id lime has 
been added (23). 

The red muds are known to st iffen at elevated temperatures, 
which l imi ts thei r appl icabi l i ty to medium depth operations, 
I t has recently been discovered that th i s effect of heating 
can be avoided by subsequent lime treatment. Therefore i t 
has become coranon practive to convert the red mud to a lime 
red mud at a certain c r i t i c a l depth, 
A feature of both red muds and lime red muds i s that they 
have formation-conserving properties, 

i v . Acidif ied muds containing tanning agents (24). This i s a 
l e s s common type, which wil l not be discussed here . 

B . S E A R C H F O R A M O D E L C O M P O U N D F O R 

T A N N I N S 

The study of the mechanism of the effects of tannins on clay 
suspensions, and par t icular ly of the paradoxical beneficial effect 
of subsequent lime treatment, offers a rather complex problem. 

In the f i r s t place, the conposition and structure of natural 
t annins l i k e quebracho e x t r a c t are not known with cer ta inty. 
Therefore we preferred f i r s t to invest igate the effect of a simpler 
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model compound. Since the tannins are polyphenolic compounds the 
model substance should be a phenol exhibiting an analogous effect 
on clay suspensions, 

Another complicating factor i s the s ens i t i v i t y towards oxi­
dation, which i s cormon to both tannins and phenols. In the search 
foramodel phenol, therefore, the ac t iv i ty of phenols and natural 
tannins should be compared while under nitrogen, - so as to avoid 
oxidation - eind when exposed to the a i r , 

1. Tannin-alkali treatment 

The l iquefaction of concentrated clay suspensions being the 
primary effect of t r e a t i ng chemicals l i ke a lkal ine tannin solu­
t ions , the choice of a model phenol was guided by observations of 
the i r ac t iv i ty in th i s respect. 

The liquefaction of bentonite suspensions by alkaline tannin 
treatment appears to be mainly a matter of decreased thixotropy: 
the th ixo t rop ic s t i f f en ing i s much slower for the t r ea ted than 
for the o r i g i n a l suspension ( i n p r a c t i c e t h i s amounts to an 
apprec iab le decrease in Bingham y ie ld s t r e s s of the system). 
Therefore the r a t i o of the se t t ing times of t reated and or iginal 
suspension may be considered a su i table cr i te r ion for a compara­
t i v e study of the e f f ec t i venes s of various tannins and model 
phenols . The determination of the s e t t i n g times can be car r ied 
out very conveniently by means of the Freundlich reversed tube 
method, using 5% bentoni te suspensions (FB). Since tiie s e t t i ng 
time of the o r ig ina l suspension was found to be 45", a s e t t i n g 
time r a t io of 1000 indicates a se t t ing time of zibout 12 hours for 
the t rea ted suspension. 

In f ig. I I , 22 the ac t iv i ty of various compounds in terms of 
s e t t i n g time r a t i o s are p lo t ted for three tannin-phenol concen­
t r a t i o n s and various amounts of NaOH (expressed as equivalent 
r a t i o s of tannin: NaQl). Data are given for a) quebracho, b) the 
cold water soluble fract ion of quebracho*) (= the ether ext rac t 

*) According to Freudenberg, quebracho i s a condensation product 
of the catechin: « 

The three phenolic OH groups ^*' are no ta ffee ted by the con­
densat ion, Thus theequival ent weight o f quebracho may be taken 
at 1/3 of the monomeric molecular weight. 
The equivalent weight of the water-soluble fraction of que-
brancho could be checked by conductometric t i t r a t i o n of a 
calcium hydroxide solut ion with a strong quebracho so lu t ion . 
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which contains the low molecular weight condensation products 
only) and for c) pyrogallol (1,2,3-oxybenzene). 

The experiments were carried out under nitrogen. 

Fig, II, 22 shows that under these conditions the optimum 
activity of quebracho amounts to about 5000. (For comparison it 
may be mentioned that the optimum activity of Na metaphosphate is 
about 1300). The optimum ratio between quebracho and NaCH covers 
a rather wilde range (0.5-1.5). 

A more pronounced effect is noticed for the cold water 
soluble fraction of quebracho. Although the effectiveness at low 
concentrations is small, its optimum activity at higher concen­
trations is as great as 17,000. The optimum quebracho:NaOH ratio 
is itRich more critical in this case (about 1). 

The beiiaviour of the systems treated with the triphenolic 
compound pyrogallol is very much analogous to that of systems 
treated with the water soluble fraction of quebracho, although 
the maximum effect is somewhat smaller. The optimum occurs at the 
same tannin concentration: 80 m,eq,/l (for quebracho 80 m.eq./l 
corresponds with a wt. concentration of about 3/4%). 

Tiie results are valid when oxidation is excluded. When ex­
posed to tiie air the activities are much smaller, amounting to 
200-400 for quebracho and to 100 only for pyrogallol. 

The following phenols have been found to be inactive: phenol, 
resorcinol and hydroquinone and the trivalent symmetrical phenol 
phloroglucinol. "Ordinary" tannin and gallic acid are less active 
than quebracho: under nitrogen their optimum activity was found 
to be 1000-1700. 

Alkaline pyrogallol may thus be concluded to be a suitable 
model compound when investigating the effect of tannins on mont­
morillonite sols, provided that oxidation is avoided in the ex­
periments. 

?, Lime-tannin treatment 

Additional experiments were carried out in order to check 
whether bentonite suspensions containing pyrogallol or any other 
simple phenolic compound show the sEime sensitivity towards the 
addition of lime as tannin-treated bentonite. 

The activity of various phenols and tannins in the presence 
of alkali and lime was tested by comparing the thixotropic stif­
fening time of a treated bentonite suspension with that of the 
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o r i g i n a l suspension. I t was found tha t the add i t ion of lime 
g r e a t l y enhanced the a c t i v i t y of the tannins in t h i s respec t . 
Suspensions of bentonite which are t rea ted with suff ic ient que­
bracho, NaOh and lime no longer s t i f f e n , even a f t e r severa l 
months' storage. Therefore no figure was given for the st iffening 
time r a t i o but the ac t iv i ty of the chemicals was judged from their 
ab i l i t y to produce permanent l iquefaction. 

Tlie lime treatment was carried out by heating the suspensions 
jcontaining tannin or phenol with lime for 20 minutes at 70°C ei ther 
under nitrogen or exposed to the a i r . The resu l t s are summarized 
in table I I N. Tlie bentonite concentration was again 5%. The re­
l a t i v e concentrations of the various chemicals are expressed in 
equivalent r a t i o s . The s t a t e of suspension af te r three months' 
storage i s indicated as sol id ( s ) , l iquid (1) cind semi-liquid ( s i ) , 

The concentration of a l l phenols mentioned in table I I N was 
160 m.eq . / l , the concentration of the otiier compounds are given 
as fractions of the phenol concentration whicii i s taken as unity. 

T A B L E U N 

EFFECT OF LIME TREAB1FNT 
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In addition to the results mentioned in the table the 
following phenols were found to be inactive: phenol, hydro­
quinone, resorcinol, pyrocatechol and phloroglucinol, 

The results show that the effect of pyrogallol under nitrogen 
IS comparable with that of the tannins investigated, although 
the optimum lime content is different for various compounds, 
When exposed to the air only gambir and quebracho remain active, 
the optimum lime content is, however, shifted to a higher value, 
rhe activity of tannin and gallic acid as well 
gallol disappears on oxidation, 

as that of pyro-

Considering the r e s u l t s obtained with t h i s s t i l l l imited 
number of natural tannins and phenols, the ac t iv i ty of phenolic 
coiniounds on mud both in combination with a lkal i and alkal i +lime, 
seems to be l imited to those containing at l eas t 3 phenolic Oi 
groups, two of which should be adjacent, 

I t may be concluded that also for the study of lime red mud 
behaviour, pyrogallol will be a suitable model compound. 

C. B E H A V I O U R O P R E D M U D S A N D L I M E R E D 
M U D S F R O M B E N T O N I T E 

The most e s s e n t i a l f e a t u r e s of red mud and l ime red mud 
b e h a v i o u r may be summarized a s f o l l o w s : 

A lka l ine t ann in t rea tment of a b e n t o n i t e suspension r e s u l t s 
i n a c e r t a i n l i q u e f a c t i o n a s shown by an i n c r e a s e d t h i x o t r o p i c 
s t i f f e n i n g t i m e , whereas t h e a d d i t i o n of l ime t o t h i s sys tem 
r e s u l t s i n permanent l i q u e f a c t i o n . 

Moreover, t h e e f f e c t of a l k a l i n e t ann in t rea tment i s p a r t l y 
e l imina t ed by hea t ing , whereas the rheo log ica l p r o p e r t i e s of the 
limed systems a re not impaired, 

In the following t a b l e (11 ,0) these f a c t s a re demonstrated 
by y i e l d s t r e s s d e t e r m i n a t i o n s wi th the modified Stormer v i s c o ­
mete r . 

T A B L E I I 0 

YIELD STRESSES OF BENTONITE SUa>ENSIONS AFTER TANNIN TREATMENT 

Treatment of 5% bentonite 
suspension 

quebracho NdOH Ca(0H)2 
m.eq . / l m. eq /1 m.eq/l 
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These are the main fac ts requi r ing an explanation from a 
col lo id chemical point of view. In the next section the mechanism 
of a lkal ine tannin treatment will be dealt with, using pyrogallol 
as a model. In view of the pronounced effect of calcium on the 
p r o p e r t i e s of these syscans, the presence of calcium had to be 
carefu l ly avoided; thus, sodium montmorillonite sols were used. 

Final ly the mechanism of the effect of lime on the tannin or 
pyrogallol t reated systems will be discussed. 

"> 
D, T H E M E C H A N I S M O F T A N N I N - A L K A L I 

T R E A T M E N T 

F i r s t the s t a b i l i t y conditions in FB-Na and WB-Na sols were 
studied as a function of tiie pyrogallol or quebracho content. 

In order to avoid oxidation during the flocculation experiments 
with the cen t r i fuge , tliey were car r ied out under oxygen-free 
n i t rogen , which i s p a r t i c u l a r l y important when working with 
pyrogallol in a lkal ine solution. A convenient technique, suggested 
by O.K. Jones, was used: the centr i fuge tubes are closed with 
rubber caps and the l iquids are supplied under nitrogen pressure 
from a bure t t e , the tap of which i s drawn out in a sharp point 
piercing the cap l ike an inject ion needle. Tlie tubes are rinsed 
beforehand with oxygen-free nitrogen in the same way. 

Fig, I I , 23 stiows the NaOil flocculation value for botii FlVNa 
and WB-Na sols as a function of llie amount of pyrogallol added, 
Tlie dotted l ine for FB-Na refers to the to ta l NaOII s t a b i l i t y , tlie 
sol id l ines for both FB-Na and WB-Na refer to the excess of Nadll 
over the amount required for complete pyrogallate formation, in 
otiier words tliey refer to the NaOH s t a b i l i t y as a function of tlie 
amount of sodium pyrogallate added to tlie sol , 

With pyrogallol alone no flocculation is ol)served. The floc­
culation value towards soaium pyrogallate for tiie two sols are ca 
135 and 245 m . e q . / l , r e spec t ive ly . Tiie pyrogal la te appears to 
s t ab i l i z e tlie sols with respect to flocculation by NaQl: tiie solid 
l i ne s show a cer ta in antagonis t ic effect indicat ing pept isa t ion 
of the sol by pyroga l l a t e , althougii par t of the effect will be 
due to ion antagonism. 

F i g . I l , 24 shows tlie resu l t s of analogous experiments, using 
quebracho instead of pyrogal lo l . The same trends as observed in 
the case of pyrogallol are found, but the antagonist ic effect i s 
much larger than for pyrogallate, wiiilst the sols are not floccu­
lated by large amounts of quebrachate. 
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Fig. 11, 25 gives some NaCl f locculat ion values lor FT'-.Na 
so ls a f t e r pep t i sa t ion with various amounts ot pyrogal la te aiul 
quebrachate. I t i s seen from these graphs that the salt floccula­
tion values of the t rea ted systems are of tlie same order as the 
NaOH flocculation values. Also the antagonism pyrogal 1 ate-Na('l i s 
much smaller tlian that of quebracliate-NaCl. 

( , )ual i ta t ively tlie observed s t a b i l i s a t i o n i s well in l i ne 
with the favourable effect of alkaline tannin treatment on concen­
t ra ted suspensions as could be expected from previous experience 
with o ther chemicals . Quan t i t a t i ve ly an exact pa ra l l e l i sm i s 
l ack ing between the s t a b i l i t y condi t ions in the d i lu te sodium 
montmorillonite sols and the thixotropic behaviour of ttie concen­
t ra ted raw bentonite suspensions after treatment (see under B 1). 
In the l a t t e r systems an optimum effect was ol;served at a tannin 
or phenol concentration of ca 80 m.eq. / l , but in ttie d i lu te sols 
tiiere i s no indicat ion of any optimum s t a b i l i t y at t h i s concen-
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t r a t i o n . I t should be borne in mind, however, tha t the raw ben­
ton i t e contains calcium. Therefore, to some extent the systems 
may show lime red mud behaviour which may be responsible for the 
observed discrepancy between the resul ts in the concentrated raw 
bentoni te suspension and in the d i l u t e pur i f i ed sodium mont­
mori l loni te s o l s . This in t e rp re t a t ion i s supported by the fact 
that with concentrated WB-Na sols which enable the study of thixo­
t ropic e f fec ts , the optimum concentration of tannin for maximum 
s t i f f e n i n g time i s found to be of the order of 16 m,eq , / l of 
t anna te , 

In chapter VI, dealing with the analogies between the floc­
culation of montmorillonite and some model so ls , the peptisation 
mechanism was analyzed as the combined action of the various pep­
t i s e r s on both the broken te t rahedr ica l s i l i c a and octahedrical 
alumina or fe r r ic hydroxide sheets at the l a t e r a l surface of the 
clay p a r t i c l e s . The chemicals which s t a b i l i z e both alumina or 
fe r r ic hydroxide sols and quartz sols are found to be the best 
pept isers for montmorillonite. The same was found to apply to the 
peptiser Na pyrogallate or quebrachate. The s tabi l i s ing effect of 
pyrogallate on both posi t ive and negative quartz sols i s demon­
s t r a t ed by Fig. I I , 26. Again the peptiser converts the posi t ive 
quartz sol 0"*̂  in to a negative sol which i s in turn peptised by 
pyrogallate l ike the or iginal negative quartz sol Q". The a c t i ­
vity of pyrogallate i s of the order of that of oxalate. Unfortunate­
ly the dark colour of quebrachate prevented the determination of 
the ef fec t on quartz so ls where f loccula t ion must be detected 
v i s u a l l y . F'urthermore pyrogal la te i s able to pept ise aluminum 
and f e r r i c hydroxide. The "second pep t i sa t ion range" (compare 
chapter 6) i s 2-150 m.eq./l for aluminum hydroxide and from 1 to 
more than 500 m.eq. / l for fer r ic hydroxide. The same applies to 
quebrachate, i t s s tabi l i sa t ion range for both aluminum and ferr ic 
hydroxide sols seems to be even wider than in the case of pyro­
ga l l a t e . The assumption that the peptiser anion i s linked to the 
octahedr ical sheets by means of an aluminum or f e r r i c ion may 
equal ly apply to pyrogal la te and quebrachate, since i t can be 
shown from conductometric t i t r a t i on that these compounds are able 
to form complexes with these cations (see Fig. I I , 27). 

I t i s in te res t ing to conpare the effect of pyrogallate with 
that of the symmetrical trioxybenzene, phloroglucinol, which was 
found to be inact ive on bentonite suspensions (section B-1). I t 
was observed that phloroglucinolate i s unable to s tab i l i se alumi-
nim, ferr ic hydroxide or quartz sols and th is i s in accordance with 
i t s lacking ac t iv i ty on montmorillonite so ls . 
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Finally the quanti tat ive differences between the ac t iv i ty of 
pyrogal la te and quebrachate may - in analogy with polymetaphos­
phate - be ascribed to a larger ion antagonist ic effect and prob­
ably to a l a rger charging e f fec t on the octahedr ical sheets by 
the high molecular poly condensed quebrachate. 

E, T H E M E C H A N I S M O F L I M E - T A N N I N 

T R E A T M E N T 

Final ly the effect of the addition of lime to the tannate-
treated systems will be considered. F i r s t , the response of sodium 
montmorillonite and calcium montmorillonite so ls to pyrogal la te 
addition was compared. The pyrogallate-NaOH flocculat ion curves 
for both sols are shown in f i g . I I , 28. The s t a b i l i s i n g effect of 
pyrogallate appears to be of the same order of magnitude for both 
sols but the optimum in the curve i s sh i f ted to a higher pyro­
gal la te concentration for calcium montmorillonite with respect to 
that for sodium montmorillonite (ca 60 m.eq. / l as compared with 
ca 20 m.eq , / l ) . This i s in l ine with the observation that for raw 
Ijentonite the optimum a c t i v i t y of pyrogal la te on the s t i f fen ing 
time i s around 80 m.eq. / l (see under B-1). When discussing the 
relat ion between the s t a b i l i t y conditions in sodium montmorillo­
n i te and the rheological behaviour of raw bentonite suspensions 
the position of the optimum for the l a t t e r was already tenta t ive ly 
a t t r ibuted to the presence of calcium in the raw bentonite. 

Next the f locculat ion in py roga l l a t e - t r ea t ed sodium mont-
o r i l l o n i t e s o l s was i n v e s t i g a t e d in the presence of var ious 
imoiints of lime. The r e s u l t s are shown in f ig . I I , 29 where the 
a(1l f locculation values are p lo t ted versus the amount of pyro-
a l la te added for sols containing 2, 6, 10, 80 and 160 m.eq. / l of 
*(0I1)2 respectively. 

NaOH FLOCC VALUE mtq/1 
80 

"33 ts » ïSö SS~ 
mrq» Na P/ROOALLATE 

FLOCCULATION ANTAGONISM HaOH-NO P/ROOALLATE FOR „ g ^ ^ j 

Co AND Na MONTMORILLOHfTE SOLS 

115 



10*1/1 NaOH 

200 ' j a 
mt<l/1 No P/ROGALLATE 

NaOH FLOCCULATION VALUES FOR Na MONTMORILLONITE 

AS A FUNCTION OF THE Na P/ROGALLATE CONCENTRATION riOlI.29 

FOR DIFFERENT LIME CONTENTS 

^ *ö «Ö 80 «Ö ïiö Sö ÏSÖ I D 200 
m*q/1 No P/ROOALLATE 

NaCI nOCCULATION VALUES FOR FB-Na 5 0 1 . ; 45 A 
FUNCTION OF THE No P/ROGALLATE CONCENTRATION 
AT DIFFERENT LIME CONTENTS 

FIOir.30 



The curve for 2 m,eq./l of lime shows a close resemblance to 
that for a calcium montmorillonite sol without lime (coitpare fig. 
II, 28). The latter system contains about the same amount of cal-
cian viz. about 2.5 m.eq./l of exchangeable calcium, the sol con­
centration being 2.5 g/1 and the b.e.c. about 100 m.eq./lOO g. A 
difference between the two flocculation curves is that the lime-
treated system is only stable beyond a pyrogallate concentration 
of about 2 m,eq,/], 

With increasing lime content the minimum amount of pyrogal­
late required to obtain a stable system increases as indicated by 
the points marked "x" in Fig, II, 29, Yet the stability region be­
comes wider and higher and particularly betweai 10 and 80 m,eq,/l 
of lime a substantial increase in the stability is observed. Thus, 
in accordance with the favourable effect of lime treatment ob­
served in practice, the stabilising effect of pyrogallate is 
greatly enhanced if a sufficient amount of lime is present. An 
analogous effect is observed with regard to the salt stability 
although the shape of the stability curves is a little different 
(Fig, II, 30), 

Since the study of model sols has been very helpful in the 
interpretation of the stabilisation mechanism in the case of a 
variety of p^tisers, also the effect of pyrogallate in the pres­
ence of lime was investigated for both alumina and quartz sols. 
It was found that lime does not increase the stability of pyro­
gallate-treated alumina sols, but a pronounced effect was observed 
in the case of quartz sols. Fig.Il, 31 shows the salt floccula­
tion curves for a Q" sol as a function of the amount of pyrogal­
late added for a lime content of 10 and 80 m,eq,/l respectively, 
For comparison the curve for the lime-free system (marked 0) is 
included. Except for the small region of very low pyrogallate 
concentrations/ it is immaterial whether the flocculation values 
are determined for Q' or Q"*" sols, the latter being converted into 
a negative sol by pyrogallate and lime. The graphs demonstrate 
that the stability of the pyrogallate-containing sols is appre­
ciably increased by the addition of lime, which the quartz sols 
have in common with the montmorillonite sols. 

As a consequence of this analogous behaviour of both sols, 
the effect of lime-pyrogallate treatment on montmorillonite may 
be assumed to result from a stabilisation at the broken silica 
sheets at the lateral surface. This stabilisation may be a result 
of a very effective adsorption and charging effect of the pyro­
gallate anions. Possibly they are linked to the silica surface by 
means of calcium. Some supporting evidence for this point of view 
is offered by the following observations: 
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i . F*yrogallate takes up calcium in i t s anion by complex forma­
t ion. This i s inferred from conductometric t i t r a t i o n of Ne 
pyrogallate with CaClg as represented in F i g . I l , 32. 

i i . The same appl ies to quebracho which i s a l so an e f f i c i e n t 
peptiser in the presence of lime. (Vi the other hand, a phenol 
which does not form a calcium complex, viz. phloroglucinol­
ate (see F i g . I l , 31) i s observed to be inact ive in the pres­
ence of lime (compare section B-2), 

i i i . The voluminous p r e c i p i t a t e of calcium s i l i c a t e obtained by 
mixing a sodium s i l i c a t e and a calcium hydroxide solut ion 
e .g. in a concentration of 10 m,eq , / I , i s readi ly peptised to 
a hydrophobic sol with say 100 m,eq, / l of pyrogal late . In 
t h i s case too, pyrogal la te adsorption by calcium l i n k i n g 
seems to be the most l ike ly explanation, 

Sunmarizing, the pept isat ion of montmorillonite by pyrogal-
la te- l ime may well be ascribed to the adsorption of the complex 
pyrogallol-Ca anion to tiie l a t e ra l surface exposed s i l i c a sheets, 

However, the p o s s i b i l i t y that pyrogal la te anions are a lso 
linked with the f la t layer surface by calcium may not be exluded 
a p r i o r i . Such an adsorption would resu l t in an increased basal 
spacing of the dried clay due to the large organic ions between 
the layers . Tliis spacing appeared, however, not to be di f ferent 
from that of untreated dry montmorillonite. *) Thus, a s t ab i l i s a t ion 
a t tliis part of the surface i s improbable. I t may rather be ex­
pected that owing to the high e lec t ro ly te concentration in these 
systems, the s t a b i l i t y at the f la t layer surfaces will decrease, 
any extra protect ion by adsorption being absent. This would re ­
s u l t in an increased p a r a l l e l assoc ia t ion of the p a r t i c l e s . An 
indication of such an effect was obtained when t rea t ing WB-Na sol 
with pyroga l la te and with pyroga l la te - l ime re spec t ive ly . With 
pyrogal la te alone the sol shows a diffuse Tyndall cone in the 
ul t ramicroscope, j u s t as the un t rea ted sol which contains ex­
tremely tiiin p a r t i c l e s (compare chapter V). On addition of lime, 
liowever, d e f i n i t e u l t ramicrons are observed which poin ts to a 
growth of tiie p a r t i c l e s . Tliis may also explain the higher s e t t l i ng 
tendency of lime-treated muds as compared with red muds. 

The remarkable resistance to heating of the limed systems as 
compared with those without lime, remains to be explained. This 

• ) Note added in proof. 
Also the adsorp t ion capaci ty of montmor i l lon i t e for pyroga l lo l 
in the presence of lime v i z . ca 7 m.eq./lOO g. al though h igher 
than in the l ime- f ree systems can be accounted for by the ca ­
p a c i t y of the l a t e r a l su r f ace . 
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might be a t t r ibuted to a smaller degree of desorption of the tan-
nates when linked by calcium, but in the model systems thus far 
no difference of the effect of heating on the s t a b i l i t y could be 
observed. On the other hand, in montmorillonite sols there i s a 
p o s s i b i l i t y that the clay i s par t ly decomposed on heating in the 
alkaline solut ions. These decomposition products may have a floc­
culat ing action and the addition of lime might resu l t in an in­
activation of these products. A support for the poss ib i l i ty of an 
effect of t h i s kind i s the following: The a lka l i may attack the 
octahedrical sheets at the edges forming aluminate. If now sodium 
aluminate i s added to a quebracho-containing bentonite suspension 
a considerable s t i f fening i s observed in the cold. On subsequent 
addition of lime, s t i l l without heating, the suspension l iqu i f ies 
again. 

Experimentally i t will be d i f f icu l t to di f ferent ia te between 
desorption and clay decomposition effects . Tlie study of the l a t t e r 
would involve a thorough inves t iga t ion of any ciianges in both 
composition and l a t t i c e s t ruc ture by means of chemical and X ray 
methods. This i s , however, beyond the scope of th i s t hes i s . 

I t may be concluded from the worl. described in t h i s chapter 
tha t , e ssen t ia l ly , a sa t i s fac tory explanation of the pept isat ion 
mechanism óf tannates could be given. Tiie key was offered by the 
study of the s t a b i l i t y conditions in model systems. Admittedly, 
the conposition of such systems e.g. those consist ing of quartz, 
aluminium-chloride, a lka l i and lime and sa l t i s far removed from 
that of a l ime-treated red mud, but tiie subst i tut ion of tlie com­
pl ica ted systems of actual prac t ice by more simple ones seems to 
be the only way of a t tack . This i s but the f i r s t step in the in­
terpre ta t ion of lime red mud behaviour. Furtiier work will be re­
quired to study the optimum r a t i o s of tannin, a lka l i and lime, 
the heating effect and also the well known fonnation conserving 
propert ies of these muds. In th is investigation, when extrapolat­
ing any r e s u l t s obtained for pyrogal la te containing systems to 
actual red muds, the e f fec t s of the col loidal character of the 
high molecular weight condensation products in quebracho should 
also be given due considerat ion. 
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P A R T I I I 

THE RELATION OF COLLOID CHEMICAL STABILITY AND 
RHEOLOGICAL BEHAVIOUR OF MONTMORILLONITE 

SUSPENSIONS 

S U M M A R Y 

In part I i t has been shown that chemical treatment mainly 
affects the Bingham yield s t ress of muds. In part II the addition 
of chemicals has been found to increase the s t a b i l i t y of d i lu te 
clay sols as judged from tiieir s a l t f locculation values. In the 
present part tlie relation between the rheological and the s t ab i l ­
is ing effect i s discussed on a quanti tat ive basis . Simultaneously 
the plastering behaviour i s given at tent ion, 

A roiigii para l le l l i sm i s observed between the sa l t floccula­
tion values of d i lu te suspensions and the effect of salt on Bingham 
yield s t ress and f i l t e r loss for s i l , quebracho and polymetaphos-
I>lia£e-treated concentrated suspensions. An increase of the floc­
culation value on addition of these chemicals goes paral lel with 
an' increased r e s i s t ance of rheological and p l a s t e ring qual i ty 
against tiie detrimental e f fec t s of s a l t contamination. 

Altiiough a constant quant i ta t ive relat ion of general val idi ty 
i s lacking, i t i s concluded that tlie determination of the floccu­
la t ion values in d i lu t e suspensions may be considered a useful 
f-iii(le ill ciioosing the most appropriate cliemicals as well as the 
required dose for a given mud. 
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I N T R O D U C T I O N 

In par t I i t has been shown that the addition of ei ther sa l t 
or t rea t ing chemicals to clay suspensions mainly resu l t s in an in­
crease or a decrease, respectively, of the Bingham yield s t r e s s , 
the var ia t ion of the d i f f e r en t i a l v iscos i ty being comparatively 
small. 

) I t was proved in par t I I that t rea t ing chemicals have a s ta ­
b i l i s i n g effect on montmorillonite so ls . The peptisation mechan­
ism was seen as the resu l t of ^ increase of the repulsive poten­
t i a l at the la te ra l surface of the clay pa r t i c l e s which prevents 
edge to edge association and thus the formation of a network,dis­
playing a yield s t ress in more concentrated systems. 

This demonstrates a qua l i ta t ive agreement between the resul ts 
of both invest igat ions. The quant i ta t ive relat ion between colloid 
chemical s t a b i l i t y and rheological behaviour will be discussed in 
th i s part . 

In order to obtain a well differepflated picture a comparison 
will be made between the amount of s a l t which j u s t flocculates a 
d i lu te ' French bentonite suspension a f te r treatment with various 
amounts of pept i ser and the amount of s a l t which j u s t eliminates 
the favourable effect of a pept i se r on the Bingham yield s t r e s s 
of a concentrated French bentonite suspension. 

When carrying out this program involving the preparation and 
tes t ing of a large number of suspensions containing various amounts 
of s a l t and pep t i s e r , another property of p rac t ica l importance 
has been studied at the same time, viz . the plas ter ing behaviour 
of the t rea ted suspensions, (vide the introduction page 1)-

This property was measured by means of a standard t e s t consisting 
of the determination of the f i l t r a t e loss , when f i l t e r i n g the 
suspension under standard condi t ions of pressure di f ference, 
f i l t e r i n g area and medium and f i l t e r i n g time. The r e s u l t s are 
reported as"cc f i l t r a t e loss A.P.I." The lower the f i l t r a t e loss 
the b e t t e r the p las te r ing proper t ies are . (A.P, I.-ftf'29, May'50) 

Since chemical treatment of clay suspensions usually improves 
the i r p las te r ing behaviour a correlat ion may be expected to exis t 
between the flocculation value of d i lu te suspensions and the f i l ­
t r a t e los s of concentrated suspensions. As described above for 
the rheological proper t ies , simultaneously the sa l t flocculation 
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values for t rea ted d i lu te suspensions will be compared with the 
amount of s a l t , which eliminates the favourable effect of a pep­
t i s e r on the f i l t r a t e loss of the concentrated suspensions. 

A rather s t i f f suspension containing about 6%of French bentonite 
was prepared. This suspension was thoroughly mixed with varying 
amounts of p ^ t i s e r and the effect of increasing amounts of NaCl 
on these t rea ted suspensions was investigated. In a l l cases the 
final bentoni te concentrat ion a f te r addi t ion of pep t i se r and 
sa l t solut ion was adjusted to 5.7% by adding water. The rheo­
logica l and p l a s t e r i n g p r o p e r t i e s of these suspensions were 
measured af ter 3 weeks' s torage. At the same time the floccula­
tion antagonism curve was determined by means of the centrifuge 
method. 

The experiments have been carr ied out with three different 
chanicals viz. Na quebrachate, metasil icate and polymetaphosphate. 
The resu l t s are collected in the figures I I I , 1-7 incl . 

A, E F F E C T O F N a Q U E B R A C H A T E 

Fig. I l l , 1 shows the effect of alkali-quebracho (eq. ra t io) 
and NaCl on the Bingham yield s t r e s s TB of the 5.7% French bent­
onite suspensions. The curve marked " 0 " in fig. I l l , 1 i s a plot 
of TB versus the amount of s a l t added to the original suspension. 
(In fig. I l l , 4 the full curve i s drawn in the graph for si l) .The 
yield s t r e s s of the s a l t containing suspensions i s higher than 
that of the o r ig ina l . Analogous curves are drawn for quebrachate 
treated suspensions, tiie amounts being indicated on the curves in 
m.eq. / l . 

The addi t ion of quebrachate to the or iginal suspension re­
s u l t s in a large decrease of Tg but on subsequent addition of 
s a l t the y ie ld s t r e s s increases again. Now, the amount of s a l t 
which j u s t -compensates the favourable effect of the quebrachate 
on the blank suspension, will be considered a measure of the ac­
t i v i t y of the amount of quebrachate added. In f ig . I I I , 3 these 
conpensating sa l t concejitrations are plot ted as a function of the 
amount of quebrachate in the system, (the curve of constant yield 
s t ress indicated TB = 34 dynes/an2) In addition a second curve of 
constant yield s t ress marked TB * 10 dynes/cm2 i s included in the 
graph. This curve represents the amounts of s a l t which may be 
taken up by the treated suspension before the yield s t ress passes 
the value of 10 dynes/cm^ as a function of the amount of que­
brachate added. 
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The maximum " a c t i v i t y " of quebrachate may be read from the 
graph: in the region of 50-100 m.eq. / l of quebrachate the best 
suspensions are obtained with regard to the s e n s i t i v i t y of the 
Bingham yield s t ress to s a l t contamination. An enormous effect i s 
obtained on addition of the f i r s t 50 m.eq./l but there i sno sense 
in further addition of quebrachate aiming a t a further improval 
of the rheological behaviour: with an excess the reverse effect 
i s obtained which i s known as over-treatment. 

The dotted curves in f ig. I l l , 3 show the sa l t flocculation 
values of d i lu te suspensions, determined by the centrifuge tech­
nique at a final sol concentration of 0.5 and 1%, respectively. A 
comparison of these curves with those for constant yield s t resses 
demonstrates a para l le l l i sm between the s t a b i l i t y of the d i lu te 
sols and the rheological propert ies of more concentrated suspen­
sions: 
The sharp r i se of the flocculation value on addition of the f i r s t 
30-40 m.eq./l of quebrachate and the position of the maximum in the 
flocculation curve are ind ica t ive for the rheological behaviour 
of the concentrated suspensions. In ' t he region of 0.25-2.0% the 
sol concentration has no marked effect on ei ther the position or 
the height of the maximum in the flocculation curve. The differ­
ence in height of the flocculation curves .and those of constant 
yield s t r e s s will be a-matter of the a rb i t ra ry character of the 
flocculation experiment and the choice of the yield s t ress which 
should be considered an indication that the system i s in the f i r s t 
phase of floe formation. 

In f ig . I I I , 2 the e f fec t on the p l a s t e r i ng behaviour i s 
presented. The A,P.I . f i l t e r loss i s plotted versus the sa l t con­
cent ra t ion for 5,7% bentonite suspensions af te r treatment with 
various amounts of quebrachate which are s ta ted near the curves 
in m.eq. / l . Owing to the low clay content as conpared with that of 
muds in p r ac t i c e the f i l t e r losses are ra ther high. The figure 
shows, however, that quebrachate treatment improves the plastering 
propert ies of the suspensions. Subsequent addition of s a l t , how­
ever, cancels the improvement. The compensating amounts of s a l t 
may again be read from the graph, they are plot ted as a function 
of the amount of quebracho added in f ig . I l l , 3 (curve ) 
This curve also discloses a certain paral lel l ism with the floccu­
l a t i on curves although at higher concentrations of quebrachate 
the f i l t r a t i o n propert ies are somewhat be t te r than would be ex­
pected from the flocculation curve. This may be due to a contr i ­
bution of the colloidal fractions of quebracho to the total plas­
tering effect . 

127 



««f JkMn 

500 

4O0 

300 

• • 

0 

/ 

/ 

/ 

. 

u 
y 

1 

1 

1 
f 

a 

1' 

:^^ 

\ 
^ 

^a 
"5 

« S n FILTER 

" • • - ' • - - - . . 

•loca 
VAL 

t 

es 

f 

j i » j 

^ . N 

tO/NESIem' 

\ 

loamEsicm' 

LOSS 

^-' 

R 

h 
.,-' 

•V 

fl 

\ 

\ 

v^ 
\ 

"*-* 

b 

\ 

N> 
'^ 

r — " 

T^ 

k 
1 

,^-" 

IK 

1 

- [ 

2S» 
« f f / f ALKALI-aUEBRACHO 

FLOCCULATION VALUES AND CURVES OF CONSTANT BtNGHAM-
/lELO STRESS ANO CONSTANT FILTER U3SS FOR AKALI - FIGm,3 
QUEBRACHO TREATED BENTONITE SUSPENSIONS 

BINGHAM /lELD STRESS D/NES/cm' 

1 

1O0 \rj 

128 EFFECT OF VARIOUS AMOUNTS OF SIL AND NaCI ON THE BINGHAM-/lELD STRESS „ , „ , 
OF A S.7% FRENCH BENTONITE SUSPENSION FlO.m, • 



Generally speaking, i t may be concluded from these data that 
the s tabi l i ty conditions in dilute systems are indicative for the 
rheological £ind' plastering quality of the concentrated systems. 

B, E F F E C T OF M E T A S I L I C A T E 

Figs, I I I , 4, 5 and 6 show analogous graphs for s i l - treated 
bentonite. The ef fect of s i l on the yie ld s tress i s comparable 
with that of quebracho although the s i l - treated systems are more 
sa i s i t i ve to subsequent addition of salt: the maximum corrpensating 
s a l t concentration i s jus t below 400 m,eq, / l for s i l treatment 
against ca 600 m,eq,/l for quebrachate, ( f i g . III , 6) , This i s in 
l ine with the lower sa l t flocculation values of the dilute sus­
pensions in the case of s i l as compared with quebrachate (dotted 
l ine in f ig. I I I , 6) The region of maximum s tab i l i ty for s i l i s 
40-200 m, e q , / l , tluis much wider than the region of maximum salt re­
s istance from a rheological point of view which i s only 50-100 
m.eq,/l . Thus, although a s t r i c t parallellism i s lacking over the 
entire range of s i l concentrations, the flocculation values are 
again indicat ive of the change in quality of the concentrated 
suspensions, particularly in that range of low s i l concentrations 
which i s of practical importance, 

Fig, III , 5 i s a col lection of the f i l t er loss data. The re­
sults show that unlike quebrachate, s i l i s unable to improve the 
plastering behaviour, on the contrary the f i l t e r losses increase 
on addition of s i l . I t i s f e l t that this defect of s i l treatment 
may be due to the presence of calcium in the bentonite, causing 
the formation of precipitates of calcium metasilicate on the par­
t i c l e s which may impart the f i l ter ing properties without harming 
the rheological behaviour appreciably. 

I t may be remarked that the relation between f i l t e r cake 
permeability and the charge distribution on the part ic les con­
st i tut ing the cake i s a problem which s t i l l requires thorough in­
vestigation. The results of the plastering experiments are only 
given here as a matter of general interest but a fundamental dis­
cussion i s beyond the scope of this thesis. 

C. E F F E C T OF P O L Y M E T A P H O S P H A T E 

Fig. I l l , 7 shows the summarizing graph for the e f fect of 
polymetaphosphate in the small range of concentrations which are 
of practical interest (up to the maximum in the s tabi l i ty curve). 
The paral le l l i sm between flocculation values artd the curves of 
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roiistanl IJiiighain yield s t ress and constant f i l t e r loss i s evident 
from tlie graph. The curve of constant yield s t ress i s much closer 
to liie f locculat ion curve than in tlie case of quebracho or s i l 
t reatment. Apparently tliere i s not a quan t i t a t ive re la t ion of 
^'eneral val idi ty, tiie various peptisers showing individual charac-
t eri s t i e s , 

It may be remarked that the addition of the f i r s t 25 m.eq./l 
of polymetaphosphate lias a marked effect on the s t a b i l i t y and 
practical propert ies whereas the addition of a further 25 m.eq./l 
improves tiie mud to a much smaller extent. Thus a certain over­
dosing lieyond 25 m.eq./l will not have a direct favourable effect. 
liowever, such an extra quantity may be useful for combating the 
detrimental effect of e lec t ro ly tes which may be taken up in the 
course of the d r i l l i ng operation, the more so as i t has been found 
tliat a greater amount of phosphate will be required i f the effect 
ol s a l t contamination has to be remedied afterwards. I t will be 
advantageous to keep the mud in the deflocculated s t a t e , floccu­
lat ion being not completely reversible . 
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Although the number of peptisers investigated is still lim­
ited it is believed that a rough parallellism between flocculation 
values and rheological and plastering behaviour is the rule, such 
cases as a lacking effect of sil treatment on the plastering be­
haviour being rather exceptional. 

It may be concluded that the determination of the floccula­
tion conditions in muds will be an important guide for the mud 
chemist when choosing the most appropriate type of chemical treat­
ment for a given mud. 

* * * * * * 
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S A M E N V A T T I N G 

Onder de boorspoelingen nemen de k le i -waterspoe l ingen de be­
langr i jks t e p l a a t s i n . Zij worden gewoonlijk bereid u i t in de na­
b i j h e i d van de boorterreinen gedolven k l e i e n , waardoor de e i g e n ­
schappen van de spoelingen van p l a a t s tot p l a a t s zeer u i t een lopen . 
Daar de meeste k l e i e n met e l e c t r o l y t e n v e r o n t r e i n i g d z i j n v e r ­
keert een s p o e l i n g d i k w i j l s in de gev lokte toes tand . Een derge­
l i j k e g e v l o k t e k l e i s u s p e n s i e i s meestal zo dik dat z i j n i e t met 
een behoor l i jke sne lhe id i n he t boorgat rondgepompt kan worden. 
In de prac t i jk heef t men nu gevonden dat sommige chemical iën, in 
k l e i n e hoevee lhe id aan de s p o e l i n g toegevoegd, deze a l s b i j t o ­
v e r s l a g in een dun v l o e i b a r e u i t s t e k e n d verpompbare s u s p e n s i e 
veranderen. Men s t e l d e z ich h i e r b i j voor dat d e r g e l i j k e chemica­
l i ë n de suspens i e p e p t i s e r e n , doch over het mechanisme van deze 
p e p t i s a t i e had men s l e c h t s vage v o o r s t e l l i n g e n . Men begreep on­
voldoende, hoe het komt dat versch i l l ende spoel ingen zo v e r s c h i l ­
lend op d i v e r s e chemische behandelingen reageren of soms in he t 
geheel n i e t reageren. Teneinde meer klaarheid i n deze onoverzich­
t e l i j k e , grotendee ls op empirie berustende procedure der chemische 
spoelingbehtmdeling te verkrijgen, werd een col loidchemische s t u ­
d i e van het mechanisme van de chemische p e p t i s a t i e van k l e i s u s -
pens ies opgezet , welke het onderwerp vormt van het tweede gedee l ­
t e van d i t p r o e f s c h r i f t . In het e e r s t e gedee l t e wordt de verpomp-
baarheid ze lve onder de loupe genomen en wordt deze k w a n t i t a t i e f 
in verband gebracht met de rheologische eigenschappen van de spoe­
l ingen . In het derde g e d e e l t e wordt t e n s l o t t e nagegaan of er i n ­
derdaad een verband bestaat tussen de mate van p e p t i s a t i e van een 
k le i suspens i e en z i jn rheologisch gedrag en verpompbaarheid. 

(DEEL I) Een goede verpompbaarheid van de gebruikte s p o e l i n g i s 
condit io s ine qua non voor de boring. Met de bereikbare pompdruk-
ken moet een minimum c i r c u l a t i e c a p a c i t e i t gehandhaafd kunnen wor­
den waarbij h e t boorgereedschap afdoende gekoe ld wordt en h e t 
boorgruis voldoende snel naar de oppervlakte meegevoerd wordt. 
Bij de diepere gaten welke men tegenwoordig boort i s het pomppro-
bleem weer sterk op de voorgrond gekomen. Teneinde t e kunnen voor­
spe l l en welke c a p a c i t e i t de spoelingpomp minstens zal moeten heb-
boi moet men de dimensies van het c i r c u i t , het s . g , en de rheo lo­
gische eigenschappen van de spoe l ing kennen. Het l a a t s t e e i s t een 
rheologische karakter iser ing aan de hand van v i scos imetr i sche g e ­
gevens. Daarom wordt door analyse van de stroming in de v e r s c h i l ­
lende gedeelten van het c i r c u i t e er s t v a s t g e s t e l d welke rheo log i -
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sche konstanten bekend moeten zijn voor de pompdrukberekening en 
bovendien, met he t oog op het th ixo t rope karak te r der meeste 
spoelingen, onder welke omstandigheden deze konstanten gemeten 
dienen te worden. Gebaseerd op de uitkomsten van deze analyse 
wordt een viscosimeter ontwikkeld waarmede inderdaad die gegevens 
bepaald kunnen worden welke voor het verpompingsprobleem van be­
lang geacht moeten worden. Met behulp van d i t instrument werd een 
aantal spoelingen voor en na chemische behandeling onderzocht, 
Het bleek dat onder de in het c i rcu i t heersende omstandigheden de 
kleispoelingen zich he tz i j a ls een Newtonse vloeistof, hetzi j a l s 
een zgn, Bingham plas t i sch systeem gedragen. Voorts bleek dat het 
effect van chemische behandeling voornamelijk neerkomt op een ver­
laging van de Bingham vloeigrens terwij l de d i f fe ren t ië le visco­
s i t e i t van het systeem n i e t of in onbetekende mate verandert. Dit 
verk laar t een verlaging van de pompdruk in het gebied van lami­
n a i r e stroming waar de pompdruk in de e e r s t e p l a a t s door de 
Bingham vloeigrens bepaald wordt. In het turbulent gebied weet 
men echter n i e t nauwkeurig in hoeverre de pompdrukken door de 
vloeigrens beïnvloed worden daar in de l i t e r a tuu r geen g e l i j k t i j ­
dige metingen van pompdrukken en vloeigrens bekend z i jn . Daarom 
werd een aantal experimenten op semitechnische schaal en een en­
kele proef in de prakt i jk uitgevoerd. Hieruit bleek, dat welis­
waar de drukverl iezen in het turbulente gebied gro ter zi jn dan 
men op grond van de d i f f e r en t i ë l e v i s c o s i t e i t al leen verwachten 
zou maar voor spoelingwi met ongeveer gel i jke d i f fe ren t ië le v is­
c o s i t e i t kon geen invloed van een toenemende vloeigrens geconsta­
teerd worden waarbij het onderzoek zich u i t s t r e k t e t o t de voor 
spoelingen reeds tamelijk hoge waarde van 150 dynes/cm2. Wel wordt 
het overgangspunt van laminaire naar turbulente stroming met toe­
nemende vloeigrens naar hogere circulatiesnelheden versciioven. Zo 
zi jn er gebieden van c i rcula t iesnelheden aan te geven waarin de 
spoeling met de hoogste vloeigrens gemakkelijker verponpbaar i s 
dan die met de lagere omdat de eers te in het laminaire gebied en 
de l a a t s t e reeds in het turbulente gebied l i g t . 

(DEEL II) In het tweede»gedeelte wordt de s t a b i l i t e i t van k l e i -
suspensies bestudeerd. Een representant van het type der montmo-
r i l l o n i e t kleien werd a l s onderzoekingsobject gekozen en hiervan 
werden zuivere natrium en calcium montmorilloniet solen bereid. 
Met behulp van vlokkingsproeven kon aangetoond worden dat de ge­
bruikel i jke chemicaliën voor de spoelingbehandeling inderdaad een 
s tab i l i se rend effect op deze solen hebben: de vlokkingswaarde t e ­
gen bi jvoorbeeld NaCl, d ie voor de zuivere solen be t r ekke l i j k 
laag i s , neemt aanmerkelijk toe bij toevoeging van kleine hoeveel­
heden van deze chemicaliën. Getracht werd nu met de ons t e r be-
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schikking staande middelen het mechanisme van deze pept i sa t ie t e 
analyseren. Een sluitende in te rpre ta t i e kon verkregen worden door 
de uitkomsten van Röntgen analyse, electronenmicroscopie, e lec t ro-
forese en adsorptiemetingen alsmede viscometrie en ultramicrosco-
pische dee l t jes tel l ingen te combineren. Het vruchtbaarste bleek 
h ierbi j de in t roduc t ie van de studie van enkele model solen n l . 
aluminium oxyde en kwarts solen. De e l ec t r i sche dubbellaag aan 
het oppervlak van de micellen van deze solen mag to t op zekere 
hoogte represen ta t i e f geacht worden voor die welke op bepaalde 
delen van het oppervlak van de k le i micellen voorkomen. Het re ­
su l t aa t van d i t onderzoek kan a ls volgt samengevat worden: 

De montmorilloniet micellen zijn zeer dunne ultramicroscopi-
sche p l aa t j e s . Het p l a t t e oppervlak van deze plaat jes draagt een 
negatieve lading welke de u i twisse lbare cationen a l s tegenionen 
heeft . De e l e c t r i s c h e s t ruc tuur van de randen i s echter geheel 
verschillend: hier zi jn de te traëdrische s i l icaat lagen en de oc-
taëdrische aluminiumoxyde lagen afgebroken en de hieraan gevormde 
e l e c t r i s c h e dubbellagen mogen verwacht worden overeenkomst t e 
vertonen met die van kwarts en aluminiumoxyde sol dee l t j e s . De 
l a a t s t e zijn pos i t i e f en hoewel de kwartsdeeltjes negatief z i jn 
i s het bekend dat zi j door sporen aluminium en hydroxyl ionen om-
geladen worden en aangezien in de evenwichtsvloeistof van een 
kleisol deze ionen zeker aanwezig zi jn, i s het waarschijnlijk dat 
n ie t alleen de gebroken aluminiumoxyde lagen in de klei maar ook 
de gebroken s i l i caa t l agen pos i t i e f z i jn . Een aantal verschijnse­
len p l e i t voor de hypiothese dat het kle ideel t je inderdaad een du­
a l i s t i s c h karakter heeft en dat, hoewel de net to kataforet ische 
lading negat ief i s , de randen pos i t i e f z i jn . 

Wat de s t a b i l i t e i t be t ref t , deze schijnt in het gedialyseer-
de sol voornamelijk door de dubbellaag op de p l a t t e vlakken be-
petald te worden. Deze i s betrekkeli jk gering en wordt eerder t e ­
gengewerkt door de s i t u a t i e aan de kanten dan gesteund. De s t ab i -
l i te i tsverhoging door de bi j de spoelingbehandeling gebruikelijke 
chemicaliën echter , speelt zich waarschijnlijk geheel af aan de 
randen: zi j laden de randen om, waardoor deze in een aanmerkelijk 
s t ab ie le re negatieve conditie komen, analoog aan de door ons ge­
constateerde omlading van een aluminiumoxyde en pos i t ie f kwarts 
sol met deze chemicaliën. Tot op zekere hoogte kan zelfs het ef­
fect van een pep t i s a to r op montmorilloniet kwanti ta t ief gezien 
worden a l s een superposi t ie van zijn effecten op de twee model 
solen, 

Door deze i n t e rp r e t a t i e i s het probleem van de k l e i s t a b i l i -
t e i t gereduceerd tot het meer algemene probleem van de s t a b i l i s e -
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ring van aluminiumoxyde en kwarts solen, waarvan enkele aspecten 
besproken worden, 

De gegeven in t e rp re t a t i e werd getoets t voor natriumphospha-
ten, metas i l i caa t , oxalaat , c i t r a a t en a lka l i e . Laatstgenoemde 
heeft geen s tabi l iserend effect op montmorilloniet en evenmin op 
de model solen, het heeft integendeel een gering sensibi l iserend 
effect op beide. Bovendien werden twee verschillende montmorillo-
nieten bestudeerd en enkele individuele verschillen in de respon­
s ie op chemische behandeling konden toegeschreven worden aan het 
verschil in ferri-ionengehalte van de octaëderlaag. Het i s daarom 
waarschijnlijk dat een bentoniet met een hoog ferrigehalte aan de 
randen meer het karakter van een ferrihydroxyde sol vertoont dat 
enigszins anders op de diverse peptisatoren reageert dam een alu­
miniumoxyde sol . 

Tenslotte bleken de beschouwingen ook te gelden voor behan­
deling met een loois tof in alkalisch milieu. Ter vermijding van 
de complicatie van de slecht gedefinieerde structuur van vele na­
tuurl i jke looistoffen werden deze in het onderzoek vervangen door 
een goed gedefinieerd meerwaardig phenol dat dezelfde effecten op 
kleisuspensies vertoont nis de looistoffen n l . pyrogallol. Voorts 
kon ook een verklaring van het merkwaardige gunstige effect van 
kalk op tanninen bevattende spoelingen gegeven worden toen bleek 
dat een geheel einaloog effect bij kwarts solen optreedt. Deze s ta ­
b i l i s a t i e speelt zich blijkbaar ook aan de randen en in het bijzon­
der aan de gebroken s i l i c a a t l a g e n af, waarbij de tannaationen 
vermoedelijk door middel van calcium met het silica-oppervlak ver­
bonden worden aangezien tannaationen met calcium complexen vormen. 
Ook hierbij speelt het p la t t e oppervlak peen rol van betekenis. 

J u i s t doordat de chemische behandeling zich geheel aan de 
randen zou afspelen waarvan het oppervlak slechts een fract ie van 
het to ta le micel oppervlak i s , ontplooien de chemicaliën hun ac­
t i v i t e i t in zulke geringe concentrat ies in vergel i jking met de 
k le iconcent ra t i e . 

Het s terke opladen der randen door de pept isa toren zou de 
rand tegen randassociatie van de deel t jes kunnen voorkomen welke 
j u i s t aeinleiding zou geven tot de vorming van een netwerk met een 
hoge vloeigrens. Zo wordt het dus begr i jpel i jk dat het j u i s t de 
vloeigrens i s welke door chemische behandeling verlaagd wordt zo­
als in het eerste gedeelte geconstateerd was. 
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(DEEL III) In het derde gedeelte wordt dan tenslotte het kwanti­
tatieve verbtuid bestudeerd tussen vloeigrensverlaging en colloid­
chemische stabilisering van bentonietsuspensies. Inderdaad kon 
een zeker parallelisme geconstateerd worden tussen de stabiliteit 
van met chemicaliën behandelde verdunde solen tegen vlokking met 
NaCl en de hoeveelheid zout welke het gunstige effect van een be­
paalde hoeveelheid peptisator op de vloeigrens van een geconcen­
treerde suspensie weer teniet doet. 

Op deze wijze kon dus de analyse van de ladingsdistributie 
op een ultramicroscopisch kleideeltje gekoppeld worden met de 
pcnpdruk welke nodig is cm een honderd kubieke meter spoeling per 
uur in een boorgat rond te pompen. 
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S T E L L I N G E N 

1. De randen van de plaatvormige kristallijne micellen in een 
neutraal montmorilloniet sol dragen een positieve lading, 

2 . De mening van Johnson, dat de uitwisselbare katlenen in 
montmorilloniet uitsluitend aan de randen van de deeltjes 
voorkomen volgt niet overtuigend uit zijn waarnemingen en 
houdt geen stand tegen Röntgen analyse van preparaten ver­
kregen door ionenuitwisseling met kation actieve stoffen, 

Johnson, A.L,; J.Am.Cer.Soc, 1949, 32, 210 
Jordan, J,W.; J,Phys,Coll,Chem. 1949, 53, 294 

1950, 54, 1196 

3. De studie in organisch milieu van de afstanden der lagen van 
bentoniet na adsorptie van aminen van verschillende keten-
lengte kan een belangrijk hulpmiddel zijn voor de interpre­
tatie van de stabilisatie van water-in-olie-emulsies door op­
pervlakte actieve stoffen, 

4 . De studie van het electroviskeus effect in twee dimensies in 
s te l se ls welke oppervlakte act icvt ketenmicellen bevatten, 
gecombineerd met druk-oppervlakte metingen, waaruit het per 
ketenmicel ingenomen oppervlak berekend kan worden, kan bij­
dragen tot interpretatie van het electrovisKcus effect in het 
algemeen, 

5. Het falen der ,ringanalyse* volgens Waterman es , bij toepas­
sing op tot nu toe gesynthetiseerde koolwaterstoffen houdt 
geen principiële veroordeling van de methode in; het bewijst 
s lechts dat deze koolwaterstoffen, ofsciioon zij in de des­
tillaatfracties, welke uit ruwe olie bereid worden voor kun­
nen komen, niet representatief zijn voor deze fracties. 

K,van Nes and H.A.van Westen: .Aspects of the Consti­
tution of Minetal Oils" Chapters III and IV (1951) 

R,E,Hersh, M,R,Fenske, E,R,Booser and E.F.Koch; 
J.Inst.Petroleum 36 (1950) 624-668 . 

6. Bij de meting van het vochtgehalte van stoffen door bepaling 
van het in dioxaan opgenomen water door middel van de diëlec-
trische constante van het mengsel, kan extractie door destil­
latie vervangen worden, zodat de methode ook toegepast kan 
worden op stoffen welke met dioxaan mengbare componenten 
bevatten. 

L.Ebert, Z,Angew.Chem, 47 (1934), 312 



7. In de toegepaste viscometrie wordt dikwijls verzuimd te ana­
lyseren, welke rheologische gegevens voor het praktijkpro­
bleem van belang zijn. 

8. De veronderstelling, dat een polymetaphosphaatoplossing 
flexibele ketenmoleculen bevat geeft een aantrekkelijker 
verklaring van het vermogen calcium in complexe ionen te 
binden dan die welke gebaseerd is op de door Teichert vooi» 
gestelde molecuul structuur, 

W,Teichert; Acta Chemica Scandinavica 2 (1948),225^4 
3(1949), 72 

9 . Afzetting van paraffine op een koude wand uit een daarlangs 
stromende verzadigde oplossing wordt in de eerste p laats 
bepaald door de adhesie van de kristallisatiekernen aan het 
wandmateriaal, 

10. De "yield s t ress ' -ver laging veroorzaakt door de aanwez ig 
beid van enkele mol procenten vetzuur in een calcium zeep 
gel in minerale olie moet toegeschreven worden aan een ver­
andering van zowel de micelvorm als van de micelassociat ie . 

11 . Voor de ontwikkeling van kogellagervetten welke bij tempera­
turen boven ca,100°C toegepast moeten worden is afwezig­
heid van gelatinering bij verhitting een belangrijker crite­
rium dan het druppelpunt, 

N,'V,De Bataafsche Petroleum Maatschappij (uitvinder: 
H.van Olphen) Ned,Octrooi 65,126. 

12. De toepassing van autoclaven tijdens de zogenaamde uitroer­
fase verheft de kalkvetbereiding van kunst tot kunde. 

13. De bewuste toepassing van de resultaten der psychoanalyse 
in scheppende literaire arbeid verlaagt het sclirijven van 
kunst tot kunde. 

14. De mening van Maria Montessori, dat de discipline in een 
volgens haar systeem geleide schoolklasse bepaald wordt 
door de bezigheid met het materiaal, waarbij de leidster op 
de achtergrond blijft, houdt geen stand tegen psychoanalyti­
sche beschouwing van het ontstaan van discipline in een groep. 

E.Buxbaum; Z.f.Psychoan.Padagogik 6 (1932), 324 

15. Bij psychotechnische select ie van researchpersoneel verdient 
het aanbevel ing , tes t s" in te schakelen waarmede een inzicht 
verworven wordt in aard en sterkte der afweermechanismen van 
de proefpersoon, 


