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Studies on the Stability of the Hydrosulphide Hydrosol of
Antimony in the Light of some recent Developments

K. L. Dalujg and 8. N. 8rivastava

The stability of negative SheSg 50! of mean particle diameter 87.5 A has been ascertalned In the pre-
sence of K¢, Bat#, Al3+ and Th4t. The electrophoretic measurements of the 50l permitied the calculation of
its zeta potential (assumed to be equal to the electrostatic potential) as a funclion of ionic strength- From the
knowledge ol { potential 1he encrgy of repulsion, Vx, was calculated; the attraction energy, Vi, was estimaced
from physico-chemical data. Combination of the two energies yielded the profiles of interaction from which

mability ratio could be calculated. Siabilivy factor, F, wans alac estimated from the Derjaguin equation, but
il was not satirfactory presumbaly owing to the exclusion of V,.

The Aocculation powers of cations were in the order Al3+s Bar*> Moty Thet> K> Nat. Thorium

behaves anomalously perhaps due to hydrolysis, In general, the interaction hetween the SbeSy perticles
could be interpreted in the light of the D.V.O. theory.

The survey of literature reveals that much work, mainly of qualitative nature, has
already been done on the Sb.§, sol'-9. There appears, however, lack of quantitative data
specially in the light of some recent developments on the stability of lyophobic collpids.
It is, therefore, proposed in the present paper to apply the modern theory of the subsi-
dence of lyophobie sols due to Derjaguin,'e,’! Verwey and Overbeek!* (D.V.O. theory)
to the flocculation tesults of the hydrosulphide 8ol of antimony using three important

variables, namely, particle radius a, surface potential¥, and tho Debye-Hiickel reciprocal
length K.

EXPERIMENTAL

(a) Materials : Sodium chloride, potassium chloride, bariwum chloride, manganese

chloride and thorium nitrate used for coagulation studies ware all of Analar grade.

Potamsium antimony tartrate and aluminium chloride were of B.D.H. quality and were
Schulze, 7. Chem. Soc., (2) 1883, 27, 320.

Ivanitzkaja and Orlova, Kell. Brikefle, 1923,18, 1.
Linder and Picton, J. Chr, Sec., 1892, 61, 123.
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Dot pArified further. Ordinary distilled water was redistilled before use from all-pyrex
apparains and was of the specific conductanoems1.10-® ohm-"am'-. All other glaasswares

wore of pyrex.

(b) Preparasion of the sol: Antimony trigulphide sol was prepared by bubbling a
a alow stream of hydrogen salphide gas through 500 m1 redistilled water in which 500 mi
aqueous solution of 1 per cent potamsiom antimony tartrate was added dropwise. The speed
of dropsand stream of hydrogen sulphide were adjusted in such & manner that the addition
o"eachdrop of aquesus tartrate solution wasfollowed by 5-7 bubbles of 8 gas. The excess
of H,8 was removed by pasaing a arurent of purified hydrogen gas for half.an-hour. The in-
tense red-yellow sol so obtained was then dialysed in a parchment bag against running
distilled water for two and a hslf days.

(0) Electrophoratic mobility menuirements : To measure the electropharetio mobility,
the experimenta were carried oul in a molifiedl apparars' of Burton tube fitted with two
wide side tubes. During the measuremotits constant current was supplied and the poten-
tial drop scroes the two pt. electrodes in the U-(1tbe was mearured using a potentio-vacumm
tube volimeter. Measurements were mado at the sharp descending boundary between the
oolloidal golution and an equi-conducting aquecus solution of acetic acid. All the read-
ings were taken batwean 35 and 16 minutes after the addition of electrolyte. The mean of
three readings was taken to calculate mobility. The reproducibility of the electropharetio
mobility was + 49,.

The {-potential (zets potential) was calculated by the Hiokel's'4 equation and the
ocorrection for relaxation and the Henry effect were made using the Overbeek's formulae
for saymmetrical and unsymmetrical electrolvtes respectively.

€ 3 «&&T ]
U= _C_ [ft (h,_v-(%_) f,rka) — P tp { o ) ; (h)] )

Bny 2e fmwye \KT
and

el L =Y == kT of \?
U=—-—[f, (lu.)—(v_—v,l( i ) f, (ka) — pte . : ( ) f,(ka) ](2)
6y KT (v +-v-)e Oxpgo \ KT

where U ia the electropharetiomobility of the perticles. f, (k a) is identical with the Henry
funotion and the f,(k a), and £, (k a) and f,(k a) have been tabulated by Overbeek's,
e in the dislectrio constant of the mediam, », the visoosity of the medium, T, the absclute
temperature, @, the radius of the particle, k., the Debye-Hickel reciprocal length, K, Boltg-
mann’s constant and e, the electronic charge. v,and v are the valenocles and p, and p_ the
fristional constanta of the cations and anions respectively. Theee are caleulated taking the
lonio conductance of Cl-, Na*, K* and Ba** to be 76.3, 50.1, 73.5 and 63.6 respectively
and that of Mn**, Al%* and Th#* to be 70 ohms-’ cm=. All work wss carried out in g
thermostat at 3040.5°C.

18. Bhatragar and Bhattacharys, Xoll. Zat., 1960, 170, 29,

4. Hbckel, Zris Phpsik., 1924, 25, 204.

15, Overbeek, Koll. Brikefie., 1949, 58, 287.

16. Overberk, “Advanczs in Collold Sciences™, Vol. 111, Interscience, London 1950, page 115.
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(d) Measurements of the size of the colloidal particles with the help of eleciron micros-
copa : A sample of the colloidal sclution under investigation wae diluted 10 times. Bpeci-
men for electron micrograph was prepared by allowing a mmall drop of specimen in liquid
suspension to dry on 200 mesh eopper grid enpport which had earlier been covered with a
thin film of collodion. The electron photograph was taken on Siemens Ebmiskop T electron
microsecpe at 100 XV.

THEORETICAL

(a) The stability theory and its application lo the preseni syatem: According to the well
known theory of the stability of lyophobic colloids developed independently by Derjaguin
and Verwey and Overbeek (loc. cit.) colloidal perticles are subject to forces of repulsion
owing to the interaction of electrieal double layars which are generslly present arcund the
particles and forces of attraction of the London-van der Waals type. Coagulation occurs
if the attraction forces predominate over the repulsive forces, otherwise the sol is stable.
More precisely, a combination of energiea of the London attractionforoes with double layer
repulsion forces loads to potential energy curves and if the potential energy barrier V is
high encugh (viz., ¥ » 15 KT) the colloid iastable. The energy barrier opposes collision of
the particles and a portion of eolliding particles ¢sn surmount it only if the potentisl
barriar has a lower value. It is, therefors, the net interaction between the colloidal parti-
oles which will detormine its stability. This intersotion will consist of (i) potential energy
of repulsion and (ii) potential energy of attraction.

In the frame work of the D.V.0. theory the potential energy of repulsion, ¥y and
potential energy of attraction, ¥V, between two equal mmall spherical particles of radins
a, cleotrical potential ¥, amalleat interparticle distance H , are respectively givem by
following simple approximate equations,

Ve = [a P exp (—Tu)]/ u+2 (for amall valwe of T') R )]
and
Vy=—A4/12u (vgl) .. (4)

whaere ¢ is the dielsctrio conatant of the medium of the colloidal solution, u=H,jfa, T=Ka
and A the van der Waals or Hamaker constant. K is the Debye-Hiickel parameter denoting
the reciprocal thickness of the double layer. Here the electrical potentisl, ¥, has been
assumed to be equal to the electrokinetio potential ({) a8 the latter quantity is important
from the standpoint of stability. The correotion for the retardation of the London-van
der Waals forces given by Schenkel and Kitohnser'? has been neglocted as in the present
system the range of interest is within the validity of the formula.

For the present system of lyophobic colloid in which, except electrostatio repulsion
and van der Waals attraction, other energies can be neglected, the total energy of mterao-
tion, V is simply the sam of the repulsive and attractive energies., i.e.,

V=aeProxp(—Tu)ju +2—A4/12u .. (B)

17. Schenkel and Kitchaer, Truns. Faradgy Sac., 1960, 56, 161.
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This potential energy of interaction for slow coagulation, socording to Fughs's'® treatment,
is related to the stability mtio, W aa follows,

1 du
W = 2_;-’ oxp —— (8 « ¥ o3p (—T wjju2 — A[12 ) —vy . (8)

Unfortunately intergration of the right-hand expression cannot be done directly and,
therefore, value of W ha# tu be obtained by graphieal integration using the plots of exp
(V/ET)/»* against 5.

An approximate equation'? a8 given below may also be usod for the value of stablity
ratio of lyophobio colloids,
W = exp (Vm/kT)/2 K a . M
Here V¥V is the maximum in the potential energy curves.)

Derjaguin (loc. cit.) has also desoribed a formula for the stability of lyophobie
colloidal particles, which is as follows,

F =& ¥[2 kT .o (8

where F is the stability factor and the vther torms have tho usual meanings.

For the theoretical (aleulation of van der Waaly attraction constant, A, use may be
made of the Hamaker®™ equation :

A=n"g' A .. (9

where q is the number of atoms (molecules) in em? of the substence composing the
Particles, end A is the London constant which can be calculated from the fullowing egua-
tions, (ses Srivastava®)

Blater-Kirkwood*® equation : Ai—k =11.26x10-4 i Psn .. ((10)
Blater-Kirkwood and Moelwyn-Hughee™ equation: Ay g y=7.8x10—gP3r .. (11)
Nengebauer™ equation : Ag= —1.62x10~¢ Pk Lo (12)

where v is the number of valency electrons in the outer shell, P the polarizability and k the
dismaguetic susceptibility.

However, the value of 4 obtained from equation (8) is for interaction between two
solid Bb 8, particles in vacuum. Therefore, to caloulate the interagtion betweem 8b8,
solid partioles in water s eorrection has been made and interaction was calculated from the
expression (loc. cit.)

18. Fuchs, 2. Pipik, 1934, 88, 734.

19, Kruyt “Colloid Scicace™, Elsevier, Amsterdara, 1852,-Vol, 1, page 285,

20. Hamaker, Plpsica, 1937, 4, 1038.

21. Srivastava, Indiaex 7. Chem., 1965, 3, 376.

22. Slater and Kirkwood. Piys. Rev., [931, 37, 682.

23. Moclwyn-Hughces, *‘Physical Chemistry”, Pergamon, Loodon, 1857, page 383.
2¢. Naugrbaner, 2. Phpsit, 1937, 167, 785.
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4 = (43Sb8y — Bb,S, — 4IH,0 — H,0) (13)

Here it may be mentioned that in the calculation of A certain physico-chemical
date such as susceptibility and polarizability will be needed which are applicable for pure
crystalline antimony sulphide particles. The colloidal particles are, however, not stoichio-
metyic units and are aggregated molecular species with adsorbed ions. Therefore, the dats
of the erystalline species may be applied to oolloidal particles as a first approximation only.

RESULTS

Size of the particle of 8byK, 4ol : A typical electrun micrograph of 8b,8, sol patticles
is given in Fig. 1 and from the particle sizo distribution curve the mean particle radius was
found to bo 43.75X.

Fig. | Electron micrograph of Sby Sy sol. X 160.000

The zela polentials : The conoeniration and pH of the 509, diluted sgl which was dis-
lysed for two and a half days against slow running distilled water were 1.1 ) 163 gms/ml
and 3.440.05 respectively. The exparimental valusobtained for the mobility of the above
antimony trisulphide sol was 5.6p/sec/volt/cn. The zeta potential caleulsted from this
value was 99.7 mV at 30°C.

The mobility and the [-potentials of 8b,S, particles as a function of log molar
concentration of different electrolytes, viz., NaCl, KC1, MnCl,. BaCl,, AIC1, and Th(NO,),
are given in Figs. 2 and 3 respectively. In general, it is seent that the mobility and the
[-potential decrease as the concentration of electrolytes increases. With NaCl and KC1
the fall of the {-potential is almust linear throughout, but with MnCl,, BaCl, and A1Cl,
iv is comparatively slow &t the initial stages and then becomes sharp. Th(NQ,), shows
altogether different behaviour; its mobility (as also [-potemtisl) firet incTeases with
inorease of electrolyte concentration and then falls stesply after a certain concentration.

The minimum {-potential that could be conveniently measured was about 60 mV
below which there was visible floceulation of the sol particles,
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Calculalion of van der Waals constant : To caloulate van der Waals constant, one re-
quires the value of London constant which was calculated using the susceptibility of ons

17 % >®\\

— ._~

Mge 3 | ity — g, e re— 80 T e g ey
ot sl &AL, B O - PRh g N -y A e A © - sy,

re—_

gram formula wt.* = — B.6X10-% v = 28 and P = 2.335x10—* (calcalated from
Clausius-Mosotti equation using refractive index data of 8b,8,"s). With the proper choico
of units. the values uf the Lundon cunstant caloulated from equations(10), (11) and (12)

are od fullyws,

ol - emirxie-e ergs omS,
AaDagh ap = 24641079 ergs cm®, and

Nuw by finding g (8-226 x 10**) from the denaity (4.64), the use of equation (V) permits the
caloulation of van der Waals constant for 8b,8, from each of the three equations. Similaxly,
the corresponding constant for water is given by Verwey and Overbeek /(loc. ¢cit.) (see also
Watillon*?) and hence the net attraction constant of Sb,S, particles in water cen be
estimated from equstion (13). The results are summarised in Table I.

TABLE I

Value of "the van der Wasls constans calculaled from different oqualions using
M = 338.7, P = 2.335 x10~"3 co/mol., ¢ = 8.226 %107t molacules'oc.

Equation Asb,S;—ShySg x10'"  AH,O_MH,0 210" ASb,Sy in H,O x10™
used (vac.) (vac)
(cm) (erm) (erg)
K 4489 5.95 1.816
S-K-M 16.46 7.7 10.11
N 3.61 5.61 1.324

25. '*Hand-book of Chem. and Phys.'”, 43rd., edition, Chemical Rubber Publiching Co., 1961462,
p. 2683.

26, International Oritical TaMes, Vol. V11, page 19.

27. Watillon and Joseph-Petlt, II1. fnter, Cong. Smf. oet., Cologne 1960, 1, 145,
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It is found that the value of the London eonstant calpulated from §-K-M formula yields a
comparatively high value. Therefore, in the present caloulationsthe value of Ag_x \ has
been neglected and for further calculations the mean value from the remsining two for-
mulee (=1.57 x10~'* ergs) has been used.

An estimale of the stabilily facor, F from Darjaguin equation : The value of the faotor
was caloulated from equation (8) for different electrolytes and the results have been depi-
cted graphically in Fig. 4.

Polential energy curves. In Fig. 5 curve I shaws the net polential shergy of interae-
tion of the 8b._8, sl corresponding to {-potentis] =99.7 mV. Thie has an energy maxi-
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mum, Vi oaleulated from equation (5) using the value of Lhe van der Waals constant A=
1.57 x10-'* ergs oqual to 24.1 kT.

Potential energy curves of oolloidal particles a8 a function of distance betweon their
surfaces in the presence of KCl, BaCl,, A1C1, and Th(NO;), are shown in Figs. 8 to 9
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respectively. In Fig. 7 a dotted curve without relazation correction to {-potential—
84.75 mV (aftor corTeotion {=80.8) has alao been given. Thia gives an idea of the magni-
tude of ertor likely to be introduced if relaxation is not taken into aogount.
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Log W againat log C,
Stability ratio waa calculated by graphical integration of equation (8), as well as from
an gpproximate equation (7). InFig. 5 a typloal curve II of exp (V/kT)/s" sgainst » has
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been drawn to calonlate the atability faotor W in the absence of elsotrolytes, -which comes
otit to be 2.5 X109 the value of W caloulated from approximate aguation (7) in 4.25 x 109

In Figs. 10 and 11, the curves fur log W against log Ce are given for varying
oonoentrations of the electrolytes,
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In general all the curves have similar shapes and almost the sams alopes in the lower
part of the slow coagulation range. The only emeeption is the curve obtained with
Th(NO,),, where the stability ratio first increases with the ingrease of thorium nitrate
eoncantration and after ocertsin concentration the nature of the curve assumes the
goneral form. The requltant stability ratio obtained by the two different methods shaws
that values of W obtained from the method of approximate equation are higher than those
calculated from graphieal intagration.

To oalenlate the coagulation concentration of varivus salts which are nsed to coagu-
Iate the Bb,8, sol the extrapolation of the linear partion of log W versus log Ce curve was
mads to log Co axis™®=* where log W = O, assnming the validity of the equationte’s':

28, Ottewill and Watanabe, Kell. Zsiz, 1960, 178, 38; 1960, 173, 122.

29, Ottewill and Wilkins, Trins. Foradey Sec., 1960, 170, 182; 1962, 58, 608; 111 Inker. cong. swrf- axt,
Cologne, 1960, 11, G53.

30. Pain, Kell. Bakeifis, 1912, 4, 34.

81, Resyink and Qverlyeck, Dix. Faraday Sec., 1934, 18, 74,
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log W =K, —K, log Ce. The values obtained in this manner are given in table I1. A
comparison of the cosgulation concentrations given in table IT shows that the value is
slightly higher when caleulated by the approximate equation(7) than that by the graphi-
cal integration. The flocoulating concentrationsso obtained were confirmed from the
turbidity data??. The coagulating concentrations obtained from the turbidity measurementa
are given in table II1. Here the valuesobtained from log dt/dE versus log C, curves are the
values for rapid floceulation and those from E versus log Ce ourves are the values at the

th:eshold for rapid floceulation. These flncoulation results have been discussed in detail
elsewhere®”.

TABLE I1

Coagulation data for Sb,S, sol
Fleetrolyte

Coagulation eoncentration —d log W/d log Ce
moles/litre

{or W from egn. (7) for W from graphical for W from for W from
inlegration eqn. (7) graphical in-
tegration
NaCl 34x10— 3.0 107 15.2 125
KGl 2.5 10~ 2,310 9.0 7.8
BaCl, 4.9X 10~¢ 4.6 104 22.0 16.6
NaCly 5.0 104 47X 104 2.5 16.6
AlCly 2.2X 104 2.1X10~+ ° 12.5 78
Th (NOy), 5.5 10~4 8.2% 10~ 16.1 15.2
TABLE 1IT
The flocculating concentration from the turbidily meagurement for negative 35,8, sol
Electrolyte Floceulating concentration in moles per litre.
from log dt/dE us. from E os. log Gy
long Ce curvet curves

NaCl 6.60X 10 3.90x 10—

KCl 5.2x10™ 3.1x 10

MnCl, 1.1X 1073 44210+

BaCl, 8.0x 107+ 3.5 10+

AlCl, 14X 10—+ 6.0 1073

Th (NOs), 1.2X 1073 5.0 104

The values of log W are plotted against {-potentials for different elactrolytes
Fig. 12. The general shape of tho curves is according to the trend expected theroetically.

DISCUSSION

The order of flocculation power as ascertained from the stebility results as well a8
from electrophoresis data is: Al > Bas > Mn*t > Th¢+ > K* > Na*. From Schulze-
Hardy rule the flocculating concentrations of different electrolytes would be expeoted to be
in the ratio of 1 : (})*: (})%: (2)°, where the denominator is the valency of the counter ion;

32. Daluja and Scivastava, (to be pablished).
7
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Lenco taking thoe monovalent ion a8 100, the ratio ahoukl be 100: 1.6:0.13 :0.024. Experi-
mentally the ratio for Na#, K+, Mn®, Ba®*, Al%* and Th+t was found to be 100: 78.6;
1.56 :183: 0.7 : 1.73. Thus, a marked deviation from Schulze-Hardy rule occurs parti-
cularly with thorium. The nature of tharium ion in solution is cumplicated and it appearn

—— —-= ——————————
-’_ - ™ -

e e e § e

0 - Rl =By @ -y - Ny § - Mg @ A,

LY ' Sl onpateet

that the ion present in the pH range 3 to 4 war nnt s simpla tetravalent apacies hmt
eontamipatedd with ions of differon! vnlancies an & resmlt of hydrolyninds, ™.

Revornal of chiarge with pulyvalenl ions as usurally expected with culloids is abrent
in the present wark. This fa in eunformity with the work of Troelstra’s,% who showed that
in acld anlutions when pH is low tho revarral of charge was absent or at least difficult.
This was also pointed out by Matijevic anl eo-workers?? who showed that the reversal of
chargo 18 obviated owing, in all probability, to the presence of the insoluble hydroxide of
thorinm formed as a result of hyidrolyais

The stabilit v of the colloid har been first estimated by Darjaguin’s formula (equation
8 and fig- 4). According to theoretical expeotation F should be higher than 10 for a
colloid to be stable. But for the present system the value of F is not leas than 18 even for a
reasonably flocoulated 8nl sxamined within 50 minutea after preparation. This is inconsis-
tent with the Derfaguin theory. In tho application of Derjaguin’s equation (8) only one
approximation is used, which is not expected to affect the results so much. 8o the reason
for this discrepancy seems to lie in the negloct of ihe van der Wanls attractive forcos and
Debye-Hiickel paramoter wihich also plays an important part in tho stability as discuased
hefore.

The potential enorgy barrior of the original Bb 8, sl is 24.1 kT which is o reasonably
high value Lo show that the aul ia stable. The potential energy profilvs o8 given in figurea
6 to 0 for fuur different electrolytes (viz.. KC), BaCl,, A1Cl, end Th(NO,),) are m guod
agreement with the theorstical expoctation. The value of Vi In each case shown the
range of slow floceulation till the V, decreasea to n sufficiently luw value which i a thres-
hold of rapid coagulation.

33. Chauvenet and Tonnet, Ball. Sa., Ckim, France, 4, 1930, 47, 701.

34. Chauvenet and Mme. Souteyrand-Franck, ibid., 4, 1930, 47, 1128.

35. Troclsira, Theis, Utrckt, 1941, pages 123, 132,

36. Kruyt and Troclstra, Koll. Beheflr, 1943, 54, 204, 277.

37. Marijevic, Abramson, Schulze and Kerker, 7. Pigs. Chan., 1960, 64, 1157,
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The stability factor, W, of the initial sol ig 2.5 %10°. The other limit approaches
noarly zero on tho addition of electrolytes. The values of the stability factors in the zone
of slow coagulation are comparable with those obtained by Ottewill and co-workers (loc.
cit.) on Agl and arachidic acid systems. Except for thorium the geners! shape of the log
W and £ curves for slow eoagulation is in keeping with the theory. It is obvicus from
the curvosthat the higher the valueof T, thehigher is the [-potential at which flocculation
can ocour-

Theo first approxiniation that has to be made in the ealculation of the electrostatic
repulsive energy is the identification of ¥ with { and the combinetion of large potentials
witl small T, but as peinted out by Overbeek (los. cit.) the errors introduced may not be
sorious. Another parameter which has to be aceurately known in order to apply the D,V.0.
theory correctly to any system is the Hamaker constant, A, the value of which, caleulated

bere from physico-chemical data, is 1.57 X 10~ ergs, and is well within the range suggested
by Overbeek.

In conelusion it may be asserted that the D.V.0. theory for emall spherical colloidal
particles ssems to be applicable reasonably well to the present system in so far as it gives
o satisfactory intorpretation of the intoraction between the Sb,8, colloidal particles. The
value of the stability factor of the sol as deduced on the basis of the D.V.O. theory is in
accordance with the high value of zeta potentials and low value of the particle radius.
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