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INTRODUCTION

The production of a colloid whose particles do not differ in radii by an
appreciable amount makes possible a precise study of several colloidal
properties that heretofore either could not be measured at all or at best
only approximated. These properties include coagulation, electrophoresis,
and the stability of the particles to changes in the ionic environment.
In addition, the applicability of such absorption equations as Beer’s law
to the scattering of light, may be investigated.

It is our purpose to report and discuss the results of the investigation
of these colloidal properties in a series of three papers. Part I will consist
of the applicability of Beer’s law to light scattering by colloidal sulfur
particles and the stability of dilute sodium thiosulfate—hydrochloric acid
sulfur hydrosols. Part II will deal with the electrokinetic phenomena
associated with the stability of colloidal sulfur. Part IIT will comprise
the results of coagulation and particle-interaction studies.

PART I

APPLICABILITY OF BEER'S LAW TO THE SCATTERING oF LIGHT
BY MoNODISPERSED COLLOIDAL SULFUR

When monochromatic light enters an absorbing medium its intensity
decreases exponentially in accordance with the law of Lambert, ie.,
I = I where k is a constant for a given wavelength, [ is the thickness
of the absorbing medium, and 7, and I refer to the original and trans-
mitted intensities at a given wavelength.

If, in addition to the above, the absorbing medium is a solution, the
intensity decreases exponentially in accordance with the Beer-Lambert
law, I = I, where ¢ is the concentration of absorbing solute. Thus
for a given tube length, Beer’s law predicts a linear dependence of the
optical density (log I,/I) of an absorbing solution on the concentration
of the solute.
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The Beer-Lambert law is found to apply in all cases where no altera-
tion of the solute molecules has occurred, but does not hold if the molecules
dissociate, ionize, associate, or in any way change their absorbing prop-
erties.

If the absorbing particles increase in size until they are no longer
of molecular dimensions, the total amount of light abstracted from the
incident beam will no longer depend only on the concentration but also
on the size since now an appreciable amount of light is scattered as well
as absorbed.

This is the situation for spherical particles of colloidal sulfur in aqueous
solution, subjected to illumination of wavelength less than 3900 A.
(in the air) (1). For wavelengths greater than 3900 A. the total dissipation
of light is that due to seattering only, for sulfur is transparent to wave-
lengths above this value.

The equation relating the intensity of the incident and trans-
mitted light to the area of the particles of radius r and number » is:
log Io/I = Kr*nl/2.3, where K is a constant describing the total dissipa-
tion of radiant energy/unit area/particle.

If no change in the size and shape of the particles occurs and if there
is a negligible amount of secondary scattering of light, Beer's law of
absorption should apply to the scattering and to the scattering plus
absorption of light by colloidal particles.

EXPERIMENTAL

Monodispersed sulfur sols were made with minor variations according to the method
of La Mer and Barnes (2) using 0.0015 M Na,S:0; and 0.0020 M HCI.

At the desired time the growth of the sol was arrested by the addition of I, in KI.
The optical density of the sol was measured for two selected wavelengths with a Beck-
man quartz spectrophotometer (model DU) in 10-cm. quartz cells. Aliquots of the
same sol were diluted with varying amounts of solution and the optical density of these
portions measured. The diluting solutions chosen were: (@) 0.0015 M NasS:0;; (b)
0.002 M HCI; (¢) 0.002 M HCI and 0.0015 M NasS;0;, plus the same concentration
of I, in KI used to arrest sol growth; and (c) distilled water.

All measurements were made as rapidly as possible (<% hr.) so as to eliminate any
effects of settling, coagulation, and general instability due to the change in medium.

DiscussioNn or REsuLTs

The results are shown in Figs. 1 and 2 where the optical density is
plotted as a function of the fraction of the diluting medium. It is seen that
the sols follow Beer’s law of dilution and that no large diserepancies are
noted.

Since Beer’s law holds and secondary scattering is absent, the optical
density of a mixture of hydrosols of various sizes and number, should be
the sum of that fraction taken of the individual components. Experiments
run on mixtures of hydrosols showed this to be true (3). A complete
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treatment of the analysis of mixtures of hydrosols by this method has
been given by Kerker and La Mer (3).

STABILITY OF MONODISPERSED SULFUR HYDROSOLS WITH
ReratioNn To CHANGES IN IoNic ENVIRONMENT

The stability of colloidal systems is usually considered only from
the standpoint of their resistance to coagulation and the effect of ionic
environment on the rate of flocculation. This aspect will be discussed
more fully in Part III of this series of papers. Dilute sulfur sols prepared
by the dilute acid decomposition of dilute sodium thiosulfate show
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Fie. 1. Curve A: Sol diluted with equivalent concentration of hydrogen ion. Plotting
increment = --.07; A = 4500 A.

Curve B: 8ol diluted with equivalent concentration of hydrogen ion, thiosulfate ion,
and iodine in potassium iodide. Plotting increment = +.06; A = 4500 A.

Curve C: Sol diluted with equivalent concentration of thiosulfate ion. Plotting
increment = +.04; A = 4500 A.

Curve D: Sol diluted with distilled water. Plotting increment = +4.03; A = 4500 A.

Curve E: Sol diluted with distilled water. Plotting increment = + .05; A = 4500 A.

Curve F: Sol diluted with distilled water. A = 3500 A. .

(Curves E, F see page 373.)

instability in an entirely different manner. In these sols the reaction prod-
ucts are capable of reacting together and forming not only the original
reactants, but also higher polythionates; i.e.:

forward reaction:
HS:05~ + 8,057~ & 8; + HSO0y™ + 80,7 [1]

reverse reaction:
S80;/— 4+ 8 — 8:0,— [2]

8057+ (& — DS — 8,0:. [3]
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For bulk sulfur, reaction [2] is quite slow (4). This need not hold,
however, when the sulfur is in the finely divided or colloidal state. In fact,
it will be demonstrated that the reverse reaction is much faster than
the forward reaction. Stable products, formed by reaction [3], with z > 2
are quite unlikely. In addition, higher polythionates (8405, 8:0¢)
have been tested for (5) and were found either to be completely absent
or in concentrations very much smaller than SO;~—. Consequently, Eq.
[2] will be considered as the complete reverse reaction. In moderate to
strong aecid solutions, the concentration of SO;™— is so low that reaction
[2] is negligible with respect to reaction [1]. Under these conditions,
the production of sulfur goes practically to completion.

The position of equilibrium and the rate of the reverse reaction may
be determined in the following manner. After the same length of time of
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F1c. 2. See Fig. 1 for details.

growth, all solutions of the same initial concentration of reactants have
the same value of total sulfite and unreacted thiosulfate. By adjustment
of the pH of the solution the position of equilibrium may be found. If
the pH is too high, the particles will dissolve; if it is too low, the particles
will grow. The rate of change of particle size is then a measure of the rates
of the two processes. Since the rate of growth has been previously meas-
ured (6), it will not be discussed here, and attention will be focused on the
rate of dissolving at high pH and the position of equilibrium.

EXPERIMENTAL

Monodispersed sulfur sols were made by mixing 0.0020-M Na,S:0; and 0.0020 M
HCI and allowing the reaction to proceed for a period of 8 hr. at 25°C. At this time the
value of the hydrogen ion was adjusted by neutralization with NaOH and addition of
small (<0.001 M) amounts of phosphate or acetic acid—acetate buffers. The pH of the
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.F1c. 3. Radtus of sulfur particle in microns as a function of time in minutes.

solution was then measured by a glass-electrode pH meter, standardized against Clark
and Lubs’ buffer at pH 7.00 and 6.00, periodically, and was constant to &.02 pH units.
The amount of thiosulfate unreacted and the amount of total sulfite generated up to
this point was determined by titration of an aliquot with standard I, in KI, the molarity
of which was approximately % that of the original thiosulfate. One ml. of a 19, starch
solution was the indicator.
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F16. 4. Variation of radius of particle with time for various values of the pH.
Curve A: pH = 3.08; curve B: pH = 4.88; curve C: pH = 5.50 open circles, pH
= 5.49 plus ~0.002 M S8;0,~ solid circles; curve D: pH = 5.92; curve E: pH = 5.92
plus ~ 7 X 107% M SOy~ added.
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The particle size was determined according to the method of angular scattering
described by Johnson and La Mer (7). The particle number was determined by the
{ransmission method of La Mer and Barnes (2).

DiscussioNn oF ResunTts

The rate of change of particle size with time at constant pH involves
a linear relationship between the radius of the particle and time. A repre-
sentative run is shown in Fig. 3, where the radius in microns is plotted
against time in minutes over the extent of the reaction observed.
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F16. 5. Variation of dr/dt with pH (solid curve).

Solid cireles = all solutions purged with Ns, before and during runs. Variation of
S0, concentration with pH (dashed curve).

The rate of change of radius is plotted in Fig. 4 for various values of
the pH. For values of hydrogen ion greater than the equilibrium value
(curve A), the particle size increases with time. For pH values close to
equilibrium, only a small decrease in size occurs, with the resulting radius
being constant (curve B).

Figure 5 shows the variation of the rate of change of radius, dr/dt, as
a function of pH. The parallel dotted curve represents the concentration
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of 8O3~ as a function of pH. The rate of dissolving is seen to reach a
constant value as the concentration of 80, ~ reaches its maximum value,
indicating a direet proportionality between SO;— and the rate.

Figure 4 shows the effect of added NasSO; at constant pH (curve E).
Curve D is for no added sulfite. Curve C shows the effect of added 8,0,
over the normal curve (0). The large increase in rate with added sulfite
further identifies sulfite as the reacting species of ion. Addition of 8,05~
made no change in the rate of dissolving but caused the extent of reaction
to be lessened.
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F1a. 6. Transmission curve of monodispersed hydrosol process; pH far from
equilibrium value.

Figire 6 shows several typical transmission curves during the dis-
solving process. The “minimum’ is preserved as additional evidence
of the monodispersed character of the reverse reaction. The lack of a
large variation of particle number with time is shown by three measure-
ments giving the particle number (X 10%/cm.?) over 4 hr. of dissolving as
3.4 4 .2;24 + .1; 2.8 4 .03. A transmission curve near the equilibrium
is shown in Fig. 7. The average initial radius of 20 runs was 0.41 4= .004 u
measured by angular scattering methods and a sol prepared under the
same conditions gave a radius of 0.41 & .02 u by transmission methods.
The concentration of total sulfite was measured as 10.5 X 10— moles/1.
of sol for seven runs which checked with the value obtained by Zaiser
and La Mer (10.2 X 107° moles/1.) (5).
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Kinerics or THE REVERSE REACTION

The reaction between sulfur and SO;— in the system under discussion
might be thought of as occurring in several different ways. The first is
essentially a homogeneous reaction between sulfite ion and molecularly
dissolved sulfur throughout the entire body of the solution—the removal
of which causes sulfur atoms to leave the surface of the particle and go
into solution thereby maintaining the S (dissolved) = S (solid) equilib-
rium. Depending upon whether the rate of reaction of 805~ with 8 or
the rate of detachment of sulfur atoms is the slower, the rate-controlling
step will differ. Attempts to formulate the problem along these lines
gave no significant correlation between theory and experiment.
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Fia. 7. Same as Fig. 6 except pH is near the equilibrium value.

A second possible mechanism involves the reaction of SO;~— with 8
either directly attached to the sulfur particle or in a thin layer of sulfur-
saturated solution around each particle. Again two possible rate-control-
ling steps arise in each case, depending upon the relative rates of diffusion
of 8SO;  to the particle surface and rate of SO;~— -+ S reaction. The
following development will assume that the rate-controlling step is the
diffusion process. Although this assumption is sufficient to derive equa-
tions that predict the experimental results quite well, it will not be possible
to say precisely whether the reaction oceurs at the particle surface or in
a thin saturated film around the micelle; the latter, however, is quite
probably more nearly correct.
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The total flux onto a spherical particle of radius r is given by Collins

(8)
® = 47DCyr %Q [1]

where D = diffusion coefficient,

i

« = probability factor,
p = jump length ratio, and

C, = initial concentration of diffusing species.

The rate of transport of (SO;~—).to the particle surface is then given
by ®, and if the rate of reaction of (80;~—) with the sulfur is more rapid
than &, the flux of (8O3 ) to the surface then measures the rate of dis-
appearance of (80;7), i.e.:

 —d(80,) -
ke = ~2G00) re]
and :il%ii) — k4xDCur*(a/p). [3]

Since the total sulfite (8Os~ + HSO;™) concentration, T, is proportional
to the volume of sulfur suspended in the colloidal form, we may write

Brt =T = By, [4]

where: B and B’ are constants of proportionality, with » being the volume
of colloidal sulfur.

To calculate the concentration of 80;~—, given a total sulfite ion
concentration 7, and acidity (H*), we may proceed as follows:

First dissociation equilibrium,

(H+)(HSO47)

TS0y - K
Second dissociation equilibrium,
(HHEO0s) _ o _ s
S0 K, =62 X 10

For H*+ < 10~%M, the first equilibrium is insignificant.
Since T = (80;—) -+ (HSO3),

7 = (80,) + B0
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from which it follows that:

— r o
(SOS ) - ) + (H+)’
K,
T 1
(8057) = 7, where K = w; 5]
K,
3
(507 = B2 | r6]
and
202
(80t = B2 7]
Substituting [7]in [37:
i(%?ij = k4rDCo(a/p) [—K(Sg—g")] 8]

Defining C,, the initial concentration of SO;~~ as %, Eq. [8] becomes:

ZUEOT) - 4nDka/p B RS0, ro]
or '
%} — GK-di, where G = 4xDKa/oToB-},  [10]
3

which, when integrated becomes:
—3(803—_)% = GK—%t—?)(SOg__)o%. [11]

The concentration of sulfur (8), given in terms of the individual
particle radius (r) and their number (n) is 4/3#r*on/m, with p and m
being the density and molecular weight of sulfur, respectively.

Since
L]
4/3mpn

; —(_m Y\
r = A(S)?} where A <4/37rpn) [12]

or

Jdr  Ad(S)}

. -?j‘t. - T. [13]
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Assuming that the product formed by thereversereaction is 8;0:~—, one
concentration unit of sulfur is equal to one concentration unit of SO~
Substitution in Eq. [13] gives

1dr d(8Os )}
Adi— ~ at » [14]
Equating the time derivative of Fq. [11] with the left-hand side of
Eq. [14] gives:
ar _ s
i GIK—3, . [1\5]
Thus a plot of dr/dt vs. K~* should be a straight line with a slope
of G*. The result of such a plot using our experimental data is shown in
Fig. 8. An excellent straight line is obtained over the entire range of con-
centrations studied.
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F1e. 8. Plot of —10%(dr/ds) versus K—*..

1

The point of intersection of the straight line with the K% axis is
the value of K—* at equilibrium, dr/dt = 0. This value corresponds to a
pH of 4.2 in excellent agreement with Fig. 5 which showed no growth or
shrinkage of the particles when the pH was initially made 4.2.
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SUMMARY AND CONCLUSIONS

1. Monodispersed dilute acid—thiosulfate sulfur hydrosols obey Beer’s
law with respect to the scattering and scattering plus absorption of light.

2. Sulfur particles prepared by this chemical reaction method are
unstable with respect to a change in ionic environment, the instability
being due to a reversal of the decomposition reaction in neutral or alka-
line solution.

3. The reversal of the decomposition reaction has been found to be
due to reaction of sulfur with 8SO;=—, forming S:0; . The rate of this
reaction is strongly dependent upon the pH of the solution, occurring
predominantly in alkaline solution.

4. The kinetics of the SO;=— + S reaction is adequately described
theoretically by the assumption of a diffusion mechanism whereby the
rate-controlling step is the diffusion of SO;~ to the sulfur particle with
subsequent chemical reaction taking place.
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