The Effect of Calcium Ions on Carbon Suspensions’
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A high degree of dispersion of earbon black in water is ob-
tained only in the presence of adsorbing long-chain, amphi-
pathic molecules. Calcium ions floceulate these dispersions, but
agglomeration can be prevented if anionic detergents are ad-
sorbed on the carbon. Fine dispersions of earbon coated with
a fatty acid or alecohol were maintained in the presence of cal-
cium ions with detergents which coadsorb with the acid or
aleohol monolayer. The significance of these results in regard
to detergency theory is discussed.

HIS INVESTIGATION was undertaken in order to

learn the conditions under which earbon black

could be dispersed or flocculated in aqueous so-
lutions. It is part of a program of study of the funda-
mentals of detergency. An assumption in this work
is that, if soil particles do not floeculate in a solution,
the factors that prevent particle-particle attachment
will operate to some extent to prevent attachment to
the fabric substrate. It is recognized that this is only
a first approximation and a complete characterization
of a detergent-fabric system would require knowledge
of the nature of the fabric-water interface.

The stability of dispersions of a hydrophobic pow-
der in water is generally considered to be prinecipally
controlled by the forces of electrostatic repulsion and
Van der Waals’ attraction as treated in the theory of
Verwey and Overbeek (1). However there are cases
of stable dispersions in which electrostatic repulsion
does not appear to have a major effect. In these sys-
tems, resistance to flocculation is explained in terms
of an entropy effect (2).

Several types of dispersing agents were investi-
gated with respect to their ability to disperse carbon
in water, the reaction of the dispersions to various
concentrations of caleium chloride, and their influ-
ence on the electrokinetic potential of carbon partiecles
in water and calcium chloride solutions.

The relative importance of electrostatic and non-
electrical factors in the stability of these carbon
suspensions is then discussed in terms of the elec-
trokinetic data and the chemical structure of the
dispersing agents.

In another phase of this investigation the surface
of the carbon was altered by preadsorbing a long-
chain, aliphatic acid or alcohol. The response of these
surface-modified carbon blacks to some of the same
dispersing agents was studied in water and in calcium
chloride solutions. The mechanism of interaction of
the dispersing agents with the surface of the coated
carbon was inferred from the results of experiments
with a model system that consisted of insoluble mono-
layers spread at the air-water interface and pene-
trated from the water phase by dissolved dispersing
agents.

The degree of dispersion of the carbon suspensions
was estimated by measuring the opacity of the sus-
pensions (3). The electrokinetic potential was deter-
mined by microelectrophoresis.

1 Presented at the American Chemical Society Meeting (Colloid Divi-
sion), Mijami, Fla., April, 1957).

2 Present address Harris Research Laboratories Inc,, Washington, D.C.

¢ Present address: School of Mines, Columbia University, New York.

500

Experimental

A. Materials. The carbon black used in the disper-
sions was BELF 5 (Godfrey L. Cabot Company).

The water was prepared by double distillation,
using a special all-Pyrex glass apparatus with a one-
meter-long column having a spray trap at the fop to
insure against carry-over of undistilled liguid. The
pot contained alkaline permanganate to oxidize or-
ganic contaminants. In the experiments with hexa-
decanoic acid-coated carbon it was essential to use
doubly-distilled water in order to maintain a defloe-
culated system. Concentrations of ealcium ion of the
order of 10-° molar were sufficient to produce sub-
stantial flocculation dispersions of this coated carbon.

The calcium chloride used was reagent grade. So-
dium hexadecanoyl methyl taurate was prepared from
distilled fatty acids, and the final product was re-
crystallized from ethanol. The hexadecanoic acid was
Eastman White Label, and the hexadecanol was a
middle fraction from a Podbielniak distillation appa-
ratus (mp. 49.0°C.). The hexadecanol ethylene oxide
condensate was an experimental sample from the
General Aniline and Film Company and contained
14 moles of ethylene oxide per mole of hexadecanol.
The product was a mixture of various chain-lengths,
which formed clear water solutions at room temper-
ature and in the ecalcium chloride solutions. The
sodium dodeeyl (propylene tetramer) benzene sulfon-
ate was a commercial material substantially free of
inorganic salts. Tetrasodium pyrophosphate and tet-
rasodium ethylene diamine tetra-acetate were also
commercial materials.

B. Equipment. Light transmission of the suspensions
was measured with a Photomultiplier Microphotometer
(American Instrument Company, Silver Spring, Md.).
Light of wavelength 5200 A was employed, and trans-
mission was measured in a rectangular cell which pro-
vided an optical path of 2.5 em. for the suspension.

The electrophoretic mobility of the particles was
measured in a miero-electrophoresis apparatus of the
type described by Northrop and Kunitz (4).

The monolayer penetration experiments were per-
formed at constant area by a method (5,6) that essen-
tially involved the spreading of a film of stearic acid
under a surface pressure of 17 dynes/cm., followed by
injeetion of surfactant beneath the film and by meas-
uring the changes in surface pressure at definite time-
intervals. The surface pressure was measured by the
pull on a sand-blasted platinum plate. Complete wet-
ting of the plate was readily ascertainable by visual
observation. A rectangular Pyrex dish was used for
the solutions on which the monolayers were spread.
Careful cleaning of all the components of this appara-
tus was conveniently accomplished by flaming (plati-
num plate) or rinsing with a fresh solution of so-
dium dichromate in concentrated sulfuric acid (Pyrex
dish). All of the detergents were used in the penetra-
tion experiments at a final concentration that gave a
surface pressure of 17 dynes/em. in the absence of an
insoluble film. Sodium dodecylbenzene sulfonate was
used at 4.22 x 105 molar concentration and sodium
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hexadecanoyl methyl taurate at 1.25 x 103 molar, All
solutions were 2 x 1075 molar caleium chloride.

C. Procedures. The test dispersions were prepared
by diluting a 0.5% stock dispersion to 0.01% in the
solution that was examined. These diluted earbon
black dispersions were agitated in 100-ml. glass-stop-
pered graduate cylinders by inverting 10 times by
hand. Directly after this mixing procedure a portion
was poured into the optical cell, and the percentage
of transmission was read in the photometer. The
more floceulated systems transmitted about 25% of
the incident light, and the defloceulated suspensions
obtained with coated carbons in ion-free water and
in hexadecanol polyether solutions transmitted only
a few tenths of 1% of the incident light. The valid-
ity of the assumption that finer dispersions were more
opaque and the floceulated suspensions relatively
transparent was obvious from visual inspection of
the large number of suspensions observed. Of course,
this assumption would be invalid for systems com-
posed of flocs less than a few tenths of a mieron in
diameter, through which considerable light would be
transmitted. The mild agitation used in this inves-
tigation did not produce submieron size particles.
Reich and Vold (3) have established a semiquantita-
tive relation between floc size and light transmission.

Carbon coated with hexadecanoic acid or hexadec-
anol was prepared by stirring 2% of carbon black in
a .05% methanol solution of the acid or aleohol for 15
min. at room temperature. The ecarbon was filtered,
and the dried filter cake was prepared as a 0.1% stock
suspension by agitating in a Waring Blendor at 40
volts (6,000 r.p.m.) for 5 min.

The electrophoretic mobility of the carbon particles
in a particular medium was obtained from the mean
of 10 observations. The electrokinetic potential was
calculated from the mobility using Smoluchowski’s
equation:

(9 x 10%)

‘Where 5 = viscosity of water (poises)
D = dielectric constant of water
V = particle velocity in em. /see.
X = voltage gradient in volts/cm.,

All experiments in this investigation were per-
formed at 25 = 1°C.

Results

A. Properties of Dispersions of Carbon in Various
Agueous Solutions. Figure 1 gives the percentage of
light transmission of .01% carbon in water, solutions
of an inorganic sequestering agent, and solutions of
two surface-active materials as a funetion of calcium
ion coneentration. The carbon is highly floceulated
in water and does not change appreciably with added
caleium chloride. These dispersions, which transmit-
ted 25% of the incident light, had a gray appearance
and were composed of floes ranging from 100-1,000
microns in diameter. The distance between individunal
floes was large, which accounted for the gray appear-
ance and the large amount of light that was transmit-
ted. The 0.1% solution of tetrasodium pyrophosphate
had only a slight effect toward reducing the floc size
and inereasing the turbidity of the suspension. As in
the case of water alone, there was no change in tur-
bidity with increasing calecium ion concentration.

The 5 x 10-% molar solutions of the two surface-active
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Fig. 1. Floceulation of .019% carbon suspensions (indieated
by percentage of light transmission) as a function of Ca** con-
centration in solutions of various dispersing agents. O—water;
@®—3.8 x 107 molar tetrasodium pyrophosphate; (@®—5 x 107°

molar sodium dodecylbenzene sulfonate; (P—~5 x 107 molar hexa-

decanol-ethylene oxide adduct.

materials showed widely-different results both in abil-
ity to disperse carbon in Ca** free water and with
inereasing concentrations of Ca**. Sodium dodecyl-
benzene sulfonate had only a very slight effect in
Ca*t free water, but the dispersion of particles of car-
bon became finer with increasing Ca* concentration,
as indicated by the increasing opacity of the disper-
sion. The hexadecanol polyether solution produced an
extremely fine dispersion, which transmitted only a
few tenths of 1% of the ineident light. Qualitatively
this dispersion differed enormously in appearance
from those which transmit about 109 of the light
beam. The fine dispersion which transmits in the
0.19¢ range has a jet black appearance while those
which transmit 2-15% have the appearance of various
degrees of gray. The dispersion in the nonionic de-
tergent solution is floceulated severely in 10-% molar
caleium ion solution however, indiecating a sharp sens-
itivity to electrical effects.

The results in Figure 1 show that only the surface-
active, organic substances have a substantial effect
on dispersing carbon. Since the hydrocarbon portion
of the detergent molecule probably adsorbs on the
nonpolar carbon surface, it would appear that this
mechanism is required for dispersing the hydrophobic
carbon in water.

The electrophoretic mobilities of carbon particles
dispersed in these solutions were determined; the cal-
culated zeta potentials are plotted against the molar
calcium ion concentration in Figure 2. In pure water
the carbon has a negative charge, which is reduced
with inecreasing concentrations of calecium chloride, as
might be expected from a divalent counter-ion. In a
solution of sodium pyrophosphate the negative poten-
tial of the carbon particles is increased from 50 to 70
millivolts, and this value remains approximately con-
stant with the added calecium chloride until there are
about equimolar concentrations of calecium ions and
pyrophosphate ions. In sodium dodecylbenzene sul-
fonate solution the negative potential of the dispersed
carbon is higher than in pure water, and the addition
of caleium chloride increases it further. The latter
effect may result from increased adsorption of organie
sulfonate ions by a salting-out effect, which overcomes
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F16. 2. The effect of Ca’™ concentration on the electrokinetice
potential of carbon in solutions of various dispersing agents.
O—water; -Q~—>5 x 10® molar hexadecanol ethyleneoxide ad-
duet; @—5 x 10 molar sodium dodecylbenzene sulfonate;
®—3.8 x 10°® molar sodium pyrophosphate.

the tendeney of the calcium ions to decrease the poten-
tial. The nonionie, hexadecanol, polvether has only a
small effect on the electrokinetic properties of the car-
bon ; there is however a small decrease in charge, but
gualitatively the zefa potential-calcium ion concen-
tration relationship is the same as in the absence of
surfactant, that is, the potential decreases with in-
creasing caleium ion concentration.

A comparison of the light transmission data of
Figure 1 with the zete potential data in Ficure 2
shows some correlation between high potential and
degree of dispersion for the surface-active materials
but not with the inorganic phosphate. The degree
of dispersion of carbon in sodium dodecylbenzene
sulfonate increases with the inereasing calecium ion
concentration, and there is a corresponding increase
in the negative potential. The relationship is not so
straight-forward in the case of the nonionic hexa-
decanol polyether. In water free of caleinm ions
there is an enormous increase in the degree of
dispersion in the presence of hexadecanol polyether
despite a slightly smaller zeta potential. However
floceulation of this dispersion by the addition of cal-
cium chloride is accompanied by a decrease in the elec-
trokinetic potential, indicating that electrical effects
are of some importance in this system.

These results suggest that the adsorption of am-
phipathic molecules on the hydrophobic carbon is a
necessary condition for dispersion in water, but at
least a minimum level of electrical repulsion must
be maintained for stability. On the other hand, in
the absence of adsorbed long-chain amphipathic mole-
cules, even a high level of charge (as in the case of
the pyrophosphate) is insufficient to produce a high
degree of dispersion. .

B. Dispersions of Coated Carbon. In the next ex-
periments the surface of the carbon particles was
coated with hexadecanoic acid or hexadecanol by
stirring carbon black in a methanol solution of the
acid or aleohol, then filtering and drying the coated,
high-surface-area solid. The resulting material was
dispersed in distilled water with a Waring Blendor.
The dispersions obtained were extremely fine as com-
pared with uncoated carbon. The carbon black which
had been coated with hexadecanole acid gave disper-
sions similar to those obtained with uncoated carbon
in a solution of hexadecanol polyether. A coating of

Vor. 38

hexadecanol also gave fine dispersions, but these were
somewhat coarser than those obtained with the hexa-
decanoice acid coating. The light transmission results
of these experiments, also of those in which various
amounts of calcium chloride were added to hexadec-
anol-coated carbon suspensions, are shown in Figure
3. Although the carbon which had been coated with
the (g acid gave finer dispersions in pure water, it
was more Severely flocculated by calcium ehlomde
than the Ci¢ aleohol-coated carbon. In a solution of
sodium ethylene diamine tetra-acetate (EDTA) the
acid-coated carbon remains as a fine dispersion with
increasing concentration of caleium chloride up to
approxlmatelv the point of molar equivalence of cal-
¢ium chloride and EDTA. By itself EDTA does not
disperse carbon, but if the carbon has been previously
coated with fattv acid, flocculation is avoided, pre-
sumably by the sequestratlon of calcium ions. The
acid-coated carbon was so sensitive to dissolved ions
that ordinary house-distilled water caused floccula-
tion. Only the specially-prepared, double-distilled
water produced deflocculated acid-coated carbon.
The difference in the degree of dispersion between
the acid-coated and aleohol-coated carbon may be
caused by electrostatic repulsion that results {from a
slight ionization of the carboxyl groups. This inter-
pretation is reinforced by the higher degree of floc-
culation that is induced upon the acid-coated system
than that for the alcohol-coated powder by the addi-
tion of caleinm chloride. Flocculation of the car-
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Fig. 3. The floceulation of 0.01% coated carbon suspensions
(as indieated by percentage of transmission) as a funection of
Ca™ concentration. (P—hexadecanoic acid-coated carbon; -O-
hexadecanoie acid-coated carbon in a 5.2x 107" molar solutlon
of tetrasodium ethylenediaminetetra-acetate; and (OQ—hexadee-
unol-coated carbon.
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boxyl-covered particles can take place by two mech-
anisms: reduced repulsion between particles by com-
pression of the electrical double layer by the caleium
ions and cross-linking of particles on account of salt
formation by the divalent calecium ions. On the other
hand, only the electrical effect can operate in the
case of the nonreactive, alcohol-coated particles. The
high degree of flocenlation observed in the acid sys-
tem may then be caused by a cross-linking phenom-
enon that results from calcium salt formation with
ionized carboxyl groups. The detailed interpretation
of flocculation by calcium soap formation may how-
ever be more subtle than the suggested cross-linking.
‘Wolstenholme and Schulman (7) have shown that
metal soap monolayers are strongly condensed in a
pH region where the corresponding metal monohy-
droxide exists. Their explanation for the cohesive
_strength of these monolayers is that a hydrogen-
bonded network is formed among the -OH groups
attached to the metal ions. If this phenomenon oper-
ated on the acid monolayer that covers the dispersed
carbon, the ensuing solidification of the film would
cause a decrease in randomness of the orientation of
the polar head groups, thus negating the entropie
repulsion effect.

Next the dispersing power of two anionic deter-
gents toward hexadecanoic acid and hexadecanol-
coated carbon in the presence of calcium chloride was
investigated. The results are shown graphically in
Figure 4 as percentage of light transmission »s. cal-
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Fic. 4. The flocculation of .01% carbon suspensions by Ca™
as indicated by the percentage of light transmission. -O-—
hexadecanoic aecid-coated carbon in 107 molar sodium dodeexl-
benzene sulfonate; (O——hexadecanoic acid-coated carbon in 107
molar sodium hexadecanoy] methyl taurate; —hexadeeanol-
coated carbon in the same detergent solutions.
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cium chloride coneentration. Tn a 10-3 molar solution
of sodinm dodecylbenzene sulfonate, hexadecanoic
acid-coated carbon is severely flocenlated by caleium
chloride. The same concentration of sodium hexa-
decanox] methyl taurate has a substantial effect in
preventing flocculation by the calcium salt. Both of
these anionic surfactants are extremely effective in
preventing floceculation of the carbon that is coated
with hexadecanol.

It has been demounstrated that the hydrophobic car-
bon black is a highly flocculated powder in water
(Figure 1), but when the powder has been previously
coated with a 16-carbon atom fatty acid or aleohol,
a fine dispersion is obtained (Figure 3). This sng-
gests that the long-chain acid and alcohol molecules
are oriented on the carbon surface with their polar
groups facing outward, thus rendering the surface
hydrophilic with a small particle-water interfacial
energy. Assuming this picture of the acid or aleohol-
coated carbon surface, the detergent ions must pene-
trate the acid or alcohol monolayver to adsorb oun the
coated powder. A model system was chosen to ex-
amine the penetration phenomenon. This consisted
of insoluble monolayvers spread on water and pene-
trated by dissolved detergents.

The penetration of insoluble monolayers at the air-
water interface by soluble detergents has been studied
extensively by Sehulman and others (8,9,10,11,12).

The insoluble monolayer that is being penetrated
can be a barrier against adsorption, or, in sitnations
where strong interactions occur between the penetrat-
ing detergent and the insoluble monolayer, it ecan
enbance adsorption. Branching in the aliphatic por-
tion of the penetrating detergent (7) and conden-
sation of fatty acid monolayers by ecaleium ions (6)
are factors which can sharply limit penetration. In
order to learn if a more detailed analogy might exist
between the penetration of fatty acid or alcohol mono-
layers at the air-water interface and the dispersion
of carbon coated with these substances, constant area
monolayer penetration experiments were performed.
The changes in surface pressure with the time of octa-
decanoic aeid or octadecyl alechol monolayers spread
on dilute calcium chloride solutions and penetrated
bv sodium dodecylbenzene sulfonate or sodium hex-
adecanoyl methyl taurate are shown in Figure 5.
Eighteen-carbon atom molecules were used to avoid
dissolution of the monolayer. The octadecanoie acid
flm is only slightly penetrated by sodium dodecyl-
benzene sulfonate, as indicated by the small increase
in surface pressure. Under similar conditions octa-
decanol undergoes strong penetration by the alkyl-
benzene sulfonate. The data in Figure 5 show fur-
ther that octadecanoic acid undergoes a large increase
in surface pressure because of penetration by the
straight-chain, hexadecanoyl taurate.

The relatively large resistance to penetration of the
acid film compared with the alcohol is probably caused
by a combination of the following ecohesive forces:
stronger hydrogen bonding among the carboxyl groups
than the hydroxyls and calcium soap formation. The
weaker penetration by the branched alkylbenzene sul-
fonate is probably associated with steric effeets, i.e.,
Van der Wals’ interaction is inhibited between the
straight hydrocarbon chains of the insoluble monolayer
and the branched alkyl structure of the sulfonate.

The results of the penetration experiments suggest
an explanation for the high degree of dispersion of
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Fi1e. 5. The penetration at constant area of monolayvers of
octadecanoic acid and octadecanol by dissolved detergents,
showing an increase in surface pressure with time. (J—octadec-
anoic acid monolayer penetrated by sodium dodecylbenzene
sulfonate (4.22x107° molar); (O—octadecanol penetrated by
sodium dodecylbenzene sulfonate; and ()—octadecanoic acid

penetrated by sodium hexadecanoyl methyl taurate (1.25x10°
molar).

the long-chain, aleohol-coated carbon which persists at
high conecentrations of caleium chloride in solutions
of the two anionic detergents. The dissolved surface-
active agents penetrate the hexadecanol monolayers on
the carbon particles, producing a negatively-charged
surface which is not neutralized by calcium ions. A
substantiation of this interpretation is found in the
electrokinetic data with dodecylbenzene sulfonate
(Figure 2), which show an increase in charge with
the increasing calcium ion concentration. When hexa-
deeanoic acid is adsorbed on the earbon, the alkyl-
benzene sulfonate cannot protect the system from
floceulation by the caleium chloride because the cal-
cium soap film which is formed cannot be penetrated
by the branched hydrocarbon strueture of the dis-
solved detergent. The straight-chain taurate gives
some protection against floeculation, probably because
of penetration of the caleium-soap film. The effect is
not as large as in the aleohol-coated carbon, presum-
ably because some of the flocculating tendeney of the
caleium soap remains.

Practical experience (13, 14, 15) has shown that
free calecium ions have an important effect in limiting
the effectiveness of a washing solution and that satis-
factory results generally depend upon removing these
ions by precipitation or sequestration. The extreme
susceptibility of fatty acid-coated carbon black sus-
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pensions to floceulation by free calcium ions suggests
that this or some other similar soil system may be of
fundamental importance in common detergency prob-
lems. A simple artificial soil of this kind should be
evaluated in fabric detergency tests, and if the re-
sults correlate with practical experience, this might
result in considerably simplified means for further
fundamental detergency investigations as well as im-
proved evaluation procedures.

Conclusions

The results of this investigation show that the hy-
drophobic powder, carbon black, cannot be dispersed
in water by increasing the charge on the particles
by the addition of a salt which is not surface-active.
Varying degrees of dispersion of carbon black in
water are obtained in the presence of organiec deter-
gents, and the resistance to floceulation by the addi-
tion of caleium chloride depends on the ability of
the adsorbed detergent to maintain a relatively large
charge on the dispersed particles. If the surface of
the powder is modified by previously adsorbing a
water-insoluble, amphipathic substance, such as hexa-
decanoice acid or hexadeecanol, fine dispersions are ob-
tained in pure water. Extreme flocculation of these
dispersions occurs in the presence of calecium chloride,
especially with the acid-coated carbon, apparently be-
cause of a combination of the effects of calcium ions
that reduce the charge of the electrical double layer
and form a condensed caleinm soap film on the par-
ticles. Dissolved anionic detergents inhibit the effect
of calcium jons entirely in the hexadecanol-carbon
system and are either moderately or not at all effec-
tive in the hexadecanoic acid-carbon system. The de-
gree of the stabilizing effect of the organic detergent
in the coated carbon system correlated with its ablhtv
to penetrate a long-chain carboxylic aeid or aleohol
monolayer at the air-water interface.

The entropic repulsion resulting from the adsorp-
tion of long-chain molecules appears to be a necessary
but insufficient condition for dispersing carbon in
water. A minimum level of electrical repulsion must
be maintained in eombination with the effect of the
adsorbed long-chain molecules in order to prevent

flocculation.
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