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The states of dispersion and the precipitation-flotation behavior of bentonite particles in an aqueous solution
of hexadecyltrimethylammonium chloride (HTAG) were studied, and the effect of the HTAC on the coagulation

and dispersion was discussed in connection with its adsorption on bentonite.

The coagulation precipitation of

bentonite began to occur at the ratio of the adsorbed amount to an exchange capacity, 4/T, of about 0.05. It
changed to coagulation flotation in the vicinity of 4/T=1.2. The change was very sharp. The results suggest
that the change from precipitation to flotation is produced by the adsorption of HTAC a little in excess of the

first-layer formation, where a slight hydrophilization begins.

It seems likely that, in the above state, the bubbles

are easily accessible to bentonite particles because the agglomerates assume an open structure. The redispersion
occurred near the point of sufficient hydrophilization of bentonite particles because of the adsorption of the second

layer of cationic surfactant molecules.

There have been a number of studies of the coagula-
tion and redispersion of suspension by the addition of
inorganic electrolytes, macromolecular substances, and
surfactants.!-9 Thus, the sensitizing and stabilizing
action of gelation on hydrophobic sol; the addition to
the colloidal suspension of an electrolyte with a polyva-
lent ion with the charge opposite to that of the colloidal,
particle, known as the irregular series, is a popular
instance.” The effect of the addition of ionic®® and
nonionic surfactants? on the flocculation-deflocculation
behavior of sulfathiazole and other suspensions, in
particular the bentonite suspension, has also been re-
ported. In such cases, the suspension often foams and
the suspended particles coagulate and float. However,
such phenomena have not received much attention,2:8)
though they are properly suitable to the removal of
many different ions from solutions.

In the present paper, the coagulation and redis-
persion, accompanied by the precipitation and flotation
upon the addition of a cationic surfactant, will be des.
cribed for the bentonite suspension. The adsorption of
the surfactant on bentonite was also studied, and the
mechanisms of the coagulation, flotation, and redis-
persion of bentonite will be discussed in connection with
its adsorption on bentonite. Further, the ion flotation
of Cd2t+ ions will be studied in parallel with the bentonite
flotation.

Experimental

Materials. The bentonite used was of a commercial
grade (origin; Gunma, Japan, montmorillonite type) and was
supplied by the Wako Pure Chemical Co., Ltd; the fraction
passing through a 350-mesh sieve was collected. A stock
suspension of bentonite was prepared first by dispersing the
bentonite in distilled water; then it was allowed to stand for
24 hr after shaking.  Then, the supernatant solution was
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taken in the visking dialysis tube and dialyzed while the
suspension was being stirred by passing nitrogen gas through
it. The dialysis was continued for 5 days, frequently ex-
changing the outer water with fresh ion-exchange water. The
dialysis of the bentonite suspension was continued until a
constant specific conductivity of about 105 {}/cm was reached.
The stock suspension of about 10000—20000 ppm bentonite
thus obtained was well shaken before use. A preliminary ex-
periment showed that the bentonite suspension thus prepared
scarecely sedimentated at all within a week, but no solution
aged longer than a week was used. Pure-grade hexadecyl-
trimethylammonium chloride (HTAC), supplied by the Kao
Soap Co., Ltd., was dried under reduced pressure and kept
in a desiccator containing silica gel. The sodium octadecyl-
sulfate (SOS) used for titrating HTAC was obtained from the
Kao Soap Co., Ltd., and was used without further treatment.

A stock solution of Cd?** ions of a 1.78 x 10~% mol/l con-
centration was prepared by dissolving in nitric acid pure
metals (purity>99.99%,) kindly supplied from the Laboratory
of General Chemistry of our department.

Water was refluxed overnight with a mixture of sulfuric
acid and potassium permanganate and then triply distilled
using a borosilicate glass apparatus.

All the experiments were carried out at room temperatures
from 25 to 27 °C.

Measurement of the Coagulation and Redispersion of Bentonite.
Varying amounts of the bentonite suspension and of the
HTAC solution were placed in a test tube with a ground-
glass stopper, 1.5 cm in inner diameter and 13 cm in length,
and the total volume of the solution was made up to 10 ml
with water. The pH values of suspension thus prepared
ranged from 5.7 to 6.4. The test tube was turned upside
down 3 times, then shaken by hand for 10 s again turned
upside down 3 times, and finally allowed to stand for
30 min. The appearances of the dispersion, coagulation
precipitation, coagulation flotation, and redispersion of the
suspension were judged by the naked eye, and the regions
of the compositions of systems showing these phenomena were
plotted as a diagram.

Measurement of the Adsorption of HTAC on Bentonilte.

In the ground test tube, a fixed amount of the dialyzed bento-
nite suspension and varying amounts of the HTAGC solution
were placed. The volume of the solution was made up to
10 ml with water.  After shaking the test tube for 10 s or by
turning the test tube upside down 20 times with a 2-min
period, bentonite particles were removed from the solution
by (a) centrifugation, (b) ultrafiltration, or (c) electrodialysis
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Fig. 1. Apparatus used for electrodialysis. A: glass
tube with visking membrane E, B: glass U-tube, C,
D: platinum electrodes, F: clear solution for analysis.

as the case required. The concentration of HTAC remaining
in the solution was titrated with a SOS solution of a known
concentration, with the addition of dilute hydrochloric acid
and of bromophenol blue as an indicator.?)

The amount of HTAC adsorbed on the bentonite was
calculated from the difference between the HTAC concentra-
tion before and after adsorption. (a) Centrifugation. A
suspension containing bentonite particles was centrifuged for
10 min at about 2500 rpm. The aqueous supernatant thus
obtained was used for the determination of the HTAC con-
centration. (b) Ultrafiltration. The aqueous suspension was
filtered using a visking membrane supported by a glass filter
with a porosity of No. 4 under reduced pressure. The filtrate
was then used for the determination of the HTAC concentra-
tion. (b) Electrodialysis. Electrodialysis was carried out
for a stable suspension containing concentrated HTAC;
neither method, (a) or (b), could be applied. The apparatus
used for the electrodialysis is shown in Fig. 1.19 In this
figure, a glass tube, A, with a semipermeable visking mem-
brane, E, closing its bottom and a glass U-tube, B, were filled
with the solution of a stable bentonite suspension to be dialysed.
The tube, A, was adjusted so that the membrane just touched
the surface of the solution in the tube, B. The solution in A
was renewed after being allowed to stand for 30 min. The
electrodialysis was then carried out for 2 to 3 hrs applying
a 200-V DC between two platinum electrodes inserted in
the solution, as is shown in Fig. 1. The electrodes were 27 cm
apart from each other along the axis of the tubes. After the
electrodialysis, a transparent layer of the solution was ob-
tained in the tube, B, just below the membrane, which was
then carefully taken out for the determination of the HTAC
concentration.

Measurement of the Total Base Exchange Capacity of Bentonite.*V)
A suspension containing about 4 g of bentonite in 100 ml
of a 0.1 M aqueous BaCl, solution was prepared, and the
mixture was stirred for 4 hrs. The precipitates of Ba-bento-
nite, thus obtained were removed by centrifuging (2500 rpm
for 20 min), and the precipitates separated were dispersed in
triply distilled water. The free BaCl, remaining was then
removed by dialysis, and the precipitates of Ba-bentonite
were again dispersed in a 2:1 (vol) water-ethanol mixture.
The suspension thus obtained was conductometrically titrated
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with a 0.2 M MgSO, solution, and the total base exchange
capacity of the bentonite was determined from the amount
of Mg?* ions added until a sudden increase in the conductance
appeared.

Measurement of the Flotation of Cd*+ Ions by HTAC. The
apparatus and procedure used in the present experiment were
the same as have been described in a previous paper.!®
Nitrogen gas humidified with water vapor and controlled to
a constant rate of gas flowing was bubbled through a glass
filter (No. 4) into a flotation cell containing 10 ml of the
sample solution. The concentrations of Cd?*+ ions before and
after flotation were determined by using an atomic absorp-
tion spectrometer (Techtron Pty., Ltd., Model-AA-100).

The flotation rate (F) of Cd?*t ions is conventionally given
by:

F = (1-G;/C;) x 100%
where C; and C; denote the concentrations of the Cd*+ ions
before and after flotation respectively.

Results and Discussion

Coagulation-dispersion Behavior of Bentonite upon the Ad-
dition of HTAC. The change in the dispersion
state of the bentonite suspension upon the addition of
the cationic surfactant HTAC is shown in Fig. 2. As
may be seen in the figure, each region—dispersion,
coagulation precipitation, coagulation flotation, and
redispersion— is distinct.
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Fig. 2. Effect of HTAC on bentonite suspension.

Dispersion Region. Immediately after the pre-
paration of the solution, the aggregates form slightly,
but after shaking they disappear and the suspension is
stable even after 30 min. The amount of HTAC is thus
insufficient to produce coagulation in this region.

Coagulation Precipitation Region. On an increase
in the amount of HTAC, with the amount of bentonite
kept constant, fluffy aggregates begin to precipitate.
The sedimentation volume increases with a further
increase in the amount of HTAC, and a turbid super-
natant gradually changes to a clear one.

Coagulation Flotation Region. On a further in-
crease in the amount of HTAC, a sharp point is arrived
at which aggregates change suddenly the state of precip-
tation to that of flotation, while the bentonite particles
are still in an aggregated state. In this region, the
suspension is readily coagulated by shaking and the
coagulates quickly rise to the aqueous surface, leaving a
transparent solution below.
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Redispersion Region. On continuing the addition
of HTAGC, the state is arrived at in which the aqueous
phase begins to become turbid; this turbidity increases
with an increase in the amount of HTAC, while the
amount of bentonite floated decreases until the coagu-
lates completely disappear. The foam formation is
observed for a sufficiently concentrated solution of
HTAC.

The above observation of the change in the dispersion
state with an increase on the amount of HTAC leads to
the consideration that the coagulation-redispersion and
precipitation-flotation phenomena are closely related to
the nature of the outermost surface of the bentonite
particles modified by the increasing adsorption of
HTAC with the concentration. The increase in the
amount of adsorption is considered to change the
surface properties gradually from those favorable for
coagulation precipitation through coagulation flotation
to redispersion. To confirm such a reasoning, the
following measurements were carried out.

04 ' ' '
3 — v
o 03
.2
a Without
g'oz Method | shake | Witho
E ) A °
3 @ a .
‘5 0.1 3 A o
Q
E 0 1 1. 1

0 1 2 3

Equilibrium concn of HTAC (x 104 g/g)

Fig. 3. Adsorption isotherm of HTAC on bentonite.
(1) centrifuge, (2) dialysis, (3) ultrafiltration

Amount of the Adsorption of HTAC. The amount of
HTAC adsorption of bentonite is plotted against the
equilibrium concentration in Fig. 3. The values ob-
tained by the various methods mentioned above may be
seen to agree with each other. A sharp initial increase
in the amount of adsorption and the saturated adsorp-
tion at a low HTAC concentration show the almost
complete adsorption of added HTAC on the bentonite

Specific conductivity (x 10-¢ cm~1)

Amount of MgSO, (ml)

Fig. 4. Conductometric titration of Ba-bentonite. P:
total exchange capacity of bentonite.
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up to saturation. Such behavior is indicative of the
exchange adsorption being rapid and quantitative.
The saturated adsorption is obtained in the region of
equilibrium HTAC concentrations larger than 1x 10-4
g/g water. The fact that the amount adsorption is
independent of the shaking also shows that the adsorp-
tion of HTAC on air bubbles is negligible.

Total Base Exchange Capacity of Bentonite. In
order to measure the exchange capacity of bentonite,
the conductance of the Ba-bentonite suspension is plotted
against the volume of MgSO, added in Fig. 4. The
exchange capacity, as calculated from the break point
corrected for the moisture content of the bentonite, is
42.5 m. e./100 g dry bentonite. The value obtained is
somewhat smaller than the value from 60 to 100 m. e./
100 g previously reported for bentonite.13)

Effect of the HTAC Adsorption on Coagulation and Redis-
Dpersion. In order to study the relation between the
adsorption of HTACGC and the coagulation-redispersion
behavior of bentonite shown in Fig. 2, the amount of
adsorption of HTAC on the bentonite was calculated
for the system corresponding to the points on the line
of Fig. 2. The amount of adsorption, I', can be cal-
culated as the intersection of the isotherm, I' vs. C, shown
in Fig. 3 and the straight line where M and m denote the

M=mI'-CV

total amount of HTAC and the amount of bentonite
taken up respectively, and V, the volume of the solution,
all of which are known constants corresponding to a
given point in Fig. 2. The amount of adsorption thus
calculated is shown in Table 1, together with the ratio
of the adsorbed amount (4) to the exchange capacity
(T).

TasrLe 1. Errects oF HTAC ADSORPTION
ON COAGULATION—DISPERSION AND
PRECIPITATION-—FLOTATION

Coagulation  Coagulation

E: lﬁ%‘:li?: precipitation flotation Redispersion
(ppm) ) 4/ AL A» A ) 4 A4/ ™
3000 0.016 0.12 0.154 0.13 0.236 1.75
4000 0.009 0.07 0.162 1.19 0.243 1.79
6000 0.007 0.05 0.165 1.21 0.245 1.80
a) Minimum amount of adsorption. b) Ratio of

minimum amount of adsorption (4) to exchange

capacity (7).

It may be seen that coagulation begins at a very low
A|T ratio of about 0.05 and that the coagulation pre-
cipitation changes to the coagulation flotation at about
A|T=1.2, i.e., at an amount of adsorption slightly above
the exchange capacity, and that the redispersion begins
at an A/ T ratio larger than about 1.8. On the basis of
these experimental results, the state of the adsorption
of the cationic surfactant on the bentonite to produce
coagulation and redispersion is illustrated in Fig. 5.

In this figure, (a) and (b) show the HTAC adsorption
on the single bentonite particle and the state of aggrega-
tion of such particles respectively in each concentration
range of Fig. 2. At a very concentration of HTAC,
the bentonite is dispersed despite the adsorption of the
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Fig. 5. Adsorption of HTAC and state of dispersion of
bentonite (a) and adsorption of HTAC on a bentonite
particle (b). (1) dispersion, (2) coagulation precipita-
tion, (3) coagulation flotation, (4) redispersion.

cationic surfactant. With an increase in the concentra-
tion of the cationic surfactant, the surface of the particles
is rendered hydrophobic by the increasing amount of the
adsorption of HT'AC, with its hydrophobic tail directed
outward, and the coagulation of particles is promoted by
the hydrophobic binding of these adsorbed molecules.
Since there are no sufficient molecules available for
adhering to bubbles, coagulated particles precipitate.
As the amount of adsorption increases and comes slightly
to exceed the exchange capacity, namely, 4/7>1.2,
double-layer adsorption takes place, as is shown in Fig.
5, and the coagulates assume an open structure favorable
for bubble attachment, resulting in coagulation flota-
tion. At A/T ratios larger than 1.8, the double-layer
adsorption is nearly completed and the bentonite
particles are rendered hydrophilic, resulting in a redis-
persion of the particles. In this state, the bentonite
particles have sufficient positive charges as a result of the
adsorption of the cationic surfactant.!¥ This reversl.
of the charge was also confirmed by electrodialysis
measurements.
Flotation of Cd*t Ions by HTAC and Benionite.

There are various possible types of methods of ion
flotation.’® The combined use of bentonite and a
cationic surfactant is especially effective for the removal
of both anion and cations in the solution.'®) From this
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Fig. 6. Rate of Cd?*t ion flotation vs. concn of HTAC.
Cdzt: 1.78x 10~® mol/l, bentonite: 1000 ppm, pH:

11.2, gas-flow time: 7 min, gas-flow rate: 10 ml/min,
pH adjusted by NaOH.
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fact, together with the phenomena of coagulation flota-
tion and precipitation mentioned above, the bentonite-
cationic surfactant system is considered to be suitable for
the flotation of ions in an aqueous solution. Here,
cadmium ions are selected as the ions to be floated. The
flotation was carried out for a solution containing
1.78 x 10~5 mol/l1 Cd?*+, 1000 ppm bentonite, and vary-
ing concentrations of HTAC under a gas-flow rate and
a time of 10 ml/min and 7 min respectively and at pH
11.2. The results are shown in Fig. 6.

As may be seen, the flotation rate, F, increases rapidly
at an HTAC concentration of about 150 ppm, shows a
flat maximum of about 989, in the region of HTAC
concentrations from 200 ppm to 600 ppm, and decreases
at concentrations of HTAC larger than about 600 ppm.
In the region of HTAC concentrations from 200 ppm to
600 ppm, the solutions after flotation look quite trans-
parent, while in the other region of HTAC concentra-
tions they look opaque. These facts indicate that the
region of coagulation flotation shown in Fig. 2 corre-
sponds to the optimum region of ion flotation, although
the former does not coincide with the latter, perhaps
because of difference in the pH at which the flotation
measurements were carried out. A rapid decrease in
the flotation rate above 600 ppm HTAC may be ex-
plained by a redispersion of the bentonite in addition to
the replacement of the Cd2+ ions on the bentonite by
HTAC. It was further confirmed that a stable foam
layer was produced for the bentonite concentrations
larger than about 400 ppm.
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Fig. 7. Rate of Cd?* ion flotation vs. pH.
Cd?*: 1.78 X 10-% mol/l, bentonite: 600 ppm, HTAC:
200 ppm, gas-flow time: 7 min, gas-flow rate: 10 ml/
min, pH adjusted by NaOH.

Figure 7 shows the flotation rate »s. pH curve under
the optimum conditions specified in the figure. As may
be seen, the flotation rate begins to increase from almost
zero at around pH; the maximum flotation rate of 999,
was observed at about pH 11. From these experiments,
it may be concluded that the optimum conditions for the
bubble flotation of Cd?** ions exist in the region of
coagulation flotation and that the region is relatively
wide with respect to the amount of HTAC, while it is
rather narrow for hydrogen-ion-concentration change,
as expressed by the pH. Since the bentonite and the
HTAC are confirmed to be removed together with the
Cd?+, the above conditions are also the optimum ones
for these additives.
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