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The adsorption amount of hydrogen and hydroxyl ions on alumina in water was
determined by the acid titration method which was theoretically well explained in this
study. It was found that there should be a value of pH, defined here as the equi-ad-
sorption point, at which hydrogen and hydroxyl ions were equal in adsorption amount on
alumina. The adsorption isotherms of hydrogen and hydroxyl ions on alumina were
expressed in the form of Freundlich isotherm. The equi-adsoption point for alumina
was pH 7.4, while the isoelectric point for the same material was pH 9.0 by the electro-
phoresis measurement. The heat of immersion of alumina was also measured in water
at various pH values. The pH dependence of the heat of immersion related closely with
the adsorption of hydrogen and hydroxyl ions. The pH value where there is the mini-
mum value in the heat of immersion coincided with the equi-adsorption point. Thus, it
was confirmed that the equi-adsorption point should not always be in agreement with the
isoelectric point.

1. Introduction

Concerning the reaction between collector ions and oxide minerals such as
quartz, alumina, and iron oxides, it has been said that the electrokinetic potential
({-potential) of the oxide mineral and the ionic property of the collector reagent
should play an important role in the adsorption process.n)—* For example, cationic
collectors adsorb onto the mineral surface in the pH range where the {-potential
of the solid in water is negative, while anionic surfactants react in the pH region
where the {-potential is positive. Therefore, the isoelectric point of minerals has
been considered as a significant factor controlling the flotation behavior of oxide
minerals. A number of researchers have determined isoelectric points for various
minerals and then the adsorption of collector ions on mineral surface has been
discussed from the (-potential of mineral.¥ This thought has been emphasized
especially on the oxide mineral flotation.

On the other hand, with progress of the investigation on surface reaction
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for various flotation systems, it has been pointed out that the reaction between
collector ions and the oxide minerals, not to mention the sulfide minerals, could
not simply be explained with the concept of {-potential. =" There has been
many facts in which ionic surfactants adsorb onto the oxide mineral surface in-
dependently of the sign of {-potential. Therefore, the mechanism of the reaction
between oxide mineral and surfactant ion has not yet been fully understood.

Accordingly, a study to elucidate the mechanism of the surfactant reaction
onto the oxide minerals should be of value in establishing the principle of oxide
flotation.

As the first step for the investigation of the reaction between the surface of
oxide mineral and the collector ion, the behavior of hydrogen and hydroxyl ions
which should be most closely related to the surface reaction were considered. A
method to measure the adsorption amount of hydrogen and hydroxyl ions was first
discussed and then the adsorption density of hydrogen and hydroxyl ions on the
oxide mineral were determined to consider their adsorption process surface-

chemically.

2. Discussions on potentiometric titration

The mineral partiles suspended in an aqueous solution generally have their
own buffer action with a certain value of pH. For determining the adsorption
amount of adsorbate there is a usual method which involves measuring the difference
in concentration of the adsorbate in the solution before and after adding the
adsorbent. However, it is impossible to use the conventional method in the case of
the adsorption of hydrogen and hydroxyl ions on the mineral surface in the aqueous
solution, because water itself is the source of supplying hydrogen and hydroxyl ions.

In this study the potentiometric titration for the solution of mineral particles
suspension was employed using HCI as a titrant. Parks® was the first man who
tried to study the behavior of hydrogen and hydroxyl ions onto the mineral surface
by using the potentiometric titration for the mineral suspension. Thereafter,
many researchers have continued the flotation study by employing the potentio-
metric technique.®-1» However, the discussions on the titration results conducted
so far have been still qualitative because of the lack of the theoretical consideration
on the titration curves. The interpretation for the results of the potentiometric
titration has been inadequate. The authors tried, first of all, the theoretical con-
siderations on the potentiometric titration curves for the solution of mineral particle
suspension.

In order to determine the adsorption amount of hydrogen and hydroxyl ions
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onto the mineral surface by means of the potentiometric titration, two titration
experiments, namely one for a solution without particles suspension and the other
for a solution with particle suspension, were conducted. The two titration curves
will be theoretically discussed in the case where the amount of titrant is very small
compared with the volume of suspension solution.

The acid titration for a solution without particles suspension is considered.
Figure 1 shows a titration curve added with HCI for the solution containing only
some amount of alkali such as NaOH.

If x i3 the amount of the acid (HCI) required for varying the pH value of the
solution from ‘pHo to pH,, then the following relations will be obtained;

— HCI (ml)
Fig. 1. Titration curve for water.
[H*), = [H]+Ea

[OH"], = [OH"},—¢&(x—a) cerrenans (1)
and [OH™)[H], = [OH L, [H*], = K,, ,

where a represents the amount of acid remaining in the solution as hydrogen ion out

of the whole amount of the acid added, », while (x—a) represents ‘the amount of
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the acid consumed by hydroxyl ion to become water. ¢ is a parameter which

converts the amount of acid addition into the concentration unit depending on the

volume of the solution used in the experiments. KX,, is the ion product of water.
From the relation in (1), the following formula is obtained.

= 1 + + Ky recscienies
¥ =08 = ()~ D) (g g+ 1) (2)

It was confirmed that the above formula fairly represents the actual titration
curves obtained in the experiments.

Figure 2 shows a titration curve for the solution with particles suspension.
In the same way as before, ¥ was assumed to be the amount of acid necessary for

changing the pH value of the solution from pH, to pH,. The following relations
are obtained;

pHo

pHi

pH
——> HCI {ml)
Fig. 2. Titration curve for solution of particle suspension.
x = a+dIy++b \
(H} =[H"Totea (L (3)
[OH7), = [OH"),+&4T o —Eb

and [H+]1[OH_]1 = [H+]0[0H_]0 =K, ,
where APy =gy =T+, Aoy = Togz—Topr - I € 3]

The first equation in the above relations means that the amount of acid added
is distributed into three portions, namely the first portion remaining in the solution
as hydrogen ion, the second portion contributing to the increase in the 'a.dsorption
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of hydrogen ion onto the mineral, and the third potion combining with hydroxyl
ion to become water. From the above relations, the following expression for x is

derived;

1 1

.2 1 + +
x= 0B —?{([H L—[H7)y) +K’”(m_—[—l{—+_];

)+EWF e+ dToir)} (5)

Parks and the others considered the isoelectric point of mineral as a point
where hydrogen and hydroxyl ions were equal in adsorption amount on the mineral
surface. Under this assumption, they discussed the adsorption of hydrogen and
hydroxyl ions from the potentiometric titration experiments.

However, it is not always considered that the isoelectric point should be a
point where hydrogen and hydroxyl ions adsorb in equal amount because there
is an inherent surface charge on the mineral surface.

The authors have worked on how to determine the equi-adsorption point,
defined here as a pH value where hydrogen and hydroxyl ions adsorb in equal
amount, by making use of the titration technique. Eventually, the procedure by
which the equi-adsorption point is determined was found as described in the
following parts of this section.

Two beakers having equal amount of alkaline solution in the exact same
conditions (the same pH and temperature) are prepared. Mineral particles are
suspended in one of the two solutions and then titrated with the acid, while the other
solution which does not contain the mineral particles is titrated with the acid.

With this procedure, the two titration curves are always obtained as shown in
Figure 3. The pH value of the solution with mineral suspension slightly shifts
to pH,’ from pH, which is a pH value before adding the mineral particles. = The
curve I is the titration curve for the solution without the mineral particles suspension.
The curve 11 is the titration curve for the solution of the mineral particles suspension.
The both curves, 1 and II, intersect each other at a certain value of pH (pH, in
Figure 3).

The relation between pH, and pH,’ was discussed as follows. At first it is
assumed that the alkalinity of the solution, pH,, is adjusted by adding only NaOH

in pure water. Then, the charge balance is expressed as follows;
[H*],+[Na*] = [OH™],  eeeeeseneens (6)

When the mineral particles are added in the solution, the charge balance is;
[Na*]4+[H [+ g3t = [OH 1/ +EFopzr  eveeereeness (7)

where I'y+r and I'oyys represent the adsorption amounts of hydrogen and
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AX
pH \

— HCl (ml)

Fig. 3. Titration curves;
I: for water
II: for solution of particle suspension.

hydroxyl ions onto mineral surface at pH,’, respectively.
From (6) and (7), the following relation is derived;

[OH—]O—[OH—]O/—{- [H+]o/_[H+]o — ffou;’+5ru:' ........... .( 8 )

Equation (8) states the relation between pH, and pH,’.
Then, using equations (2), (5), and (8), for the pH at the intersection of lines,
I and II, the following relation is finally obtained.

pH;_rOH;=0 ............ (9)
The difference between two curves at arbitrary pH is;
Pyr—Toy- =4dx v (10)

.Thus, it is clearly understood that the equi-adsorption point can be obtained
from the intersection of curves, I and II. Further, it is surely recognized by many
experiments that the pH value of the intersection is constant regardless of pH,, the
amount of the mineral particles, and the volume of the solution, as far as the same

suspension material is used in the test. This fact must be especially emphasized.



38 Shigeru Mukar and Takahide WakamaTsu

3. Titration experiments

Titration experiments were carried out in the nitrogen atmosphere at fixed
temperature 25°C. The schematic illustration for the experiment is shown in

Figure 4. Alumina which was provided by Union Carbide as “Linde A” was used.

PH meter

N, gas — N2 gas

”\\\ \V NN
" "1 circulating
—_ T T water
: . (e} J :
circulating — — — —_—
water -~ — —_—

W,
[ Stirrer \

Fig. 4. Schematic representation of titration apparatus.

The BET surface area measurement showed the surface area to be 15 m?/g. The
pH value of the solution was measured by Beckman 1019 type pH meter.

In determining the titration curve corresponding to curve I in Figure 3, pH of
the solution is measured promptly after each small amount of the acid is added,
because there is no particle suspension in the solution. On the other hand, in
order to obtain the titration curve corresponding to curve II in Figure 3, it is
required a certain length of time to measure pH value at equilibrium after each
addition of acid, because there exists a ion adsorption process at the water-mineral
interface. - In this study, 20 minutes stirring followed by 5 minutes settling was taken
each time after a small amount of acid (HCl) was added.

Figures 5 and 6 show two experiments in which 4 grams of alumina and 200 cc
of solution were used, each of them being slightly different in their experimental
condition from each other. Figure 5 is result of the titration experiment in which
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4 1 L 1 1 1 1 1 1 1 1
02 04 06 o8 1O 12 14 16 1.8 20

O.IN HCl (cc)
Fig. 5. Titration curves for water the pH value of which was initially adjusted at 10.6;

I: for water
II: for solution of particle suspension.

I

1 [ ! 1 L
4 02 04 06 08 10 1.2 14 1.6 18 20

OIN HCl (cc)

Fig. 6. Titration curves for wather the pH value of which was initiélly adjusted at 10.3,
I: for water
IT: for solution of particle suspension.
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pH, of the solution without the mineral particles suspension was adjusted at 10.6.
Figure 6 is the result of the titration test in which pH, was 10.3.

As can be seen from Figures 5 and 6, it was recognized that the pH at the
intersection of the two titration curves is constant, namely 7.4. It was also con-
firmed that the pH value of 7.4 at the intersection of the two titration curves was
held even in the other experiments whose solution amount and particles suspension
amount were different one from another.

From the above results, it is especially emphasized that the pH at the in-
tersection of two titration curves, I and 11, shown in Figure 3 should be unchanged
regardless of the experimental conditions. Further, the equi-adsorption point where
hydrogen and hydroxyl ions adsorb in equal amount onto the mineral surface
should be pH=17.4 for the alumina used in this study.

4. Adsorption of hydrogen and hydroxyl ions

According to equation (10), the difference between the Curves I and II in
Figure 3, at a given pH value, x in acid amount, represents the difference in the
adsorption amount between hydrogen and hydroxyl ions.

Figures 7 and 8 show the difference between I'p 4~ and I' i+ as a function of pH,

Slope=0.39

o
§10'%
s L
g L
+ .
x
!
lI .
E /7
B /
”
/l ' )
8 9 10

pH
Fig. 7. The plot of I'gpy——1I'" g+ as a function of pH.

which were obtained from the results of Figures 5 and 6. As can be seen from
Figures 7 and 8, the value of I'gyy- — 'y or I' gt —I' g~ become zero at pH region
near 7.4 while they become larger in alkaline or acidic region. In the fairly
alkaline or acidic region, the plot of the logarithm of (I'y+—Iop-) or (Do~ —Tg+)
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Fig. 8. The plot of I'yy+— oy~ as a function of pH.

against pH is in the linear relationship. The slopes of the straight lines are 0.39
for the alkaline region and 0.42 for the acidic region. In these regions, it is con-
sidered that the adsorption amount of one species of ion is very small compared with
that of the other. Therefore, in determining the isotherms for the hydrogen
and hydroxyl ion it was assumed that the relation between the adsorption amount
and the concentration is expressed for each ion in the following form;

Iyt = Kyt [HT]"®
Toyg~ = Koy~ [OH™"*

The values of K i+ and Ko~ were determined through the least square method
using some values of (I'gy-—I'5+) and (I' y+ —I'o ) at several pH values plotted in
Figures 7 and 8.

As a consequence, the isotherms for the adsorption of hydrogen and hydroxyl
ions onto alumina surface were obtained as follows;

Iyt =2X% 10"3[H+]0.42 y
Toy =58x10°[0H-1>» 7 (In)

Figure 9 shows the above two isotherms in the log I'- pH plot, which are
characterized by Freundlich isotherm type.

From the above results, it is concluded that the adsorption isotherms of hydro-
gen and hydroxyl ions should be determined through the titration method and that
the isotherms for the adsorption of hydrogen and hydroxyl ion onto alumina surface
are represented in the Freundlich equation.
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6 7 8 9 - 10
pH
Fig. 9. Adsorption isotherms of hydrogen and hydroxyl ions
for alumina.

5. Equi-adsorption point and isoelectric point

As mentioned in an earlier section of this paper, several researchers consider
that the hydrogen and hydroxyl ions adsorb in equal amount at the isoelectric
point where {-potential is zero.!>» Much literature show that the isoelectric point
for alumina is pH=8.9~9.2!, while the equi-adsorption point for alumina used
in this experiment was determined to be 7.4.

Accordingly, the electrophoresis measurement for alumina used in this study
was made by Zeta meter in order to obtain its isoelectric point. The result of
the electrophoresis measurement for alumina is shown in Figure 10.

As can be seen in Figure 10, the alumina sample in this study has it isoelectric
point at pH=9.0, different from the equi-adsorption point.

From the above facts it is emphasized that the isoelectric point should not
be identified with the equi-adsorption point where hydrogen and hydroxyl ions
adsorb onto the mineral surface in equal amount. Futhermore, it can be said that

this fact should afford a new aspect on the surface-chemistry study.
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Fig. 10. {-potential of alumina particles in water as a function of pH.

6. Heat of immersion and equi-adsorption point

The heat of immersion in the alumina-water system is considered to be closely
related to the adsorption of hydrogen and hydroxyl ions on alumina. Therefore,
the pH dependence of the heat of immersion in the alumina-water system was
investigated using Oyodenki CM-204 type micro calorimeter. A given amount of
the alumina powder and a given volume of water were put into separate vessels in
the calorimeter and allowed to equilibrate with temperature 25°C for 17-24 hours.
Then, the powder was immersed into the water.

Figure 11 shows the relation between the heat of immersion and the equilibrium
pH of water after immersing the alumina powder.

As can be seen in Figure 11, the heat of immersion in the alumina-water system
is pH dependent, namely, about 93 erg/cm? at pH=4, 75 erg/cm? in the neutral pH
range, and about 85 erg/cm? at pH=10. There is a minimum in the immersional
heat at pH=7.5 or 7.4, which coincides with the equi-adsorption point previously
obtained.

Figure 12 indicates the sum of the adsorption density of hydrogen and hydroxyl
ions on alumina as a function of pH. At the equi-adsorption point the total sum of
the hydrogen and hydroxyl ions adsorption is minimum. From the results in
Figures 11 and 12, it is noticed that the heat of immersion should be closely related
with the adsorption of hydrogen and hydroxyl ions. Further, the immersional
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Fig. 12. The plot of I' j;++ I'ggy— as a function of pH.

heat measurements support that the equi-adsorption point in the alumina-water

system should be at pH=7.4~7.5 and should be different from the isoelectric

point conventionally used in electro-surface chemistry.
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7. Summary

As a part of the fundamental study on the reaction between the surfaces
of the oxide mineral and the collector ions, the adsorption of hydrogen and hydroxy!
ions onto the mineral surface was considered from the view point that the hydrogen
and hydroxyl ions should play an important role in the surface reaction process.

Alumina was used as a test sample. The adsorption amount of hydrogen and
hydroxyl ions on alumina was determined by the acid titration method which was
theoretically well discussed in this study. It was found that there should be a value
of pH at which hydrogen and hydroxyl ions were equal in adsorption amount on
alumina. Further, it was shown both experimentally and theoretically that the
pH value defined in the present paper as the equi-adsorption point, was a value
of pH at the intersection of two acid titration curves, one for a solution without
alumina particles and the other for a solution with the particle suspension.

The adsorption isotherm of hydrogen and hydroxyl ions on alumina were

expressed in the form of Freundlich isotherm;

Tyt = 2X 107 [H ]
oy = 5.8x10°[OH 1"

The equi-adsorption point for alumina was pH 7.4, while the isoelectric point
for the same material was pH 9.0 by the electrophoresis measurement.

The heat of immersion of alumina was also measured in water at various pH
values. The heat of immersion of alumina into water decreases with decreasing
acidity up to pH 7, reaches a minimum value at about pH 7.5, and then increases
with increasing alkalinity. The pH value where there is the minimum value in the
heat of immersion coincides with the equi-adsorption point. It was shown that
the variation in the heat of immersion relates closely with the adsorption of hydrogen
and hydroxyl ions.

Thus, the above adsorption measurement and the immersional heat meas-
urement support that the equi-adsorption point in the alumina-water system
should be at pH 7.4 and should not always be in agreement with the isoelectric
point.
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