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ABSTRACT

Adsorption of surfactants and inorganics on minerals is influenced by the properties of
the solid as well as various chemical equilibria involving such reactions as complexation,
precipitation, and micellization. Analysis of the adsorption process from an overall chem-
ical equilibrium point of view shows that in a number of mineral-reagent systems, the 10-
called chemisorption can, in fact, be viewed as a surface-precipitation process. The mark-
ed pH dependence of adsorption of metallic species on oxides, often speculated to be
due to the chemisorption of hydrolyzed metal ions, can also be explained in terms of
surface-precipitation processes. This precipitation in the interfacial region is essentially
controlled by the solubility product for precipitation in the bulk solution and the activi-
ties of the species in the interfacial region. In this paper, the adsorption behavior of
cobalt and calcium species on silica, and ferric species on alumina is examined in terms of
surface precipitation. Also, the electrokinetic behavior of iron-oxide--Qctylhydroxamate
and apatite--oleate systems, and the flotation characteristics of tenorite (CuO)-salicyl-
aldoxime and calcite/apatite/dolomite-fatty-acid/sulfonate systems have been analyzed.
Changes in electrokinetic and flotation behavior of these systems have been correlated
with precipitation conditions.

INTRODUCTION

Adsorption of surfactants on hydrophilic minerals is an essential step in
the surface hydrophobization and the consequent bubble-particle attach-
ment leading to flotation. Adsorption on minerals may result from a direct
interaction between the solid surface and the adsorbate species due to elec-
trostatic, chemical or other forces, or from an indirect activation process. In
the latter case, a third component, often referred to as activator, modifies
either the solid surface or the surfactant to aid adsorption. These effects
leading to adsorption are influenced in turn by interactions such as micelliza-
tion and precipitation of surfactant, dissolution of the solids followed by
hydrolysis of dissolved species, complexation and precipitation. When the
adsorption process is examined in the light of various chemical equilibria
that may occ~r in the syst,em, it becomes evident that in a number of sys-
tems adsorption is the result of precipitation of the adsorbate on the mineral
surfS\Ce.
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In thjs paper, a nwnber of cases of adsorption reported in the literature
are analyzed to determine the role of surface precipitation in the adsorption
process. It is shown that reactions such as precipitation that occur in the
interfacial region are controlled by the activities of the species in that region
and that, often, such reactions may occur in the interfacial region before
they occur in the bulk solution. A thermodynamic basis for surface precip-
itation is presented and the conditions for surface precipitation in selected
systems are correlated with those for adsorption, flotation and electrokinetic
effects.

SURFACE VERSUS BULK PRECIPITATION

The distribution of various species between the interfacial region of a solid
and the bulk solution is governed by the electrochemical properties of the
solid and the properties of the bulk medium. The exjstence of an electrical
potential at the solid-liquid interface, for example, will lead to preferential
partitioning of oppositely charged counter-ions in the interfacial region. In
such systems, under conditions of electrochemical equilibrium, the activity
in the interfacial region is related to that in the bulk by the equation (1]

,,0 - ,,9 b"'-1 ",-ai-I = °i-b exp. (1)
RT

Where °i-1 and ci-b represent the activities of species i in the surface and
bulk regions, respectively. 1l~-1 and Il~-b represent the standard electrochem-
ical potential of s~ies i in the surface and bulk regions, respectively. The
difference 1l~-1 - Il~-b represents the adsorption energy. Note that the activi-
ty of a species can be higher in the interfacial region than in the bulk solu.
tion, if favorable free energy changes accompany such a redistribution. Many
reactions involving the adsorbate species may take place as a result of such a
redistribution. For example, aggregation of surfactants at the solid-liquid
interface leading to hemimicellization can be shown to occur when the inter-
facial concentration of the surfactant attains values equal to the "CMC".
Similarly, reactions involving cations released from the solid and the adsor-
bate anions may also take place preferentially in the interfacial region under
conditions when the surface is positively charged. However, in the absence of
any favorable electrostatic or other forces. such reactions might be expected
to take place simultaneously in the interfacial region as well as in the bulk.
Surface precipitation may predominate if the kinetics of release of metallic
species are relatively slow.

Specific examples from the literature involving the above interactions are
discussed in the following sections.

ADSORPTION OF METALLIC SPECIES AT OXIDE-WATER INTERFACE

Adsorption behavior of multivalent species on oxide surfaces h2S been the
subject of several investigations in the past (2-5]. In general, ads:>rption of
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multivalent species on oxide surfaces exhibits a sharp pH dependence. Ad-
sorption increases markedly at pH values just below that required for the
precipitation of the corresponding metal hydroxide. This has been attribut-
ed to the chemisorption of the flrst metal-hydroxy species which have been
suggested to exist in significant amounts under those pH conditions [2]. A
typical example, viz., the adsorption of Ca species on silica, is given in Fig. 1
[3]. Ca adsorption is found to remain almost constant in the pH region 4-10
and to increase markedly around pH 11. This sharp increase has been attrib-
uted to the chemisorption of CaOH+ which begins to fornl in significant
amounts around this pH [2] . The adsorption process in this pH region can be
examined from another view point. Evidently, some Ca2+ (= 3 X 10-10 mol
cm-2) adsorbs in the interfacial region in the pH region of 4 to 10. There-
fore, the .mterfacial concentration of Ca2+ is higher than that in the bulk
solution. Assuming that the thickness of the adsorbed layer is about 35 A
(thickness of the electrical double layer), the pH of precipitation of Ca(OH)2
is estimated to be 11.4. On the other hand, if the thickness is assumed to be
10 and 4 A (contact adsorption), the respective pH values for precipitation
are 11.15 and 10.96. Note that the surface region should attain the above
pH value for precipitation to occur in the interfacial r~ion. In the absence
of any added Ca, the surface pH of silica can be expected to be lower than
its bulk value. This difference can, however, be expected to decrease in the
presence of adsorbed calcium. In fact, our estimates of equivalent negative
sites of 4.2 X 10-10 mol cm-2, based on the available information on the

pH
Fig. 1. pH dependence of Ca adsorption on quartz.. KIP (Ca(OH)l) - 10-1.2 (6). pH of sur-
face precipitation for different ..umed values of adsorbed-layer thickness (6): 6 (3SA):
pH = 11.4,6 (lOA): pH = 11.15,6 (4A): pH = 10.96. (After Clark and Cooke (3J.)
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charge density of silica (40 pC cm-2 at pH 11 and ionic strength 10-2 kmol
m-3) suggests that in the present case, the surface pH will not be sjgnificant-
ly different from the bulk pH, since 3 X 10-10 molcm-2 of calcium is reported
to adsorb at this pH. Thus, it can be seen that the sharp increase in adsorp-
tion coincides with the conditions for the surface precipitation of Ca( OH)2.

Similar results for the adsorption of Co2. on silica [5J and our estimate of
pH of precipitation are given in Fig. 2. Again, the marked increase in cobalt
adsorption around pH 7 can be ~ttributed to surface precipitation ofCo(OHh.
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Fig. 2. Experimental adsorption isotherm for Co" adsorption at 1.2 X 10-4 kmol m-1 on
silica at 25°C. The available surface area is 75 m' I-I. K'P(Co(OH),) - 10-11 [5); pH of

precipitation of Co(OH), for different values of adsorbed layer thickne. (6): 6 (lOA):
pH - 6.9, 6 (4A): pH - 6.7. (After James and Healy [5).)

Another interesting example of metal-ion adsorption, which is often
quoted as a counter argument to surface precipitation [2], is that of the
ferric species on alumina (Fig. 3). Adsorption of Fe3+ on alumina increases
markedly around pH 2. It is argued in this case that the ferric species as well
as ferric hydroxide are highly positively charged around pH 2 and hence
precipitation of metal hydroxide on a positively charged alumina is unlikely
[2]. However, it is to be noted that since alumina is positively charged
around pH 2, the surface pH in this case will be higher than the bulk pH. The
zeta potential of alumina at pH 2 is about 55 m V . An estimate of the surface
pH can be obtained using the measured value of zeta potential and the equa-
tion [6] :

pHs= pHb + Fl/ld/2.3 RT (2)

According to this, when the bulk pH is 2, the surface pH can be as high as
2.8. The pH required for the precipitation of Fe(OH)3 (KIP = 10-38.1 [6]) at
10-4 kmol m-3 FeCl3 is only 2.4. In other words, when the bulk pH is 2, the
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surface pH may be much higher than that required for the precipitation of
Fe(OH)3' It is possible that a surface pH higher than 2.4. maybe as high as
2.8. is necessary for surface precipitation. because the concentration of ferric
species in the interfacial region will be less than its value in the bulk solution.
Thus. it is clear that the sharp increase in ferric uptake by alumina around
pH 2 can also be considered to be the result of surface precipitation of
Fe(OH)3'
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Fig. 3. pH dependence of ad~rption of ferric species on alumina. FeCI. - 10-4 kmol m-s.
Ksp(Fe(OH).) c 10 1 (6]. t (alumina, pH 2) = 55 mV (3], surface pH corresponding to
bulk pH of 2 - 2.8, pH for Fe(OH). precipitation - 2.4. (After Fuerstenau and Palmer

(2].)

As discussed earlier, the marked increase in cobalt adsorption on silica
around pH 7 may be due to the surface precipitation of Co(OH)2' James and
Healy [4]. on the basis of their electrokinetic potential measurements, have
shown that the surface of silica under these conditions becomes similar to
t~at of Co(OH)2' According to these authors, oxide minerals in general in
the presence of multivalent ions exhibit a characteristic zeta-potential depen-
dence on pH. Such systems exhibit three charge reversals. The first charge-
reversal pH (CRl) corresponds to the point of zero charge of the mineral
oxide.. The second charge reversal occurs around the pH where the "adsorp.
tion" exhibits its sharp increase. James and Healy [4] have attributed the
second charge-reversal point (CR2) to the onset of surface precipitation of
the adsorbate hydroxide on the orjginal oxide surface. The third charge-re-
versal point (CR3) corresponds to the point of zero charge of the adsorbate
hydroxide.

Based on the dependence of the second charge-reversal pH (CR2) on the
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solids concentration in the case of the Coz+~ilica system, these authors have
further argued that the surface precipitation is governed by a thermodynamic
solubility product which is different from that for the bulk precipitation.
The present analysis shows that it is not necessary to invoke a new thermo-
dynamic constant for surface precipitation, if the interfacial activities of the
species involved are considered. This is further examined below.

A plot of CR2 versus solids concentration for the Coz+-silica system is
given in Fig. 4. Note that the total concentration of Co species is constant
and equal to 10-4 kmol m-3. The solubility product of Co(OH)z is 10-15 [5]
and, therefore, the precipitation of Co(OH)z in the bulk solution, in the
absence of any solid, is expected only at pH 8.5. The second charge-reversal
pH, which is indicative of the onset of surface precipitation, is found to de-
crease with decrease in the solids concentration. A decrease in solids concen-
tration at constant total Co concentration should lead to higher adsorption,
expressed per unit area of solid, but also to higher equilibrium concentration
in the bulk solution because of lower depletion. Thus, as the solids concen-
tration is decreased both the interfacial concentration and the bulk equilib-
rium concentration will increase. Consequently, the pH for surface precipita-
tion will continue to decrease with decrease in solids concentration. If this
point is extrapolated to zero solids concentration, the corresponding value of
CR2 is 7.8. According to James and Healy [4], this value of CR2 should have
corresponded to bulk precipitation of Co(OH)2' Since at 10-4 kmol m-)
cobalt, bulk precipitation of Co(OH)z is expected to occur only at pH 8.5,
these authors postulated that the surface precipitation is controlled by a
solubility product which is different from that for the bulk solution. This
phenomenon can, however, be examined in the following manner also. Sur-
face precipitation of Co(OH)z occurs mainly because the surface concentra-
tion of Coz+ is higher than that in the bulk solution. Even at the pH corre-
sponding to extrapolated zero solids, the Co concentration responsible for
precipitation is the surface concentration. Thus, the extrapolated value of
CR2 represents the bulk precipitation pH of a system which has a bulk
cobalt concentration equal to the extrapolated value of the surface concen-
tration of the present system. In other words, if the bulk solution had
cobalt equivalent to the extrapolated value of sUrface concentration corre-
sponding to zero solids, then the precipitation of Co(OH)z would have
occurred at pH 7.8. This value of surface concentration in fact corresponds
to the adsorption density when the equilibrium Coz+ in the system is 10-4
kmol m-). Using the experimental result, given in Ref. [5], the adsorption
density of cobalt at an equilibrium concentration of 10-4 mol m-) and at a
pH of 7.8 is 10-10 mol cm-z. Assuming an adsorbed layer thickness of 300 A
(electrical double-layer thickness), the corresponding surface concentration
is estimated to be 0.033 kmol m-3. Using this concentration and the solubili-
ty-product value for bulk precipitation, the pH of precipitation is 7.2. Thus,
at the extrapolated value of CR2, precipitation of Co(OH)2 would occur if
the bulk solution has Coz+ equal to the extrapolated interfacial concentra-



111

tion corresponding to zero solids. The present calculations therefore show
that, in the case of the Co2+-silica system, the surface precipitation is
governed by the same bulk-precipitation constant. Furthermore, these results
suggest that the intrinsic reactivities of Co2+ and OH- have not necessarily
changed in the interfacial region and the observed surface precipitation at
pH values below that for bulk precipitation is merely due to the higher con-
centration of Co2+ in the interfacial region.
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ELECTROPHORETIC MOBILITY

If precipitation of adsorbate species occurs on the mineral, then its sur-
face should behave similarly to that of the precipitate. A powerful tool
which can be used to identify such surface alterations, without subjecting
the samples to treatments used in spectroscopic techniques, is the masure-
ment of electrophoretic mobility. A shift in the isoelectric point (IEP) of
the mineral in the presence of surfactants has often been considered to indi-
cate chemisorption [7]. Examples are, however, provided in this section to
show that the solution conditions giving rise to such shifts in fact correspond
to those for the precipitation of surfactant salts.

The results of Mishra et al. [8] for the electrophoretic mobility of apatite
in oleate solutions (Fig. 5) show that the apatite surface becomes progressive-
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,

Iy similar to that of Ca-oleate with increase in oleate concentration. This is
indicative of the formation of Ca-oleate on the mineral surface. The interest-
ing point to note here is that, at 10-6 kmol m-3 oleate, the electrophoretic
mobility of apatite is almost identical to its value in water. At 5 X 10-6 kmol
m-3 oleate, however, a significant shift in the IEP is observed. Traditionally
these results would be interpreted to suggest that chemisorption of oleate on
apatite begins at some oleate level between 10-6 and 5 X 10-6 kmol m-3 oleate.
Our calculations show that, at the IEP of the mineral (pHEP - 6.5 and Ca2+
in solution = 10-4 kmol m-3 (9]), the concentration of oleate required to

precipitate Ca-oleate is 2 X 10-6 kmol m -3. The first significant change in
the apatite IEP can thus be seen to occur at oleate levels ~uired for the
precipitation of Ca-oleate. In another study, Wang and Somasundaran (10]
have shown that minerals such as calcite, kaolinite and titania, in the presence
of CaCI~ and Na-oleate. exhibit kientical zeta-potential values, suggesting
the formation of Ca-oleate in all three systems.

Yet another system considered to involve chemisorption and exhibiting a
shift in IEP is that of hematite--octylhydroxamate illustrated in Fig. 6 (11] .
At a hydroxamate level of 2 X 10-5 kmolm-3, a change in the IEP of hema-
tite from 8.1 to 7 is observed. In this case also, with increase in the hydrox-
amate concentration. the surface is progressively becoming similar to that of
ferric hydroxamate. Using the available thermodynamic data for the forma-
tion of ferric hydroxamate (11], the conditions for its precipitation have
been determined and the results are given in Fig. 7. Evidently, at 2 X 10-5
kmol m-3 hydroxamate, ferric hydroxamate can be expected to precipitate
in the entire pH region.
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FL<YI'ATION

In this section, the so-called "chemisorption conditions" for the flotation
of selected oxide, carbonate and phosphate minerals are shown to corre-
spond to those for the precipitation of cation-collector salts in the inter-
facial region.

Chelating-type collectors such as hydroxamate and salicylaldoxime (SALO)
are considered to chemisorb strongly on the mineral surface and cause their
flotation [11-14]. Typical results for the flotation of tenorite (CuO) using
gALa are given in Fig. 8 [13]. Flotation increases sharply above 2 X 10-4
kmol m-3. Using the equilibria given below, the gALa (H2L) concentration
required for the precipitation of Cu(HL)2 is estimated to be 1.7 X 10-4
kmol m-3.

CuO(s) + 2H+:: Cu2+ + H2O 10-7.65 [6]

CU2+ + 2H2L :: Cu(HL)1 + 2H+ 10°.1 [15,.~.6]

H2L+H+ : H3L+ 101.72 [15,~.7]
H1L ::: HL - + H+ 10-9.3 [15, ~. 7]

HL - : L2- + H+ 10-12.1 [15, 1 (-]

(3)

(4)

(5)

(6)

(7)
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Interestingly, the SALO notation of CuO increases markedly just above
this concentration. The calculations are for the precipitation of the Cu-SALO
complex in the bulk solution. However, since at pH 4.8 almost all the SALO
(>99.9%) is present in the neutral molecule form, both the surface and bulk
precipitation can be expected to take place under identical conditions, and
thus the conditions for flotation in this case are seen to correspond to that
for the precipitation of Cu-BALO complex in the interfacial region.
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The above calculations may be extended to determine the pH range of
flotation at a given level of gALa by computing the activity of Cu2+ in
equilibrium with CuO and Cu-SALO complex. The results given in Fig. 9
show that the amount of CU2+ released from the mineral in the pH range
1.2 to 9.8 is higher than that required to precipitate the Cu-SALO complex.
Thus, the Cu-SALO complex is stable in the pH range 1.2 to 9.8 and hence
both surface and bulk precipitation are expected to occur in this pH region.
Flotation results given in Fig. 10 show the pH range of CuO flotation to be
in excellent agreement with that predicted on the basis of experimentally
determined surface precipitation [13]. The presence of a minimum in the
flotation in the above pH region is related to the preferential bulk precipita-
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tion in this region and the results of Nagaraj and Somasundaran [13) show
good correlation between the chelate on the surface and the mineral flota-
tion. It should be noted that in the latter work, the role of partitioning of
the surfactant between the surface and the bulk precipitate was recognized
for the first time and flotation was correlated with the formation of surface
precipitate.
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The combination of anionic surfactants and semi-soluble minerals repre-
sents another class of "chemisorption" system. The typical flotation
behavior of calcite [18), dolomite [19) and apatite [19) using anionic sur-
factants is shown in Figs 11 and 12. Note that, under the pH conditions of
flotation, the minerals have either zero charge or some negative charge. Elec-
trostatic factors in these systems should, therefore, not result in measurable
excess of surfactant in the interfacial region. The bulk-precipitation condi.
tions should represent the lower limit of surface precipitation. This is obtain-
ed again by determining the Ca2+ activity in equilibrium with the minerals
and the surfactant required to precipitate Ca-surfactant salt under the
respective pH conditions [9). The detailed procedure to determine the
activity of Ca2+ in equilibrium with various l':1inerals is given in Refs [6, 9,
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20]. The minimum concentration of the surfactant required to precipitate
the Ca-salt in each of the above cases is indicated in Figs 11 and 12. The
concentration at which flotation begins to occur can be clearly seen to corre.
spond to the onset of Ca-surfactant-salt precipitation.
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In addition to the above. the possibility of surface precipitation has been
considered also in dodecylbenzenesulfonate-Bereasandstone(22] Ilimestone-
(22] Ikaolinite(23] systems. In these systems. the experimentally observed
adsorption maximum has been attributed to the surface precipitation of
multivalent ion-surfactant complexes in the low concentration region and
the redissolution of such precipitates in micellar solutions.

Unlike the situation in the systems examined above, if electrostatic fac.
tors are favorable for adsorption. then the surfactant concentration in the
interfacial region will be higher than that in the bulk solution. The inter-
actions that occur in the interfacial region will depend essentially upon the
relative concentrations of the surfactant required to form hemimicelles
(24. 25] and to precipitate the surfactant salt. If the HMC (hemimicelle con-
centration) is lower. then the formation of hemimicelles would be preferred
over the salt precipitation. This can be illustrated using the alumina-dode-
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Fig. 12. Flotation or apatite and dolomite a. a runction or oleate concentration. Arrow.
indicate the onset or precipitation of Ca-oleate (pH = 10). Ca3. (dolomite) - 2.8 x 10-'
kmol m-s. Cas. (apatite) = 2 x 10'6 kmol m-S. K.p (Ca-vleate) c 4 X 10-.6 [21). (After

Moudgil and Chanchani [19).)
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cylsulfonate system in which adsorption has been established to be due to a
combination of electrostatic and chain-:"1:hain.interaction forces, leading to
hemimicellization [24, 25]. The activity of A13+ in equilibrium with alumina
as well as with Al-dodecylsulfonate is shown in Fig. 13. At 7.5 X 10-s
kmol m -3 sulfonate, the A13+ concentration required to precipitate Al-Sul-
fonate is much higher than that available from dissolved alumina. Even at a
higher sulfonate monomer concentration equal to its bulk CMC (9.8 X 10-3
kmol m-3), precipitation can occur only at pH values below 5.0. Thus under
neutral pH conditions, precipitation of Al-sulfonate is not expected in the
system. As the sulfonate concentration is increased, the interfacial concen-
trations can attain values corresponding to the bulk "CMC", and hemi-
micelle formation will begin. From calculations using the sulfonate-adsorp-
tion density at the onset of hemimicellization (2.7 X 10-12 mol cm-2 [27])
and assuming the adsorbed-layer thickness to be equal to the electrical
double-layer thickness (67 A, ionic strength = 2 X 10-3 kmol m-3 NaCI), the
concentration in the interfacial region is estimated to be 4 X 10-3 kmol m-3.
If, on the other hand, the adsorbed-layer thickness is assumed to be 20 A,
the interfacial concentration will be 1.35 X 10-2 kmol m-3. There will in-
deed be a distribution of sulfonate wIthin the double layer. In any case, the
sulfonate level in the interfacial region can be considered to be of the order
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indicated above and is close to the bulk CMC of dodecylsulfonate, 9.8 X 10-3
klnol m-3. Thus, in this case, formation of hemimicelles occurs as opposed
to precipitation of Al-sulfonate (hemimicellization itself can be considered
to be a surfac~oooenaation phenomenon).

SUMMARY AND CONCLUSIONS

Electrokinetic, adsorption and notation behavior of a number of mineral!
surfactant systems has been analyzed to show that the conditions of marked
increase in "chemisorption" coincide with those ftlr the precipitation of the
cation-surfactant salt in the interfacial region. Adsorption of the surfactant
in the interfacial region due to electrostatic or other forces, or accumulation
of metallic species in the interfacial region due to slow release and transport
of the dissolved species into the bulk, can lead to surface precipitation. In
the absence of any favorable adsorption forces, both the surface and bulk
precipitation may occur simultaneously. If, on the other hand, the concen-
tration of metallic species released trom the solid is not sufficient to cause
precipitation, then above a critical interfacial concentration close to critical
micelle concentration in the bulk solution, the surfactant may form hemi-
micelles at the solid-liquid interface.

The marked pH dependence of adsorption of metallic species such as
calcium or cobalt on oxides may also be due to the surface precipitation of
the hydroxide on the mineral surface. EvKlently, it is not necessary to invoke
chem~orption of hydrolyzed metallic species, to account for the above pH
dependence. Furthermore, a detailed analysis of the Co2+-.ilica system
suggests that the solubility product which governs the precipitation in the
bulk solution, controls also the surface precipitation. It is noted that the
reactions that occur in the interfacial region are determined by the activities
of the species in the interfacial region and that the latter can be significantly
different from the activities in the bulk solution. It is seen that the reactions
that occur in the interfacial region can be predicted from a knowledge of the
mineral-solution equilibria and surface chemical and electrokinetic proper-
ties of the solid.
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