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Summary

The understanding of the mechanism of adsorption of long-chain alkyl amines
and elucidation of the properties of the adsorbed layers is important for a variety of
industrial applications. The primary long-chain alkylammonium salts are most
commonly used as flotation collectors for beneficiation of silicates, principally
because of their relatively high solubility. The adsorption of amines on silicate
minerals was studied extensively in the past, mostly by indirect methods, such as
measurement of contact angle, zeta-potential, surface forces, and recovery response.
Although the general mechanism of the adsorption of the long-chain amines and
coadsorption of alcohols on silicates was studied, there was no direct spectroscopic
investigations. The adsorption of amines and coadsorption of amines and alcohols on
silicates and of dependence of the adsorbed layer structure on the relationship
between chain lengths of both components have not been studied by direct in-situ
techniques. Thus, the aims of the present work is to study individual and coadsorption
of the long-chain amines, their acetate salts, and alcohols on silicate minerals, quartz
(SiO2), albite (NaAlSi3O8) and microcline (KAlSi3O8) by using direct FTIR
spectroscopy (diffuse reflectance, DRIFT and reflection-absorption spectroscopy,
IRRAS) methods and X-ray photoelectron spectroscopy (XPS). The spectroscopic
data has been compared to flotation and zeta-potential results and the spectral
characteristics have been distinguished for qualitative assessment of the adsorbed
layer for surface hydrophobicity or hydrophilicity. The alkyl chain-length effect in the
coadsorption of long-chain amines and alcohols on quartz and feldspar minerals has
been presented.

The adsorption characteristics of alkyl amines on quartz and albite demonstrate
three regions of adsorption. At low amine concentrations and below the critical hemi-
micelle concentration (CHC), the surface silanol groups interact with ammonium head
groups through hydrogen bonds while the hydrocarbon chains are chaotically
oriented. In this region, the amines are sporadically populated. The H-bond becomes
stronger after the transition in adsorption properties of the isotherm, zeta-potential and
flotation curves. At and above the concentration of CHC but below the appearance of
the precipitated molecular amine on the surface, the adsorption is distinguished with
both the protonated and molecular amines at the surface. Since the molecular amine
screens out the electrostatic repulsion between the adjacent amine cations, the
adsorption increases steeply after the break and the monolayer represent thick patches
of well oriented and densely packed amines. The hydrocarbon chains are highly
organised with a tilt angle of 30o from the surface normal. At higher amine
concentration, bulk precipitation of molecular amine takes place. A model of
successive two-dimensional and three-dimensional precipitation of amine is proposed
to explain the amine adsorption on a silicate surface. The results accomplished in the
present work deviate from the hemi-micelle and admicelle models but can be
interpreted within the framework of the condensation theory if one substitutes
condensation phenomena by the precipitation phenomena.

The structure of coadsorbed layer of long-chain amines and alcohols is elucidated
in termas of deprotonation of an ammonium group in the adsorbed “alkyl ammonium-
water-alcohol” complex leading to two-dimensional precipitation of molecular amine.
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The synergetic adsorption of these surfactants is thus explained. The influence of
mixed amine/alcohol reagents with varying alkyl chain lengths from C8 to C16 show
highest order and packing at the surface when the alkyl chain length of mixed amine
and alcohol is the same. The CH2

asym and CH2
sym bands in reflection absorption

spectroscopy spectrum occurred at lowest frequencies with narrowest widths when
coadsorbents were dodecyl amine and dodecyl alcohol thereby validating the highest
order and packing of the adsorbed species at equal alkyl chain lengths leading to
enhanced hydrophobicity and thus maximum floatability. The total concentration in
mixed composition is reduced by one order of magnitude when compared to the
amine concentration alone for achieving the same flotation response. The
coadsorption of neutral molecules in between charged amine heads shield its
repulsion and thereby the adsorption is increased due to lateral tail-tail hydrophobic
bonds.

The mechanism of mixed cationic/anionic and cationic/non-ionic collectors
adsorption on feldspars and quartz, and preferential feldspar flotation from quartz
have also been elucidated. In the presence of alkyl sulfonate collector, no flotation of
microcline and quartz is observed whereas the alkyl diamine flotation of the minerals
is found to be pH and concentration dependent. At pH 2 and in the presence of 0.01
mM diamine, the flotation recovery of microcline is 30% and quartz is not floated. At
lower concentrations of diamine, the presence of sulfonate increases the microcline
recovery without affecting quartz flotation. The increase in microcline recovery
occurs until 0.5 mole fraction of sulfonate in total collector concentration and above
that flotation decreases. The iso-electric point of quartz is pH 2.1 and microcline
exhibits negative charge down to pH 1.5. This charge difference between the minerals
at pH 2 is responsible for diamine adsorption on microcline through electrostatic
interaction but not on quartz due to its near zero charge. The partial hydrophobicity so
acquired by microcline is increased with the co-adsorption of sulfonate through
complex formation with diamine, due to their oppositely charged groups. Similar to
alcohols, the presence of sulfonate increases the adsorption of diamine apart from its
co-adsorption. The presence of anionic head groups would decrease the electrostatic
head-head repulsion between alkyl ammonium cations and thus adsorption of diamine
increases due to lateral chain-chain bonds. The negative charge of sulfonate in the
diamine/sulfonate complex appears to be lower and the net charge of complex is
positive, thereby the normal bond between the head groups of diamine and the
adsorption sites is not influenced. The DRIFT spectra showed no adsorption of
anionic collector when used alone but displayed simultaneous adsorption in the
presence of cationic collector. The results illustrate that increasing the sulfonate
concentration beyond 0.5 mole fraction in mixed composition of diamine/sulfonate
leads to adsorption in reverse orientation causing a sudden decrease in zeta-potential
and flotation recovery, and a sharp increase in the adsorption.

The studies on pure albite and quartz minerals handpicked from Desaki feldspar
deposit of Mevior S.A., Greece using either mixed alkyl diaminopropane/alkyl aryl
sulfonate or a combined cationic-anionic collector (alkyl diaminopropane dioleate)
further substantiate the above conclusions. Although the Hallimond flotation results
show the feasibility of selective albite flotation from the ore at pH 2 with either of the
reagent schemes, the zeta-potential and FT-IR studies indicate no major difference in
mixed collectors adsorption on albite and quartz. The latter studies were performed
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with finer size particles while the coarser size fraction was used in flotation tests.
Based on these observations, the feldspar ore was deslimed prior to bench scale
flotation tests and an albite concentrate with Na2O content exceeding 10.2% is
obtained from a feed material containing about 6% Na2O, where a product above 9%
Na2O is considered to be very valuable.

Key Words: quartz, albite, microcline, primary alkyl amines, alkyl alcohols, alkyl
sulfonates, mixed cationic/non-ionic and cationic/anionic collectors, flotation, zeta-
potential, adsorption, FTIR, XPS.
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1. Introuduction

1.1. Adsorption of Primary Alkylamines on Silicates

The understanding of the mechanism of adsorption of long-chain alkyl amines
and elucidation of the properties of the adsorbed layers is important for a variety of
industrial applications. In particular, primary long-chain alkylammonium salts are
most commonly used flotation collectors for beneficiation of silicates [1], principally
because of their relatively high solubility. This problem was studied extensively by
the electrokinetic, surface force, contact angle, and flotation recovery measurements
during the last 60 years and reviewed from time to time [2-7]. At neutral and slightly
acidic pH, alkylamines (weak electrolyte type surfactants) are almost totally ionized
(for dodecyl amine (DA) pKa,aq ≈ 10.6, pKsol ≈ 8.41 [8]) while the silicate surface is
negatively charged (pHpzc 32 −≈ ). Under these conditions and at low bulk amine
concentration Cb (region I), the system is characterized by low adsorption of the
surfactant, poor floatability, low contact angle, and practically constant or even
decreasing to more negative values of zeta potential (Fig. 1). It has been found [9,10]
that the adsorbed amine ions are at greater distances apart (more than 1.34
nm2/molecule) relative to the close-packed theoretical monolayer (ca. 0.25
nm2/molecule) and adsorption area is proportional to hydrocarbon chain length. From
a certain bulk concentration of amine (region II), the adsorption characteristics of the
amine-mineral system steeply increase. At this critical concentration, surface
coverage is 1-20% (19% for DA on quartz [9]) of the theoretical monolayer and zeta
potential is still negative, i.e., the surface is essentially bare and a sufficient number of
negative sites are still available. At higher concentrations (region III) and, in neutral
and slightly alkaline conditions, hydrophobicity decreases. The phase separated amine
precipitate, the second layer with the amine heads oriented towards the solution,
bilayered aggregates and flip-flop orientation have been accounted for the possible
adsorbed layer structure.

Fig. 1. The Gaudin−Fuerstenau adsorption model [9]: adsorption schematic [11],
adsorption isotherm [12], ζ potential [11].
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A theory that is widely employed for interpretation of the above regularities is
due to Gaudin and Fuerstenau and is known as the hemimicelle model (HM) [11, 13-
15]. It postulates that amine cations are attracted electrostatically to the oppositely
charged surface but cannot readily displace water from the hydrophilic surface. The
invariance of zeta potential in region I is explained by replacement of positive ions
(e.g., protons) in the outer Stern plane by amine cations. The adsorbed layer formed in
such a manner is sporadic and the orientation of the chains is chaotic, because of
steric hindrance between the interacting hydrocarbon chains and electrostatic
repulsion between the charged amino-groups. In region II, the actual concentration of
amine near the quartz surface (because of the gradient of the electrostatic potential)
becomes higher than the critical micelle concentration (CMC) and a two-dimensional
(2D) process similar to ordinary bulk micellization (3D) takes place. Namely, the
decrease in free energy due to the removal of the hydrocarbon chains from water
begins to override the energy increase due to the electrostatic repulsion between the
positively charged head groups. As a result, the surfactant aggregates at the surface
and its adsorption is enhanced. This 2D aggregate is called hemimicelle (i.e., half of a
micelle) and the critical concentration is referred to as the critical hemimicelle
concentration (CHC). It is suggested that in a hemimicelle hydrocarbon tails are
oriented toward the solution while the head groups are directed towards the surface
[13,16].

The bulk concentration Cb, at which concentration of cations at the
“negatively-charged mineral/water” interface, Cs, reaches CMC has been estimated by
the Boltzmann equation [11]:

                              )/exp( RTFCC ibs ψ−=                                                 (1)

Here, ψi is the potential in the plane where the physically adsorbed ions are
positioned. Taking ψi = -135 mV as average of the measured zeta potential of the
initial quartz (–80 mV) and the approximated value of the double layer potential of
quartz at pH 7 ( 190−  mV) [11], it was shown that for Cb = 1 × 10-4 M, around which
the break in the adsorption characteristics is observed, amine concentration at the
interface (Cs= 0.02 M) is close to CMC of dodecyl ammonium chloride (DACl)
(0.014 at 30°C) [17].

Furthermore, the free energy of transfer of one CH2 group from solution to a
hemimicelle was estimated as follows [13,14]. According to Grahame’s version of the
Stern isotherm, the adsorption density of the surfactant Γ+ (ions cm-2) is described by:

                                      )/exp(2 0 kTGrC adsb ∆−=Γ+                                                 (2)

where r  is the radius of the adsorbed ion. The total adsorption energy ÙG0
ads can be

divided into electrostatic term zeψi (z is the ion valency and e if electron charge); a
term for interaction of the head group with the surface, ϑHG ; and the van der Waals
cohesive (adsorption) free energy between hydrocarbon chains, nÙω ( n  is the number
of the CH2 groups in the chain, ω∆  is the attractive (lateral) energy per one CH2
group):
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                                      ω∆+ϑ+ψ=∆ nzeG HGiads
0 .                                                (3)

Differentiation with respect to ln Cb and rearrangement of equation 2 yields for the
point of the charge reversal, Cpcr, when ψi = 0:

                                       
kT

n
kT

rC HG
b

ω∆+ϑ+−Γ= + )2ln(lnln .                                (4)

Assuming the term in parentheses constant at the pcr (i.e., independent of the
surfactant chain length), the value of ω∆  is obtained from the slope of the dependence
of ln Cpcr on n (Fig. 2). For a homologue series of C10 – C18 alkyl amine acetates, Ùω
= 0.97kT. This value agrees excellently with the cohesive energy per one CH2 group
in bulk micelles (1-1.1kT). This fact has been regarded as a confirmation of validity of
the HM basic hypothesis [15,18].

Fig. 2. (A) Effect of hydrocarbon chain length on the ζ-potential of quartz in solutions
of alkylammonium acetates and in solutions of ammonium acetate.
(B) Variation of the concentration of alkylammonium acetate at zero ζ-potential as a
function of alkyl chain length [13].

Table I - Critical concentrations for DA aqueous solutions at pH 6.5.

Number of
carbon atoms
in alkyl chain

solClog
[19]

satClog pcrClog

[15]

pcr
sClog

10 -3.3 0.83 -1.40 0.69
12 -4.7 -0.57 -1.89 0.2
14 -6.0 -1.87 -2.49 -0.4
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The coincidence of Ùω value with the cohesive energy per one CH2 group in
bulk micelles can be doubted because of the following reasoning. One can calculate
using equation 1 the surface concentration of amine Cs

pcr for Cb = Cpcr, taking the
reported [15] points of charge reversal of quartz in solutions of amines with different
chain lengths and initial (in pure water) zeta potential 60−=ς  mV (Fig. 2A). The
results are shown in Table I. On the other hand, at given pH = 6.5 and pKa = 10.6 (this
value is approximately the same for all the long-chain amines [17], the saturation
concentration Csat is given by [3]:

                                             13.4loglog += solsat CC ,                                             (5)

where Csol is solubility limit. For values of Csol taken from Smith [19], the calculated
values of Csat are also listed in Table I. One can see that for amines with the chains
more than 10 carbon lengths Cs

pcr > Csat. It follows that at Cpcr these amines exist at
the quartz surface as precipitated phase implying that the above mentioned procedure
of estimation of Ùω is incorrect, and the coincidence of Ùω for this case the cohesive
energy of micelles should have another physical meaning.

In addition, the HM cannot explain why:
1) quartz is almost completely floated at a surface coverage of 2-6% monolayer at

about neutral pH [20], when the amine cations are “sparsely and chaotically”
distributed, which implies low hydrophobicity of the surface;

2) DACl is adsorbed up to about 20% of monolayer on fused silica at pH 3, where the
adsorbent surface has relatively small negative charge [21];

3) anionic surfactants are bound onto the clay minerals having an overall negative
charge at all pHs;

4) at pHs below pzc and concentrations of DA greater than 10-5 M, the quantity of the
amine adsorbed on hematite is much greater than can be accounted for by
attraction of amine ions at negatively charged surface sites and flotation of
hematite with octadecylamine is observed below the pzc [19];

5) the adsorption isotherm of DA acetate (DAAc) on quartz at pH = 5 has no break at
all [20];

6) a higher flotation activity is shown by more hydroxylated quartz samples [22].

Smith [23,24] reported a significant phenomenon of time dependent contact angle
of quartz surface conditioned at various dodecylamine salt concentrations (Figure 3A).
The contact angles were relatively high (86 degrees) between pH 9.5 to 11.5 and only
about 36 degrees in a system of low pH region where the amine exists as ions. These
earlier studies provided the indication of the existence of amine precipitate or neutral
molecules at high pH values while the later zeta-potential studies of Laskowski [3,7]
confirmed the formation of colloidal precipitate on quartz surface in accordance with
the amine species distribution diagram (Figure 3B). The generality of the HM has
been doubted by Smith [4], who pointed out that at the temperature lower than the
Krafft point TK (T< TK) long-chain molecules are not flexible and mobile enough to
form aggregates in solution and micelles cannot form. However, for DACl surface
aggregation is observed at T< TK (TK = 26°C). For higher pH (7−8 < pH < 11) this
discrepancy has been remedied by ascribing the adsorption enhancement to ordinary
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surface precipitation due to exceeding solubility limit of amines (2 × 10-5 M for DA at
25°C) [17] within the quartz-solution interface [4] or to co-adsorption of molecular
amine [3]. In the latter case, the neutral molecules, building between the amine cations
and screening the electrostatic repulsion between their head groups, act as templates
for the hemimicelle formation. However, this mechanism has been discarded [4]  for
lower pH since at pH < 7 the amine bulk concentration Cb at which the concentration
of saturation, Csat, is reached at the interface is higher than the threshold concentration
of region II [3].

Fig. 3. (A) Contact angle as a function of pH for various dodecylamine salt
concentrations [23-25]. (B) Domain diagram for aqueous solutions of dodecyl-
ammonium chloride [7].

The correlation between the silicate mineral floatability and the formation of
neutral amine molecules in alkaline pH region elucidated earlier [23] is confirmed by
Laskowski and co-workers [3,7,26], mainly through zeta-potential investigations.
According to Laskowski, the molecular form of amines precipitates in alkaline
solutions when the amine solubility limit is exceeded and forms typical colloidal
solution. These colloidal species are characterized by i.e.p.’s around pH 10.6–11.0.
The zeta-potential versus pH curves for minerals and bubbles in the presence of
amines in the pH range where the amine forms a colloidal precipitate were manifested
to that of the precipitate zeta-potential. The distinct region of charge reversal of quartz
in the presence of dodecylamine hydrochloride reported by Li and de Bruyn’s [27],
Fig. 4A, where the pH of charge reversal in basic solutions occurred nearly at two
orders less concentration of amine than in acidic solutions, is shown to coincide with
the amine precipitation. The results obtained by Fuerstenau [25] were also accounted
for the precipitation of dodecylamine on quartz. The valid contention is that the zeta-
potential values over the range from pH 10 to 12 are exactly those for the
doecylamine precipitate itself (Fig. 4B). Thus the precipitation of neutral molecules
seems to be well established for alkaline pH, at least at the macroscopic level, and the
adsorption of amines at neutral pH region has been explained mainly by HM model.
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Fig. 4. (A) Electrophoretic mobility of quartz in solutions of dodecylammonium
chloride at different pH values [27]. (B) Zeta-potential of quartz at 4 × 10-5 M
dodecylamine acetate as a function of pH [25] and dodecylamine precipitate alone
[28].

To explain the adsorption isotherms of alkylammonium ions on biotite (Fig. 5A),
phosphate oolite, and calcites, Cases et al. [5,29]  have put forward the condensation
theory (CT), which is the basis of the admicelle theory (AT) by Scamehorn et al. [30].
The main idea of the CT is that the break in the adsorption isotherm at CHC (Fig. 5B)
corresponds to 2D condensation of the surfactant at the interface. It is assumed that
such a 2D phase is chemically identical to either the 3D hydrated crystal or micelles
of the surfactant at T < TK or T > TK, respectively. The CT is extended to any real
surface (heterogeneous), assuming that such a surface can be represented as a sum of
homogeneous domains with different (specific) values of the 2D saturation
concentration C2D. Depending on the affinity to the surfactant, these domains are
filled successively. As a result, the single jump in the isotherm (Fig. 5B) is broken
into several jumps (Fig. 5C), which can be, however, difficult to distinguish
experimentally. Nevertheless, these substeps have been observed in the isotherms of
adsorption of alkylammonium chlorides on biotite [31], phosphate oolite, and calcites
[32].

The CT predicts that with a further increase in the bulk concentration the second
layer (bilayer) can form through the tail-tail interactions and ascribes to this process
the most pronounced vertical step in the adsorption isotherm (Fig. 5C). After that the
bulk saturation (3D condensation) takes place. Hanumantha Rao et al. [33,34]  have
found that the model of 2D-condensation and 3D-precipitation is able to describe the
features on the adsorption isotherm of oleate on Ca-minerals.

As distinct to the HM, the CT takes into account the possibility of the 2D-3D
condensation, describing the adsorption of a surfactant onto an ideal homogeneous
surface by the so-called Cases-Mutaftschiev isotherm [29]:

                       
θ−

θ+θ−ω−ϑ−ϑ=










1
ln)21(

2
)(ln 0 kT

C
CkT a
ref

b .                            (6)
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Here, θ = [SA]/[ST]  is the surface coverage ([SA] is the concentration of the adsorbate
on surface sites, [ST]  is the maximum concentration of surface sites); Cb is the
equilibrium bulk concentration for a given θ; Cref is the saturation concentration for
the reference phase (see below); ϑa is the potential of interaction between the head
group and the adsorption site (this can be specific ϑHG (chemical or H-bonding) or
electrostatical zeψi (see equation 3); ϑ0 is the potential of binding of the surfactant
head group in the reference phase; and ω is the sum per molecule of lateral
interactions in the adsorbed layer at θ = 1. The reference phase is “the hydrated
crystal” or micelles in equilibrium with monomers for T <  TK or T > TK, respectively.
Under the term “hydrated crystal”, the CT implies “a lamenar structure, with the polar
groups lying along the interface with water. The arrangement is such that the
hydrocarbon chains are perpendicular to the interface and each sheet is approximately
two hydrocarbon chain lengths thick… The space between sheets is mainly occupied
by water and counterions” [5].

Fig. 5. (A) Adsorption isotherms of alkylammonium chlorides of different chain
lengths on biotite at pH 5.5 and 25°C [31]. (B) Schematic of Frumkin isotherm for
homogeneous and (C) heterogeneous surface at ω > 4kT.

The parameter ω in equation 6 can be approximated as

                                                repn ω−ω∆=ω ,                                                          (7)

where the term nÙω has the same meaning as in equation 3 and ωrep is the energy of
repulsion between the polar groups. For a surfactant with more than nine carbon
atoms in the alkyl chain, lateral interactions ω are higher than the critical value of
lateral bonds 4kT. In this case equation 6 transforms into the well-known Frumkin
equation for the isotherm of 2D condensation of an adsorbent onto a homogeneous
surface, which is depicted in Fig. 5B. The abrupt jump in the isotherm corresponds to
the condition

(B)

(C)
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                                         a
ref

b
C
CkT ϑ−ϑ= 0

*ln                                                          (8)

where Cb* is the critical bulk concentration, which can be expressed as:

                           constant2/2/*ln
2

+ω+ϑ−ω∆−= repaCHb nCkT                        (9)

It is seen that increasing hydrophobic interaction (the first term in the right side of
equation 9) and increasing bonding with the adsorbent (the second term) results in
decreasing the critical concentration. At Cb < Cb* the adsorbent is predicted to be
sparsely populated by chaotically oriented monomers, while at Cb > Cb* the 2D
condensed monolayer forms.

The advantage of the CT is in its generality. It differentiates the cases T <  TK and
T > TK and takes into account the adsorbate-adsorbent and adsorbate-adsorbate
interactions and the possibility of the surface condensation. The CT includes the HM
as the specific case of a homogeneous surface, T > TK, and pure electrostatic
adsorbate-adsorbent interactions.

The CT classifies affinity of the ionic surfactant to the surface as strong if the
monolayer coverage is reached at a concentration much less than the CMC [5]. In this
case, irrespective of the Krafft point, monolayer-thick patches with dense “crystalline-
like” packing are predicted to form first, followed by the possibility of bilayer
formation. Since the indicated relationship between the concentrations holds for
adsorption of primary alkylamines at quartz one should conclude that the amines are
adsorbed at silicates strongly. At the same time, the formation of strong bonds
between amine and a silicate in water under the conditions in question has not been
confirmed spectroscopically. In contrast, indirect data [9,22] testify that DAAc is
more likely adsorbed in form of disordered 3D micelle-like aggregates. In addition,
like the HM, the CT neglects the possibility of the bulk precipitation of molecular
amine and the effect of the surfactant counterion.

Recently, it has been found [35-38] that the origin of the counterion (more
precisely, its affinity to the amine head group and specific adsorptivity to the mineral
surface) affects the adsorption of cationic surfactants. The X-ray photoelectron
spectroscopy (XPS) study of adsorption of the halogen (Cl-, Br-, or I-) salts of
hexadecyltrimethylamine (CTA) on mica [35] has demonstrated clearly that formation
of the first monolayer occurs in two distinct stages: i) a fast nonequilibrium initial
adsorption of the dipoles ”cation-negatively charged halogen counterion” onto the
negative-charged surface of mica to near monolayer saturation and ii) a second
desorption of the mica surface counterions (K+, Cs+, or Ca+) and halogen counterions
from the surface. The oppositely charged counterions (halogen and metal) form ion
pairs that proceed to slowly diffuse out of the headgroup region through the
hydrophobic layer into the bulk solution, leaving behind the headgroups that are now
bound to the surface more strongly via Coulombic (ionic) bonds than dipolar bonds.
In the case of the larger and less hydrated Br, or I ions, the final adsorption of the
amine was found to be less than that in the case of Cl-. Since the binding energies of
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these anions to CTA+ are in the order I- >> Br- > Cl- [39], one can conclude that in the
case under examination coadsorption of the counterion suppresses adsorption of the
amine onto mica. Previous studies of amine adsorption have been performed for both
the acetate and halogen salts [4,9] without distinguishing the effect of the counterion.
At the same time, it is well known that acetate ion can be H-bonded [40] or even
chemisorbed [41] onto a silicate surface.

The effect of counterion is taken into account by the admicelle theory (AT) [42].
The AT assumes that when a critical concentration is achieved the surfactant with the
counterions aggregate in the vicinity of the surface in incomplete bilayers (flattened
micelles), which are called admicelles. Formation of bilayer-shaped aggregates has
been observed in solutions of CTA+Br- and dihexadecyldimethylammonium salts
[35]. However, the AFM study [43] of C18TA+Br- on mica at T < TK testifies to that
this surfactant is adsorbed predominately as the monomer rather than as an aggregated
solution species.

From very few spectroscopic studies on adsorption of amines on silicates, no one
has employed IR spectroscopy to the best of our knowledge. Thus, one of the aims of
the present work is to elucidate the adsorption mechanism of primary alkylamines on
silicate minerals, quartz (SiO2) and albite (NaAlSiO3) by using the FTIR and XPS
spectroscopy.

1.2. Adsorption of Mixed Surfactants on Silicates

The adsorption behaviour of mixtures of soluble surfactants at interfaces and their
consequent effect on interfacial properties varies significantly over a wide range of
relative concentrations. There are a number of processes where the mixtures of
dissimilar surfactants have showed better properties than the individual components
involved and thus a strong interest has appeared in the behaviour of mixed surfactant
systems in recent years. The interactions between two surfactants in solution and at
air/liquid interface have been studied intensively [44-46]. In general, the physico-
chemical properties of mixed monolayer do not obey the additive rule, i.e., the layer
performance is either enhanced or suppressed as compared to the sum of the
proportional contributions of the individual components. Such a non-additive
behaviour is designated as synergism and negative synergism in the cases of the
property enhancement and suppression, respectively. Synergism in binary mixture of
surfactants is due to stronger attractive interactions between the two different
types of surfactants than attraction between the molecules of one surfactant. Negative
synergism occurs when attractive surfactant interactions in the mixed system
are weaker (e.g., due to electrostatic repulsion) than the individual surfactant systems.

Although the adsorption of single surfactants at the solid-liquid interface has been
studied thoroughly, far few studies exist for the case of adsorption from mixed
surfactant solutions. Synergy in co-adsorption of collectors is very promising
direction in flotation research since it permits to achieve the same surface property at
a lower consumption of the reagents. This is important in flotation process where the
selectivity increases with decreasing collector concentration. The literature on mixed
collector systems in flotation has been reviewed very recently [27].
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In the presence of non-ionic or anionic surfactants (e.g. alcohols and sulfonates),
the hemi-micelle phenomenon is expected to take place at smaller concentration of
amine. The intrusion of non-ionics or anionics between the amine cations shields the
adjacent amine head-head repulsion and lowers the CMC of the amine hemi-micelles.
The co-adsorption of neutral molecules results in a closer packed and therefore, more
hydrophobic coating of the surface, improving the flotation process further. The
amines do not form a close-packed monolayer on silicate surface since the cross-
sectional area of the amine charged head is about 0.25 nm2 (for dodecylamine ion [1])
and area occupied by each hydrocarbon chain in a close-packed monolayer is about
0.20 nm2 [48], while the area around the negative charged oxygen hexagon on the
silicate surface is about twice larger, 0.48 nm2 [49,50].

The increase in the contact angles of quartz [24], the increase in the hydrophobic
force between mica surfaces [50] and the increase in the flotation response of
corrundum [51] with the addition of neutral alcohol molecules in dodecylamine
revealed the coadsorption of alcohol where it is not adsorbed on the quartz surface by
itself. The most hydrophobic effect was observed for co-adsorption of the pair
dodecyl amine−dodecyl alcohol from the surface force investigations [50]. Of
particular interest is the use of a mixture of cationic alkyl diamine and anionic
sulfonate collectors for feldspar flotation from quartz [52].

Although the general mechanism of the coadsorption of the long chain amines
and alcohols on silicates was studied, there was no direct spectroscopic observation of
coadsorption of amines and alcohols on silicates and dependence of the adsorbed
layer structure on the relationship between chain lengths of both components. There
are only a few attempts to understand the underlying mechanism of mixed alkyl
diamine/sulfonate collectors in selective feldspar flotation [53,54].

Thus, another aim of the present work was to study the effect of long-chain
alcohols on the mechanism of adsorption of long-chain amines and the structure of
adsorbed film by using IR and XPS spectroscopy, and correlate the spectral data to
flotation, adsorption and zeta-potential results. It is also contemplated to understand
the role of mixed cationic/anionic collector in selective feldspar flotation.

1.3. Flotation of Feldspars from Quartz

Feldspar is the most widespread important mineral group in the world, forming
around 60% of the earth’s crust, and is used in glass manufacturing, in the production
of ceramics and in value added applications such as fillers and extenders in plastics,
paint and rubber [55]. The two properties of feldspar that make it useful for industrial
applications are its alkali and alumina contents. The sodium feldspar is preferred
by many ceramic and glaze manufacturers as it exhibits stronger fluxing property than
potassium feldspar, which controls the degree of vitrification. However, the
refractoriness of the material increases with increased amount of potassium feldspar
in a ceramic body. Potassium feldspar is often used in the manufature of high voltage
electrical porcelain. The glass industries make use of the high alumina content of the
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feldspars besides the presence of alkalis. The ratio of alkali/alumina specifies its use
for a given application.

Chemically, feldspar is a general term applied to the aluminosilicate mineral
group combined with potassium, sodium or calcium, or a mixture of these elements.
They are described as potassium feldspar (orthoclase and microcline, KAlSi3O8),
sodium feldspar (albite, NaAlSi3O8) and calcium feldspar (anorthite, CaAl2Si2O8).
Any feldspar containing more than 5% of the third component may be called ternary.
Anorthoclase is albite containing up to one-third K-feldspar. The plagioclase feldspars
(albite) and calcium feldspars (anorthite) lie at opposite ends of an isomorphous series
(solid solution series).

Feldspars are found in igneous, metamorphic and sedimentary deposits in most
countries. Silica is often associated with the feldspars, as quartz in pegamatic deposits
and silica sand in feldspathic sand deposits. For the separation of feldspars from
quartz, the traditional methods often fail due to overlapping of the densities and
magnetic susceptibilities. The froth flotation process has so far proved to be the most
suitable beneficiation method. Conventionally, feldspars are floated from quartz using
primary long-chain alkyl amine surfactants as cationic collector in highly acidic
conditions generated by the use of hydrofluoric acid. The use of HF suffers from the
growing awareness of environmental and health problems, in addition to its inherent
cost and its creation of a corrosive chemical environment in the flotation cells. The
search for a new reagent scheme, free from HF, is under serious consideration for the
last couple of decades without much success. However, the use of mixed
cationic/anionic surfactants at a very low pH 2 in the absence of fluoride ions appears
to be promising for selective feldspar flotation. Mixed cationic tallow-1,3-
propanediamine and anionic petroleum sulfonate collectors and a combined cationic-
anionic collector, tallow-1,3-propanediamine dioleate were used for feldspar
separation at pH 2 without using HF medium [56,57]. Both these reagent schemes
have been tested with a number of mineralogically different feldspar ores and
compared with the conventional HF method. The mixed cationic and anionic
surfactants system was found to be as effective as the HF reagent system in
preferential feldspar flotation. Other comparative studies however showed that the HF
reagent system performed better than the mixed surfactant scheme [58]. There are
other reagent schemes reported without using HF, but these studies have been limited
to single mineral flotation or artificial mixtures [59-62].

The another distinct objective of the present work is to apply the mixed
cationic/anionic reagent schemes for the selective albite flotation from Greek Stefania
feldspar deposit of Mevior S.A., Greece, with a prior understanding of the adsorption
phenomena of mixed collectors on pure albite and quartz minerals.
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2. Experimental Techniques

2.1. Materials
The pure crystalline quartz and albite mineral samples were obtained from

Mevior S.A., Greece originating from their Stefania deposit near Thessaloniki was
used. The chemical analysis of these samples showed that quartz purity was more than
99% and albite was 98.5% pure with oxides content of 67.9 wt% SiO2, 19.2 wt%
Al2O3 and 11.7 wt% Na2O. The pure crystalline microcline and quartz mineral
samples purchased from Gregory, Bottley & Lloyd Ltd., UK were also used. The
samples were crushed and ground in an agate mortar. The products were wet-sieved to
obtain particle size fractions of –150 + 38 µm and –38 µm. A portion of –38 µm was
further ground and micro-sieved in an ultrasonic bath to obtain –5 µm size fraction.
The coarser size fraction, –150 +38 µm, was employed for Hallimond flotation tests
while the fines (–5 µm) were used in zeta-potential and FTIR investigations. The BET
specific surface areas for the coarse and fine fractions of albite were determined to be
0.15 and 2.78 m2 g-1 and the respective specific surface areas for quartz (Greece) size
fractions were found to be 0.09 and 1.30 m2 g-1.

The albite ore from the Stefania deposit was also received from Mevior S.A. The
ore was crushed to –3 mm size and the crushed material was ground in a stainless
steel rod mill in order to obtain a suitable size fraction for bench-scale flotation test.
The tests were performed with a particle size distribution of d80 = 90 µm (80%
passing through size). The material contained about 75.8 wt% SiO2, 13.7 wt% Al2O3,
6.85 wt% Na2O, 0.54 wt% Fe2O3, 0.85 wt% K2O and 0.43 wt% CaO.

2.2 Reagents

The C8, C12 and C16-alkyl amines with 99% purity were obtained from the Akzo
Nobel AB, Sweden. The acetate salts of C12 and C16 amines were prepared in benzene
solvent by mixing equimolar amounts of the respective amine and acetic acid. The
SIGMA spectroscopic grade alcohols of different alkyl chain lengths C8, C10, C12, C14
and C16 were purchased from Kebo, Sweden. The cationic collector of tallow-1,3-
diaminopropane (diamine, Duomeen T), combined cationic-anionic collector of
tallow-1,3-propanediamine dioleate (diamine-dioleate, Duomeen TDO) and anionic
alkyl aryl sulfonate (Morwet 3008) collectors were obtained from Akzo Nobel AB,
Sweden and Witco SA, France, respectively. The anionic collectors of sodium
dodecyl sulfonate and sodium oleate were procured from Fluka and Riedel-De Häen
respectively. High purity of sodium salts of C8 and C10-sulfonic acids (Sigma
Chemical Co., USA), C12-sulfonic acid (Fluka Chemika, Switzerland) and C14 and
C16-sulfonic acids (Aldrich Chem. Co.) were purchased. Analar grade HCl and NaOH
(papers I to VII) and H2SO4 and NaOH (papers VIII, IX & X) were used for pH
adjustment and de-ionised water (specific conductance, 0.4−0.7 µS cm-1) was used in
all experiments except in bench scale flotation tests.
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2.3. Zeta-potential Mesurements

The zeta-potentials were measured using a Laser Zee Meter (Pen Kem Inc.,
model 501) equipped with video system employing a rectangular flat cell. 1.0 g l-1

mineral suspension was prepared in 10-3 KNO3 electrolyte solutions, conditioned for 1
hour at room temperature (22oC) in the presence of predetermined concentration of
reagents and pH. The pH of the suspension at the time of measurement was reported
in the results.

2.4. Diffuse Reflectance FT-IR Measurements

The infrared spectra were recorded for all the samples after zeta-potential
measurements on the air-dried –5 µm powder. The FTIR spectra were obtained with a
Perkin-Elmer 2000 spectrometer with its own diffuse reflectance attachment. Typical
spectrum was an average of 200 scans measured at 4 cm-1 resolution with a narrow
band liquid nitrogen cooled MCT detector. At the concentration of reagents used, the
intensity of the bands with respect to adsorbed layers were low and the samples were
not mixed with KBr since dilution further lowers the sensitivity. Thus the untreated
mineral powder was used as reference and the absorbance units were defined by the
decimal logarithm of the ratio of initial mineral reflectance to the sample one. The
atmospheric water was always subtracted from the sample spectrum. The area under
the alkyl chain bands was measured with the facility available within spectral
manipulation.

2.5. Reflection Absorbance FTIR Measurements

A plate with dimensions of about 20 × 20 mm2 was cut from a single mineral
crystal and the working surface was prepared by polishing successively with the SiC
papers down to the 0.25 µm size and washed thoroughly with deionized water. The
surface was conditioned with the required reagent solution for about 5 min and the
excess solution was removed from the surface with a filter paper. The Infrared
Reflection-Absorption Spectra (IRRAS) of the surfactant film at the mineral-air
interface were obtained using a Harrick Inc. IRRAS accessory immediately after
contact with the solution. All the spectra were collected by coadding 600 scans at 4
cm-1 resolution with narrow band liquid nitrogen cooled MCT detector. The angle of
incidence of unpolarized radiation was 10o. At this angle practically only the modes
with the Transition Dipole Moment (TDM) parallel to the surface contribute to the
IRRAS spectrum and, according to the spectral simulations the absorption bands of
adsorbates appear negative [44].

2.6. X-ray Photoelectron Spectroscopy (XPS) Measurements

The XPS spectra were recorded with AXIS Ultra (Kratos) electron spectrometer
under Al monoirradiation and Mg irradiation with sample cooling. The vacuum in the
sample analysis chamber during measurements was 10-8 Torr. A value of 285.0 eV
was adopted as the standard C(1s) binding energy. The powdered samples were
measured 2 days later after obtaining the corresponding DRIFT spectra. The
measurements on the fracture surfaces were performed just after immersing for 10-15
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min in the solution and shaking of the drops. The sample was set into the precooled
holder. The results are presented as fractions of the 100% base since the mineral
matrix silicon fraction is the same within the standard error determining the relative
atomic concentration (10%), which permits comparing between the data for quartz
and albite.

2.7. Hallimond Flotation Tests

The single mineral flotation tests were made using Hallimond cell of 100 ml
volume. Exactly 1.0 g of the mineral sample is conditioned first in predetermined
concentration of reagent solution for 5 min and the suspension was transferred to the
flotation cell. The flotation was conducted for 1 min at an air flow rate of 8 ml min-1.
When the tests were performed in mixed cationic/anionic collectors, the mineral was
conditioned in a solution containing both the reagents at specified concentration ratio.

2.8. Bench Scale Flotation Tests

Bench scale flotation tests were performed with 1 Kg material in a WEMCO
laboratory cell of the Fagergren type with a cell volume of 2.7 litres. Initially, 1 Kg of
the material was ground in a stainless steel rod mill of 17 Kg charge with 800 ml
water for specified time interval. After grinding, the material was deslimed at 20 µm
size and transferred to the flotation cell. The pulp density was adjusted to 28 per cent
and the sequential flotation tests involving mixed tallow-1,3-propanediamine
(Duomeen T) and alkyl aryl sulfonate collectors, and combined cationic-anionic
collector, tallow-1,3-propanediamine dioleate (Duomeen TDO), were carried out as
follows:

The pulp was conditioned for 10 min after adjustment of the pH and the same pH
was maintained during the course of flotation. A known amount of collector was
added and conditioned further for 5 min. The pulp was then floated for 2−4 min. The
mica was floated first in two stages using alkyl aryl sulfonate collector at pH 7.5.
After mica flotation, the pulp pH was reduced to 2 with H2SO4 and the albite flotation
was carried out in three stages with successive additions of Duomeen TDO collector.
The collector dosage in the two stages of mica flotation was 300 g/t and 200 g/t, and
during each albite flotation step, a 150 g/t collector dosage was employed.

In the case of a mixture of Duomeen T and alkyl aryl sulfonate, the flotation was
performed as before until the two stages of mica flotation. After mica flotation, the
pulp pH was reduced to 2 with H2SO4 and the albite flotation was carried out in three
stages using successive addition of diamine collector to the pulp already conditioned
with the total amount of 250 g/t sulfonate collector. The collector dosage in the two
stages of mica flotation was 300 g/t and 200 g/t, and the dosage of diamine during
successive steps of albite flotation was 100 g/t, 100 g/t and 50 g/t.
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3. Results and Discussion

3.1. Hallimond Flotation Studies

3.1.1.  Effect of Primary alkyl amines

Numerous microflotation studies of quartz have been made using various cationic
and anionic collectors, and the present tests are intended to compare the response of
quartz when floated with amine and its acetate salt of the same alkyl chain length to its
response when floated in the presence of amine and alcohols of varying alkyl chain
lengths. Furthermore, since the recent infrared studies of various carboxylic acids,
including acetic acid, onto a set of common mineral substrates indicated the adsorption
of an acetate ion through weak H-bonding on the surface of quartz [40], the effect of
an acetate counterion on flotation was targeted for investigation. The flotation of
quartz and albite as a function of C8, C12 and C16 amine chlorides at pH 6−7 are shown
in Fig. 6. The flotation responses with C12 and C16 amine acetate salts also presented in
the same figure. The effect of alkyl chain length on the flotation behaviour of quartz
(Fig. 6A) observed to be precisely the same as was presented by Fuerstenau et al. in
1964 [14]. The on-set of hemi-micelle formation for C8, C12 and C16 amines
corresponds to about 1 × 10-4, 1 × 10-5 and 2 × 10-6 M respectively illustrating that the
critical concentration decreases about one order magnitude with 4 carbons increase in
the alkyl chain length. In the case of quartz, the counter ions of amine appear to have
no influence since the flotation response is comparable with amine chloride and
acetate solutions. However, the dodecylamine acetate salt gave higher flotation albite
recovery than its chloride counter part (Fig. 6B), while the other conditions being the
same. By outlining the fact that the flotation recovery is not sensitive with surface
coverage of collector and one hydrophobic patch on the surface is enough for the
particle to adhere air-bubble and float, the effect of acetate ion on amine adsorption
cannot be ruled out.

Fig. 6. Flotation of quartz (A) and albite (B) with amines as a function of
concentration at pH 6−7.
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3.1.2. Effect of mixed primary alkyl amines and alcohols

Fig. 7 shows the effect of alcohol chain length on quartz and albite flotation when
it is mixed with C12 and C16 amine acetate solutions. The results in a mixed
composition of a particular C12 amine and alcohol concentration as a function of
alcohol chain length indicate that the quartz (Fig. 7A) flotation reaches maximum at
C12 alcohol matching to the amine chain length. At alcohol chain length greater than
C12, the quartz recovery decreased although insignificantly. The results at the three
concentrations of alcohols with varying chain length in the presence of 5 × 10-6 M C12
amine demonstrate the same behaviour. The same behaviour of maximum recovery of
quartz at the equal chain lengths of amine and alcohol in mixed composition is also
observed with C16-amine. However, in this case 80% recovery is almost reached at C12
alcohol and attaining to 90% at C16-alcohol. Similar behaviour was observed for albite
(Fig. 7B). Recognising the fact that the flotation response is not directly related to the
degree of collector coverage and thus hydrophobicity, the results signify the alkyl
chain length compatibility in mixed surfactant systems on silicate-water interface.

Fig. 7. Effect of alkyl chain length in mixed amine/alcohol on quartz (A) and albite
(B) flotation at pH 6−7.

The adsorption in a system containing both charged and neutral ions should be
greater than one containing only surface active ions, since the neutral molecule heads
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interface by co-adsorption between the collector ions. In this aspect, it is worthwhile
to remember that the maximum flotation of minerals either with cationic amine or
with anionic oleate collector occurs at a pH range where the surfactant exists as ions
and neutral molecules [7,63]. This shows the greater surface activity of a neutral
molecule in the presence of its ions.  Being single surfactant system but existing in
neutral and ionic form with the same alkyl chain length, the adsorbed layer could be
very packed thereby increasing the surface hydrophobic character and flotation. When
the two components differ in chain length, the adsorbed layer expands and the spacing
between adjacent molecules is found to increase at the liquid/air interface presumably
caused by the thermal motion of the unequal chain lengths in a mixed monolayer [64],
i.e., formation of gauche defects near the end of chains and longitudinal displacement
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of the chains. The same phenomena is expected to occur at the solid/liquid interface
which explains the observed flotation response of quartz at equal alkyl chain length of
amine and alcohol when compared to unequal chain length in mixed composition.

3.1.3. Effect of mixed cationic and anionic collectors

Although one of the objectives of the present study is to delineate the underlying
mechanism of mixed cationic/anionic collectors in preferential feldspar flotation from
quartz, the flotation response of the minerals independently with cationic and anionic
collectors is first assessed. Fig. 8 shows the flotation responses of microcline and
quartz as a function of pH with cationic diamine and, anionic sulfonate and oleate
collectors. The recoveries are presented at 1 × 10-5 and 5 × 10-5 M initial diamine
concentrations. At lower diamine concentration, the rapid rise in quartz recovery
begins at about pH 3.5 and at higher level, the on-set pH for flotation is decreased to
2.5. The flotation of microcline begins to occur at a very low pH region of 1.5−2.0. At
this pH region, the recovery of microcline is about 60% using 5 × 10-5 M diamine,
while quartz is not floated. However, there is no difference in the flotation responses
of quartz and microcline above pH 4 and both minerals are floated equally well using
5 × 10-5 M diamine. With anionic collectors, neither of the minerals is floated in the
pH range studied.

Fig. 8. Flotation results as a function of pH with sulfonate, diamine and oleate
collectors.
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10-4 M), quartz acquires partial floatability mainly due to the increase in diamine
concentration and the recovery stands at 20-30% with increasing sulfonate
concentration. The results suggest that at lower diamine concentrations where
microcline and quartz have partial and negligible flotation respectively, the increased
addition of sulfonate enhance microcline recovery without effecting quartz flotation.
However, when the concentration of anionic sulfonate becomes more than that of
cationic diamine, the recovery decreases sharply.

Fig. 9. Flotation results as a function of sulfonate concentration in the presence of
different diamine concentrations at pH 2.

Fig. 10. Flotation results as a function of collector concentration at three different pH
values.
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The effect of diamine concentration on albite and quartz flotation at three pH
values of 1.75, 2.0 and 6−7 is shown in Fig. 10. At lower pH values of 1.75 and 2, the
flotation response of albite is approximately similar with increasing concentration
with a marginal higher recovery at pH 2. The on-set dimaine concentration for albite
flotation is about 1 × 10-6 M and at 1 × 10-5 M, the recovery is about 45%. At these pH
values, there is no response of quartz flotation until about 2 × 10-5 M concentration
where the on-set of quartz flotation is observed. At higher pH 6−7, the flotation
recoveries of albite and quartz with increasing collector concentration are exactly the
same. The results illustrate that albite can be floated from quartz at pH 2 but with a
recovery of about 30-40%.

The effect of sulfonate concentration on the diamine flotation of albite and quartz
at pH 2 is presented in Fig. 11. The results show that the presence of sulfonate
increased the albite flotation without influencing quartz flotation at 2 × 10-6 M
diamine concentration. At a higher level of diamine (5 × 10-6 M), the presence of
sulfonate enhanced the albite flotation significantly, where the recovery is increased
to about 80% from a meagre 30%. Thus, the partial diamine flotation of albite at pH 2
can be enhanced with the presence of anionic sulfonate collector, but not quartz
flotation.

Fig. 11. Flotation results as a function of sulfonate concentration at two initial diamine
concentrations at pH 2.

The effect of sulfonate alkyl chain length on diamine flotation of albite is shown
in Fig. 12. In this figure, the flotation response of albite with increasing concentration
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the presence of 5 × 10-6 M diamine concentration is presented.  The results show that
the alkyl chain length of sulfonate has significant effect on albite flotation where the
lower (C8) and higher (C16) chain length sulfonates have marginally increased and
decreased the recoveries with increasing concentration, respectively. However, the
C10, C12 and C14 sulfonates increase the albite recovery with increasing concentration
where the recovery with C12 sulfonate is higher at a relatively lower concentration. In
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general, the latter sulfonates increase the recovery up to a concentration equalling the
diamine concentration of 5 × 10-6 M. Beyond which concentration of sulfonate, the
albite recovery decreases.

Fig. 12. Flotation results of albite as a function of sulfonate concentration at fixed
diamine concentrations  at pH 2.

The incorporation of sulfonate in between two diamines results in a closer packed
adsorbed layer and therefore, more hydrophobic coating of the surface, improving the
flotation process further. The published results showed that as the chain length of
adjacent hydrocarbon chains is matched, the resulting hydrocarbon layer has more
order, tight packing and greater stability. The diamine (tallow-1,3-propanediamine) is
composed of homologues with an averaged alkyl chain length of C17 [53]. The alkyl
chain length of diamine with both the ammonium groups attached to the surface
closely matches the chain length of C12 sulfonate. Thus the results shown in Fig. 12
can thus be explained with the alkyl chain length compatibility between the diamine
and C12 sulfonate at the surface.

3.1.4. Effect of diamine dioleate collector

The flotation responses of albite and quartz at three different pH values of 1.75,
2.0 and 6.0−7.0 as a function of Duomeen TDO (tallow-1,3-propanediamine dioleate)
collector are depicted in Fig. 13. These results once again show that at lower pH
values of 1.75 and 2.0, and below 1 × 10-5 M collector concentration, albite floats
substantially while quartz has no floatability. At these pH values, the on-set of albite
flotation occurs at 1 × 10-6 M concentration and when the concentration is increased
to 5 × 10-6 M, nearly 70-80% is recovered. Complete flotation of albite takes place at
1 × 10-5 M concentration. In the case of quartz, the on-set flotation concentrations at
lower pH values of 1.75 and 2.0 are 5 × 10-6 and 2 × 10-5 M respectively. The results
demonstrate that albite can be floated selectively from quartz in pH region of
1.75−2.0 while employing low concentrations of the collector. At pH 6−7, quartz
responds marginally better than albite and in the presence of 2 × 10-7 M collector con-
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centration, the quartz recovery is about 35% while marginal flotation of albite occurs.
However, at and above 1 × 10-6 M concentration, both minerals float equally well and
over 80% flotation recovery is obtained.

Fig. 13. Flotation results as a function of collector concentration at three different pH
values.

3.2. Zeta-potential Studies
3.2.1. Effect of minerals and collectors precipitate

Fig. 14. Zeta-potentials of quartz, albite, microcline and bile salt as a function of pH.
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Fig. 14 shows the zeta-potentials of microcline, albite and quartz as a function of
pH. The quartz iso-electric point (iep) is about pH 2 and an extrapolation of microcline
and albite curves indicate that their iep lie at about pH 1.5. In general, the iep’s of
quartz and feldspar minerals are reported at pH 2 and at a slightly lower pH
respectively [2]. It is to be pointed out that at pH 2.0 where microcline floats
selectively with mixed diamine and sulfonate collectors (Fig. 9) or preferential
flotation of albite with diamine-dioleate collector (Fig. 13) and with diamine collector
(Fig. 10), the feldspars exhibit negative charge while quartz possess zero charge. The
aqueous solutions of diamine and sulfonate collectors are mixed in 1:2 ratio and the
zeta-potentials of the resultant precipitate (bile salt) were measured as a function of
pH. These results are also given in Fig. 14. The precipitate with diamine and C12
sulfonate is negatively charged in the entire pH region with a zeta-potential of about
–20 mV and above pH 10, the magnitude of negative charge increases appreciably.
However, the precipitate with longer alkyl chain sulfonate becomes progressively
more negative above pH 4.

3.2.2. Effect of primary alkyl amines

In Fig. 15, the zeta-potentials of quartz (Fig. 15A) and albite (Fig. 15B) under
identical conditions to that of flotation studies (Fig. 6) are presented. For quartz, the
hemi-micelle concentration for C12 amine is reached at about 3 × 10-4 M and for
acetate salt, it corresponds to 7 × 10-4 M. These concentrations are more than one
order magnitude higher when compared to flotation recovery curves. Similarly, the
critical concentration for C16 amine where the zeta-potential raises towards positive is
about 2 × 10-5 M in comparison to 1 × 10-6 M where the on-set of flotation is
observed.

Fig. 15. Zeta-potentials of quartz (A) and albite (B) and adsorption of amine as a
function of concentration at pH 6−7.
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micelle concentration for C12 amine is reached about 1 × 10-4 M and for C16 amine is
about 8 × 10-6 M. However, a good correlation between the adsorption of amine as
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evidenced from the area under the alkyl chain bands (3000−2800 cm-1) and zeta-
potentials is noticed (Fig. 15). The results show that there is a difference in the critical
hemi-micelle concentration (CHC) in the zeta-potential and flotation curves. The
difference could be due to the finer and coarser size particles used respectively in
these studies. The BET specific surface areas for quartz coarser and fine size fractions
were determined to be 0.09 and 1.30 m2 g-1 and the respective specific surface areas
for albite size fractions were found to be 0.15 and 2.78 m2 g-1. Considering
the respective specific surface areas of the two size fractions for quartz and albite, the
total surface area involved in either zeta-potential or flotation studies is approximately
the same. The good correlation between flotation response, zeta-potential and
adsorption density in C12 amine/quartz system reported by Fuerstenau [25], was from
the zeta-potentials obtained by streaming potential measurements using coarser
particles.

In the case of quartz, the onset amine concentration (CHC) of the steep increase
in the zeta-potential curves with amines and their salts is varied with the acetate salt
occurring at a slightly higher concentration. The co-adsorption of acetate ion would
suppress the adsorption of amine so that the CHC for the ammonium acetate salt
attains at a higher bulk amine concentration. The infrared studies presented later
showed that acetate ions are adsorbed on quartz surface. The adsorption of acetate
ions on a silicate surface through hydrogen and chemical bonding was reported [40].

3.2.3. Effect of mixed primary alkyl amines and alcohols

Fig. 16. Effect of alkyl chain length in mixed amine−alcohol on (A) quartz and (B)
microcline zeta-potential at pH 6−7.
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two total concentrations composing 1:1 concentration ratio is depicted in Fig. 16. The
results as a function of increasing alcohol chain length but at a constant chain length
of amine reveal that the quartz (Fig. 16A) and microcline (Fig. 16B) possess lesser
negative potential in a system when the alkyl chain lengths of amine and alcohol are
the same. The concentrations used in these studies are well below the critical hemi-
micelle concentration as elucidated from Fig. 7 and this is because of low solubility of
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alcohols and thus the difficulty to prepare higher concentration solutions.
Nonetheless, the lesser negative potential at equal chain lengths indicate more
adsorption of amine in comparision to other alkyl chain length manifesting closer
packing of molecules at equal chain lengths. Although, measurements have not made
with alcohols greater than C16 chain lengths in the presence of C16 amine due to to
negligible solubility, a decrease in zeta-potential is expected beyond C16 alcohol chain
length.

3.2.4. Effect of mixed cationic and anionic collectors

The influence of diamine collector concentration on the zeta-potentials of quartz
and albite at two different pH values are presented in Fig. 17. At pH 2, the effect of
diamine concentration on the zeta-potentials of both minerals is similar with a charge
reversal occurring at 2 × 10-5 M, illustrating the same adsorption behaviour. Initially,
the surfaces became more negative until about 6 × 10-7 M diamine, before the zeta-
potentials increase towards positive direction with increasing diamine concentration.
At pH 4, the charge reversal for albite occurs at a lower diamine concentration (4 ×
10-6 M).

Fig. 17. Zeta-potential of quartz and albite as a function of collector concentration at
pHs 2 and 4.

The zeta-potentials of quartz and microcline at 2 × 10-5 and 5 × 10-5 M initial
diamine concentrations but with increasing sulfonate concentration at pH 2 are
presented in Fig. 18.  In the absence of sulfonate the zeta-potentials are positive due to
the adsorption of diamine. Surprisingly, the presence of anionic sulfonate
has increased the zeta-potentials until the sulfonate concentration equals that of the
diamine concentration and above which, the zeta-potentials are decreased.
The increase in the positive charge is obviously due to the increased adsorption of
diamine caused by the presence of sulfonate. This can be realised by the incorporation
of sulfonate in between two adjacent surface amine head groups, thereby screening
out their electrostatic repulsion, which increases the attraction of tail-tail lateral bonds
inducing further adsorption of alkylammonium ions. It is the first time that the zeta-
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potential results show the increased adsorption of cationic collector in the presence of
anionic collector apart from its own co-adsorption. When the anionic collector
concentration exceeds the diamine concentration, it is reasonable to suggest that the
diamine forms soluble 1:2 complex with sulfonate or precipitates in the bulk solution.

Fig. 18. Zeta-potentials of quartz and microcline as a function of sulfonate
concentration and in the presence of diamine at pH 2.

Fig. 19. Zeta-potentials of feldspar as a function of pH in the presence of diamine,
diamine dioleate, sulfonate and a mixture of sulfonate and diamine.

The adsorption of either 1:2 complex or precipitate causes the flotation recovery
to decrease (Fig. 9), since the alkyl groups of these adsorbed species are randomly
oriented at the surface. Alternatively, if no further diamine is available for adsorption
or the surface is already saturated with mono-layer formation, the increase
in sulfonate concentration causes the adsorption of sulfonate in reverse orientation
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imparting hydrophilicity and resulting in the decrease in flotation and zeta-potentials.
Although the zeta-potentials of quartz and microcline at pH 2 in mixed
diamine/sulfonate collectors are nearly the same with relatively increased positive
charge on microcline, the flotation responses are varied (Fig. 9), namely that
microcline flotation is enhanced and no quartz flotation under similar conditions. The
differences could also arise from the fact that a coarse size fraction (–150 +38 µm)
was used in flotation tests while fines (–5 µm) were employed in zeta-potential
studies.

Fig. 20. Zeta-potentials of quartz as a function of pH in the presence of diamine,
diamine dioleate, sulfonate and a mixture of sulfonate and diamine.

The zeta-potentials feldspar and quartz in the presence of diamine, sulfonate,
mixture of diamine/sulfonate and diamine dioleate as a function of pH are illustrated
in Figs. 19 and 20 respectively. The diamine has a strong influence on the zeta-
potentials of both minerals. The minerals acquire increasing positive charge until
about pH 7 and above that value, the zeta-potentials decrease with a charge reversal
occurring at about pH 10. The sulfonate marginally decreases the negative charge of
quartz at all the pH values and less significantly that of microcline. In the presence of
1:2 ratio of diamine/sulfonate mixture, the zeta-potentials are less negative than in the
presence of sulfonate alone but more negative when compared to diamine alone. The
results show that the influence of diamine and sulfonate collectors, and their mixture
on the zeta-potentials of feldspar and quartz is similar. The zeta-potentials of albite
and quartz influenced similarly in the presence of diamine-dioleate except below pH 4
where the albite and quartz are slightly positive and negative respectively.

3.2.5. Effect of diamine dioleate collector

The influence of diamine-dioleate collector concentration on the zeta-potentials
of quartz and albite at two different pH values are presented in Fig. 21. At pH 4, the
charge reversal occurs at a slightly lower concentration in the case of albite than that
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for quartz. There are only small changes in the zeta-potentials of the minerals at lower
pH value 2.0 until about 5 × 10-6 M concentration and is indicative of low adsorption
of collector. Since the collector possesses negative oleate and positive amine groups,
significant changes in the zeta-potential may not occur after collector adsorption.
However, at acidic pH values the diamine groups are protonated and positively
charged whereas carboxylate group of oleate is neutral being undissociated. These
zeta-potential results illustrate that the adsorption of collector on quartz and albite is
comparable. However, at pH 4 the charge reversal for albite occurs at a lower
collector concentration of 5 × 10-6 M than that for quartz (1 × 10-5 M).

Fig. 21. Zeta-potential of quartz and albite as a function of collector concentration at
pHs 2 and 4.

3.3. Solution Chemistry of Reagents
3.3.1. Amines

The primary alkyl amines are weak electrolyte surfactants and in aqueous
solutions depending on the pH, ionic or molecular form of amine predominates. Thus
the dissociation constants of these weak base electrolytes are important since it
determines the proportion of ionic molecules to neutral molecules in the system.
When the solubility limit of surfactant is exceeded in a pH range where the molecular
form predominates, the amine precipitates comprising a typical colloidal system. The
adsorption of colloidal amine species at the solid/liquid interface as opposed to ionic
species, significantly effect the properties of the system [63]. In the case of
dodecylamine, the ionization in aqueous solution takes place according to the
following equilibrium relationship:

         RNH2 (aq) + H2O ⇔ RNH3
+ + OH−                                                       (13)
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[ ] [ ]

[ ])(2

3

aq
b RNH

OHRNH
K

−+

=       Kb = 4.3 × 10−4 and pKb = 3.37 (pKa = 14 – pKb = 10.6)

In saturated systems,          RNH2 (s) ⇔  RNH2 (aq)    K = 2.0 × 10-5                          (14)

It follows then, that the pH substantially changes the form of dodecylamine in
solution, the ionic form, RNH3

+ being predominant in the pH range neutral to acidic
while the molecular form predominates in very alkaline solutions and at pH 10.65, the
quantity of NH3

+ and NH2(aq) being present in equal amounts. From the above
equations, it also follows that

                      log Csaturation  =  14 − pKb − pH + log Csolubility                                     (15)

and thus, the pH of precipitation for a total bulk amine concentration or the threshold
concentration of precipitation at a particular pH value can be calculated.

Besides hydrolysis reactions, association between neutral molecules and ions
resulting dimers (RNH3)2

2+ and ionomolecular species (RNH2RNH3)+ have been
proposed with the following thermodynamic constants [63]:

                               RNH3
+                  ⇔    RNH2  +  H+              pKa = 10.63

                               2RNH3
+                ⇔    (RNH3)2

2+                  pKD = −2.08

                               RNH3
+ + RNH2    ⇔    (RNH2RNH3)+           pKAD = −3.12

                               RNH2 (s)                       ⇔    RNH2 (aq)                     pKsp  = 4.69

While considering the solution chemistry of alkylamines, an attempt has been made to
present an accurate assessment of our investigations of amine adsorption on two of
the most common rock forming minerals of quartz and albite.

3.3.2. Mixed cationic diamine and anionic oleate/sulfonate collectors

The species distribution diagrams of diamine and oleate as a function of pH at the
bulk total concentrations of 1 × 10-5 and 1 × 10-4 M respectively, are shown in Fig. 22.
The following thermodynamic chemical equilibrium relationships for the oleic acid
(HOL) and C12 diaminopropane (DAM) were used in the construction of the
distribution of ionic species and molecular forms of these weak electrolyte collectors
as a function of pH [4,63]:

                 HOL (l)          ⇔         HOL (aq)                          7.60
                 HOL (aq)       ⇔         OL- + H+                            4.95
                 2OL-                      ⇔         OL2

2-                               −4.00
                 OL- + HOL    ⇔         HOL2

-                              −4.95
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                 DAM (l)         ⇔        DAM (aq)                          6.44
                 DAM+                   ⇔        DAM   + H+                       9.30
                 DAM2+                 ⇔        DAM+  + H+                      6.80

Though the alkyl chain of diamine is longer than C12, the pKa1 and pKa2 values
of 6.8 and 9.3 respectively for C12-diaminopropane were used as the pKa values
change very little with chain length [4]. The pKsol for C12-diaminopropane was
reported to be about 6.44 and the solubility of molecular species decreases about one-
third with each CH2 group addition in the alkyl chain length. Thus, a pKsol value of
8.39 for alkyl diaminopropane was used since this compound has an average C16 alkyl
chain length. The alkyl sulfonate being a strong electrolyte, it exists as ions in the
entire pH region. The relative concentrations of singly, doubly and uncharged
aqueous amine species show that the doubly charged species predominates below pH
6.5 and above which precipitation of solid amine takes place. Conversely, the
negatively charged oleate ions and dimers exist in the basic pH region and below pH
7.5, oleate is in the form of undissociated oleic acid precipitate.

Fig. 22. Species distribution diagrams of diamine (A) and oleate (B) as a function of
pH.
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The increase in the zeta-potential of feldspars and quartz up to pH 6.5 in the
presence of diamine corresponds to the species distribution diagram with the
adsorption of doubly charged species and the decrease in zeta-potential above pH 6.5
to the precipitation of diamine (Figs. 19 and 20). Since microcline is slightly negative
at pH 2, the adsorption of diamine takes place resulting to its partial flotation (Fig. 8).
At this pH diamine cannot be adsorbed on quartz due to its zero charge and there is no
flotation response. The partial hydrophobicity acquired by microcline is enhanced in
the presence of sulfonate due its co-adsorption as 1:1 complex with diamine, leading
to increased flotation recovery (Fig. 9). As diamine is not adsorbed on quartz at pH 2,
the presence of sulfonate has no influence on quartz. Thus, it could be feasible to float
selectively feldspar from quartz using a mixture of diamine and sulfonate collectors.

The flotation studies of albite also showed that it floats selectively with diamine-
dioleate collector at pH 2 (Fig. 13). The doubly charged positive diamine could
adsorb on albite being slightly negative. The oleate molecules possibly remain at the
surface associated with diamine due to tail-tail bonds, even if the bonding between
amine and caboxylic acid groups is detached due to the undissociated nature of oleic
acid at pH 2. The neutral oleate in between the diamine molecules screen out the
electrostatic amine head-head repulsion and would increase the adsorption of diamine
due to lateral tail-tail bonds, besides forming a closely packed adsorbed layer
enhancing the hydrophobicity.

3.3.3. Combined cationic-anionic collector of diamine dioleate

The species distribution diagrams of the Duomeen TDO collector as a function of
pH at total initial concentrations of 4 × 10-6 M and 1 × 10-5 M employed in flotation
studies are presented in Fig. 23. The pKsol value of 8.39 was considered as the
solubility for C12-diaminopropane was reported to be 3.6 × 10-7 kmol/m3 [4]. It is
presumed that the solution chemistry of diamine-dioleate molecule will be similar to
the hydrolysis of oleic acid and the ionisation of amines in aqueous solutions. This
should be the case if there is no strong bonding (chemical) between the carboxylic and
amine groups of the diamine-dioleate molecule. The only possibility of the diamine
and oleate molecules forming diamine-dioleate compound appears to be through
hydrogen bonding involving the two electronegative atoms of O and N of the
respective functional groups. It is thus rational to assume that the speciation of
diamine-dioleate in water will be similar to the respective diamine and oleate
speciation.

The distribution diagram illustrates that the amine is doubly charged below pH 7
whereas oleate is in undissociated form. Conversely, at basic pH values oleate is
ionised and amine is in neutral precipitated form. Thus, based on the surface charge of
minerals and solution conditions, this collector could adsorb electrostatically either by
positive amine or negative oleate functional groups. The latter group is, however,
well known to chemisorb on several different surface metal ions, in particular alkaline
earth metal ions. The flotation studies showed that albite floats selectively at about pH
2 and at this pH, the doubly charged positive diamine could adsorb on albite being
slightly negative. The oleate molecules possibly remain at the surface associated with
diamine due to tail-tail bonds, even if the bonding between amine and carboxylic acid
groups is detached due to the undissociated nature of oleic acid at pH 2. The neutral
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oleate in between the diamine molecules screen out the electrostatic amine head-head
repulsion and could increase the adsorption of diamine due to lateral tail-tail bonds,
besides forming a closely packed adsorbed layer enhancing the hydrophobicity. Since
quartz possesses neutral charge at pH 2, the adsorption of amine cannot be realised.

Fig. 23. Species distribution diagrams of Duomeen TDO collector as a function of pH
at total initial concentrations of 0.004 mM (A) and 0.01 mM (B).

The increase in the positive charge of the minerals up to pH 6 in the presence of
collector (refer paper IX, Figs. 8 and 9) is attributed to the adsorption of doubly
charged amine species. The decrease in the surface charge above pH 6 corresponds
very well with the sharp decrease in the doubly and singly charged amine species
concentration due to the precipitation of molecular amine (Fig. 23).
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3.4. Diffuse Reflectance FT-IR Studies

3.4.1. Reference spectra

The reference DRIFT spectra of dodecyl amine and its acetate salt, and dodecyl
alcohol are shown in Fig. 24. The bands characteristic of alkyl chains, νas(CH3),
νas(CH2) and νs(CH2) groups, for dodecyl amine are identified at 2956, 2920 and
2852.5 cm-1 respectively [65]. The corresponding bands for its acetate salt are
observed at 2950, 2921.6 and 2851.6 cm-1. However, the spectrum of acetate salt is
composed of several other bands (i.e., 2963, 2933, 2900, 2890 and 2870.7 cm-1) in the
alkyl chain region owing to the acetate ion and probably due to another packing of
C-H chains in the amine acetate crystallites. A sharp intensity band at 3333 cm-1 in the
amine spectrum is due to νas(NH2) and νs(NH2), while in the case of acetate salt two
broad bands at 3000 and 2600 cm-1 are observed, which are assigned to νas(NH3

+) and
νs(NH3

+) respectively [65-67]. The reference spectra show that the amine molecule in
the bulk phase in neutral and protonated forms can be identified with the appearance
and disappearance of the band at 3333 cm-1. The dodecyl alcohol spectrum show a
broad band centring around 3318 cm-1 characteristic of H-bonded OH…O of ν(OH)
group [67] in addition to the bands characterizing alkyl chains. The spectra also
display several bands in the region 1750-1000 cm-1 but in the same region quartz
exhibits strong absorption and thus difficult to identify any bands under mono- or sub-
monolayer adsorption. Thus this region is not apprehensive in the present
investigations based on the low concentrations employed.

Fig. 24. DRIFT spectra of dodecyl alcohol, dodecylamine acetate and dodecyl amine.

The reference DRIFT spectra of alkyl diaminopropane dioleate (Duomeen TDO),
alkyl diaminopropane (Duomeen T) and sodium oleate collectors, and the quartz and
albite minerals are depicted in Fig. 25. The spectra of collectors show the bands
characteristic of alkyl chains, νas(CH3), νas(CH2) and νs(CH2) groups, at 2956 cm-1,
2924 cm-1 and 2850 cm-1 respectively. A sharp intensity band at 3332 cm-1 appears in
the diamine spectrum due to νas(NH2) and νs(NH2), which is absent in the diamine-
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dioleate spectrum signifying that the amine groups are protonated  and very likely
complexed with the carboxylic groups of oleate. The bands at 1574 cm-1 and 1651
cm-1 in the diamine spectrum characterise δs(NH2) and δas(NH2) modes respectively.
The respective bands of δs(NH3

+) and δas(NH3
+) in the diamine-dioleate could be

identified at 1554 cm-1 and 1641 cm-1. The former band could also be assigned for
νas(COO-). A weak band at 1716 cm-1 characterising ν(C=O) reveal undissociated
carboxyl group impurity in the diamine-dioleate compound.

Fig. 25. Reference DRIFT IR-spectra of alkyl diamine-dioleate, sodium oleate,
diamine, quartz and albite.

The carboxylate group in oleate gives rise to characteristic absorption bands at
1650-1550 cm-1 and 1450-1360 cm-1, due to asymmetric and symmetric stretching
vibrations respectively. The corresponding bands in the sodium oleate spectrum are
seen at 1569 cm-1 and 1444 cm-1. The characteristic olefinic CH stretching band is
noticed at 3008 cm-1 both in the sodium oleate and diamine-dioleate spectra.

The quartz spectrum displays several bands in the region 2000-1000 cm-1 and the
albite spectrum in the region 1300-900 cm-1. Since the functional groups of the
collector absorption region closely match to the strong absorption region of minerals,
it is difficult to identify any bands under mono- or submono-layer adsorption. Thus,
all the sample spectra have been recorded with reference to the respective mineral
powder as explained in the experimental section.

3.4.2. Adsorption of amines

Fig. 26 shows the spectra of quartz treated with 1 × 10-3 M C12 amine acetate at
different pH values. Above pH 8.6, the spectra exhibit intense absorption
band corresponding to ν(NH2) and at lower pH values this band is totally absent. The
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ionization of dodecyl amine in aqueous media (pK 10.63) and the solution chemistry
was studied thoroughly. In almost all cases the explanations for zeta-potential and
flotation results were based mainly on the thermodynamic equilibrium solution
chemistry model of the predominance of ionized form, RNH3

+, in acidic-to-neutral
range and the molecular form, RNH2, in very alkaline solutions without direct method
of investigations [7,63]. The present spectra assert that the molecular amine
precipitate on the surface of quartz in basic pH region. The precipitated amine is
comprehended by the several folds increase in the intensity of alkyl chain bands at
pH’s 9.5 and 10.6, in addition to the appearance of intense molecular amine band. It is
of importance that the analogous dependence of the spectra is observed with
increasing amine concentration at pH 6−7.

Fig. 26. DRIFT spectra of quartz treated with 1 mM C12 amine acetate at different pH
values.

Fig. 27. DRIFT spectra of quartz (A) and albite (B) with increasing initial
concentration of C16 amine acetate at pH 6−7.
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Fig. 27 shows the selected spectra of quartz (Fig. 27A) and albite (Fig. 27B) with
increasing initial concentration of C16-amine acetate in the region 4000-2600 cm-1.
The intensity of alkyl chain bands increases with increasing amine concentration
corroborating increased adsorption of amine. Interestingly, for quartz, at and above
5 × 10-5 M and for albite 8 × 10-5 M initial amine concentration, the spectra displayed
molecular amine band and the alkyl chain bands are intense. This is not the case with
C12 amine acetate. The presence of molecular amine at higher concentrations of C16
amine acetate might be related to its low solubility in comparison to dodecyl amine
acetate. The solubility of dodecyl amine was 2 × 10-5 M and the solubility decreases
about 1/3 for each additional hydrocarbon group added to the alkyl chain [68].

The spectra also showed negative band at 3745 cm-1, which is present in the
initial quartz spectrum used as reference. This band is assigned to the stretching
vibration of hydroxyl groups arising from the surface silanol groups [67,69]. The
negative band represents that the silanol groups are interacting with the adsorbed
amine. The surface silanol groups are closely examined as a function of amine
concentration.

Fig. 28. Influence of C12 amine adsorption on quartz (A) albite (B) silanol groups.

Fig. 29. Influence of C16 amine adsorption on quartz (A) albite (B) silanol groups.

The DRIFT spectra adsorption results of quartz and albite with C12 amines and
C16 amines are presented in Figs. 28 and 29 respectively. Although the CH2 peak area
curves characterizing the adsorbed amine appear to be the same with increasing
concentration until the break corresponding to the onset of CHC, the negative silanol
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groups area increases. This increase in negative area reached maximum at a certain
bulk amine concentration. It signifies that the surface silanol groups are diminished
because of the interaction with silanol groups. The bulk amine concentration until
which the silanol groups are affected and the break in the adsorption curve, i.e., CHC,
are found to be different in the case of amine and amine acetate. It suggests the
influence of acetate counter ion on amine adsorption.

The IR spectra displayed in Figs. 30 and 31 reveal that the probable interaction of
amine with surface silanol groups is through H-bonding. A broad structural band
centered at 3250-3000 cm-1 is distinctive of H-bonded ν(N+-H), ν(O-H), and ν(N-H)
stretching vibrations.

Fig. 30. DRIFT spectra of quartz conditioned with (A) C12 amine at 2 × 10-4 M (solid
line, the spectrum is multiplied by 2.5) and 5 × 10-4 M (dashed line) (B) C16 amine
acetate at 1 × 10-5 M (solid line, the spectrum multiplied by 2) and 2 × 10-5 M (dashed
line).

Fig. 31. DRIFT spectra of albite conditioned with (A) C12 amine at 2 × 10-5M (solid
line) and 5 × 10-5 M (dashed line) (B) C16 amine at 2 × 10-6 M (solid line) and 5 × 10-6

M (dashed line).
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3.4.3. Adsorption of mixed alkyl amines and alcohols

The DRIFT spectra of quartz and albite powder conditioned in 1:1 mixed
solutions of alkyl ammonium acetate and alkyl alcohol of different chain lengths at a
total concentration of 1 × 10-5 M are shown in Figs. 32 and 33 respectively. The
reference quartz spectrum (Fig. 32a, curve 0) show a narrow band at 3745 cm-1 due to
OH stretching vibrations of surface isolated silanol groups and the complex
absorption band in the region 3000-3700 cm-1 due to adsorbed H-bonded hydroxyls
and water [67]. The reference albite spectrum  shown in (Fig. 33a, curve 3) was used
as adsorbent. The H-bonded hydroxyls, which are predominantly attached to Si rather
than Al surface atoms on the albite surface, and physically adsorbed water are
responsible for the broad band centered at 3300 cm-1 [40,67]. The spectra of quartz
conditioned with mixed solutions of C16 amine acetate−C12 alcohol and with reverse
chain lengths (Fig. 32a, curves 1 and 2), and binary solutions of C16 amine acetate−C8
alcohol and reverse chain lengths (Fig. 32b, curves 1 and 2,) and similarly for albite
i.e, Fig. 33a, curves 1 and 2 and Fig. 33b, curves 1 and 2, display characteristic alkyl
chain bands due to adsorbed surfactants. The intensities of the CH stretching bands
are nearly the same within the experimental error for the reverse chain lengths
illustrating that the quantity of adsorbed surfactants is the same. However, the
adsorbed amount increased for the amine−alcohol pair when the sum chain length is
more which is in agreement with the general tendency of increasing adsorption with
increasing alkyl chain length.

Fig. 32. DRIFT spectra of (a, curve 0) initial quartz and the quartz conditioned 10 min
in the 1:1 binary solutions (pH 6−7) of alkyl ammonium acetate and alkyl alcohol of
different chain lengths at total concentration of 1 × 10-5 M. The component chain
lengths are as follows. (a) 1, C16 amine−C12 alcohol; 2, C12 amine−C16 alcohol. (b) 1,
C16 amine−C8 alcohol; 2, C8 amine−C16 alcohol. (c) 1, C16 amine−C16 alcohol; 2, C12
amine−C12 alcohol. For comparison, the quartz conditioned in the solutions of the
pure (3) HAAc and (4) C16 alcohol. The absorbance scale is the same for all the
graphs.
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When the CH stretching band intensities of the adsorbed pure amine and alcohol
(Fig. 32c, curves 3 and 4) are compared, the adsorbed amine is approximately 3 times
larger than that of alcohol at the same alkyl chain length. In the case of competitive
adsorption of monomers from the binary solutions of amine and alcohols with the
reverse chain lengths, the surface coverage is expected to be larger for a mixture with
longer amine homologue. However, if the adsorbed species are the 1:1 solvated
associates, the surface coverage should be similar, which is observed. It could be that
these solvated associates are the ion-molecular pairs where the alcohol hydroxyls act
as base while the ammonium head group behaving as acid. Such dimers have been
suggested to be formed between the protonated amine and alcohol [63].

Fig. 33. DRIFT spectra of (a, curve 3) initial albite measured against KBr and the
albite conditioned 10 min in the 1:1 binary solutions (pH 6−7) of alkylammonium
acetate and alkyl alcohol of different chain lengths at a total concentration of 1 × 10-5

M. The component chain lengths are as follows. (a) 1, C16 amine−C12 alcohol; 2, C12
amine−C16 alcohol. (b) 1, C16 amine−C8 alcohol; 2, C8 amine−C16 alcohol. (c) 1, C12
amine−C12 alcohol; 2, C16 amine−C16 alcohol. For comparison, the albite conditioned
in the solutions of the pure (3) C16 amine acetate and (4) C16 alcohol. The absorbance
scale is the same for all the graphs.

The intense negative band at 3745 cm-1 due to free silanols in the spectrum of the
quartz conditioned with the solution of the pure amine (Fig. 32c, curve 3) and
similarly albite (Fig. 33c, curve 3) diminishes in the case of co-adsorption and totally
disappears for pairs C12 amine−C16 alcohol and C8 amine−C16 alcohol. Since the
negative intensity of the silanol band arises from the interaction of silanols with the
adsorbate as explained earlier, the free silanols are less involved in the co-adsorption
and as well in the adsorption of the alcohol, when compared to the adsorption of pure
amines. The interaction mechanism of mixed alkyl amine and alcohol on silicate
surface with structural disposition has been reported by Chernyshova and
Hanumantha Rao [70].
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3.4.4. Adsorption of mixed alkylamines and sulfonates

The infrared spectra are recorded for all the samples conditioned with mixed
sulfonate and diamine collectors. At each of the fixed diamine concentrations of 5 ×
10-5, 1 × 10-4 and 5 × 10-4 M, the sulfonate concentration is progressively increased.
The spectral features at the three diamine concentrations are found to be similar and
typical spectra at 1 × 10-4 M diamine and with increasing sulfonate concentration
from 1 × 10-5 to 1 × 10-3 M for quartz and microcline are displayed in Figs. 34 and 35
respectively. Since the silicate minerals absorb strongly in the region of functional
groups, the mineral spectrum is subtracted from the spectrum of mineral treated with
collectors and the difference spectra in the region 2000-500 cm-1 are also presented in
the same preceding figures. Even after subtraction, there are no indicative bands of
the functional groups except the abrupt appearance of bands at 1467 and 610 cm-1

when the sulfonate concentration exceeds diamine concentration (Figs. 34B and 35B).
The formation of mixed collector precipitate can be distinguished with the sudden
increase in the δ(CH2) vibration at 1467 cm-1 and the appearance of characteristic
intense bile salt band at 610 cm-1. Since the spectra are recorded after air-drying the
samples, it is possible that the adsorbed mixed layer can be transformed into hydrated
crystal state during the preparation of the samples. In this case, the abrupt increase in
adsorption after 1 × 10-4 M sulfonate can only be attributed to the second layer
formation through tail-tail interactions, which can be ruled out because of the absence
of bilayered patches (admicelles) with increasing sulfonate concentration at lower
initial diamine concentration. Similar to zeta-potential results, the amount of adsorbed
species on quartz and microcline, as realised from the intensity of alkyl chain bands,
in mixed collector composition at pH 2 is found to be nearly the same.

Fig. 34. (A) Sulfonate adsorption on quartz in the presence of 1 × 10-4 M diamine in
the alkyl group region. (B) Difference spectra of sulfonate adsorption on quartz in the
functional group region.
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Fig. 35. (A) Sulfonate adsorption on microcline in the presence of 1 × 10-4 M diamine
in the alkyl group region. (B) Difference spectra of sulfonate adsorption on microcline
in the functional group region.

3.4.5. Adsorption of alkyl diamine-dioleate

Fig. 36. DRIFT IR-spectra of albite (A) and quartz (B) at different pH values in the
presence of 2 × 10-5 M Duomeen TDO concentration.

The spectra of albite and quartz treated with 2 × 10-5 M alkyl diamine-dioleate
(Duomeen TDO) collector concentration at different pH values are shown in Fig. 36.
At highly acidic pH values, the adsorption of neutral oleic acid can be seen by the
carbonyl absorption band at 1715 cm-1 which diminishes with the increase in pH
values. This elucidates that the oleate molecule cannot be adsorbed when diamine
precipitation takes place above pH 6.5. The broad bands at 1650 and 1562 cm-1

characterising δas(NH2)+δas(NH3
+) and δs(NH2)+δs(NH3

+) modes are appreciable in
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the case of quartz than on albite. The band at 1508 cm-1 at low pH values is due to
δs(NH3

+). The δ(CH2) band distinguishes at 1468 cm-1. At basic pH value where the
precipitation of diamine takes place, oleate species are absent on albite and in the case
of quartz, the band at 1560 cm-1 can also be assigned to νas(COO-). The spectra
illustrate that the adsorption of collector on quartz and albite is significantly different
at basic pH values.

Fig. 37. DRIFT IR-spectra of albite with increasing initial concentration of Duomeen
TDO at pH 2.

Fig. 37 shows the spectra of albite with increasing collector concentration in the
alkyl chain (Fig. 37A) and functional groups’ (Fig. 37B) regions. The intensity of the
alkyl chain bands increases with increasing collector concentration, demonstrating the
increased collector adsorption. At collector concentrations greater than 2 × 10-5 M, the
undissociated carboxylic group band at 1710 cm-1 and the alkyl chain bands increase
sharply. The adsorption of oleic acid molecules is evidenced from the spectra.

The area under the alkyl chain bands (2990-2800 cm-1) as a function of collector
concentration for quartz and albite at pHs 1.75, 2 and 4 are shown in Fig. 38. The
results in this figure show that there is no marked difference in the collector
adsorption on albite and quartz at the different pH values studied. Nevertheless, the
flotation studies illustrate selective adsorption on albite at pHs 1.75 and 2.

The difference between the flotation and zeta-potential/FTIR results, where albite
and microcline flotation occurs at pH 2 but not quartz while the adsorption behaviour
of collector on both minerals found to be the same, is also realised in the bench scale
flotation tests, highlighted in the next section. There is no selective albite flotation at
pH 2 and in fact only the slimes are floated even at higher dosage of collector.
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Fig. 38. Area under alkyl chain bands (2990-2800cm-1) of DRIFT spectra of albite
and quartz as a function of Duomeen TDO concentration at pHs 1.75, 2 and 4.
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The only difference in the preceding investigations was that coarse size fraction
(–150 +38 µm) was used in Hallimond flotation and fines (–5 µm) were employed in
the adsorption studies. Considering the specific surface areas of the coarse and fine
size fractions of quartz, i.e., 0.09 and 1.30 m2 g-1, the total specific surface area
involved in either zeta-potential or flotation studies is approximately same. It has been
cited in the literature extensively that the amines are sensitive to fine particles (slimes)
and desliming is an essential step prior to silicate flotation with amines. The
spectroscopic studies of amine interaction on silicate surface showed that the
ammonium groups adsorb through hydrogen bonding on surface silanol groups
besides electrostatic interactions [71,72]. The infrared spectra (DRIFT) of quartz and
albite treated with increasing amine concentration showed progressive diminishing of
silanol groups signifying amine interaction with silanols through hydrogen bonding.
The specific interaction of amine was also noticed from the infrared spectra where the
minerals were conditioned with amine at pH 2 (pzc).  The quantity of adsorbed amine
was found to be proportional to the quantity of reacted free surface silanols, even
when the electrostatic interactions were minimal or absent. The hydrogen bonding
between ammonium group and surface silanol group was depicted to be as:

                                                             H
                                                              
                                            ≡Si−O⋅⋅⋅H+N−R
                                                              
                                                    H       H

Since the fine particles contain many number of broken bonds, the density of
silanol groups is expected to be more on fine particles than on coarse particles. Thus
the similar adsorption behaviour of the collector on albite and quartz fines at pH 2, but
significantly differing Hallimond flotation responses, could be due to the adsorption
of ammonium groups on silanols by hydrogen bonding, aided by longer equilibration
period used in the adsorption studies.

3.5. Reflection Absorbance FTIR Measurements

It is well established in numerous studies [73,74] that the frequencies of the CH2
and CH3 stretching bands of hydrocarbon chains are extremely sensitive to the
conformational ordering of the chains in a layer. When the chains are highly ordered
(all-trans Zigzag conformation), the narrow absorption bands appear at 2918
(CH2

asym) and 2848 cm-1 (CH2
sym) in the infrared spectrum of the layer. On the other

hand, if conformational disorder is included in the chains they shift upward to 2926
and 2856 cm-1, depending upon the gauche conformers in the average orientation.
Although these frequency shifts are small, modern FTIR spectrometers permit their
routine determination with a precision of better than ± 0.1 cm-1. It was found that
generally the hydrocarbon order decreases with decreasing chain length [75]. Another
important characteristic of the molecule organisation in a layer is the absorption
bandwidth, which is proportional to the degree of the molecule mobility within the
layer. It was found that the bandwidth increases with temperature when the chain
packing disorder increases [76].
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Fig. 39. IRRAS spectra of quartz (A) and albite (B) surface after 5-min conditioning in
a 1:1 solution of dodecyl amine and (1) octyl alcohol, (2) dodecyl alcohol, and (3)
hexadecyl alcohol with the total concentration 2 × 10-5 M at natural pH.

Fig. 39 shows the IRRAS spectra in the stretching C-H mode region of dodecyl
amine coadsorbed with long-chain alcohols of 8, 12 and 16 carbons on quartz and
albite respectively, from the 1:1 aqueous (natural pH) solutions of the total
concentration 2 × 10-5 M. All the spectra display the distinct CH2

asym and CH2
sym

bands. An important point is that the lowest frequencies and the narrowest widths of
these bands are exhibited by the spectrum of dodecyl amine coadsorbed with dodecyl
alcohol. This observation testifies to the highest order and packing of the adsorbed
species, when the chain lengths of the coadsorbents are equal and can be regarded as a
spectroscopic confirmation of the results of the surface force measurements by Yoon
and Ravishankar [49,50]. They found that the coadsorption of dodecyl amine with
dodecyl alcohol on mica yields the most hydrophobic effect (the strongest
hydrophobic force) as compared to the other cases studied. Using the molar
absorptivity of the hydrocarbon chains, the coverage by the adsorbed molecules was
roughly estimated to be equal to about 0.5 monolayer in all the cases considered
[71,72]. Thus the higher flotation response at equal chain lengths of mixed collectors
shown in Figs. 7 and 12 is due to closer packing of the adsorbed species exhibiting
greater hydrophobicity.

3.6. X-ray Photoelectron Spectroscopy (XPS) Measurements

The XPS spectra of the reference compounds and the quartz and albite powder
and fractured surface treated with alkyl amines and binary solutions of alkyl amine
and alcohol were recorded and the results are summarised in Table II. It should be
noted that the mineral sample is free from nitrogen impurity and is essential for the
present investigations. The XPS spectral results demonstrate the appearance of the
N(1s) signal of the amino groups and an increase in the intensity of the signal of  C(1s)
peak by the adsorption of amines on quartz with a simultaneous decrease in the peak
intensities of quartz’s silicon and oxygen. In the case of albite, a decrease in the peak
intensities of Al and Na were also adsorbed due to screening of surface Al by the
adsorbed amine and by the Na dissolution during the conditioning of the samples with
the amine solutions.
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Table II. XPS characterization of solid amines and the initial fracture surfaces
of albite and quartz.

Element atom % (BE, eV)Sample
N C O Si

Solid DA 4.65 (399.5) 89.36 (285.0)
0.07 (286)

0.02 (287.7)

2.58 (531.2) 0

Solid DAAc 1.46 (399.4)
3.78 (401.1)

76.19 (285)
5.66 (286.9)
3.94 (288.4)

7.99 (531.2)
0.99 (533)

0

Fresh fracture of
natural quartz

0 12.77 (285.0) 57.29 (532.8) 29.94
(103.6)

Initial powder of
natural quartz

0 13.12 (532.8) 57.35 (532.8) 29.55
(103.4)

Substrate

Fresh fracture of
natural albite

0 8.6 (285.0)
0.93 (286.4)

58.37 (532.2) 19.57
(103.0)

2 × 10-4 M DACl 0.64 (399.5)
0.24 (401.6)

24.33 (285.0) 49.11 25.66

2 × 10-4 M
DAAc

0.35 (399.8)
0.2 (402.0)

16.53 (285.0)
1.48 (286.8)
0.63 (288.6)

53.86 27.24

4 × 10-5 M
DAAc

0.39 (400.1) 15.70 (285.0) 54.9 29.01

DAAc/C16 alc.
(1:1)  1 × 10-5 M

0.24 (400.1)
0.10 (402.2)

11.53 (285.0)
1.64 (286.6)

56.38 (532.8) 30.11
(103.5)

Quartz
powder

HAAc/C12 alc.
(1:1)

1 × 10-5 M

0.19 (400.1)
0.12 (402.0)

6.56 (285.0)
1.18 8286.6)
0.47 (288.3)

60.41 (532.7) 31.07
(103.5)

HAAc/C16 alc.
(1:1)

5 × 10-5 M

0.29 (399.7)
0.12 (402.2)

21.44 (285.0)
1.59 (286.4)
0.22 (286.6)

48.64 (532.8) 27.71
(103.6)Quartz

fracture
surface HAAc/C16 alc.

(1:1)  1 × 10-4 M
0.28 (399.5)
0.18 (401.6)

23.37 (285.0)
1.58 (286.4)

44.85 (532.5) 29.38
(103.5)

4 × 10-5 M DACl 0.12 (398.8)
0.65 (400.9)

22.6 (285.0)
1.33 (286.8)

48.36 (531.8) 18.92
(102.7)

4 × 10-5 M
DAAc

0.5 (401.4) 13.71 (285.0)
0.94 (286.9)

54.76 (531.9) 20.30
(102.8)

2 × 10-4 M
DAAc

0.17 (399.9)
0.39 (401.1)

27.08 (285.0)
1.62 (287.2)

47.03 (531.8) 18.34
(102.7)

2 × 10-4 M DACl 0.44 (399.7)
0.35 (401.3)

21.28 (285.0) 49.69 (531.9) 19.23
(102.8)

HAAc/C16 alc.
(1:1)

5 × 10-5 M

0.2 (399.2)
0.2 (400.2)
0.47 (401.7)

22.54 (285.0)
2.93 (286.3)
0.54 (288.3)

43.72 (531.9) 19.73
(102.8)

Albite
fracture
surface

HAAc/C16 alc.
(1:1)

1 × 10-4 M

0.60 (399.5)
0.57 (401.6)

28.48 (285.0)
2.77 (286.2)
1.08 (287.9)

38.27 (531.8) 19.49
(102.7)

DACl : C12 amine; DAAc : C12 amine acetate; HAAC : C16 amine acetate
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3.6.1. Adsorption of amines

Figure 40 shows the N(1s) spectra of the quartz powder treated with 4 × 10-5 and
2 × 10-4 M C12 amine acetate, and 2 × 10-4 M C12 amine. At amine concentration
below CHC (curve 3), the spectrum is composed of one component at 400.1 eV. The
spectra exhibit two components of N(1s) peak at CHC with binding energies of 399.5
eV and 401.5 eV. Similarly, the N(1s) spectrum of the albite conditioned in the
4 × 10-5 M solutions of C12 amine consists of a single peak at 401.4 eV and in the case
of C12 amine acetate, a peak at 400.9 eV with a small satellite at 398.8 eV (Figure 41).
While at a higher concentration (2 × 10-4 M) two N (1s) peaks 399.8 ± 0.1 and 401.2
± 0.1 eV are present. These values, respectively, correspond to the binding energies of
amino and ammonium groups when compared to the spectra of crystalline C12 amine
and C12 amine acetate (Table II). Thus, the adsorbed layer is composed of molecular
alkyl amine and alkyl ammonium ions. The adsorption of amine on silanol groups can
be realized with the amino group H-bonded to surface silanol attributed to the first
component while the second component is attributed to the ammonium group formed
owing to a charge transfer in strong H-bond between nitrogen of the amino and silanol
groups [72,73]:

                              ≡ SiOH….H2N-R  ⇔  ≡ SiO-…H3
+N-R                                      (16)

The above equilibrium exists at the interface once the molecular amine appears at
the surface corresponding to CHC. The single peak for quartz and albite at
concentrations less than CHC at 400.1 and 401.1 ± 0.3 eV respectively (Figs. 40 and
41) can thus be characterised by the ammonium group H-bonded to the silanols as:

                                    H
                                         |
                              ≡ Si – O …H –+NH2 – R                                                  (17)

Fig. 40. XPS N(1s) spectra of quartz powder conditioned with (1) 2 × 10-4 M C12
amine; (2) 2 × 10-4 M C12 amine acetate; and (3) 4 × 10-5 M C12 amine acetate.
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The NH…O bonds are weaker than the N…HO bonds [77] and proton
donating property of surface silanol groups is higher than its proton-accepting
property in the H-bonding with a water molecule and acetic acid/acetate ion pair [78].
The transition from Eq (17) to Eq (18) is observed from infrared spectra where the
broad band is centred at 3250 cm-1 at < CHC and shifting to 3000 cm-1 at > CHC
(Figs. 30 and 31). It is well known that a red shift of any H-bonded stretching mode
points to the H-bond strengthening. Thus, the transition from Eq (17) to Eq (18) while
strengthening H-bond occurring at CHC supports the above assignment of the N(1s)
spectra.

Fig. 41. XPS N(1s) spectra of a fracture albite surface conditioned in a solution (pH
6.5) of C12 amine acetate (A) and C12 amine (B). The amine concentrations are (1) 4 ×
10-5 M; and (2) 2 × 10-4 M.

Thus, the extensively cited three regions of adsorption [15,30] can further be
exemplified that i) An amine cation is H-bonded to surface silanol groups and this
bond becomes stronger after the break in the adsorption characteristics (isotherm,
zeta-potential, flotation); ii) at the break the origin of the adsorbed amine species
changes qualitatively, and the molecular amine species appear together with an alkyl
ammonium ion attached to deprotonated silanol group and thereby forming
monolayer- thick patches of well-oriented and densely packed adsorbed amine
species, rendering the surface highly hydrophobic; and iii) at higher amine
concentration, bulk precipitation of amine takes place.

A B
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3.6.2. Adsorption of mixed alkyl amines and alcohols

The XPS spectra of the powdered quartz treated with mixed solutions with the
reversal chain lengths of C12 amine acetate−C16 alcohol and C16 amine acetate−C12
alcohol at the same total concentration (1 × 10-5 M) with 1:1 ratio are given in Fig. 42.

Fig. 42. XPS N(1s) spectra of quartz powder conditioned 10 min in a 1:1 binary
solution (pH 6.5) of (1) C16 alcohol−C12 amine and (2) C12 alcohol−C16 amine at a
total concentration of 1 × 10-5 M.

The N(1s) spectra show the same total atomic concentrations of nitrogen and the
relative amounts of the ionic and molecular forms within the experimental errors. This
observation is consistent if the adsorbing species are the 1:1 associates of the amine
and alcohol formed in the solution. Similar to the spectra in Fig. 42, the spectra recor-
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Fig. 43. XPS N(1s) spectra of a fracture quartz (A) and albite (B) surface conditioned
in a 1:1 binary solution (pH 6.5) of C16 amine and C16 alcohol at total concentrations
of (1) 5 × 10-5 M and (2) 1 × 10-4 M.

ded with equal chain lengths of mixed surfactants of C16 amine acetate−C16 alcohol at
total 5 × 10-5 and 1 × 10-4 M concentrations with 1:1 composition, the N(1s)
component is split into two components. The peak with the lowering binding energy
( 399.5−399.7 eV for the fracture quartz) is due to molecular amine and the peak with
higher binding energy (401.5−401.7 eV for the fracture quartz) is due to the protonated
amine in equation 16. It follows that precipitation of molecular amine takes place also
in the case of coadsorption. Moreover, the relative content of the neutral amine in the
mixed film is significantly higher than that in the “pure amine” film, the total
concentration of the solution being the same, which means that the long-chain alcohol
promotes precipitation of the amines. Comparing the N(1s) spectra of the mixed film
adsorbed at the same concentration on quartz and albite (Fig. 43) one can see that, as
in the case of adsorption of the pure amine, the surface concentration of the adsorbed
amine and, as a consequence, the surface concentration of neutral form on albite is
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higher, which was explained previously [72] by a higher proton affinity of the oxygen
at the nonstoichiometric albite surface to the ammonium group, as compared to that at
the quartz surface. The higher surface concentration of the protonated species on albite
than on quartz can be explained by adsorption of the neutral amine onto the proton
sites arose on albite in aqueous media due to substitution of sodium cations.

3.7. Adsorption Mechanisms

3.7.1. Amines

The most probable explanation of the appearance of the neutral amine in the
monolayer adsorbed onto quartz or albite either with pure amines or with the binary
solutions of amine and alcohol is the precipitation of amine, but in two-dimensional
space. The significantly higher amount of neutral amine in the presence of alcohol can
be understood if one assumes that the precipitating species is a soluble associate of the
protonated amine and alcohol. This species is expected to have a lower solubility as
compared to the separated amine owing to a greater number of the hydrocarbon
groups at the same hydrophilicity of the head group, as the hydrophilicity of the
attached alcohol hydroxyls is negligible when compared to that of the ammonium
group.

Fig. 44. Adsorption according to the two-dimensional/three-dimensional precipitation
mechanism.

The hemi-micelle model cannot explain the presence of neutral amine molecules
in the adsorbed film below monolayer coverage and a strong H-bonding between
amino head groups and the surface silanols. The present results can be interpreted
within the framework of a two-dimensional condensation model if one substitute the
precipitation phenomena in place of condensation phenomena. However, before the
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transition to increased adsorption, the ammonium groups are hydrogen bonded to
the negatively charged silanols (Eq (17)), and when the local concentration at the
interface approaches a critical value, the adsorbed layer transforms into crystalline
state owing to precipitation of neutral amine. At the first step, the process is two-
dimensional and the adsorbed neutral amine establishes the equilibrium shown in Eq
(16). Screening the electrostatic repulsion between head groups, the neutral molecules
change the structure of the adsorbed layer substantially, increasing the density of the
monolayer. The second phase transition of three-dimensional precipitation occurs
when the bulk solubility limit is reached at the surface. This adsorption model is
illustrated in Fig. 44 [71].

3.7.2. Mixed amines and alcohols

The coadsorption of amine and alcohol via alkylammonium−alcohol associates
could explain (i) the intermixing of the surfactants in the adsorbed monolayer, which
follows from the observed difference in the tilt angles of the hydrocarbon chains in
the mixed and separated monolayers of the amine and alcohol [70], and (ii) the
practical independence of the amount of the adsorbed hydrocarbon groups and the
precipitated amine from the fact that how the given two hydrocarbon chains are
distributed between the amine and alcohol.

The diameter of a well-packed hydrocarbon chain (4.3−4.5 Å) [79] is larger than
the diameter of the ammonium head group (3.7 Å) [17], the diameter of the amine
head group (3.38 Å) [1] and much larger than that of the alcohol hydroxyl    (ca. 1 Å)
[80]. It follows that if the chains associate by hydrophobic interaction in the soluble
amine−alcohol complex, the head groups are 4.3−4.5 Å apart (Fig. 45a), which
prevents their coordination directly to each other (for comparison, the distance
between the terminal atoms in the strong O…H−O H-bonds is ca. 2.7 Å) [78]. It
follows that such a complex is rather weak. However, steric factors allow formation
of a strong complex in which both the H-bonding and hydrophobic interaction
contribute if there will be a water molecule in between the ammonium and alcohol
head groups, as depicted in Fig. 45b. The assumption that the elementary adsorbing
species has this or a similar structure allows attribution of the extra band at
3630−3698 cm-1 in the DRIFT spectra of the mixed film to the νOH mode of this
incorporated water.

The assumption that the elementary adsorbing species is “ammonium-water-
alcohol” allows understanding of why the average tilt angle of the hydrocarbon chains
in the mixed films is larger than that in the pure films of the amine and alcohol [70].
The tilt angle of 37° implies the distance between the hydroxyl oxygen and the amine
nitrogen to be 5.3−5.6 Å, which is realistic for such a complex (Fig. 45b). The
following two-dimensional precipitation consisting of the splitting off a proton of the
ammonium group can yield the “amine−water−alcohol” species depicted in Figs. 45c
and 45d. However, in the species shown in Fig. 45c the lateral H-bonds are rather
strong, so that the distance between the terminal atoms in the N…H−O and O…H−O
hydrogen bonds is on the order of 2.7−3.0 Å, (the origin of the H-bonded groups and
cooperative enhancement of the H-bond strength due to the mediating water molecule
justify this assumption) [78]. As a result, the distance between the hydroxyl oxygen
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and the amine nitrogen is on the order of 4.9 Å. Moreover, the functioning of the
alcohol oxygen as proton acceptor in the H-bond with the incorporated water prevents
repeating this unit at the surface. At the same time, the species shown in Fig. 45d
permits the head groups to accommodate each other at the distance on the order of
5.4−5.6 Å and feasibile the repeating of this motif along the surface. Thus, we suggest
that at the silicate surface the two-dimensional precipitation consists of transition
from species b to species d shown in Fig. 45.

Fig. 45. Schemes of the long-chain amine-alcohol complexes.

The involvement of the surfactant headgroups in the lateral H-bonds reduces
interaction between them and the surface silanols, which explains the much smaller
number of the interacting free surface silanols observed in the DRIFTS spectra. This
process explains the synergetic behavior of these surfactants in rendering the surface
hydrophobic at much lower total concentrations compared to the concentration of the
pure amine solution.

From the above positions, the maximum in the chain order observed when the
chain lengths of the cosurfactants are the same can be explained in the following way.
When the chains are of different lengths, the terminal part of the longer chain extends
outward past the well-packed two-dimensional precipitate. This part can freely form
the gauche-conformers. Since the maximum hydrophibicity is observed when CH3
groups rather than CH2 groups are directed towards the aqueous phase [81], one can
expect that in the case of different chain lengths, the mixed monolayer will be less
hydrophobic, which agrees with the surface force data [49,50].
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3.8. Bench Scale Flotation Tests

Since the Hallimond flotation tests showed the feasibility of selective albite
flotation from quartz with coarse particles size fraction, the bench scale flotation tests
are made with the Greek Stefania feldspar ore after removing fine particles less than
20 µm size. Typical flotation test results are shown in Table III and Table IV using a
mixture of cationic diamine and anionic sulfonate collectors and a cationic-anionic
combined collector, diamine-dioleate and the minerals grade-recovery and selectivity
curves are shown in Fig. 46. The results show that an albite concentrate with Na2O
content about 10% is achieved in every step of albite flotation. At the beginning of the
research program, the target was set to obtain a product with Na2O content grater than
9% and this is accomplished either mixed diamine and sulfonate collectors or diamine-
dioleate collector at acidic pH 2 using sulfuric acid.

Table III. Flotation results of Stefania albite ore using mixed diamine
 and sulfonate collectors.

Assay (%) Distribution (%)Product Wt
(%) SiO2 Al2O3 Fe2O3 K2O Na2O SiO2 Al2O3 Fe2O3 K2O Na2O

-20 µm 24.39 70.50 15.90 1.53 1.05 7.67 22.7 27.8 52.7 30.9 27.1
1. Mica 9.66 71.50 16.20 1.01 2.44 5.29 9.1 11.2 13.8 28.5 7.4
2. Mica 5.87 76.40 13.50 0.57 0.98 6.52 5.9 5.7 4.7 6.9 5.5

3. Albite 17.97 70.10 18.10 0.33 0.70 9.63 16.6 23.3 8.3 15.3 25.0
4. Albite 10.49 70.40 18.40 0.30 0.60 10.10 9.8 13.8 4.5 7.5 15.3
5. Albite 2.54 70.00 17.60 0.31 0.60 9.65 2.3 3.2 1.1 1.8 3.5
Tailings 29.07 89.30 7.19 0.36 0.26 3.83 33.5 15.0 14.9 9.0 16.1

Feed (est.) 99.99 75.73 13.96 0.71 0.83 6.51 100 100 100 100 100

Table IV. Flotation results of Stefania albite ore using diamine-dioleate collector.

Assay (%) Distribution (%)Product Wt
(%) SiO2 Al2O3 Fe2O3 K2O Na2O SiO2 Al2O3 Fe2O3 K2O Na2O

-20 µm 24.39 70.50 15.90 1.53 1.05 7.67 22.60 28.37 54.30 37.67 26.97
1. Mica 7.16 71.50 16.20 1.01 2.44 5.29 6.73 8.49 10.52 23.65 5.46
2. Mica 5.08 76.40 13.50 0.57 0.98 6.52 6.10 5.02 4.21 6.74 4.78

3. Albite 5.13 67.90 20.20 0.39 1.10 10.10 4.58 7.58 2.91 7.64 7.47
4. Albite 12.06 67.10 18.00 0.24 0.50 10.30 10.64 15.88 4.21 8.16 17.91
5. Albite 11.24 68.90 17.50 0.37 0.46 9.87 10.18 14.39 6.05 7.30 16.00
Tailings 34.94 87.50 7.93 0.35 0.25 4.25 40.18 20.27 17.79 11.83 21.41

Feed (est.) 100 76.09 13.67 0.69 0.74 6.24 100 100 100 100 100

However, the muscovite flotation is not very effective and other alternative
reagents are being attempted for its flotation. The iron content in the albite
concentrates is about 0.3 wt%, which needs to be reduced to below 0.1 wt% limit for
the product to be valuable. The iron content could possibly be removed by subjecting
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46. Grade-recovery curves of albite and quartz, and their selectivity curves for both the
reagent schemes.

the material to magnetic separation prior to flotation or employing better reagent for
muscovite flotation. It is concluded that the Stefania feldspar ore is amenable for
albite-quartz separation at pH 2 with either mixed alkyl diamine and sulfonate
collectors or with alkyl diaminopropane dioleate collector but the flotation feed needs
to be deslimed.
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4. Conclusions
1. The FT-IR spectra revealed that at low bulk amine concentrations, the surface

silanol groups interact with ammonium groups through hydrogen bonds. After
hemi-micelle concentration, the XPS spectra showed neutral amine molecules
along with the protonated ammonium ions coordinated to deprotonated silanol
oxygen anion on the surface. Because of this, adsorption steeply increases. At
higher concentrations, the molecular amine precipitates onto the surface, which is
characterized by the typical absorption band at 3330 cm-1. The later two regions of
adsorption, where the formation of neutral amines takes place, is affected by the
acetate counter ions.  However, the acetate counter ions have no influence on
flotation response. The results are interpreted in terms of successive two-
dimensional and three-dimensional precipitation of amine on silicate surface after
the initial phase of adsorption.

2. The presence of alcohol enhanced the two-dimensional precipitation of amine at the
same total concentration. The precipitating species is deduced to be the soluble
associate of the protonated amine and alcohol. When the alkyl chain lengths are the
same, the adsorbed layer is closely packed leading to increasing hydrophobicity
and thus maximum floatability. The total concentration in mixed composition is
reduced to one order magnitude when compared to the amine concentration alone
for achieving the same flotation response. The neutral molecule coadsorption in
between charged amine heads shielded its repulsion and thereby the adsorption is
increased due to lateral tail-tail hydrophobic bonds. The CH2

asym and CH2
sym bands

in reflection absorption spectroscopy spectrum occurred at lowest frequencies with
narrowest widths when the coadsorbents are dodecyl amine and dodecyl alcohol
validating the highest order and packing of the adsorbed species at equal alkyl
chain lengths. The flotation responses of the minerals either in mixed
amine/alcohol or in diamine/sulfonate collector system observed to be higher when
the hydrocarbon lengths of the two dissimilar collectors match each other.

3. The mechanism of selective feldspar flotation from quartz in mixed alkyl
diamine/sulfonate at pH 2 is distinguished. The charge difference between
feldspars (microcline and albite) and quartz at pH ≤ 2 (quartz iso-electric point is at
pH 2 and feldspars are negatively charged down to pH 1.5), is found to be the key
factor for the preferential feldspar flotation in mixed cationic/anionic collector
system. The adsorption of diamine on feldspars at pH 2 renders the surface
partially hydrophobic but not on quartz due to its near zero charge. The partial
floatability of feldspar is enhanced in the presence of sulfonate while increasing
the hydrophobicity by its co-adsorption in the form of diamine-sulfonate (1:1)
complex. Since diamine cannot be adsorbed on quartz at pH 2, the sulfonate has no
effect on quartz flotation.

4. The presence of sulfonate increases the adsorption of diamine, apart from its co-
adsorption. The intrusion of sulfonate in between adjacent surface alkyl
ammonium ions decreases the electrostatic head-head repulsion and thereby
increases the diamine adsorption by increasing the hydrophobic tail-tail bonds.
Since the 1:1 diamine-sulfonate complex is positively charged, the normal bond
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between the head groups of diamine and the negative adsorption sites is not
influenced much to favour its adsorption. The mole ratio of diamine/sulfonate has
significant effect on flotation response and when the concentration of sulfonate
exceeds diamine concentration, flotation decreases.

5. The infrared spectra of the adsorption of diamine-dioleate collector on minerals at
pH 2 show the carbonyl absorbance band together with the amine group bands at
acidic pH values suggesting the co-existence of neutral oleic acid molecules with
charged amine species on the surface. The incorporation of oleic acid in between
the diamine molecules screens the electrostatic head-head repulsion and increases
the adsorption of diamine due to attractive tail-tail bonds, besides forming a closely
packed adsorbed layer enhancing the hydrophocity. Selective flotation of albite at
pH 2 is observed with this cationic-anionic combined collector, similar to mixed
diamine and sulfonate collectors system.

6. The zeta-potentials in the presence of collectors are in good agreement with the
formation of ionic and molecular species indicated by the species distribution
diagrams. The surface potentials increase towards positive direction in the presence
of diamine with the adsorption of doubly charged species up to pH 6.5 and above
which pH, they decreases since diamine exists in the precipitated form. However,
there are no significant difference in the zeta-potentials of feldspars and quartz at
pH 2 with increasing collector concentration. Moreover, the adsorbed amounts on
feldspars and quartz, as realised from the integrated area of alkyl chain bands, are
also found to be similar.  These results are inconsistent with Hallimond flotation
responses where preferential feldspar flotation at pH 2 is indicated either with
mixed diamine/sulfonate collector or with diamine-dioleate collector.

7. The difference in the results between Hallimond flotation and zeta-potential/FTIR
studies is attributed to the nature of coarse (−150 +38 µm) and fine (−5 µm)
particles employed in these studies respectively.  The adsorption of ammonium
ions on silanol groups through hydrogen bonding, besides electrostatic interactions,
is concluded for similar adsorption behaviour on fine albite and quartz particles.
The higher density of silanols on fine particles and the longer equilibration time
used in adsorption studies when compared to Hallimond flotation tests explain the
observed results.

8. However, the results are in good agreement with the bench scale flotation tests with
the Stefania feldspar ore, where selective albite flotation is accomplished at pH 2,
only after desliming the feed material. An albite concentrate with more than 10
wt% Na2O content is produced from a feed material containing about 6.5 wt%
Na2O, where an albite product more than 9 wt% Na2O content is considered to be
valuable. Thus, with the mixed cationic and anionic collectors system, feldspars
can be selectively floated at highly acidic conditions without the use of
hydrofluoric acid.
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	Numerous microflotation studies of quartz have been made using various cationic and anionic collectors, and the present tests are intended to compare the response of quartz when floated with amine and its acetate salt of the same alkyl chain length to it



	HOL (aq)       (         OL- + H+                            4.95
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	Table IV. Flotation results of Stefania albite ore using diamine-dioleate collector.



