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Internal Reflection Spectroscopy
for FTIR Analysis of Carboxylate
Adsorption by Semi-Soluble Salt
Minerals

J.D. Miller* and J.J. Kellar*

Flotation chemists have long sought to unravel the mechanisms of carboxylate collector adsorption
by semi-soluble salt minerals. In particular, the adsorption density ofadsorbed carboxylates, adsorp-
tion kinetics, speciation (chemisorbed, physisorbed), orientation, and conformation are of interest.
Given the importance of these phenomena in establishing the hydrophobic state atamineral surface,
in-situ surface spectroscopy studies certainly are justified. Such measurements traditionally have
been difficult to perform. However, beginning in the late 1980s, a Fourier transform infrared (FTIR)
spectroscopic technique was developed that has allowedfor the acquisition ofa wealth of detailed
information concerning carboxylate adsorption in semi-soluble saltflotation systems. The technique,
internal reflection spectroscopy using single-crystal internal reflection elements, is reviewed, as it
applies to semi-soluble saltflotation systems.

BACKGROUND

Prior to availability of the Fourier transform infrared spectrometer, the flotation chemist
was often limited by the sensitivity of the dispersive infrared spectrometer. Specifically,

due to low-energy throughput, most studies involved transmission techniques such as the
KBr disk or Nujol mull methods.

W ith the advent of FTIR spectrometers, many low-energy throughput experimental tech-
nigues (almost all exclusively reflectance based) previously unused by flotation research-
ers could be utilized on aroutine basis.

For example, FTIR analysis of flotation systems by diffuse reflection (Sivamohan et al.,
1990) and external reflection (grazing angle) (Poling and Leja, 1963) techniques can
be found in the literature. These techniques are generally performed ex-situ (no water
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TABLE1 Synthetic single-crystal IREs that are useful for flotation studies

Internal Useful Average
Reflection Transmission Refractive
Element (IRE) Range (cm-1) Index, n
Si02 50000-4000 1.44
ai2o3 33000-2800 1.75
MgO 20000-1700 1.68
CaF2 66000-1300 1.40
NaCl 25000-900 1.5
KCI 20000-700 1.47
As2S3 12500-1300 2.4
ZnSs 14000-1000 2.22
Tio2 20000-2000 2.6; 2.9
Zr02 25000-1800 2.15

Beginning in the late 1980s, researchers demonstrated the utility of fabricating the desired
substrate into a reactive IRE and directly studying surface reactions in-situ at the IRE sur-
face. Sperline etal. (1987) first used this approach to quantitatively monitor the adsorption
density of the surfactant cetylpyridinium chloride onto a zinc selenide IRE. Of course, this
method is limited to systems where IR-transparent IRE crystals are available, and appropri-
ate care must be taken to avoid and/or correct for any impurity contamination of the sys-
tem. Synthetically grown single-crystal IREs that are readily available and useful from a
flotation standpoint are listed in Table 1. Also listed in Table 1 is the useful transmission
range ofeach IRE. Since the initial investigation by Miller and Kellar (1989), numerous IREs
have been used to describe adsorption processes associated with flotation chemistry. The
use ofnatural mineral crystals as IREs was first postulated by Harrick over 30 years ago and
now has been developed for flotation chemistry studies (Harrick, 1979; Harrick Scientific,
1988). In the case of semi-soluble salt-type minerals, fluorite, calcite, and fluoroapatite
crystals have been used as reactive IREs (Miller and Kellar, 1989; Kellar et al, 1990; Lu et
al., 1998; Young and Miller 1998).

The focus of this paperis areview ofthe FTIR/IRS technique for the analysis of carboxy-
late adsorption in the flotation chemistry of semi-soluble salt minerals, using these same
minerals as reactive IREs.

ADSORPTION DENSITY

In the first demonstrated use of reactive IREs for in-situ flotation chemistry research,
Miller and Kellar (1989) and Kellar et al. (1989) showed that the adsorption density of
oleate at the surface of a fluorite IRE could be calculated from in-situ spectral data. Sub-
sequently, this approach was refined by Free etal. (1994). The general utility ofthe FTIR/
IRS adsorption density equation for reactive IREs has now been established.

r = AIN - £Cbde
1000e(2de/d p)
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FIGURE 2 Spectra of CH stretching bands showing the integrated area chosen for
guantitative analysis of adsorbed carboxylates at the surface of reactive IREs

where T

adsorption density (mole/cm?2)
A = integrated absorbance (1/cm)
N = number of internal reflections
e = molar absorptivity (1/mole cm)

Cb = bulk species concentration (mole/1)

de = effective depth (cm)

dp = depth of penetration (cm)

Typically the adsorption density isdetermined by the intensity (integrated absorbance, A)
of the CH stretching vibrations such as shown in Figure 2, together with the optical con-
stants ofthe system (incident angle and refractive indices) thatallow calculation of N, de,
and dp.

From such calculations the adsorption isotherms can be determined as shown for fluorite,
calcite, and apatite in Figure 3 (Lu et al.,, 1998). Frequently in these studies D20 can be
used instead of H20 in order to allow easier examination of collector absorption bands.

These FTIR/IRS results were encouraging in that the adsorption isotherms agreed well
with some previous studies and demonstrated the great sensitivity (sub-monolayer cov-
erages could be detected) of the reactive IRE method.

Subsequently, Jang and Miller (1993), in the case of fluorite, compared the measured
adsorption density asdetermined by IRS theory with that found using well-defined mono-
layers transferred by the Langmuir-Blodgett method. See Figure 4. This comparison
shows that the IRS technique gives highly reliable, quantitative results.
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FIGURE 3 Comparison of oleate adsorption isotherms at apatite, fluorite, and calcite
surfaces at about pH 9.5 and a temperature of 20°C to 25°C (Lu et al., 1998)
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FIGURE 4 Adsorption density values for transferred LB monolayers of fatty acids calculated
by the FTIR/IRS adsorption density equation vs. those determined from the rc-A isotherms
(Jang and Miller, 1993)

49



TABLE2 Calcium surface site densities for apatite, fluorite, and calcite (Lu et al., 1998)

Calcium density Area per
Surface ((imole/m2) calcium (A)2
Apatite (0001) 6.6 25.3
Apatite (1000) 5.2 32.2
Fluorite (111) 12.9 12.9
Calcite (1011) 8.2 20.2
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FIGURE5 The bridging coordination believed to define the nature of carboxylate
chemisorption at the fluorite surface

In general, the oleate adsorption isotherms presented in Figure 3 are characterized by at
least two regions. At low equilibrium oleate concentrations (< 1x 10 5M), in the absence
ofcalcium dioleate precipitation, the density of the calcium surface sites (Table 2) dictates
the adsorption density in this plateau region for the endothermic chemisorption reaction
(Lu etal., 1998). In the case of fluorite, the adsorption density plateau for adsorbed oleate
is 6.5to 6.8 jumole/m2suchaswould be expected for aclose-packed monolayer. Taking into
consideration the density of calcium sites, this corresponds to a calcium-to-carboxylate ratio
ofabout 2 to 1 and suggests that bridging occurs between a carboxylate group and two
calcium ions atthe fluorite surface. See Figure 5. On the other hand, the chemisorption pla-
teau for calcite and apatite as determined from Figure 3 is significantly less, approximately
1 |imole/m2.Clearly aclose-packed monolayeris not achieved in these systems at low con-
centrations, which accounts for a diminished state ofhydrophobicity for calcite and apatite
under these circumstances when compared to fluorite. For example, it has been found that
fora 1x 10“sM equilibrium oleate concentration, fluorite exhibits a contact angle of close
to 90°, whereas bubble attachment at a calcite surface does not occur under these circum-
stances (Young and Miller, 1998).

In regiontwo (>1 x 10“4M), where adsorption exceeds an effective close-packed monolayer,
the maximum adsorption densities were found to be about 300 umol/m 2at a calcite sur-
face, 100 (imol/m2at afluorite surface, and only 11 umol/m 2at an apatite surface. In this
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TABLE 3 Comparison of the measured heats of adsorption of oleate at the fluorite/water
interface with isosteric heats of adsorption for different levels of surface coverage (Miller et
al., 1989)

Heats of adsorption of oleate (kcal mol 1)

Measured by Calculated from adsorption
microcalorimetry isotherm data
Chemisorption (monolayer coverage) 2.36 2.77
Surface precipitation (above
monolayer coverage) -5.31* -6.60

*At oleate surface coverage 02= 0.59 (i.e., 9 = 1.59).

region it appears that the adsorption is mainly due to surface precipitation of calcium
dioleate or heterocoagulation of calcium dioleate collector colloids. Therefore, it is reason-
able to relate adsorption density to the extent and kinetics of calcium ion release to solution
as has been discussed in the literature (Young and Miller, 1998; Free and Miller, 1997). In
this regard, it should be noted that the adsorption isotherm is quite sensitive to the level of
dissolved calcium, particularly region one, the chemisorbed layer. If even a modestamount
of calcium is present in solution prior to oleate addition, the precipitation event can over-
whelm chemisorption and the plateau, so characteristic of the chemisorbed monolayer, can
be eliminated as demonstrated for the fluorite system by Free and Miller (1997).

The two regions of oleate adsorption (chemisorption and surface precipitation) are also
revealed from thermochemistry studies of the fluorite/oleate system (Miller et al., 1989).
As shown in Table 3, adsorption atlow equilibrium oleate concentrations reveals an endo-
thermic reaction of oleate at the fluorite surface, whereas at high equilibrium oleate
concentrations, an exothermic reaction associated with multilayer adsorption by surface
precipitation of calcium dioleate is observed. Similar results that indicate an endothermic
chemisorption reaction of oleate at a calcite surface have been reported (Young and
Miller, 1998).

In summary, based on these adsorption density and thermochemistry considerations,
chemisorption predominates at low equilibrium concentrations (low adsorption densi-
ties) and a precipitated calcium dioleate predominates at higher adsorption densities. In
the case of fluorite, a close-packed monolayer of oleate forms during the chemisorption
reaction, creating a strong hydrophobic state at the fluorite surface. On the other hand,
in the case of calcite and apatite, monolayer formation is incomplete during chemisorp-
tion and, at best, aweak hydrophobic state is created at these surfaces.

ADSORPTION KINETICS

Detailed studies of adsorption kinetics are relatively uncommon in the flotation literature.
There are numerous reasons for the dearth of such data, including lack of instrumentation
capable of giving real-time results. Furthermore, most kinetic studies have been performed
ex-situ. An exception to this occurred in 1997, when Free and Miller (1997) examined the
adsorption kinetics of oleate and linoleate in-situ using a reactive fluorite IRE. It was found
thatthe adsorption process was not controlled by convective diffusion or mass transport but
rather by the reaction of the collector molecules at the fluorite IRE substrate. Another sig-
nificant finding from this analysis was that, once oleate chemisorbed at the fluorite surface,

51



£ [=,)

[ 8]

Adsorption Density (umol/m2)

0 + + + +

0 50 100 150 200 250
Time (min.)

FIGURE6 Effect of pH on the kinetics of oleate adsorption by fluorite IRE as revealed by in-
situ FTIR/IRS. Each experiment was conducted with 1 x 10 5Msodium oleate in D20 at 25°C
(Free and Miller, 1997).

desorption could not be detected. Finally, it was shown that anions such as F~, C03, and

OH*“ strongly influenced the rate of collector adsorption. For example, shown in Figure 6 is
the effect of pH on the adsorption kinetics of oleate atthe surface of afluorite IRE. The rate
of adsorption is significantly reduced at high pH, presumably due to competition with the

hydroxyl ion for surface sites or due to a surface carbonation reaction (Miller and Hiskey,
1972).

SPECIATION OF ADSORBED COLLECTOR

Dating as far back as the 1950s there was agreat deal of speculation concerning the spe-
ciation of adsorbed carboxylate collectors at the surface of semi-soluble salt minerals.
Even during that time period it was recognized that infrared spectroscopy had the poten-
tial to determine whether the adsorbed layers were chemisorbed, physisorbed, or precip-
itated on the substrate. However, while useful, ex-situ analyses often tended to cloud the
understanding ofthe nature of the adsorbed collectors. Specifically, the presence ofwater
in ex-situ analyses often confused the researcher and caused misinterpretation of the
resulting spectra. Interpretation was based upon the location and splitting (singlet or
doublet) of the COCT asymmetric stretching band in the region 1600 to 1500 cm-1.Using
FTIR/IRS spectra, Kellaretal. (1991) were the first to show from in-situ spectroscopy that
the chemisorbed carboxylate is characterized by a single absorbance band -1550 citT 1
and that surface-precipitated calcium dicarboxylates are characterized by adoublet with
bands on either side 0of-1550 cm-1. A summary of results that demonstrates these char-
acteristic surface spectroscopic features of oleate adsorption is presented in Table 4
(Young and Miller, 1998).
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TABLE4 Band positions (cm 1) of chemisorbed and surface-precipitated oleate at
fluorite, apatite, and calcite surfaces from selected references (Young and Miller, 1998)

Band Positions

(cm'l)
Reference Mineral Chemisorb Precipitate Detection Method
Fluorite (CaF2)
Kellar et al. (1991) synthetic 1549 1573, 1535 In-situ FTIR/IRS
Jang and Miller (1994) synthetic 1550 — LB FTIR/IRS
Bahr et al. (1978) natural 1550 1575, 1538 KBr transmission
Sivamohan et al. (1990) natural 1555 1575, 1540 Diffuse reflection
Rao and Forssberg (1991) synthetic 1555 1576, 1540 Diffusion reflection
Peck and Wadsworth (1965) natural 1555 1577, 1543 Nujol Mull
Hu et al. (1986) synthetic 1557 1577, 1540 KBr transmission
Apatite [Ca5(P04)3X]
Gong et al (1992) X = OH’ 1550 1574, 1593 Diffuse reflection
Antti and Forssberg (1989) X=F 1550 1577, 1541 Diffusion reflection
Lu and Miller (1998) X=F 1554 1575, 1540 Ex-situ FTIR/IRS
Calcite (CaC03)
Peck (1963) natural 1562 — KBr transmission
Antti and Forssberg (1989) natural unable unable Diffuse reflection
Young and Miller (1998) natural 1551 1569, 1534 Ex-situ FTIR/IRS

Not all researchers agree with this position. The above analysis touched off significant
debate in subsequent publications (Miller et al.,, 1995). Complete understanding of the
phenomena that cause the formation of a singlet and doublet was not fully resolved until
the IRSwork of Lu and Miller (1998) with fluorite showed that the 1550 cm"1singlet and
the doublet at 1540 and 1575 cm-1 could be explained in terms of the coordination struc-
ture of carboxylate groups with calcium ions. (For example, splitting of the asymmetrical
stretch is not observed for magnesium and barium carboxylates, and in fact, such splitting
reveals the unique multiple coordination states, characteristic of calcium in such aqueous
systems.) In this analysis it was shown that constrained calcium carboxylate groups in a
chemisorbed state at the surface (monolayer coverage) give rise to the singlet, whereas
carboxylate groups associated with calcium ions in three-dimensional seven- or eight-fold
coordination (multilayer coverage) give rise to the doublet. It is now clear that the singlet
peak is indicative of the chemisorbed oleate when it is constrained at the surface and lim -
ited in coordination with calcium. This is true even if a calcium dicarboxylate is formed
in such a constrained state (Lu and Miller, 1998). In view of the adsorption density
observed for monolayer coverage at afluorite surface and the calcium surface site density
(Table 2), the bridging structure for the chemisorbed oleate (Figure 5) isjustified by the
carboxylate singlet position observed at -1550 cm"1 Such close packing of the oleate
monolayer and the ordered arrangement (see next section) account for the great stability
of oleate at fluorite surfaces and the excellent hydrophobicity observed (Jang et al.,
1995). ]
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FIGURE 7 FTIR/IRS ex-situ spectra of the oleate adsorption product with and without prior
equilibration of the fluorite IRE in water. Adsorption occurred for 14 hours in each test. The
oleate concentration was 1 x 10-4 M, the temperature was 25°C, and the pH was 9.8 (Free
and Miller, 1996).

Again, the spectral features of the adsorbed state are quite sensitive to the calcium ion
concentration in solution. If sufficient calcium is present in solution to stimulate the cal-
cium dioleate precipitation reaction, the doubletwill be observed. For example, if fluorite
is first equilibrated with water prior to oleate addition, the asymmetric vibration for the
carboxylate is split and adoublet is observed rather than asinglet, which is the case when
fluorite is not equilibrated in the water prior to oleate addition. See Figure 7 (Free and
Miller, 1996).

Also, in-situ IRS has been used to monitor the reactivity of adsorbed carboxylate species.
It was shown that the C=C double bond of chemisorbed oleate at a fluorite surface exhib-
ited significant cross-linking when subjected to elevated temperature and/or oxygen-
saturated solutions. These results were correlated with adsorption density measurements
(Kellar et al., 1992; Young and Miller, 1999).

ORIENTATION OF THE HYDROCARBON CHAIN
AND SURFACE PHASE TRANSITIONS

As mentioned above, band location allows one to determine the speciation ofadsorbed col-
lector molecules. Another feature associated with absorbance band position involves sub-
tle changes in the band position that are associated with the molecular environment ofthe
alkyl chain. The bands most often used in such an analysis are the strong asymmetric -CH
stretching bands (3200 to 2800 cm '1) of the collector. The high resolution associated
with FTIR spectrometers allows the band positions to be determined at sub-wavenumber
resolution. Consequently, slight changes in the alkyl environment can be monitored. For
example, alkyl conformations termed either gauche or trans can be observed by FTIR spec-
troscopy. Figure 8 shows examples of gauche and trans conformations in a hydrocarbon
chain. The two conformations are observed when the terminal methylene groups in any
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FIGURE 8 Examples of trans (left) and gauche (right) butylene linkages. The asterisk
indicates the gauche bond (Kellar et al., 1993).

four-carbon subchain are on the same side (gauche) or opposite sides (trans) of the plane
ofthe middle carbon/carbon bond. Typically, if the sample has a predominantly gauche
population, the band location will occur athigher wavenumbers than when the population
ispredominantly of the trans conformation. Such analyses have been performed by
researchers studying surfactant chemistry (Kellar et al., 1990). For example, when the sur-
factant is predominantly in the monomer form, the alkyl band position occurs at higher
wavenumbers than when the micellar form of the surfactant prevails.

Kellar et al. (1993) used this concept to better understand the conformational behavior
of adsorbed oleate on a fluorite IRE. It was found that atvery low adsorption densities,
the oleate molecules adsorbed initially in predominantly the gauche conformation, and
as the adsorption density approached monolayer coverage, the trans conformation pre-
dominated. These results, together with more recent results, are shown in Figure 9
(Drelich et al., 1997). Also, it should be noted thatJang and Miller (1995) used polarized-
light FTIR/IRS experiments to analyze the conformational behavior of self-assembled
(SA) and Langmuir-Blodgett (LB) layers of stearate molecules at the surface of a fluorite
IRE. They found that for both the SA and LB monolayers, the predominant conformation
was the trans state.

Finally, with respect to orientation, Jang and Miller (1995) determined the orientation
angle (relative to surface normal) from the same FTIR/IRS polarization experiments. It was
found that this angle was 21° to 22° for the SA layer and from 9° to 16° for the LB layer.
These orientation/conformation results complement the previous adsorption density and
speciation results and demonstrate, in the case of fluorite, that awell-ordered/organized,
tightly packed, chemisorbed monolayer layer forms at low oleate concentrations.

CONCLUSIONS

A Fourier transform infrared spectroscopic technique has been developed that has allowed
for the acquisition of fundamental information concerning carboxylate collector adsorp-
tion in semi-soluble salt flotation systems. The technique allows for in-situ measurements
on both synthetic and naturally occurring minerals. In general, the in-situ measurements,
which include adsorption density, kinetic, speciation, and orientation/conformation stud-
ies, have provided additional information that was not available with other spectroscopic
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FIGURE 9 Peak frequency change of the asymmetric C-H stretching mode of the -CH2- group
with increasing adsorption density of oleate at a fluorite surface (Drelich et al., 1997)

techniques. Specifically, the spectroscopic evidence and thermochemical data show that,
in the absence ofdissolved calcium, chemisorption predominates atlow equilibrium oleate
concentrations (low adsorption densities) and a precipitated calcium dioleate predomi-
nates at higher adsorption densities. In the case of fluorite, a close-packed monolayer of
oleate forms during the chemisorption reaction, creating astrong hydrophobic state at the
fluorite surface. On the other hand, in the case of calcite and apatite, monolayer formation
is incomplete during chemisorption and a weak hydrophobic state is created at these sur-
faces. At high equilibrium oleate concentrations, a surface precipitation reaction occurs
that leads to multilayer calcium dioleate coverage in the case of fluorite and calcite.
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