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Abstract: The reverse flotation of quartz and other gangue silicate minerals with alkyl amines is an 

important and well known strategy for the processing of iron ore, low grade bauxite ore, and 

phosphate rock. Some details of amine adsorption by quartz have been described in the literature, but 

little is known about the disposition of amine during bubble attachment. Now, a new experimental 

procedure involving vibrational sum frequency spectroscopy (VSFS) has been developed to provide, 

for the first time, a more detailed analysis of the state of dodecyl amine (DDA) adsorption at different 

interfaces during bubble attachment/detachment at a silica surface. The results show that the 

hydrophobic surface state at the silica surface is created by the transfer of a well-organized monolayer 

of DDA from the bubble surface to the silica surface during bubble contact and attachment. 
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1. Introduction 

Adsorption of amines at different mineral surfaces has been studied extensively (Chernyshova et al., 

2001; Koua et al., 2010). The interaction of bubbles with solid surfaces is an important phenomenon in 

many areas of technology, particularly in flotation technology (Nguyen et al., 1997; Krasowska and 

Malysa, 2007; Parkinson and Ralston, 2011). Such understanding regarding bubble 

attachment/detachment is crucial for the development and/or optimization of new flotation 

technology including the influence of adsorbed surfactants (Nguyen and Stechemesser, 2004; Albijanic 

et al., 2012).  

Previous research on dodecyl amine adsorption at a silica surface using vibrational sum frequency 

spectroscopy (VSFS) revealed the nature of the adsorbed amine as a function of pH (Wang et al., 2010). 

Transport and adsorption of collectors to create a hydrophobic surface state have always been of 

interest to flotation chemists. For soluble collectors the transport and adsorption of the collector are 

generally thought to occur by diffusion and surface reaction, creating a hydrophobic state at the 

mineral surface. In some cases the adsorption of collector at the mineral surface may be facilitated by 

air bubbles. Specifically, in the case of amine flotation of quartz, it has been reported that adsorption 

of amine increases significantly in the presence of air bubbles. Digre and Sandvik in their experiments 

with hydrochlorides of C12, C14, and C16 primary amines demonstrated that adsorption at the quartz 

surface more than doubled when the conditioning of the quartz suspensions was carried out in the 

presence of gas bubbles (Digre and Sandvik, 1968). Vibrational sum frequency spectroscopy (VSFS) 

results reported herein confirm this phenomenon and provide further insights regarding amine 

transport and distribution during air bubble attachment/detachment. 

VSFS is a technique for the investigation of surfaces and interfaces (Shen, 1984). As a second order 

nonlinear optical process VSFS exploits the symmetry breaking at the interface between two isotropic 

media, which gives rise to a nonlinear susceptibility χ(2) . For the VSFS experiment, the spatial and 
temporal combination of photons from a tunable IR (ωIR ) radiation and photons from a fixed 
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frequency visible (ω
Vis

) radiation interact at the surface. As a result, a third photon is produced having 

a frequency which is the sum of the two incident frequencies (ωSF = ωIR +ω
Vis

). The effective nonlinear 

polarization has the form (Guyot-Sionnest et al., 1987): 

 𝑃 (ω𝑆𝐹) = χ(2)𝐸(ω𝐼𝑅)𝐸(ω𝑉𝑖𝑠), (1) 

where 𝐸(ω𝐼𝑅) and 𝐸(ω𝑉𝑖𝑠) are the incident light fields. Generally, the visible frequency is chosen to be 

off resonance, thus the χ(2) only depends on the IR frequency. 

The obtained VSFS spectra are of the form: 

 𝐼𝑆𝐹 ∝ |𝑃𝑆𝐹|2 ∝ |𝜒(2)|
2

𝐼𝑉𝑖𝑠𝐼𝐼𝑅𝑓𝑉𝑖𝑠
2 𝑓𝐼𝑅

2 𝑓𝑆𝐹
2 , (2) 

where 𝐼𝑉𝑖𝑠 and 𝐼𝐼𝑅 are the intensities of the incident beams, the f terms are the Fresnel factors that can 

be considered constants for a small frequency band (Schroedle et al., 2007). The 𝜒(2) can be treated as a 

nonresonant part 𝜒𝑁𝑅
(2)

 and a resonant component of the susceptibility 𝜒𝑅
(2)

: 

 𝜒2 = 𝜒𝑅
(2)

+ 𝜒𝑁𝑅
(2)

. (3) 

We can consider an adsorbed monolayer on a dielectric substance, such as silica. In this instance, 

𝜒𝑁𝑅
(2)

= 0, and consequently, the spectrum obtained is purely that of the resonant susceptibility. The 

resonant component is given by:  

  (4) 
where m is the number of vibrational transitions, 𝐴𝑘 and 𝑀𝑖𝑗 are the IR and Raman transition 

probabilities, respectively, 𝜔𝑣𝑥  is the normal mode vibrational frequency of the transition being 

probed, and Γ is the line width of the transition. The average orientation of interfacial molecules can 

be obtained from χ(2) by appropriate choice of input and output polarizations, namely: ssp (s-polarized 

sum-frequency, s-polarized visible and p-polarized IR) and sps (s-polarized sum-frequency, p-

polarized visible and s-polarized IR), where the letter s represents light polarized perpendicular to the 

plane of incidence and the p parallel to the plane of incidence. The spectrum analysis can be made by 

using amplitudes determined from the fits of the VSFS spectra in Eq. (4). 

2. Materials and methods 

2.1 Materials 

All solutions were prepared using > 18.2 MΩ∙cm water from a Millipore water purification system. 

Dodecyl amine hydrochloride (99%, Acros), and NaOH (98%, Mallinckrodt) were used as received for 

pH adjustment. An IR/UV grade fused silica hemicylindrical prism (Almaz Optics, Marlton, NJ) was 

used as the substrate for all VSFS experiments. 

2.2 VSFS experiments 

An EKSPLA, Ltd. sum-frequency vibrational spectrometer was used for the silica/amine solution 

experiments. The laser system has been described in a previous publication (Wang et al., 2010), so a 

description is not provided here. The incident angles of the visible and IR beams at the silica/solution 

interface were set at 60° and 66°, respectively, and the SF signal was collected in reflection at an angle 

of 65°. The pulse energies of the visible and the IR beams were 500 and 160 μJ, respectively, for 3200 

cm-1 at the sample interface.  

 

Fig. 1. Experimental set-up to measure VSFS spectra of water films created with a captive bubble at hydrophilic 

and hydrophobic silica surfaces 
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A water sample cell (Fig. 1) with an air bubble screw holder was used to conduct the VSFS 

experiments with the EKSPLA, Ltd. sum-frequency vibrational spectrometer. The spectra presented 

were taken under ssp polarization conditions for the three beams (s-polarized sum-frequency, s-

polarized visible and p-polarized IR). Data were collected at 4 cm-1 increments, and each point is the 

average of 30 laser shots. All spectra were recorded at a constant temperature of 23 C. 

3. Results 

3.1 Before bubble attachment 

It is well known that excellent quartz flotation is achieved from pH 9-10 with dodecyl amine (DDA) at 

a concentration of 4x10-5 M (Fuerstenau, 1957). At lower DDA concentrations flotation recovery of 

quartz is reduced and the contact angle decreases from ~80° at 4x10-5 M to ~35° at 1x10-5 M 

(Fuerstenau, 1957; Smith, 1962). The corresponding DDA adsorption density at 1x10-5 M has been 

reported to be quite low, about 4x10-12 moles/cm2 (Li, 1958). This low adsorption density is confirmed 

from VSFS experiments together with the surface state of adsorbed DDA. For example, the VSFS 

spectrum shown in Fig. 2 suggests little, if any, DDA adsorption. The CH vibrations (2800-2940 cm-1) 

are not detected and the silica surface is characterized by the OH vibrations of interfacial water 

molecules (3200 and 3500 cm-1). The extent of DDA adsorption by silica at pH 9.6 and 1x10-5 M DDA is 

rather small. 

 

Fig. 2. VSFS spectrum for 1x10-5 M DDA solution/silica interface at pH 9.6 

Adsorption of DDA at the air/solution interface can be compared to adsorption at the silica surface 

from surface tension measurements. The results from surface tension measurements are presented in 

Fig. 3 and the adsorption density is calculated from the Gibbs adsorption equation: 

 𝛤 = −
1

2.303𝑅𝑇
(

𝜕𝛾

𝜕𝑙𝑜𝑔𝐶
), (5) 

where Γ is the adsorption density, R is the gas constant, T is the temperature, γ is the surface tension, 

and C is the amine concentration. In this way, the adsorption density at the air/solution interface is 

found to be quite significant, 5.26 x 10-10 moles/cm2, corresponding to monolayer coverage of DDA. 

Thus, adsorption at the air bubble surface is expected to be about 100 times greater than adsorption at 

the silica surface.  

These results for DDA adsorption at the air/solution interface are supported by VSFS analyses 

which show strong CH3 vibrations (2875 and 2940 cm-1) and the exclusion of interfacial water 

molecules (Fig. 4a). Further, the order and conformation of the dodecyl chain can be analyzed from 

the spectrum shown in Fig. 4. If the VSFS spectrum originates from a well-packed monolayer of 

dodecyl amine with the hydrocarbon chain in the all-trans state only the CH3 symmetric stretching 

mode (2875 cm-1) and CH3 Fermi stretching mode (2940 cm-1) from the terminating methyl groups will 

be observed for the ssp polarization combination. The VSFS spectrum in Fig. 4a and the surface 
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tension results presented in Fig. 3 suggest that the DDA molecules are present as a well-ordered 

monolayer at the air/water interface at a concentration of 4x10-5 M. At the DDA concentration of 1x10-

5 M (Fig. 4b) the VSFS spectra show a CH2 stretching peak at 2850 cm-1 which indicates that the 

adsorbed DDA monolayer at the air/solution interface at this concentration has some gauche defects. 

In summary, under these conditions (pH 9.6, DDA = 1x10-5 M) before bubble attachment, DDA is 

not present in a significant amount at the silica surface, or, if present, adsorbed amine is at a low 

adsorption density in random organization. In contrast, amine is organized at the air/solution 

interface (pH 9.6, DDA = 4x10-5 M) as a well-ordered monolayer with some gauche defects. 

 

Fig. 3. Surface tension for a DDA solution at pH 9.6 

 

Fig. 4. VSFS spectra of the air/DDA solution for 4x10-5 and 1x10-5 M DDA concentration at pH 9.6 

3.2 During bubble attachment 

The most interesting result is that the VSFS spectrum of the quartz surface at pH 9.6 and DDA 

concentration of 1x10-5 M, is transformed during bubble attachment so that, instead of the spectrum 
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shown in Fig. 2, transfer of DDA occurs and the spectrum of the quartz surface now shows strong 

ordered adsorption of DDA similar to that structure which was observed at the air/solution interface. 

So, even though little DDA is adsorbed at the silica surface, bubble attachment occurs in captive 

bubble experiments and a contact angle of 64° is observed at pH 9.6 and a DDA concentration of 1x10-5 

M. After film rupture and stabilization of an equilibrium contact angle, the VSFS results for the silica 

surface with an attached air bubble are presented in Fig. 5. Notice the shape of the spectrum is quite 

different from the spectrum for the air/solution interface shown in Fig. 4-a, but is similar to that 

shown in Fig. 4-b. In addition to the CH3 stretching peaks at 2875 and 2940 cm-1 there are two peaks 

near 2850 and 2920 cm-1. The OH stretching modes are also found in the spectrum near 3200 and 3500 

cm-1. Some residual water was observed at the surface after film rupture as shown by a photograph 

taken through the silica substrate after bubble attachment (see Fig. 6). Therefore, even though the 

spectrum clearly shows that DDA has been stabilized as an ordered monolayer at the air bubble/silica 

surface and that the peaks associated with the CH vibrations of adsorbed DDA are of significantly 

greater intensity, the adsorbed layer has a different structure than that observed for the well-ordered 

monolayer at the air/DDA solution interface (4x10-5M). In order to further analyze the conformation 

of the adsorbed DDA layer at the quartz surface during bubble attachment (Eq. 2) was used to fit the 

spectrum in Fig. 5 for the CH stretching range.  

 

Fig. 5. VSFS spectrum after air bubble attachment for a 1x10-5 M DDA solution at pH 9.6 

 

Fig. 6. Photograph of residual water at the surface after film rupture 
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Fig. 7. Fitted VSFS spectrum in the CH stretching range using Eq. (2) 

The fitted spectrum in the CH stretching range can be seen from Fig. 7. The two CH2 stretching 

modes are clearly revealed at 2848 cm-1 for the CH2 symmetric stretching mode and at 2920 cm-1 for 

the CH2 asymmetric stretching mode. It is evident that the DDA has been transferred to the silica 

surface during film rupture and bubble attachment. The CH2 mode indicates an adsorbed DDA layer 

containing some isolated gauche defects. VSFS of the silica surface with an attached bubble reveals 

that more ordered DDA molecules are present at the silica surface as evidenced by significant CH 

stretching peaks in Fig. 5 after bubble attachment compared to before bubble attachment (no 

significant CH stretching peaks appear in Fig. 2). A less ordered monolayer due to increased gauche 

defects (compared to that at the air/water interface in Fig. 4) may be formed at the bubble/silica 

interface. 

3.3 After bubble detachment 

Finally, as shown in Fig. 8, after bubble removal, the silica surface is stripped of most of the DDA and 

water is dominant again at the silica surface. Notice that there is some residual DDA as evidenced by 

the peaks for CH vibrations at 2865 and 2930 cm-1. However, most of the surface is occupied by water 

molecules as revealed by the OH peaks at 3215 and 3455 cm-1. 

 

Fig. 8. VSFS spectrum for 1x10-5 M DDA solution/silica interface at pH 9.6 after bubble detachment 

4. Discussion 

As mentioned previously, for soluble collectors the transport and adsorption of collector is generally 

thought to occur by diffusion and surface reaction, creating a hydrophobic state at the mineral surface. 

In some cases, adsorption of collector at the mineral surface may be facilitated by air bubbles. 

Specifically, in the case of amine flotation of quartz it has been reported that adsorption of amine 

increases significantly in the presence of air bubbles. Digre and Sandvik (1968) in their experiments 

with hydrochlorides of C12, C14, and C16 primary amines demonstrated that adsorption at the quartz 
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surface was more than doubled when the conditioning of the quartz suspensions was carried out in 

the presence of gas bubbles. In a recent paper Laskowski (2013) proposed that when amine collector is 

added to the saturated brine during soluble salt flotation, amine precipitates are formed and coat the 

bubble (air/water) interface forming a molecular film. The paper concluded that the amine coated 

bubble starts spreading into a molecular film that activates the bubbles with regard to their ability to 

attach to the surface of the KCl particles. Although the paper indicated that the presence of a stable air 

bubble increases the proportion of the amine which acts as an active component in the potash ore 

flotation, the study did not explain how the activated bubbles attach to the KCl particles. The results 

from our study may help answer this question.  

At pH 9.6 the silica surface is negatively charged and at low dodecyl amine concentrations the 

dodecyl ammonium ions are adsorbed as individual ions at the low adsorption density. The system is 

characterized by its hydrophilic state as revealed from the literature (Li, 1958) and by results from 

VSFS spectroscopy in Fig. 2. 

Under these conditions, the limited adsorption at the amine solution/silica interface is 

accompanied by good DDA adsorption at the air bubble/amine solution. During bubble attachment, 

DDA is transferred to the quartz surface and the adsorption density increases significantly with the 

formation of an ordered monolayer at the air bubble/silica interface as established from VSFS analysis 

in Fig. 5, and as shown by the illustrations presented in Fig. 9. 

 

Fig. 9. Illustration of DDA molecules transferred to the quartz surface during bubble attachment 

Thermodynamic analysis (de Bruyn and Aga, 1962) of bubble attachment shows that if a solid were 

to become floatable, the adsorption density of the collector at the solid-gas interface must exceed its 

adsorption density at the solid-liquid interface. 

According to the Gibbs equation, for the solid-liquid interface: 

 𝑑𝛾𝑆𝐿 = −Γ𝑅
𝑆𝐿𝑑𝜇𝑅 (6) 

for the solid-gas interface: 

 𝑑𝛾𝑆𝐺 = −(Γ𝑅
𝑆𝐺 − 𝛼Γ𝐻2𝑂

𝑆𝐺 )𝑑𝜇𝑅 (7) 

and  

 𝑑(𝛾𝑆𝐺 − 𝛾𝑆𝐿) = −[Γ𝑅
𝑆𝐺 − 𝛼Γ𝐻2𝑂

𝑆𝐺 − Γ𝑅
𝑆𝐿]𝑑𝜇𝑅 (8) 

for an increase in the contact angle: 

 Γ𝑅
𝑆𝐺 > Γ𝑅

𝑆𝐿 + 𝛼𝛤𝐻2𝑂
𝑆𝐺  (9) 

where 𝛾𝑆𝐿 is the interfacial tension for the solid/liquid interface, 𝛾𝑆𝐺 is the interfacial tension for the 

solid/gas interface, 𝛤𝑅
𝑆𝐺 is the collector R adsorption density at the solid/gas interface, 𝛤𝑅

𝑆𝐿 is the 
collector R adsorption at the solid/liquid interface, Γ𝐻2𝑂

𝑆𝐺 is the water adsorption density at the 

solid/gas interface, and 𝜇𝑅 is the chemical potential for collector R. Thus, the adsorption density of the 

DDA must be greater at the air/quartz interface than at the DDA solution/quartz interface for the 

contact angle to increase as has been demonstrated qualitatively from VSFS.  

Prior to bubble contact at the silica surface, little DDA adsorption occurs at the silica surface for 

1x10-5 M DDA, whereas DDA monolayer adsorption occurs at the air bubble surface. When the air 

bubble contacts the silica surface, bubble film rupture and attachment occur. The DDA molecules are 

transferred to the silica surface as shown in Fig. 9. The DDA adsorption density at the air/silica 

interface is greater than at the solution/silica interface which agrees with the thermodynamic analysis 

for successful attachment. 
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5. Conclusions 

VSFS evidence has been presented which shows that bubble attachment at a quartz surface from a 

1x10-5 M DDA solution at pH 9.6 is accomplished by the transfer of a well ordered DDA monolayer 

from the air/solution interface to the air/quartz interface during film rupture and bubble attachment. 

These results are consistent with the thermodynamic analysis that bubble attachment and formation of 

a stable contact angle occurs when the DDA adsorption density at the air/quartz interface exceeds the 

DDA adsorption density at solution/quartz interface. 
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