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Abstract

:

In this study, an optimized method was presented for the reverse quartz flotation in iron ore purification where sodium oleate (NaOL) was always selected as the collector due to its accessibility and economic benefits. Three alcohol ethoxylates, octylphenol ethoxylate (OP-10), nonylphenol ethoxylate (NP-10) and fatty alcohol ethoxylates (AEO-9) were introduced to improve the collecting performance of NaOL in the reverse flotation of quartz. It turned out that the addition of alcohol ethoxylates was helpful to increase the recovery of quartz in the flotation with the order of OP-10 > NP-10 > AEO-9. To characterize the adsorption of NaOL on activated quartz in different surfactant systems, Fourier-Transform Infrared Spectroscopy (FTIR) and Quartz Crystal Microbalance with Dissipation (QCM-D) were employed. Furthermore, the contact angles of the quartz surface that interacted with different surfactant systems were measured to investigate the synergy effect of NaOL and alcohol ethoxylates on the hydrophobicity of quartz. It turned out that alcohol ethoxylates promoted the adsorption of NaOL on the activated quartz, resulting in an increase in the hydrophobicity of quartz also in the order of OP-10 > NP-10 > AEO-9, which well explained the flotation results. Regular Solution Theory (RST) and the dilution effect based on the surface tension analysis were utilized to elucidate the synergy mechanism between NaOL and the alcohol ethoxylate.
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1. Introduction


The reverse flotation of quartz is a critical process for the purification of iron concentrates after magnetic separation [1,2]. In this process, quartz is activated by Ca2+ or other multivalent metal cations followed by flotation with sodium oleate (NaOL) or other anionic collectors at pH 11–12 into a froth product, while iron-bearing minerals (hematite and magnetite) being depressed by corn starch are left in the pulp, which achieves quartz separation from the iron-bearing minerals [3]. Quartz exhibits a very poor floatability across the entire pH range in its anionic collector flotation. However, the active species Ca(OH)+ derived from Ca2+ can be specifically adsorbed on the negatively charged quartz surface, which provides adsorption sites for NaOL toward quartz [4,5]. The chemical reaction between oleate (OL−) and Ca2+ generates –Si-O-Ca-OOCR on the Ca2+-activated quartz surface, which enhances the hydrophobicity and floatability of quartz [6]. As a result, once it is activated by Ca2+ or other multivalent metal cations, the floatability of quartz improves dramatically [7].



Despite successful and economic recovery of quartz via flotation, its efficiency using NaOL as the collector still can be improved. Normally, improving temperature and employing mixed collectors are the two main methods to enhance the collector effectiveness [5,8,9,10]. At higher temperatures, the interaction between NaOL and the calcium-activated quartz surface becomes stronger, so as a result, quartz flotation was improved by increasing temperatures [5]. However, high temperatures result in high processing cost [11]. Therefore, employing synergic reagents to enhance the performance of NaOL has drawn widespread attention, and the application of mixed collectors has become an important procedure to reduce the reagent cost and enhance collector effectiveness [9,11,12,13,14,15,16]. The adsorption of one surfactant is often enhanced by the addition of a small amount of the other surfactant through hydrophobic interactions [9,15]. It has been certified that non-ionic lipophilic surfactant and non-ionic hydrophilic surfactant could improve the quartz recovery when mixed with NaOL [9].



Alcohol ethoxylates (R(OC2H4)nOH) are a common form of nonionic surfactant, which have advantages of low toxicity, rapid biodegradation and foamability [17,18]. However, alcohol ethoxylates have been seldom used in quartz flotation and reported in the literature. The physical and performance properties of alcohol ethoxylates depend on the alkyl chain length, the alkyl branching and the polyethylene glycol chain [17]. In this study, octylphenol ethoxylate (OP-10), nonylphenol ethoxylate (NP-10) and fatty alcohol ethoxylates (AEO-9) were introduced to assist the flotation of quartz. The three alcohol ethoxylates have a similar polyethylene glycol chain and alkyl chain length, but different alkyl branching. The ability of alcohol ethoxylates to improve the collecting performance of NaOL in quartz flotation was investigated using OP-10, NP-10 and AEO-9 as examples.



In this study, the quartz recovery in flotation with NaOL as the collector was investigated with the addition of different types and concentrations of alcohol ethoxylates (OP-10, NP-10 and AEO-9). The adsorption of NaOL on activated quartz under the influence of different alcohol ethoxylates was characterized through Fourier-Transform Infrared Spectroscopy (FTIR) and Quartz Crystal Microbalance with Dissipation (QCM-D). Furthermore, the synergy effect of NaOL and different alcohol ethoxylates on the surface hydrophobicity of quartz was investigated. In addition, Regular Solution Theory (RST) and the dilution effect based on the surface tension analysis were utilized to elucidate the synergy mechanism between NaOL and the alcohol ethoxylate.




2. Materials and Methods


2.1. Materials


The quartz used in this study was obtained from Yunnan Province, China. The quartz lumps were crushed by a hummer and then were pulverized using a laboratory sample preparation pulverizer (Jiangxi Guangming Intelligent Technology Co., Ltd., Nanchang, China). The pulverized quartz particles were then sieved and the size fraction of −74 + 38 μm was used in the flotation test. The size distribution of quartz was tested by a Mastersizer 3000 (Malvern Instrument Ltd., Malvern, UK), and Figure 1 illustrates the results. The surfaces of quartz particles were cleaned by being soaked in a HCl solution (4 mol/L) for 24 h, which was repeated twice. The cleaned quartz particles were rinsed by deionized water until the pH of the cleaning water was 7, which was followed by being dried in an oven at 90 °C for 12 h. The purification of the quartz particles was 99.74%.



The water used in this study was deionized water with a conductivity of 0.054 μS/cm. Sodium hydroxide (NaOH, analytical reagent) was obtained from Tianjin Fuchen Chemical Co., Ltd. China. Calcium oxide (CaO, ≥98%), sodium oleate (NaOL, ≥98%), nonylphenol ethoxylate (NP-10, ≥99.5%) and fatty alcohol ethoxylates (AEO-9, chemically pure) were obtained from Beijing Honghu Lianhe Huagong Chanpin Co., Ltd., Beijing, China. Octylphenol ethoxylate (OP-10, chemically pure) was obtained from Tianjin Bailunsi Biotechnology Co., Ltd, Tianjin, China. The information on NaOL, OP-10, NP-10 and AEO-9 is listed in Table 1.




2.2. Flotation Test


The flotation tests were carried out on a 50 mL hanging grooved XFGCⅡ laboratory flotation machine (Jilin Exploration Machinery Plant, Jilin, China) at room temperature (25 °C), where 2.0 g quartz particles (−74 + 38 μm) and 30 mL deionized water were added to the flotation cells, which were stirred at 1992 r/min. NaOH solution (75 mg/L) was added to adjust the pH to 11.5, and the pulp was stirred for 3 min. Then 1.5 mg CaO (50 mg/L) was added to the pulp and was stirred for another 3 min to activate the quartz particles. After that, 6.0 mg NaOL (200 mg/L) with different amounts of alcohol ethoxylates (OP-10, NP-10 and AEO-9) was added to the pulp as the collector, which was also stirred for 3 min. The froths were collected at the air flow rate of 1 L/min for 4 min, during which a moderate amount of deionized water was added to make sure the froths could be collected. The collected froth and the tailings were filtrated and dried separately, and then their mass was measured to calculate the quartz recovery.




2.3. Fourier-Transform Infrared Spectroscopy (FTIR) Measurement


The FTIR spectra of the quartz surface was performed on a Nicolet™ iS50 FTIR Spectrometer (Thermo Scientific™, Waltham, MA, USA) at room temperature (25 °C). Cleaned quartz particles were grinded to −5 μm using an onyx mortar. 0.2 g quartz particles (−5 μm) were added to a 100 mL beaker with 50 mL deionized water, and then NaOH (300 mg/L) was added to adjust the pH to 11.5 followed by adding CaO (50 mg/L), NaOL (150 mg/L) or NaOL (150 mg/L) + OP-10/NP-10/AEO-9 (7.5 mg/L) in order. The modified quartz particles were filtered and dried after being stirred for 30 min. Quartz particles (1 wt%) were mixed with spectroscopic grade KBr. The wavenumber range of the spectra was 500–4000 cm−1.




2.4. Quartz Crystal Microbalance with Dissipation (QCM-D) Measurement


The QCM-D was conducted on a QSense Explorer (Biolin Scientific, Gothenburg, Sweden) at room temperature (25 °C), and the QSense Silicon dioxide sensor (f0 = 5 Hz) was employed. The sensor and chamber were cleaned using ethanol and deionized water in order, and then were dried by N2 before use. The system first ran under dry conditions with no liquid injected into the module. When the signal became stable, deionized water was injected into the system at the flow rate of 100 μL/min for a baseline measurement. Then CaO (50 mg/L) solution (pH was adjusted to 11.5), NaOL (150 mg/L) or NaOL (150 mg/L) mixed with OP-10/NP-10/AEO-9 (7.5 mg/L) were pumped in at a flow rate of 100 μL/min to obtain the data for the frequency shift Δf and dissipation shift ΔD. QSense Dfind software was employed to analyze the data and obtain the adsorbed mass.




2.5. Contact Angle Measurement


The contact angle of the quartz surface was measured on a Drop Shape Analyzer DSA100S (Kruss, Germany) at room temperature (25 °C). A piece of pure quartz lump was sliced, polished, cleaned using ethanol and dried in order. The quartz lump with a smooth and clean surface was soaked in the solution containing 300 mg/L NaOH, 50 mg/L CaO, 150 mg/L NaOL (or 150 mg/L NaOL + 7.5 mg/L OP-10//NP-10/AEO-9) for 30 min. Then the quartz lump was dried and put on the Drop Shape Analyzer to carry out the contact angle measurement using the sessile drop method.




2.6. Surface Tension Measurement


The surface tension (γ) of the surfactant solution was measured by a Force Tensiometer K100 (Kruss, Germany) using the ring tear-off method at room temperature (25 °C). The container was cleaned using ethanol and then dried before adding the surfactant solution. The ring was burnt by a spray gun before use. The solution to be tested was put in the cleaned container. The ring was soaked in the solution horizontally at first, and then the ring was gently pulled out of the solution. A layer of water film formed on the ring when it was out of the solution. As the ring was pulled out, the surface tension on the water-air interface held back the ring, and the pulling force of the ring reached the maximum when the water film on the ring was torn off. The maximum pulling force was recorded, based on which, the surface tension was obtained. The surface tension of the NaOL and alcohol ethoxylates (OP-10, NP-10, AEO-9) solution of different concentrations in a pure state and in a mixed state (0.001 wt% NaOL + alcohol ethoxylates of different concentration) was measured, which was repeated 5 times for each system, and the average value was adopted.




2.7. Geometry Optimization for Surfactants


All computational works were performed with the Gaussian 16 (Revision C.02) suite of programs [19]. Geometry optimization of OL−, OP-10, NP-10 and AEO-9 was realized by the density functional theory (DFT) using the B3LYP functional in conjunction with the 6-31G* basis set in the gas phase [20]. All optimized structures were confirmed to be real minima by frequency calculations at the same level of theory (no imaginary frequency).





3. Results


3.1. The Synergy Effect of NaOL and Alcohol Ethoxylates in Flotation


The recovery of quartz particles using NaOL as the collector with different kinds of alcohol ethoxylates is shown in Figure 2. The recovery of quartz was 76.53% when 200 mg/L NaOL was added without alcohol ethoxylates. With an increase in the amount of alcohol ethoxylates from 0 to 40 mg/L, the recovery of quartz increases gradually, and with the synergy of OP-10 the recovery increased the most. The recovery of quartz was 99.50%, 96.45% and 94.33% when 40 mg/L OP-10, NP-10 and AEO-9 was added, respectively. The sequence of the synergy effect was: OP-10 > NP-10 > AEO-9.



It can be clearly seen that the synergy effects between NaOL and three different alcohol ethoxylates all performed well; namely, alcohol ethoxylates improved the performance of NaOL as the collector of quartz in flotation.




3.2. FTIR Analysis


The FTIR spectra of pure quartz and activated quartz conditioned with NaOL or NaOL + alcohol ethoxylate (Figure 3) were conducted to analyze the reaction that happened on the quartz surface in different surfactant systems. Compared with the pure quartz surface, when the activated quartz conditioned with NaOL, bands at 2924 cm−1, 2854 cm−1, 1574 cm−1, 1535 cm−1, 1467 cm−1 and 1423 cm−1 appeared on the FTIR spectra. The bands at 2924 cm−1 and 2854 cm−1 were attributed to the C-H stretching vibration of the -CH2- and -CH3- groups in oleate, respectively. Furthermore, the bands at 1574 cm−1, 1535 cm−1, 1467 cm−1 and 1423 cm−1 were attributed to the -COO- vibration, among which, the band at 1574 cm−1 and 1535 cm−1 can be attributed to the -COOC- asymmetric stretching vibration. The bands at 1467 cm−1 and 1423 cm−1 can be attributed to the -COOC- symmetric stretching vibration [21,22]. All the bands’ information above indicated the adsorption of oleate on the quartz surface and the formation of -Si-O-Ca-OOCR on the Ca2+-activated quartz surface.



For the activated quartz conditioned with NaOL mixed with OP-10/NP-10/AEO-9, no extra peaks appeared on their FTIR spectra, which showed little difference compared to quartz conditioned with pure NaOL. It can be illustrated that the alcohol ethoxylate did not attach on the quartz surface, which meant that the alcohol ethoxylate assisted the adsorption of oleate on quartz instead of attaching on quartz by itself.




3.3. QCM-D Measurement Analysis


QCM-D is always employed to investigate the behavior of surfactant adsorption in aqueous solutions with sensitivity in the ng/cm2 (submonolayer) region. In addition, it can simultaneously determine changes in frequency (Δf) and energy dissipation (ΔD) of a quartz crystal at nanoscale in real-time and derives valuable in-situ information on adsorbed mass from experimentally obtained data of energy dissipation (ΔD) in relation to frequency shift (Δf) [23].



Figure 4 presents the real-time change in Δf (Figure 4a), ΔD (Figure 4b) and adsorbed mass (Figure 4c) of the Ca2+-activated silicon dioxide sensor associated with different collector systems. After the injection of the CaO solution (0.1 wt%), there was a vertical decrease of Δf and increase of ΔD and adsorbed mass, which was stable at −352 Hz, 1.44 × 10−4 and 6262 ng/cm2, respectively. Those illustrated that an activation layer was formed on the sensor surface. Then when a different collector was injected, there was also an instant steep decrease of Δf and an increase of ΔD and adsorbed mass, which suggested the adsorption of oleate. The magnitude of the change was different for different collector systems; however, the changes of Δf, ΔD and adsorbed mass had the same order for different collector systems. Compared with the pure NaOL system, the mixed system containing NaOL and alcohol ethoxylate resulted in a larger change in Δf, ΔD and adsorbed mass with the sequence of OP-10 > NP-10 > AEO-9. Figure 4d demonstrates the mass of the oleate adsorption layer when it reacted with different collector systems. With the synergy of OP-10, NP-10 and AEO-9, the oleate adsorption layer reached a density of 2223 ng/cm−2, 1343 ng/cm−2 and 1056 ng/cm−2, respectively.




3.4. Hydrophobicity of Quartz Surface


The activation of quartz by Ca2+ is that Ca2+ adsorbs on the quartz surface in the form of Ca(OH)+ and metal hydroxides, which permits the chemical adsorption of NaOL forming calcium oleate on the quartz surface [3,4]. Due to the amphiphility of NaOL, when oleate attached on the quartz surface, the hydrophobic tails were exposed on the quartz surface, which increased the hydrophobicity of quartz. The contact angel represents the wettability of a solid surface, and with the increase of the contact angle, the hydrophobicity of the surface increases, and vice versa. The contact angles of quartz in different conditions were measured (Figure 5). It can be observed straightforward that the pure quartz surface was hydrophilic with a contact angle of 22.8°, but when the activated quartz surface reacted with NaOL, its contact angle increased to 79.3°. When NaOL cooperated with OP-10//NP-10/AEO-9, it made the activated quartz surface more hydrophobic, with a contact angle of 105.9°, 88.0° and 82.9°, respectively, which meant that the sequence of the alcohol ethoxylates’ ability to increase the hydrophobicity of activated quartz was OP-10 > NP-10 > AEO-9, agreeing well with the sequence about quartz recovery in flotation.



From the results above, it can be clearly illustrated that the synergism between NaOL and alcohol ethoxylate assisted the adsorption of NaOL on the Ca2+-activated quartz surface through the chemical reaction between oleate and Ca2+. Since the hydrophilic base COO− of oleate reacts with Ca2+, the hydrophobic base of oleate sticks out of the surface, increasing the hydrophobicity of quartz [7]. With an increase of the amount of NaOL adsorbed on the quartz surface, the increased contact angle of quartz indicated an increase in quartz hydrophobicity. Hydrophobic particles easily attach on bubbles, resulting in a significant increase in froth stability and good flotation recovery [24,25]. Therefore, with an increase in quartz hydrophobicity, the quartz recovery increased.



All the results illustrated that the level of synergism for different alcohol ethoxylates was different. Comparing the results of QCM-D and contact angles of quartz in different mixed surfactant systems, they all showed the same sequence about the magnitude of change compared with that in the pure NaOL system: OP-10 > NP-10 > AEO-9, which corresponded with the sequence in the results of the quartz flotation. Take OP-10 as an example, with the assistant of OP-10, the amount of NaOL attached on the activated quartz surface was the most drawn from the QCM-D results. Correspondingly, the contact angle of quartz in the system of NaOL synergy with OP-10 was the largest. As a result, the quartz recovery in the same flotation system was also the best.





4. Discussion


OP-10, NP-10 and AEO-9 are alcohol ethoxylates composed of a lipophilic group and a hydrophilic group. The HLB value is defined as the ratio of the hydrophilic group to the lipophilic group, indicating whether the surfactant will promote a water-in-oil or an oil-in-water emulsion. The HLB values from 10 to 18 mean that the surfactant is a hydrophilic biosurfactant, which favors an oil-in-water emulsification [26]. The HLB values of the three alcohol ethoxylates are shown in Table 1, which were in the range of 12 to 15 belonging to hydrophilic biosurfactants. In water, as the concentration of a surfactant increases, adsorption takes place at the surface, which reduces the surface tension (γ) until it is fully overlaid; above the critical micellar concentration (CMC), the surfactant tends to self-assemble and forms micelles, which would not reduce the surface tension [27]. The CMCs of NaOL and three alcohol ethoxylates were determined by Figure S1 and the values are shown in Table S1 (see Supplementary Materials). The CMC and surface tension of the mixed system both decreased compared with the NaOL solution. The mole fractions of NaOL in the mixed micelle (   X 1 m   ) and interaction parameter (βm) can be calculated by the regular solution theory (RST) [13,14,28,29].



The calculation of mole fractions of NaOL in the mixed micelle (   X 1 m   ) used the Equation (1) [13,30]:


      (  X 1 m  )  2  · ln  (     y 1  ·   CMC   12     (  X 1 m  ) ·   CMC  1     )       (  1 −  X 1 m   )   2  · ln  (     (  1 −  y 1   )  ·   CMC   12      (  1 −  X 1 m   )  ·   CMC  2     )    = 1  



(1)




where y1 is the bulk mole fraction of NaOL in the mixed solution, CMC1 is the measured CMC of NaOL in the pure state, CMC2 is the measured CMC of alcohol ethoxylates in the pure state and CMC12 is the measured CMC in the mixed system between NaOL and alcohol ethoxylate.



Based on the calculated values of    X 1 m    (see Supplementary Materials, Table S2), the interaction parameter (βm) can be calculated by Equation (2) [13,14,30]:


   β m  =  1     (  1 −  X 1 m   )   2    · ln    y 1  ·   CMC   12      X 1 m  ·   CMC  1     



(2)







The calculated values of βm (see Supplementary Materials, Table S2) for the three mixture systems were all negative (<0).



The active coefficient of NaOL    f 1 m    was also calculated by Equation (3) [13,30]:


   f 1 m  = exp  [   β m  ·    (  1 −  X 1 m   )   2   ]   



(3)







The calculated values of    f 1 m    (see Supplementary Materials, Table S2) for the three mixture systems were all <1. βm < 0 and    f 1 m    < 1 confirmed an attractive behavior between NaOL and the alcohol ethoxylate, showing the high interaction between them [30].



Surface excess concentrations (Γ) in mol/cm2 and minimum area per molecule (Amin) in Å2 at the air/aqueous solution interface for both individual surfactants and surfactant mixtures can be calculated by Equations (4) and (5) [13,28,29]:


  Γ = −  1  RT      (    ∂ γ   ∂ logC    )   T   



(4)






   A  min   =     10   16      N Γ     



(5)




where (∂γ/∂logC)T is the slope in the γ versus log C plot (see Supplementary Materials, Figure S1), T is the absolute temperature, R is 8.314 J/(mol·K) and N is Avogadro’s number. The calculated Amin is listed in Table S1, which shows that with the synergy of alcohol ethoxylate, the minimum area per NaOL molecule increased, meaning that the NaOL molecule showed expansion at the air/aqueous interface or in the micelle when mixed with alcohol ethoxylate.



The calculated interaction parameter (βm) for the mixed system of NaOL and OP-10/NP-10/AEO-9 was less than 0, indicating that the interactions between the NaOL and alcohol ethoxylates are more attractive or less repulsive than before mixing. The geometry structures of OL−, OP-10, NP-10 and AEO-9 are presented in Figure 6, based on which, it can be evidently observed that the two O atoms in OL− were negative charged with −0.611 and −0.616 (Mulliken atomic charge), respectively. Therefore, before mixing, negatively charged oleate has a strong electrostatic self-repulsion. For the alcohol ethoxylates (OP-10, NP-10 and AEO-10), their molecular length was larger than that of oleate, and for OP-10 and NP-10, they have branches in the hydrophobic groups, so they have a steric self-repulsion before being mixed with NaOL. However, after mixing, both of these repulsions are weakened by a dilution effect [28,31].



Figure 7 illustrates the dilution effect in the mixed surfactant system schematically. It can be clearly informed that the distance between the self-repelling oleate molecules will be much larger after mixing, making the repulsion interaction less than the average self-repulsion before mixing. In the mixed surfactant system, the steric repulsion between OP-10 or NP-10 also decreased with the increase of distance between them. Furthermore, there was a hydrogen bond OH…O between the OL− and OP-10/NP-10/AEO-9 molecules, which also stabled the system. In this way, the mixture system became more stable than the pure surfactant system, which well explained the attraction between the NaOL and OP-10/NP-10/AEO-9 molecules.



Due to the dilution effect, the CMC and surface tension of the mixed system both decreased compared with the NaOL solution, which increased the surface activity of NaOL. Furthermore, the average surface area per molecule of NaOL increased on the air-water interface or in the micelle, which increased its collision probability with the activated quartz surface. As a result, the collecting performance of NaOL increased, which explained the better quartz recovery in the mixed surfactant system.




5. Conclusions


The synergism effect between the collector NaOL and alcohol ethoxylates OP-10/NP-10/AEO-9 on the quartz recovery in flotation and its mechanism were investigated in this study, and the following conclusions were drawn.



	
With the assistance of alcohol ethoxylates, the quartz recovery increased in flotation compared to when only NaOL was added as the collector. Furthermore, the level of synergism followed the sequence: OP-10 > NP-10 > AEO-9.



	
The hydrophobicity of quartz increased in the synergy system in the order of OP-10 > NP-10 > AEO-9, which was the result of adsorption of NaOL on the activated quartz surface with the synergy of OP-10/NP-10/AEO-9 characterized by FTIR and QCM-D. Since hydrophobic quartz particles could easily attach on the bubble surface and thus increase froth stability, it resulted in the increase of quartz recovery in flotation.



	
The dilute effect between NaOL and alcohol ethoxylate molecules based on surface tension analysis well explained the attraction and synergism between them. Due to the synergism, the CMC and surface tension of the mixed system both decreased and the average surface area per molecule of NaOL on the air-water interface or in the micelle increased compared with the NaOL solution, which increased the surface activity and collecting performance of NaOL, resulting in the better flotation performance.
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Figure 1. The size distribution of quartz used in flotation. 
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Figure 2. Dependence of quartz recovery using NaOL in synergy with alcohol ethoxylates (OP-10, NP-10 and AEO-9). 
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Figure 3. FTIR spectra of pure quartz and activated quartz conditioned with NaOL, NaOL + OP-10, NaOL + NP-10 and NaOL + AEO-9. 
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Figure 4. Real-time change in Δf (a), ΔD (b) and adsorbed mass (c) of the Ca2+-activated silicon dioxide sensor associated with different collector systems (NaOL, NaOL + OP-10, NaOL + NP-10 and NaOL + AEO-9); (d) The adsorbed mass of oleate on the sensor without and with the synergy of OP-10, NP-10 and AEO-9. 
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Figure 5. Contact angles of pure quartz surface (a) and activated quartz surface conditioned with NaOL (b), NaOL + OP-10 (c), NaOL + NP-10 (d) and NaOL + AEO-9 (e). 
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Figure 6. Optimized geometry structure of oleate, OP-10, NP-10 and AEO-9 by DFT. 
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Figure 7. Schematic of the dilution effect in the mixed surfactant system showing the change in electrostatic self-repulsion and steric repulsion before and after mixing between NaOL and alcohol ethoxylates. 
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Table 1. The chemical structures, chemical formula and HLB values of NaOL, OP-10, NP-10 and AEO-9.
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	Compound
	Chemical Structure
	Chemical Formula
	HLB





	Sodium

Oleate

(NaOL)
	 [image: Minerals 13 00093 i001]
	C18H33O2−Na+
	18.0



	Octylphenol Ethoxylate

(OP-10)
	 [image: Minerals 13 00093 i002]
	C34H62O11
	13.6



	Nonylphenol Ethoxylate

(NP-10)
	 [image: Minerals 13 00093 i003]
	C35H64O11
	13.2



	Fatty Alcohol Ethoxylates (AEO-9)
	 [image: Minerals 13 00093 i004]
	C30H62O10
	12.5
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