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Abstract: The static magnetic field MF (0.44 T) effects on the adsorption of three surfactants: cationic 
bromide (DTAB) and hexadecyltrimethylammonium bromide (CTAB), and anionic sodium 
dodecylsulfate (SDS) from their 10–3 M solutions were studied on bare and low-temperature air plasma 
treated glass plates. The surface properties of the adsorbed surfactants layers were determined via the 
water advancing and receding contact angles measurements and then calculation of the apparent 
surface free energy. An optical profilometer was used to determine the structure and topography of the 
adsorbed layers. The DTAB and SDS concentrations were below their critical micelle concentration and 
that of CTAB very close to its cmc. The results showed that in the case of DTAB solution (much below 
its cmc) a small decrease in the contact angle appeared while in CTAB (close to its cmc) an increase in 
the contact angle value was observed if adsorbed in the MF presence. Quite good reproducibility of the 
contact angle values was obtained. This was not the case for the SDS solution where the contact angle 
values were scattered. The reason was that the anionic surfactant did not adsorb homogeneously on the 
negatively charged glass surface. The contact angles and the calculated values of the work of water 
spreading clearly show that MF influences the structure of the surfactant adsorbed layer which was also 
supported by the optical profilometry images. 
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1. Introduction 

Nowadays it is hard to imagine our life without synthetic surfactants in both everyday life and industry. 
Adsorption of surfactants and their mixtures at the liquid-gas, liquid-liquid and solid-liquid interfaces 
can change their interfacial properties significantly, therefore they find many practical applications such 
as in mineral and petroleum processing, biological systems, health and personal care products, foods, 
crop protection, corrosion inhibition and others (Schramm et al., 2003; Paria and Khilar, 2004; Zhang 
and Somasundaran, 2006) as well as scientific challenges such as spreading reversal to retraction 
(Tadmor et al., 2019; Tadmor et al., 2020; Tadmor et al., 2021). One of the important applications of 
surfactants are enriching processes of the mineral ore and among them the flotation process where the 
used surfactants are called ‘collectors’. Moreover, some other surfactants have to be used as the frothers 
(Fuerstenau et al., 1964; Leja, 1982; Drzymała, 2007]. It is well known that the role of a collector is to 
adsorb selectively on the useful mineral (rock) grains to change the surface to sufficiently hydrophobic 
one, so that they would attach to the gas bubbles which transport them up to the surface where they are 
collected in the froth. In the minerals processing the froth flotation method is a still widely applied technique 
for separating particles possessing different chemical and physical characteristics (Drzymała, 1994; Drelich, 
2001; Fuerstenau and Somasundaran, 2003; Sadowski and Polowczyk, 2004; Fuerstenau et al. 2007; Bastrzyk 
et al., 2008; Szymańska and Sadowski, 2010; Didyk and Sadowski, 2012; Gao et al., 2015; Kowalczuk, 2015; 
Kowalczuk et al., 2016; Kowalczuk, et al. 2017; Drzymała et al., 2016; Drelich, 2018; Gao et al., 2015; Liu, et al. 
2019). The the process is thermodynamically described by the Dupre’s equation (Adamson and Gast, 1997): 
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particle/water  «  water/gas  ®   particle/gas 
𝛾"#     +     𝛾$#     ®      𝛾"# 
∆𝐺 = 𝛾"# − )𝛾$# + 𝛾"$+                                                                  (1) 

where DG is the Gibbs’ free energy accompanying a gas bubble attachment in water to the hydrophobic 
particle,	𝛾"# is the solid surface free energy, 𝛾$# is the liquid surface free energy (surface tension), and 𝛾"$ is 
the solid/liquid interfacial free energy. The spontaneous attachment of the particle to a gas bubble occurs at 
negative DG (Laskowski, 1989). Because the solid/liquid interfacial free energy is defined as (Zhang, 2013): 

 𝛾"$ = 𝛾" + 𝛾$ −𝑊.                                                                      (2) 
hence: 
 ∆𝐺 = 𝑊. − 2𝛾$ = 𝑊. −𝑊0 = 𝑊1 (3) 
where 𝑊. is the work of adhesion of a liquid (water) to a solid surface, 𝑊0  is the work of liquid cohesion 
and 𝑊1 is the work of liquid spreading.  

For clarity in Eq. (2) the subscript 𝒈 at the symbol 𝜸 of solid and liquid surface free energy has been 
omitted. Equation (3) shows that the adhesion of a gas bubble to a solid grain is possible if 	the work of 
liquid (water) cohesion 𝑾𝑪 (145.6 mJ/m2 at 20°C) is greater than the work of liquid adhesion 𝑾𝑨 to the 
solid surface. This indicates that 𝑾𝑺 must be negative (Chibowski and Hołysz, 2006; Rudolf and 
Hartman, 2017). Along with direct methods [Tadmor et al., 2017], the work of adhesion 𝑾𝑨 can be 
estimated via the measurement of the liquid (water) contact angle 𝜃 on the solid (mineral) smooth 
surface. This results from the Young-Dupre’s equation: 
 𝛾" = 𝛾$𝑐𝑜𝑠𝜃 + 𝛾"$ = 𝛾$𝑐𝑜𝑠𝜃 + 𝛾" + 𝛾$ − 𝑊. (4) 
 𝑊. = 𝛾$(1 + 𝑐𝑜𝑠𝜃) (5) 
and because the work of spreading 𝑊1 = 𝑊. −𝑊0 = 𝑊. − 2𝛾$, therefore: 
 𝑊1 = 𝛾$(𝑐𝑜𝑠𝜃 − 1) = ∆𝐺 (6) 

The work of adhesion and work of spreading result from the interfacial solid/liquid interactions 
which can be described in different ways, depending on the theoretical approach (Owens and Wendt 
1969; van Oss, et al., 1988). However, as it can be seen from the above, to determine the work of adhesion 
and work of spreading it is sufficient to measure only the contact angle. The surfactant adsorption 
changes the solid (mineral) surface from hydrophilic to hydrophobic, which results in an increase of the 
contact angle (Drelich, 2001).  

The adsorption of anionic and cationic surfactants on different solid surfaces was investigated and 
described in numerous publications (Fan et al., 1997; Atkin et al. 2003; Paria and Khilar, 2004; Koopal et 
al., 2004; Zhang and Somasundaran, 2006; Li and Ishiguro, 2016; Khan, et al., 2019; Aleksandrova et al., 
2020). The studies allowed for elaboration of the adsorption mechanisms and structure of the adsorbed 
layer of the surfactants (Gaudin and Fuerstenau, 1955; Somasundaran and Fuerstenau, 1966; Harwell et 
al., 1985; Yeskie and Harwell, 1988; Gao et al., 1987; Gu and Huang, 1989; Rupprecht and Gu, 1991; 
Cases and Villieras, 1992; Goloub et al. 1996; Goloub and Koopal, 1997; Atkin, et al., 2003; Paria and 
Khilar, 2004; Golub and Koopal, 2004; Ishiguro and Koopal, 2011).  

Somasundran and Fuerstenau (1996) proposed the reverse orientation or four-region model for 
interpretation of the adsorption isotherm (plotted log-log scales) of anionic surfactant (SDS) on alumina, 
which also described well the adsorption of this surfactant on rutile (Böhmer and Koopal, 1992a; 
Böhmer and Koopal, 1992b). They proposed the mechanism of the surfactant layer formation for each 
of the four distinct regions occurring on the isotherm. According to the four-region model in region I 
the monomers of surfactant adsorb electrostatically on the oxide surface. Both the polar head and the 
hydrocarbon chain of the surfactant can interact with the adsorbent surface. In region II, the surfactant 
adsorption increases and associations of the molecules form hemimicelles. The molecules are oriented 
with their polar head towards the surface and their hydrophobic chain turned towards the solution. In 
region III, changes in the structure of surface micelles and formation of bilayer domains takes place. In 
region IV, the oxide surface is completely covered with the surfactant possessing a structure of bilayer 
and in the solution the surfactant excess occurs in the form of free micelles (Somasundaran and 
Fuerstenau, 1966). 
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Harwell et al. (Harwell et al., 1985; Yeskie and Harwell, 1988) proposed the bilayer model of 
surfactant adsorption on the heterogeneous solid surface. They assumed that no hemimicelles are 
formed on the surface below the CMC and above it patches of the surfactant molecules form called 
admicelles.  

According to the Gu et al. model (Gao et al., 1987; Gu and Huang, 1989; Rupprecht and Gu, 1991) 
the adsorption of surfactant ions on an oppositely charged polar hydrated surface occurs by a two-steep 
mechanism in which the adsorption of surfactant ions is limited by the number of ions initially adsorbed 
electrostatically. These molecules are the adsorption centres on which small micelles are formed as a 
result of hydrophobic interactions of alkyl chains. The average number of these surface micelles is fewer 
than that in the bulk solution. They assumed that small aggregates are of spherical shape which allows 
for a minimal contact area between the water and the hydrophobic parts of the surfactant ions.  

As it results from the above, surfactants adsorption on solid surfaces has been extensively studied 
and verified experimentally in situ by fluorescence studies, electron spin resonance (ESR), vibrational 
sum-frequency (SFS) and total internal reflection Raman scattering (TIR Raman spectroscopy), AFM 
(Somasundaran and Huang, 2000; Liu et al., 2001; Tyrode et al., 2008; Karlsson et al., 2010; Hamon et al., 
2015; Sokolov et al., 2016; Yi et al., 2018). 

However, as to our knowledge, a possible effect of plasma treatment of a solid surface prior to the 
surfactant adsorption or a static magnetic field treatment effects were not much studied. Therefore, we 
were interested to known whether these two treatments would influence the surfactant adsorption or 
properties of the adsorbed layer. For this purpose, the microscope glass as a model surface and three 
surfactants, i.e. cationic dodecyltrimethylammonium bromide (DTAB) and hexadecyltrimethyl-ammonium 
bromide (CTAB), and anionic sodium dodecylsulfate (SDS) were used. The critical micellization 
concentration at 20°C for these surfactants is: 1.4·10–2 M (Tedeschi, 2003; Bahri et al., 2006), 0.94·10–3 M 
(Velegol, 2000), and 8.4·10–3 M (Zdziennicka et at., 2012), respectively. The glass surface was treated 
with a low-temperature air plasma before the surfactants adsorption, or, the adsorption from 10–3 M 
solution on the surface occurred in the presence of static magnetic field (ca. 0.44 T). For the comparison, 
the non-treated glass surface was also investigated. After the surfactant adsorption and drying the 
surface, the advancing and receding contact angles of water were measured. Then the surface free 
energy was calculated. Also, the optical profilometry images of the all studied surfaces were obtained. 

2. Materials and methods 

2.1.   Chemicals and materials 
Dodecyltrimethylammonium bromide (C15H34BrN) and heksadecyltrimethyl-ammonium bromide 
(C19H42BrN) were purchased from Sigma. Sodium dodecyl sulfate (C12H34SO4) was received from Fluka. 
The all surfactants (³99% pure) were used without further purification. Water from the Milli-Q Plus 
system was used to prepare 10-3M aqueous solutions a day before their use. The glass microscope plates 
were purchased from Chemland (Poland). 

2.2. Glass plates preparation 
The adsorption experiments were performed on glass plates (3.8´2.6 cm2 size) which were obtained by 
cutting the microscope plates. Next, the plates were cleaned in acetone, then in water using an ultrasonic 
bath and dried for 30 min at 100°C. The glass plates were stored in a desiccator. 

2.3. Low-temperature air plasma treatment of glass plates 
Plasma treatment of the glass plates was performed in a low pressure plasma system Pico from Diener 
Electronic, Germany. The glass plates were placed in the vacuum chamber and the system was subjected 
to a pressure of 0.2 mbar and the gas flow 22 sccm (standard cubic centimeters per minute). The plasma 
was generated for 60 s at 400 V. In order to remove the gaseous products from the chamber it was purged 
with air for 10 s, then opened if the inside pressure has increased to the atmospheric one. 

2.4. Adsorption procedure 
The adsorption of DTAB, CTAB or SDS was conducted in the Petri dishes both on the non-treated glass 
plates and treated with the air plasma. For this purpose, the plate was placed in the dish on two glass 
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rods and 40 mL of 10-3 M surfactant solution was poured in. The adsorption time at 20±1°C was 60 min. 
A similar adsorption tests were carried out in a magnetic field (MF) by placing the Petri dish with the 
glass plate on a neodymium magnetic stack as shown in Fig. 1A and B. The magnetic field strength was 
measured using Gausmeter Model GM-2 (AlphaLab. Inc.,USA). On the top of the stack (Fig. 1A) there 
was the field gradient from 0.51 T (the outer wall) to only 0.08 T in the stack middle. However, along 
the outer wall of the magnetic stack (Fig. 1B) the field strength was constant 0.44 T if measured inside 
the Petri dish. Therefore, this position of the glass plate was preferable for the experiments of contact 
angle measurements on which 10 or more water droplets were placed in different places. 

 
Fig. 1. Setup of neodymium magnet stack with the Petri dish filled with the surfactant solution and the glass plate 

dipped in it 

The plates with the adsorbed surfactant were removed from the solution and placed in a vacuum 
dryer at 50°C for 60 min. Next on the plate the advancing and receding contact angles of water were 
measured. 

2.5. Contact angle measurements and surface free energy determination 

The Digidrop GBX Contact Angle Meter (France) equipped with a video-camera system and computer 
software was used for the contact angle measurements by the sessile drop method. The advancing 
contact angles of water (Milli-Q) were measured at 20±1oC in a closed chamber after gently settling 6 µl 
droplets on the surface with a help of automatic deposition system. Then after sucking 2 µl of the 
solution from the droplet, the receding contact angle was measured. To learn whether the adsorbed 
layer of the tested surfactants has the same properties if the adsorption occurred from the solution above 
the glass plate (further called ‘top surface’) placed in the Petri dish and from the solution below the 
glass plate (see Fig. 1B), measurements of the advancing and receding water contact angles of water 
droplets were made on both surfaces of each glass plate, i.e. the ‘top’ and ‘bottom’ surfaces of the glass 
plate Some small decrease in the magnetic field strength took place across the glass plate thickness 
which would reflect in the surfactant adsorption. In each system at least 10 advancing and 10 receding 
contact angles on three plates were measured on both sides of each plate. The following systems were 
investigated: 

- system I: glass/surfactant 
- system II: glass/surfactant+MF 
- system III: glass-plasma/surfactant 
- system IV: glass-plasma/surfactant+MF.  
From the mean values of the measured contact angles the apparent surface free energy 𝛾" was 

calculated from the equation proposed by Chibowski (Chibowski, 2002; Chibowski and Perea-Cario, 
2002; Chibowski, 2003): 
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 𝛾" =
?@(ABCD"EF)G

HBCD"EIBCD"EF
 (7) 

where 𝛾$ is the surface tension of liquid, 𝜃J and 𝜃K	are the advancing and receding contact angles, 
respectively. 

2.6. Images from the optical profilometer and surface roughness 

Using an optical profilometer (Contour GT, Veeco) the images of glass/surfactant surfaces were 
recorded and the surface roughness by the Wyko Vision software was analyzed. The apparatus is 
equipped with an optical surface-profiling system (3D) measuring surface morphology with a high 
accuracy from sub-nanometre up to 10 mm size. 

3. Results and discussion 

Fig. 2 shows the advancing and receding contact angles of water on the DTAB layers adsorbed without 
(I) and in the presence of a magnetic field (II) on the top and bottom surfaces of non-treated (III) and 
air-plasma treated glass plates (IV), respectively. 

 
Fig. 2. Advancing and receding contact angles of water on the top (A) and bottom (B) surfaces of glass plates with 

adsorbed DTAB: I: glass/DTAB; II: glass/DTAB+MF; III: glass-plasma/DTAB; IV: glass-plasma/ DTAB+MF 

The used concentration of this cationic surfactant (10–3 M) is much below its CMC (1.4·10–2 M). As can 
be seen in the figure a good reproducibility of the results was obtained which is evidenced by the 
standard deviations of the mean values. In each of the four tested systems, on both sides of the glass 
plates surface a similar trend of the changes in water contact angles was obtained. 

On the bare glass surface 𝜃J is 34.7±2.1°, while 𝜃K = 24.1 ± 1.5°, but after the low-temperature air 
plasma treatment for 60 s, water droplets spread on the surface which indicates that it becomes 
superhydrophilic (Drelich et al., 2011). Adsorption of DTAB on both glass plates (I: glass/DTAB) and 
glass plasma treated (III: glass-plasma/DTAB) causes an increase in its hydrophobic properties, as 
evidenced by the increase in the advancing contact angles to 63.4±1.6° and 63.9±1.8° (top surface) and 
59.0±2.2° and 63.4±2.2° (bottom surface). However, the MF presence during the adsorption caused a 
small decrease of the contact angles. As already mentioned, the adsorption of DTAB from the 10–3 M 
solution was carried out for 1 h. As the main component of glass is SiO2 at the pH=5.7 its surface has an 
excess negative charge. At low concentrations the surfactant ions adsorb onto the glass surface via the 
electrostatic interactions thus neutralizing the surface charge. At the applied concentration the amount 
of the surfactant ions in the solution may not be sufficient to form the micelles. Therefore, they should 
adsorb as monomers changing the surface to a more hydrophobic one (Atkin et al., 2003). However, Yi 
et al. (2018) suggested that on the hydrophilic mica surface at this surfactant concentration a bilayer of 
the adsorbed molecules may also occur.  

Fig. 3 shows similar results plotted for the glass plates with adsorbed CTAB from 10–3 M (1.06´cmc). 
The CMC of this surfactant equals 9.4·10–4 M, hence this concentration is very close to the CMC. As can 
be seen in this figure the contact angles on the both surfaces (top and bottom) with adsorbed CTAB are 
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Fig. 3. Advancing and receding contact angles of water on the top (A) and bottom (B) surfaces of glass plates with 

adsorbed CTAB: I: glass/CTAB; II: glass/CTAB+MF; III: glass-plasma/CTAB; IV: glass-plasma/CTAB+MF 

bigger than the value on the bare glass surface (𝜃J=34.7±2.1°) and the plasma treatment increases the 
contact angle. Moreover, contrary to DTAB the MF presence during the adsorption causes a bigger 
increase of the contact values in comparison to the values measured on the surfaces when the MF field 
was absent.  

In Fig. 4 there are presented the contact angles measured for the analogous systems as above but 
with 10–3 M (0.07´cmc) anionic SDS. The CMC of this surfactant amounts to 8.4×10–3 M, thus the solution 
concentration is lower. As it can be clearly seen in the figure, in these systems reproducibility of the 
contact angle values, which were measured on different places of the plate, both advancing and 
receding, is very poor which was not the case for CTAB and DTAB (Figs. 2 and 3). 

 
Fig. 4. Advancing and receding contact angles of water on the top (A) and bottom (B) surface of glass plates with 

adsorbed SDS: I: glass/SDS; II: glass/SDS+MF; III: glass-plasma/SDS; IV: glass-plasma/SDS+MF. 

This indicates that the surfaces are not uniformly covered. During the adsorption of a negatively 
charged head groups of DS- on a negatively charged glass surface hydrophobic interactions and 
electrostatic repulsion are important. SDS adsorption via hydrophobic interactions occurs between the 
surfactant tails and the hydrophobic siloxanes on the glass surface (Li and Ishiguro, 2016). Moreover, 
according to Li and Ishiguro (2016) the negative DS- head group adsorbs on the Na+ ion adsorbed layer, 
and the hydrophobic group of the SDS is directed towards the solution. Then, the hydrophobic carbon 
chains of the SDS link together by the van der Waals force to form an adsorbed bilayer. Having 
measured the advancing and receding contact angles, from Eq. (7) the apparent surface free energy 𝛾" 
was calculated. The results for all investigated systems are presented in Fig. 5, including those for SDS.   
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Fig. 5. Surface free energy of adsorbed surfactant layers on the top (A) and bottom (B) surfaces of glass:  

I: glass/surfactant; II: glass/surfactant+MF; III: glass-plasma/surfactant; IV: glass-plasma/surfactant+MF 

The results in Fig. 5 depict changes in the surface hydrophilic/hydrophobic better than the contact 
angles themselves. Generally, the adsorbed cationic surfactant, DTAB or CTAB, causes a significant 
decrease in the glass surface free energy. The MF presence causes an increase in the energy if DTAB is 
used below its CMC and a decrease if CTAB adsorbs in the MF presence, on the top and bottom glass 
surfaces. A bit greater changes are observed on the bottom surface (B) than on the top one (A). The same 
is true in the case of DTAB. Moreover, in the case of SDS, although the contact angles are very scattered, 
using their averaged values it appeared that in all investigated systems the energy is practically the 
same (Fig. 5) and bigger than that of bare glass surface (64.7 mJm2). 

To get more information about the structure and topography of the adsorbed layers of the 
surfactants, images of an optical profilometer were obtained. In the literature the adsorbed layers were 
investigated with the help of the AFM (Velegol et al, 2000; Xie et al., 2016; Hamon et al, 2018; Yi et al., 
2018). However, using AFM technique only images of the layers adsorbed on 1´1 cm2 size of substrate 
can be analysed and the tested surface would be too small for the contact angle measurements of a few 
droplets of a volume 6 µL. Moreover, the tip of AFM apparatus can destroy mechanically the adsorbed 
layer if in the contact mode. Therefore, for the contact angle measurements we have investigated lager 
surfaces (3.8´2.6 cm2 size), and applied optical profilometry techniques the surfaces of 62.5´46.9 µm2 
have been analysed, as well smaller (1.3´0.9 mm2) ones. In Table 1 are given values of average roughness 
𝑅J parameters for the all systems studied and the bare and plasma treated glass surfaces.  
It appeared that on the glass surface with adsorbed layers of the surfactants one can observed two 
groups of significantly different values of the parameter 𝑅J	. Therefore in Table 1 there are given the 
average values for these two groups of Ra. It means that the surfactants do not adsorb uniformly from 
the 10–3 M solutions on the hydrophilic smooth glass surface, which becomes slightly smoother after the 
plasma treatment. In the case of DTAB on the glass surface there are areas not covered by the surfactant 
(𝑅J values similar as for the bare glass) and surfactant patches with a thickness of 1.9 and 3 nm (bottom 
and top – III), 4.5 nm (top - I, II and IV, and bottom – II and IV) and 6 nm (bottom – I). Taking into 
account the DTAB molecule length of 2 nm, it is indicated that only in the III-plasma/DTAB system the 
surface is not covered by uniform monolayer formed via the electrostatic interactions between the 
positive charges DTA+ ions and the oppositely charged the surface sites. The presence of MF influences 
the adsorption of the bilayer patches which form as a result of the hydrophobic interactions. For the 
glass/DTAB system no influence of MF on the structure of the adsorbed DTAB layer was observed 
using this technique. 

Yi et al. (2018) studied wettability of adsorbed layers of DTAB on hydrophilic mica by contact angles 
measurements, the layers morphology and the surface coverage by AFM. When the mica was immersed 
for 10 min in the solution of DTAB at concentrations of 10–6 to 10–3 M the values of advancing contact 
angle changed from 89.38 to 86.32°. They observed on the mica surface DTAB aggregates in the form of 
needle-like dots, which at 10–3 M some of them grow up to flakes. The increase in the concentration from 
10–4 to 10–3 M  at  a  longer  time  of  adsorption (up to 60 min) caused a decrease of qJ from 89.25 to 73.69 
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Table 1. Two sets of the mean average height parameter 𝑅J of bare, plasma treated bare glass surface, and the adsorbed 
layers of the studied surfactants (top and bottom surfaces of the plates) 

System 𝑅J	(1), nm 𝑅J	(2), nm 𝑅J	(1), nm 𝑅J	(2), nm 

 Top Botom 

Glass 0.59±0.20 0.50±0.21 

Glass-plasma 0.47±0.17 0.37±0.09 

I: Glass/DTAB 0.71±0.23 4.36±0.53 0.69±0.19 5.96±1.29 

II: Glass/DTAB+MF 0.60±0.27 4.44±0.53 0.30±0.40 4.54±1.21 

III: Glass-plasma/DTAB 0.36±0.05 2.99±0.80 0.34±0.11 1.90±0.20 

IV: Glass-plasma/DTAB+MF 0.58±0.23 4.57±0.89 0.30±0.04 4.75±1.81 

I: Glass/CTAB 2.06±0.65 3.86±0.26 0.83±0.53 6.60±0.53 

II: Glass/CTAB+MF 2.01±0.80 9.01±1.17 0.94±0.37 6.36±1.71 

III: Glass-plasma/CTAB 1.58±0.23 3.70±1.25 1.26±0.00 7.64±2.57 

IV: Glass-plasma/CTAB+MF 2.52±0.00 6.91±0.97 0.84±0.30 2.56±0.30 

I: Glass/SDS 1.52±0.23 3.32±1.26 1.51±0.55 2.73±0.16 

II: Glass/SDS+MF 0.76±0.39 2.86±0.67 1.17±0.41 3.20±1.29 

III: Glass-plasma/SDS 0.54±0.18 4.76±0.02 0.66±0.57 5.74±0.51 

IV: Glass-plasma/SDS+MF 4.40±1.65 13.1±1.29 3.54±0.44 3.54±0.44 

as a result of the adsorption of larger aggregates and/or the formation of a bilayer. 
In Table 1 it can be seen that in the case of CTAB layers on the top of bare and plasma treated glass 

surface adsorbed from 1.06´cmc (for 10–3M solution) without and in the presence of magnetic field: in 
the system I: Glass/CTAB and III: Glass/CTAB two groups of the surface coverage with the adsorbed 
surfactant layer were observed, one with a thickness of about 2 nm and the other one with a thickness 
of about 4 nm. These values are intermediate between the 1 and 2 lengths of CTA+ ion which is 2.6 nm 
(Tanford, 1972). Our results are similar to those of the 3.5 - 4.0 nm layer thickness of CTAB on silica 
(Velegol et al., 2000) and on quartz (Rennie et al., 1990). This layer thickness is slightly smaller than the 
diameter of the CTAB+ micelles in the solution (4.0-5.0 nm) (Magid, 1998). The AFM study of the CTAB 
layers adsorbed on silica at 0.9´cmc showed the presence of spheres and short rods ((Velegol et al., 
2000). The presence of the magnetic field during CTAB adsorption increases the size of aggregates 
adsorbed on the bare and plasma treated surface (II: Glass/CTAB+MF and IV: Glass-
plasma/CTAB+MF). 

Some of the 3D profilometry images for the CTAB adsorbed layers (smaller and larger) are presented 
in Fig. 6 where the surface roughness parameters: 𝑅J, root square roughness 𝑅M , and maximum height 
of the profile 𝑅N are also shown.  
In the images one can see the above discussed structures of the adsorbed layers which form 
characteristic aggregates similar to those observed with AFM (Hamon et al., 2018). 

Table 1 also shows the changes in the 𝑅J parameter of SDS layers adsorbed on the glass. In the 
studied systems (I–IV) at 10–3M concentration of SDS (0.12´cmc) the adsorbed molecules form different 
size aggregates which appear in the scattered 𝑅J values. Also the contact angles (Fig. 4) on these surfaces 
were very poorly reproducible due to the very heterogeneously covered glass surface with the SDS 
molecules. Shen and Lee (2017) spread 2·10–3 M (0.22´cmc SDS) and 8.1·10–3 M (1´ cmc) solutions on 
the borosilicate glass and by AFM found stacking aggregates layers of 10, 15, 20 nm at the cmc 
concentration which formed linear and parallel strips. These results help to understand the scattered 
values of the parameters obtained by us with the optical profilometer, as well the scattered values of 
the contact angles obtained on the glass surfaces when the SDS molecules adsorbed from 10–3 M 
solution. 
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Fig. 6. 3D images of two areas (1 and 2) (62.5´46.9 µm2 and 1.3´0.9 mm2 size) of different thickness of CTAB 

adsorbed layers on the top of glass plate: I: glass/surfactant; II: glass/surfactant+MF; III: glass-plasma/surfactant; 
IV: glass-plasma/surfactant+MF with the roughness parameters 
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4. Conclusions 

As was mentioned in the Introduction part, a negative value of the work of water spreading means that 
water forms a contact angle on the surface. This is a necessary condition for floatation of mineral grains. 
To depict the changes in the work of spreading 𝑊1 on the investigated surfaces better their values are 
plotted in Fig. 7.  

 
Fig. 7. Changes in the work of water spreading on the investigated surfaces; I: glass/surfactant; II: 

glass/surfactant+MF; III: glass-plasma/surfactant; IV: glass-plasma/surfactant+MF. The dashed line shows 𝑊𝑺 
for pure water. Note: after the plasma treatment water completely spread on the surface 

As could be expected, the 𝑊1 values for the cationic surfactants are much more negative than those 
for pure water on the bare plasma non-treated glass. It means that the surfaces became more 
hydrophobic than that of the bare glass. In the case of SDS solutions the work of spreading 𝑊1 is 
evidently less negative than that of pure water on bare glass surface, i.e. the surface is more hydrophilic. 
The MF presence influences slightly the hydrophilic/hydrophobic property of the surface. The 
adsorption of the DTAB surfactant in the presence of MF results in a small decrease of the negative work 
of spreading. However, in the case of CTAB solution the MF caused a distinct increase in the negative 
work of water spreading. The difference is most probably due to the surfactants concentration below 
(DTAB) and above (CTAB) critical micelle concentrations and thus to the changes in the structure of the 
adsorbed layers. In our earlier studies (Chibowski et al., 2019) it was found that MF influence the surface 
tension of SDS and DTAB solutions which were depended on the concentration. The surface tension of 
both, anionic and cationic surfactants, was lower after MF treatment. However, below cmc bigger 
changes were observed for cationic DTAB., and at cmc it increased several mN/m after the treatment. 
Above the cmc the MF effects were practically vanishing. The observed changes were discussed 
considering the structure of the surfactant adsorbed layers at the solution/air interface. The Lorentz 
force acting on the surfactant ions was considered as the driving force. The changes at the solution/air 
interface should also reflect at solid/solution interface and the structure of the adsorbed layer. But, to 
propose a detailed mechanism the so far obtained results are not sufficient. 

It should be stressed, that we are aware of the fact that these results are preliminary ones and need 
further verification. However, because of very broad surfactants applications it seems to us that the 
results can be useful for some practical purposes, not necessarily in the flotation process. More detailed 
studies will be carried out next. 
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