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(ABSTRACT) 

An atomic force microscope (AFM) was used to measure surface forces 

between a glass sphere and a flat fused silica plate under a number of conditions. 

Hydrophobic surfaces exhibiting contact angles ranging from 0 to 109° were prepared 

by reacting silica with octadecyltrichlorosilane (OTS). Contact angles, AFM images, 

and infrared transmission spectra showed that OTS forms clusters on the silica surface. 

The presence of water in the reaction was shown to greatly influence the formation of 

these clusters. Forces were measured between surfaces coated with identical 

(symmetric) and different (asymmetric) amounts of OTS to determine contributions 

from hydrophobic forces. The results showed that the hydrophobic force parameters of 

the asymmetric interactions, Ki32, can be predicted from those of the symmetric 

interactions, Ki3; and K232, using a geometric mean combining rule. Asymmetric force 

measurements were conducted between a hydrophobized glass sphere and a bare silica 

plate in dodecylamine hydrochloride (DAHC]) solutions as a function of pH in an effort 

to simulate the forces involved in bubble-particle interactions for the quartz-amine 

flotation system. The appearance of the hydrophobic force in these measurements 

correlates well with the pH range of maximum flotation recoveries for quartz-amine 

flotation system.
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CHAPTER 1 INTRODUCTION 

1.1 General 

Gaudin (1) describes froth flotation as a separation process in which some 

particulate matter, suspended in aqueous solution, adhere to gas bubbles either 

generated or introduced in the suspension, while other solids adhere to the aqueous 

medium. Adhesion to gas bubbles enables those particles to be recovered in a froth 

having a different composition than the suspension. The first reported process 

recognizing gas bubbles as a means of mineral separation was patented by the Bessel 

brothers in Germany in 1886 (2, 3). Early research focused on the use of flotation to 

recover fine particles that eluded separation by commonly used methods of gravity 

concentration (4). Since its commercial inception in 1905 (2), froth flotation has 

quickly grown to become one of the most commonly used mineral processing 

techniques. Today, it is responsible for recovering nearly 100 types of metallic and 

non-metallic minerals and has applications in deinking, recycling, oil recovery, waste 

water treatment, etc. (5, 6). However, even today relatively little is known about this 

complex process involving colloid and surface chemistry, physics, and crystallography 
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(4) and present research focuses on determining the physical and chemical mechanisms 

responsible for flotation. 

The rate of flotation (€) is related to the probability of flotation (P) according to 

the following relationship (7): 

1 
4= gids ; [1.1] 

where 5S} is the surface area rate of bubbles rising through the pulp. Sutherland (8) has 

proposed that the probability of flotation can be represented by three components as 

follows: 

P=F-P-0-F), [1.2] 

where P, is the probability of bubble-particle collision, P, is the probability of bubble- 

particle adhesion, and Py, is the probability of detachment. For intermediate flow 

conditions, P, can be expressed by (9) 

on Vp? 

p =|545% (>) ; (1.3] 
2 15 Dy 

where Re is the Reynolds number, D, is the particle diameter, and D, is the bubble 

  

diameter. Hydrodynamics govern the magnitude of P.; whereas P, and Py are affected 

by both hydrodynamics and surface forces. It is the balance between the adhesion of a 

bubble to a particle and the hydrodynamics of the system that determine Py. Coarse 
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particles are expected to detach more easily (10); whereas, for very fine particles, Pa 

may be neglected (11). 

On the other hand, P, depends on hydrodynamics to provide kinetic energy to 

the particle in order to overcome the energy barrier, or activation energy (£,), required 

for bubble-particle adhesion and can be described by the following relationship (12, 

13): 

  P= ex é.) , [1.4] 
k 

where EF, is the kinetic energy of the particle. Figure 1.1 illustrates the interaction 

energy (V,) between two macroscopic bodies as predicted from the classical DLVO 

theory (14, 15), 

ViaVa+V., [1.5] 

where V4 represents the dispersion interaction energy, and V. is ion-electrostatic 

interaction energy. The London-van der Waals dispersion energy (Vs) between a flat 

and spherical surface is described by the expression 

_ AR V,.= 
d 6H’ [1.6] 

in which A32 is the Hamaker constant between surfaces 1 and 2 interacting in medium 

3, R is the radius of the sphere, and H is the shortest separation distance. The 
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Figure 1.1 Interaction energy between two identical macroscopic bodies as 
described by the classical DLVO theory (Eq. [1.5]). 
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interaction energy due to the overlapping of electrical double layers (V.) is estimated by 

(16) 

  

eR(y, + = V. = (v, rd! 2WV nf ET +In(t-e™*)) [1.7] 
4 wityw, \l-e 

where y;, and yw are the potentials of surfaces 1 and 2, ¢ is the dielectric constant of the 

medium, and x is the reciprocal Debye length. However, as Xu and Yoon (17, 18) 

demonstrated by the spontaneous coagulation of hydrophobized silica particles, Eq. 

[1.5] does not account for the hydrophobic interaction energy (Vi), and, therefore, the 

DLVO model must be extended to include a third term, 

Vi =Vi+Vi+V,. [1.8] 

Ideally, direct force measurements between an air bubble and a hydrophobic 

solid would provide the data necessary to accurately calculate activation energy and 

determine P,. However, attempts to do so (19, 20) failed to quantify the forces 

involved due to the pliability of the bubble-liquid interface and only reported a long- 

range attraction attributed to the hydrophobic interaction. Craig et al (21, 22) have 

also provided evidence for the hydrophobic attraction of air bubbles. Water molecules 

at the air-water interface have been shown to form a similar hydrogen bonding network 

to that present at a hydrophobic solid-water interface, indicating that air bubbles are 

indeed hydrophobic (23). Furthermore, Aksoy (24) conducted experiments on the 
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rupture thickness of free films and estimated the hydrophobicity of an air bubble in pure 

water to be comparable to a solid surface having a contact angle in excess of 90°. For 

these reasons, it is reasonable to suggest relevant flotation data may be obtained from 

direct force measurements conducted between solid surfaces in which one surface is 

sufficiently hydrophobic to simulate an air bubble. 

1.2 Scope of Research 

In the absence of a reliable technique to directly measure the forces acting 

between a bubble and a mineral surface, it is the objective of this work to explore the 

possibilities of obtaining useful flotation data from direct force measurements in which 

a hydrophobized sphere is used in place of an air bubble. In, Chapter 2 a method of 

preparing a stable well-characterized hydrophobized surface that can be used to model 

an air bubble is described. Force measurements conducted between surfaces unequally 

hydrophobized by insoluble surfactant (i.e., asymmetric force measurements) are 

presented in Chapter 3. A relationship is developed to predict the magnitude of the 

asymmetric hydrophobic attraction from the results of symmetric measurements. In 

Chapter 4, the asymmetric force measurements will be applied to a real flotation system 

by studying the pH effects of an amine collector on measured forces and comparing 

them to real bubble-particle interactions. Chapters 2, 3, and 4 presented in this study 
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are self-contained in that each consists of an introduction, explanation of experimental 

methods, details of results, and conclusions. 

1.3 Review of Literature 

1.3.1 Thermodynamics of Particle-Bubble Interactions 

From the work of Thomas Young (25) nearly 200 years ago, it is generally 

accepted that for a liquid drop forming a finite angle on a smooth solid surface, an 

energy balance can be conducted around the point of three-phase contact. Figure 1.2a 

depicts this situation in which vectors represent the surface free energy per unit area at 

the liquid-vapor (%.v), solid-vapor (ysv), and solid-liquid (ys,) interfaces. The angle 

formed at the three-phase point of contact as measured through the liquid is known as 

the contact angle (@). An analogous situation is shown in Figure 1.2b, in which an air 

bubble is in contact with a solid surface in a liquid medium. An energy balance around 

the point of three-phase contact yields the Young equation, 

Ys. — VyC0S8 = 7 gy . [1.9] 

Laskowski (26) has shown that the attachment of a bubble to a mineral particle 

can similarly be described thermodynamically. Figure 1.3 illustrates the change from 

the initial state where the particle and bubble exist separately to the final state after 
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Figure 1.2 The energy balance around the point of three-phase contact for a) a 
liquid droplet on a solid surface and b) an air bubble attached to a solid 
surface in a liquid medium. 
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attachment has taken place. The change in free energy (AG) can then be described as 

AG =G, —-G, 

=VYs. ~¥sv — Yi: 
[1.10] 

Substituting Young’s equation, Eq. [1.9], into Eq. [1.10] produces the following 

simplified thermodynamic equation describing flotation criteria: 

AG = 7,,(cos@-1). [1.11] 

Thus, it can be seen that for particle-bubble attachment to be favorable (AG < 0), 

contact angle must have a finite value. Typically, values of contact angles must exceed 

50° to successfully float a mineral particle (27). 

Since larger contact angles are conducive to particle-bubble attachment, one 

can rearrange Eq. [1.9] to illustrate a fundamental principle of mineral flotation with 

¥svy ~V st [1.12] 

Yiu 
cos@ = 

To improve the probability of a particle being floated, i.e., increasing contact angle, one 

needs to increase the difference between the surface energy of the solid (ysv) and the 

surface energy, or surface tension, at the liquid-vapor interface (wv). Pure water has a 

very high surface tension (= 72.8 mN/m), and the addition of surfactants such as 

collectors and frothers tend to reduce ,v. On the other hand, values of ysy for high 

energy mineral surfaces such as silica (ysy ~ 120 mN/m) (28) can also be reduced by 

the adsorption of surfactant, which is known as “hydrophobizing” the mineral surface. 
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1.3.2 Modification of Silica Surfaces 

In order to understand how a silica surface can be rendered hydrophobic, it is 

necessary to under stand the surface chemistry of bare silica surfaces. Crystalline silica 

consists of silicon atoms tetrahedrally bonded to four oxygen atoms. A freshly exposed 

surface will no doubt break some of these bonds, and the surface silicon atoms will 

react with water to form hydroxyl groups (OH) on the surface. Infrared studies (29) 

have shown these hydroxyl groups exist as free hydroxyl groups or vicinal hydroxyl 

groups. Hair and Hertl (30) reported that these free hydroxyl groups account for most 

surfactant adsorption. On the other hand, the hydrogen-bonded, vicinal hydroxyl 

groups have a propensity to physisorb multilayers of water. Typically, there are 4 to 5 

hydroxyl groups/nm? (30) of which 30% are free hydroxyl groups (31). 

The amount and nature of the hydroxyl groups on the silica surface can be 

manipulated by temperature adjustment, resulting in a simple and somewhat reversible 

method of controlling the hydrophobicity of the silica surface (29). Figure 1.4 shows 

that at room temperature, a hydrated silica surface will have both free hydroxyl groups 

and hydrogen-bonded hydroxyl groups on which water is physisorbed. Heating to 

150°C reversibly dehydrates the surface. Between 170 and 400°C, the vicinal hydroxyl 

groups are replaced by siloxane bridges between surface silicon atoms. The process is 
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reversible and rehydroxylation occurs as temperature is decreased. Above 400°C, 

however, dehydroxylation of the vicinal groups is irreversible, and only isolated 

hydroxyl groups exist on the surface. Further heating removes the remaining free 

hydroxyl groups, and the surface consists of only hydrophobic siloxane bridges 

exhibiting a contact angle of more than 40° (32). 

1.3.2.1 Silica Silanation 

The presence of free hydroxyl groups on the silica surface allows chemisorption 

of hydrophobic alkylchlorosilanes. The silanation reaction is believed to proceed in 

several parts (33), the first of which involves hydrolysis of the alkylchlorosilane to an 

alkylsilanol as follows: 

R,SiCl + H,O — R,SiOH + HCl. [1.13] 

As the alkylsilanol approaches the silica surface, hydrogen bonds are formed between 

the surface hydroxyl groups as a prelude to the formation of strong chemical bonds to 

the surface silicon atoms (Sis) as indicated in the following: 

Si,OH + R,SiOH — R,SiOSi, + H,O. [1.14] 

The previous reactions can been carried out on silica surfaces using mono- (R3SiCI), di- 

(R2SiCl2), and tri- (RSiCl;) functional alkylchlorosilanes (34). Depending on the 

functionality of the silane head group and the length of the hydrocarbon chains, the 
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surface energy of silica can be lowered to as much as 23 mN/m’ (35), corresponding to 

a water contact angle of 112° (36). 

Octadecyltrichlorosilane (OTS), CH3(CH2),7SiCl, is a popular silanating agent 

because of its tendency to form stable hydrophobic monolayer films (37). One of the 

reasons for this is that tri-functional alkylchlorosilanes form strong covalent bonds with 

one another. This cross-linking polymerization step, 

RSi(OH), + RSi(OH), — RSi(OH), - O -(OH),SiR + H,O, [1.15] 

is believed to occur prior to chemisorption (33), i.e., between Eq. [1.13] and [1.14]. 

Some investigators (38-40) have proposed that by performing the reaction in an 

anhydrous solvent, hydrolysis will occur with physisorbed water at the silica surface 

prior to chemisorption. The adsorbed alkylsilanol molecules can then cross-polymerize 

to form a robust, interlocking monolayer. Regardless of the reaction mechanism order, 

it is quite clear that the presence of water in the system strongly influences the reaction. 

A recent study (39) proposed that the OTS molecules do not react with the surface 

silanol groups at all but form cross-linked monolayers on the physisorbed water present 

on the hydrated silica surface. FTIR measurements of OTS adsorbed on silica reported 

by Tripp and Hair (41) found no evidence for interaction of the alkylsilane with surface 

silanol groups. 
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1.3.2.2 Amine Adsorption and Flotation 

The hydroxyl ions that adsorb on silica in water impart a negative charge on the 

surface which can be controlled by adjusting pH. Below pH 3, the silica surface has a 

positive charge, but as pH is raised, thus increasing the concentration of OH ions in 

solution, the surface reverses charge, reaching its most negative value near pH 10 (28). 

The negative charge of silica and many silicate minerals in water makes it possible to 

adsorb cationic surfactants such those formed by the dissolution of alkylammonium 

salts (42). The most common reagent used for flotation of silicate minerals is a 

dodecylammonium salt such as dodecylamine hydrochloride (DAHCI) (5). The 

flotation of silica using DAHCI is a complex chemical process in that the adsorption of 

collector at the solid liquid and liquid-vapor interfaces has been shown to be dependent 

on pH, not only because of its effect on the surface potential of silica but also the 

solution chemistry of the collector (43). Figure 1.5 illustrates the correlation between 

flotation recovery, contact angle, surfactant surface coverage, and zeta-potential for 

quartz in 4x10° M dodecylammonium salt solution (44). Numerous studies of the 

quartz-amine flotation system have shown that maximum recovery is achieved in the 

pH range of 8 to 10 (43-50). An early study by de Bruyn (51) showed that the 

adsorption of amine on quartz under acidic conditions is relatively low; at alkaline pH, 

however, adsorption increases sharply, believed to be caused by the adsorption of both 
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cationic and neutral collector species (47, 52). Figure 1.6 depicts the distribution of 

collector species as a function of pH in 4x10° M DAHCI solution based on the 

thermodynamic data of Ananthpadmanabhan ef al. (45). Gaudin and Fuerstenau (52) 

proposed that the adsorption of alkylammonium ions on a silica surface is enhanced by 

the adsorption of neutral amine molecules also present in solution at alkaline pH. Their 

hypothesis considered that the repulsive electrostatic force between the ionic head 

groups of the surfactant would be reduced by neutral amine molecules adsorbing in 

between alkylammonium ions. Furthermore, at concentrations two orders of 

magnitude less than that of bulk micelle formation (indicated by the dotted line in 

Figure 1.6), it was suggested that RNH3° ions and RNH> molecules form hemimicelles 

at the solid-liquid interface forming hydrophobic patches of collector on the silica 

surface. Novich and Ring (48) have used the pH values at which the concentration of 

RNH3 ions exceeds 0.01 CMC as the upper and lower limits of their flotation model. 

Somasundaran (47) has proposed that amine adsorption and, consequently, 

flotation recovery increase due to the presence of an ionomolecular species, 

(RNH2-RNH3)’, in solution similar to that described by Kung and Goddard (53). Such 

a complex is expected to be highly surface active due to its large molecular size and 

might assume a configuration in which the hydrocarbon chains are intertwined with one 

another to minimize the surface area exposed to the aqueous solution, and the polar 
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head groups are situated side by side (54). Based on thermodynamic data of fatty 

acids (55), the maximum concentration of this ionomolecular complex was estimated to 

coincide the pH range of maximum flotation recovery of quartz in DAHCI (45). 

1.3.3 Surface Forces 

1.3.3.1 Derjaguin Approximation 

It is possible to compare the results of theoretical interaction energy 

calculations made between macroscopic spherical surfaces to direct force 

measurements through the use of the Derjaguin Approximation (56). Derjaguin 

proposed that the total forces (Fy,.)) acting between two spheres as a function of 

separation distance (7) is related to the interaction energy between two flat plates 

(Ean) as follows: 

  Fgag( lH) = 2a K, En a(tD. [1.16] 
R+R, 

where R, and R> are the radii of the spheres. The implication of Eq. [1.16] is that it 

allows the conversion of interaction energies and forces for a number of known 

geometries, thus enabling direct force measurement techniques to be developed 

utilizing these geometries, as shown in Figure 1.7 (57). 

Chapter 1 Introduction



20 
(LS 

9S) 
sotjawoes 

UMOUY-]]aM 
JO 

Joquinu 
& 

JO} 
UOeUNIXxOIdde 

uMselIeg 
dy} 

UO 
paseq 

SadI0j 
BdRJINS 

pue 
soIs19Ua 

UOTOVIOJUI 
Jo 

diysuoyejas 
oy], 

ZL] 
aN31y 

 
 

ds 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
  

  
 
   

dvds Ais 
uw 

_ 
Ko-fho I 

Uz 
f 

f 
: 

JopulfA)-Joput 
na 

f
o
 

pulypAy)-JepulfAy 

A 
fo 

_ 
a
 

Uz 

[49 -j£9 1 
W
r
 

_ 
prds 1 

ds-ds 
B
y
 

_ 
Urds J 

UU 
ac 

JAo 
ds 

d 
eI 

q
-
e
x
0
4
d
s
 

Kak 
jh9-] 

"
g
t
s
 

ues 
de-ds5 

Iz 
_
v
 

“a 

H
P
 
U
U
C
 _ 

ov 1 
HP 

u
e
 

_ 
vs,| 

HP 
“yy 

y
y
 

S 
N 

p-ds_ 
[- 

[49-Jho 
I- 

A | 
Gs-ds 

I- 
~— 

4 
‘ 

‘ 
A 

4p 
A
p
 

\ 
H
 

\ 
Y
o
 

|, 

U 
ds 

d
e
e
 

_ 
UB-U_, 

| 
K
o
o
 
M
u
 

U-B 
ds-ds 

“
y
u
 

_ 
Uv 

~ 
. 

a
,
 

= 
a} 

ay 
4 

LALA 
N 

‘ulus 
=
x
 

o
a
r
 

oe “ 
‘
d
H
 

‘wUz 
‘
a
>
 

r
e
l
 

a) 
AP 

gx 
. 

H
 

H
 

X-xX 
~— 

4
 

4 
<= 

ap 
ye] 1-104 

JapuljAy-JopuyAy 
| 

os1aydg-o1ayds 
  

 
 

Introduction Chapter 1



21 

1.3.3.2 Direct Force Measurement Techniques 

The most common method used to directly measure forces between solid 

surfaces in a liquid is that of the surface force apparatus (SFA) as developed by 

Israelachvili and Adams (58) from the work of Tabor and Winterton (59). A schematic 

of the apparatus is provided in Figure 1.8. The measurement is conducted between 

two curved surfaces (usually mica) offset by 90°, i.e., crossed-cylinder geometry, 

where one is mounted on a piezo-electric crystal and the other on a weak adjustable 

spring. White light is directed through the surfaces, and fringes are produced which are 

used to monitor the separation distance between the surfaces with an accuracy of 0.1 

nm. The observed forces are calculated from the deflection of the spring as the 

surfaces approach one another. Large forces can be measured by increasing the 

stiffness of the spring. Though the SFA has been used to measure forces between mica 

and, recently, silica (60) surfaces, it is limited to solid substrates that are optically 

transparent and can be easily mounted on the curved discs used in the apparatus. 

The development of the atomic force microscope (AFM) in 1985 (61) provided 

a simpler technique to directly measure surface forces. Ducker et al. (62) were the first 

to measure forces between macroscopic bodies using the AFM, when they adhered a 

glass microsphere to the cantilever and measured forces between the sphere and a flat 

silica surface in water. The technique is shown schematically in Figure 1.8. The 
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microsphere is attached to the tip of a cantilever which is mounted directly above the 

flat sample. Light emitted from a laser diode is reflected off the back of the cantilever 

into a split photo diode detector. A piezo-electric crystal moves the sample towards 

the sphere, and any ensuing deflection of the cantilever due to surface forces is 

monitored by the detector. One of the great advantages of this technique over the SFA 

is that the solid samples need not be optically transparent which allows direct force 

measurement between a great number of materials, the only criteria being that the 

samples must be smooth and available in spherical form. Recent investigations have 

successfully measured forces between polypropylene (63), gold (62, 64), zirconia (65), 

titanium oxide (66), and zinc sulfide (67) surfaces. One of the biggest drawbacks of 

the AFM technique is that the stiffness of the spring cannot be adjusted in situ such as 

with the SFA. Instead, different cantilevers must be used to attain various levels of 

sensitivity; furthermore, these cantilevers must be calibrated separately from the force 

measurements. Methods used for calibration include estimation from elasticity modulus 

(63, 68-71), resonant frequency (19, 20, 64, 68, 71-73), and deflection due to an 

applied load (20, 65, 66, 69, 70, 74). 

Another novel technique, developed by Parker et al. (75, 76), is a modification 

of the SFA in which the spring is replaced by a cantilever composed of two pieces of 

piezo-electric material called a bimorph. Calibration of the bimorph allows 
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determination of force as well as surface separation. Other techniques, such as the 

interaction between crossed silica fibers by Rabinovich et al. (77, 78) and the force 

balance of Peschel et al. (79), have also been employed to directly measure forces 

between surfaces. 

1.3.3.3 Hydrophobic Force 

In 1982, Israelachvili and Pashley (80, 81) showed that direct force 

measurements between mica surfaces in cetyltrimethylammonium bromide (CTAB) 

solution could not be explained by the classical DLVO theory (14, 15) which accounts 

for the London-van der Waals dispersion forces and the ion-electrostatic force resulting 

from the overlap of electrical double layers. The authors observed an additional 

attractive force which they attributed to the hydrophobic interaction between the 

surfactant-coated surfaces and reported that this hydrophobic force (F;,) could be 

described with an exponential relationship (80, 81), 

  = = Cen 2) ; [1.17] 

where R is the effective radius of the curved mica surfaces, H is the separation distance, 

C, is a constant (= -140 mN/m) , and D, is the decay length @ 1.0 + 0.1 nm). 

Subsequent measurements of mica surfaces in surfactant solutions have produced 
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comparable decay length values ranging from 1.0 to 2.5 nm (82-85). Force 

measurements conducted between surfaces on which surfactant has been adsorbed by 

Langmuir-Blodgett (LB) deposition (86-92) or silanation (69, 78, 93, 94) have resulted 

in hydrophobic forces that are up to 4 orders of magnitude stronger than those 

previously measured. To account for this long-range hydrophobic force, a double 

exponential expression is often used, 

Ff, —H —H 
R = Gea _ Cox ’ [1. 18] 

in which the first exponential term is used to describe a short-range hydrophobic force, 

and the second exponential term is included when considering a long-range 

hydrophobic force. Though no long-range hydrophobic forces have been detected 

between surfaces on which ionic surfactant has self-assembled, a recent study (84, 95) 

has reported long-range hydrophobic force for self-assembled layers of ionic surfactant 

in the presence of neutral surfactant, indicating that the length and packing density of 

the hydrocarbon chains adsorbed on the surfaces greatly influences the range of the 

force. (92, 96). The hydrophobic force can also be described by a power law (88, 97), 

F, K 
Ry [1.19] 

where K is the hydrophobic force parameter. The use of Eq. [1.19] is sometimes 

preferred because it has only one unknown parameter which can be directly compared 

Chapter 1 Introduction



26 

to the Hamaker constant (A) for the London-van der Waals dispersion forces. 

1.3.3.4 Current Theories of Hydrophobic Attraction 

The fact that Eqs. [1.17] - [1.19] are purely empirical relationships to describe 

the hydrophobic force has led many investigators to explore the origin of the 

hydrophobic force. In fact, over the past decade since the presence of the force was 

first detected, numerous studies have focused on how the hydrophobic force responds 

to changes in conditions in order to disprove current theories; however, the results 

have been somewhat inconsistent and even contradictory. An increase of electrolyte 

concentration seems to have a deleterious effect on the long-range hydrophobic force in 

several studies (89-91, 98, 99), but the absence of this effect between polypropylene 

surfaces (63) and fluorosilanated surfaces (100) as well as concern for the degradation 

of LB monolayers in the presence of electrolyte (89-91) provide some uncertainty. 

Craig et al. (21, 22) have shown that hydrophobic attraction is decreased by some 

electrolytes while unaffected by others. A study on the effect of temperature (92) 

found that an increase from 25° to 50°C also reduced the attractive strength of the 

hydrophobic force between LB deposited surfactant films on mica; whereas, a study of 

silanated surfaces shows an increase in attraction at elevated temperature (100). 

Measurements conducted in de-aerated water (63, 93) had little if any effect on the 
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hydrophobic attraction; however, a study conducted with argon-saturated water 

resulted in an increase in the hydrophobic force (93). Parker and Claesson (101) 

studied the effect of water-ethylene glycol mixtures on the hydrophobic force and 

found that water must constitute less than 50% of the medium between the surfaces to 

significantly decrease the hydrophobic attraction. 

Several theories have evolved over the past decade to provide explanations of 

the origin of the hydrophobic force and tend to fall into three groups: a solvent 

structure effect, a solvent density effect, and an electrostatic correlation effect (99). 

One theory proposes that the hydrophobic attraction is caused by a change in entropy 

brought about by the ordering of water molecules between two hydrophobic surfaces 

(102). Though, water molecules have been shown to orient in a more crystalline-like 

configuration near a hydrophobic surface (23), the ordering is thought to propagate, at 

most, only 0.7 to 1.0 nm into the bulk medium (103). Thus, the rearrangement of 

water molecules can only explain short-range hydrophobic forces and, in fact, has 

provided theoretical basis for Eq. [1.17] (50, 104). 

It has also been proposed that instabilities of thin water films between 

hydrophobic surfaces cause the spontaneous formation of a vapor bridge. Though, 

large vapor cavities have been observed between surfaces in contact (87, 105), no 

studies have reported the formation macroscopic vapor cavities between surfaces 

Chapter 1 Introduction



28 

initially approaching one another. However, Parker et al. (100) have reported small 

steps in a hydrophobic force curve which they attribute to the bridging of 

submicroscopic vapor cavities present on the hydrophobic surfaces. Ruckenstein and 

Churaev (106) suggested that a thin vacuum gap exists between a hydrophobic surface 

and water at the solid-liquid interface and that fluctuations of this layer correlate with 

those on the opposing hydrophobic surface to produce a long-range attraction. 

Yushchenko ef al. (107) determined cavitation to be thermodynamically favorable only 

when the receding contact angle of the hydrophobic surfaces exceeds 90°; however, 

Yaminsky and Ninham (108) proposed that voids created between water molecules 

near hydrophobic surfaces due to lateral thermal fluctuation may align themselves to 

form a vapor bridge between surfaces whose contact angle is less than 90°. It is 

generally agreed that cavity formation would be enhanced at higher temperatures due 

to a decrease in the solubility of gases in solution and result in a greater attractive 

force; however, experimental evidence has shown the contrary (92). Also, the effect of 

solvent on cavitation is expected to be more significant than that reported by Parker 

and Claesson (101). 

Several theories have been developed suggesting that the hydrophobic force is 

electrostatic in nature. Attard (109) proposed that unusual polarization of the water 

molecules near hydrophobic surfaces possibly due to density fluctuations can correlate 
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to produce a long-range attraction. Podgornik (110) suggested that the hydrophobic 

force is due to a fluctuating electric field produced by laterally mobile ions specifically 

adsorbed at the solid-liquid interface. It was also suggested that ordered domains 

present in adsorbed surfactant films form in-plane dipole moments producing electric 

fields that penetrate through the thin aqueous film at a distance governed by domain 

size and spacing (93, 96, 99). However, each of these electrostatic theories predict 

that the hydrophobic force should decay at half the Debye screening length of the 

electrolyte present in solution, which has been contradicted experimentally (63, 91, 

100). 

Yoon and Ravishankar (95) have pointed out that the decay length of the 

hydrophobic force increases sharply when the contact angle of the surfaces involved is 

greater than 90°, indicating that short-range and long-range hydrophobic forces may be 

caused by separate mechanisms. These authors suggest that long-range forces 

occurring when @ > 90° may be caused by cavitation or the large dipoles caused by 

increased hydrocarbon chain packing of surfactant domains on the solid surfaces. 

1.3.3.5 Asymmetric Force Measurements 

To date, the vast majority of direct force measurements have been conducted 

between identical surfaces. However, many interactions occurring 1n nature, including 
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flotation, involve dissimilar surfaces, and there has been some interest in conducting 

measurements between asymmetric surfaces (20, 93, 94, 99, 100, 111). Claesson et al. 

(111) measured forces in water between a bare mica surface and a mica surface having 

a LB film of dimethyldioctylammonium (DDOA’) ions and reported an attraction 

stronger than that observed between two DDOA’-coated mica surfaces. The authors 

suggested that the force was due to electrostatic attraction between the negatively 

charged mica surface and the positively charged DDOA*-coated surface. Tsao ef al. 

(99), however, stated that the ion-electrostatic double layer force between these 

surfaces is repulsive, citing negative surface potentials for both bare mica and DDOA’- 

coated mica as evidence. Thus, these authors proposed that the large attraction is a 

non-DLVO force caused by dipoles formed by surfactant domains correlating with 

induced dipoles on the bare mica surface. Subsequent measurements (93, 94, 100) 

conducted between a hydrophobic silanated surface and a hydrophilic surface have 

reported only slight short-range deviations from the classical DLVO theory. Ducker ez 

al. (20), on the other hand, observed a large unstable attraction between silanated glass 

and a clean silica surface at separations up to 75 nm. 

1.3.3.6 Force Measurements in DAHCI Solutions 
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Several force direct measurements have been conducted between mica surfaces 

(80, 82-85, 95, 112-115) and glass surfaces (116) in alkylammonium salt solutions, and 

a few involve DAHCI (83, 84, 95, 113-115). Studies investigating the effect of DAHCI 

concentration on the forces measured between mica surfaces at neutral pH (83, 84, 95) 

have shown that sparsely-packed monolayers form on mica in dilute DAHCI solutions 

near 10° M, which become more densely-packed with increasing concentration. 

However, RNH3’ ions also adsorb on the surfactant layer with their polar head groups 

oriented toward the bulk solution. A stable bilayer is believed to be complete near 

3x10° M DAHCI (83). The presence of short-range hydrophobic forces (D; < 1.4 nm) 

have been reported for measurements conducted between mica surfaces in 10* to 10° 

M DAHCI solutions (83, 84, 95). 

The pH dependence of surface forces has been investigated by Rutland et al. 

(113) and Yoon and Ravishankar (115). These authors observed that at low pH, where 

only minimal amounts of RNH3" ions adsorb on the surface, the forces are repulsive at 

long-range and show at most only a short-range hydrophobic attraction. Under slightly 

alkaline conditions near pH 9.5, a long-range hydrophobic force is detected, 

presumably due to the coadsorption of dodecylammonium ions and_ neutral 

dodecylamine molecules (115). A further increase in pH leads to the formation of bulk 
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amine precipitate (117) and results in a steric repulsion as the precipitate deposits on 

the mica surfaces (115). 

Herder (114) conducted force measurements between two hydrophobic 

DDOA‘-coated mica surfaces in DAHCI solutions. The long-range hydrophobic force 

present between these surfactant-coated surfaces in pure water was significantly 

decreased in the presence of DAHCI. The effect was more pronounced at higher 

surfactant concentrations, indicating that the dodecylamine adsorbs in reverse 

orientation on the DDOA film and diminishes the hydrophobicity of the surface (114). 

Elton (119) reported that hydrophobic surfaces in dodecyltrimethylammonium bromide 

(DTAB) become more hydrophilic due to the adsorption of surfactant molecules in an 

inverse orientation in which the polar head groups are directed towards the bulk 

solution. Rupprecht (120) found similar results and noted that the hydrophilic bilayer 

becomes more closely-packed, and therefore more hydrophilic, in the presence of 

electrolyte due to a reduction in the electrostatic repulsion between polar head groups. 

Likewise, Yoon and Ravishankar (84) suggested that the reduction of lateral repulsion 

between ionic head groups can also be achieved by adding nonionic surfactant. As a 

result, inverted molecules in an interdigitated flip-flop layer may form a close-packed 

hydrophilic bilayer (84, 121, 122). 
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In general, while the presence of dodecylammonium salts imparts 

hydrophobicity on high surface energy substrates such as silica and mica, it has a 

deleterious effect on the hydrophobic force between two non-wetting surfaces (114). 

One may suggest that this situation is analogous to the flotation process in that quartz 

becomes hydrophobic in surfactant solutions under the correct conditions; whereas, an 

air bubble may be considered more hydrophilic due to the adsorption of amphiphilic 

molecules at the liquid-vapor interface. 
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CHAPTER 2 CHARACTERIZATION OF SILICA 

SURFACES HYDROPHOBIZED BY 

OCTADECYLTRICHLOROSILANE 

2.1 INTRODUCTION 

The study of thin aqueous films on hydrophobic surfaces is important in many areas, 

including mineral flotation, where it is vital to understand the interaction mechanism 

between an air bubble and a solid particle. Silica is often used as a model mineral substrate 

because of its optical properties, and its surface can be made to exhibit various degrees of 

hydrophobicity by the adsorption of surfactants or by reaction with alkylchlorosilanes. The 

latter method is believed to produce surfaces which are more robust because of suspected 

covalent linkage of the alkylsilane to the surface. 

Although the silanation process has been well studied (1-3), the exact mechanism of 

the reaction remains somewhat uncertain, especially the role of water. Most previous 

infrared studies of surfaces modified by reactions with alkylchlorosilanes have either been 

transmission studies of high surface area fumed silicas (2, 4, 5) or have used attenuated total 

reflection (ATR) infrared spectroscopy to examine silanes reacting with native oxide layers 

on silicon ATR crystals (6-9). Some work has been done using transmission FTIR to study 

OTS adsorption on thin mica sheets (10, 11). In the present study, transmission FTIR has 

been used to characterize OTS adsorption on silica plates. 
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Two types of hydroxyl groups are believed to exist on silica surfaces (12), ie., 

hydrogen-bonded hydroxyl groups on which weakly-bound multilayers of water can 

physisorb and free hydroxyl groups which show no affinity for water. Heating the silica to 

150°C removes all physisorbed water, while further heating to 400°C reversibly reduces 

hydrogen-bonded hydroxyl groups. Heating between 400°C and 800°C irreversibly 

eliminates adjacent hydroxyl groups. Above 800°C, it is believed that few free hydroxyl 

groups remain amongst hydrophobic siloxane bridges (6, 13). The result is a progression of 

hydrophobicity and a change in surface reactivity which have been used with 

trimethylchlorosilane to produce silica samples of varied contact angles (14). 

Octadecyitrichlorosilane (OTS) has been found to produce extremely durable 

monolayer films with water contact angles greater than 100° (15). The silanation reaction 

has been described by Morrall and Leyden (16) as follows. First, the OTS molecule 

hydrolyzes to form: 

R-Si-Cl; + 3 HO — R-Si-(OH)3 + 3 HCl 

which may polymerize in solution as follows: 

2 R-Si-(OH)3 — R-Si(OH)-O-Si(OH)-R + H2O 

The polymer subsequently adsorbs on silica through hydrogen bonding before forming 

covalent siloxane linkages with the silica surface as depicted in Figure 2.1. It is possible, 
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however, that the hydrolyzed OTS molecules may adsorb on silica individually prior to 

cross-linking (1, 3, 17). 

More recent work has found no direct evidence that OTS molecules chemically 

bond with the surface hydroxyl groups. They do not even react with the first layers of 

adsorbed water, but rather with outer water layers (2). Recently, Trau et al. (18) measured 

the thickness of alkylsilane films on silica and reported thick, heterogeneous layers when 

OTS or trichloromethylsilane were used. 

Although the exact mechanism is not known, it appears certain that methylation of 

silica requires water. It is, therefore, the purpose of the present work to study the effect of 

water on the adsorption of OTS on silica. The result of the present investigation will be 

useful for producing well-characterized OTS films on silica, which is essential for direct 

force measurements between an air bubble and hydrophobic solids. 

2.2 MATERIALS AND METHODS 

2.2.1 Chemicals 

Octadecyltrichlorosilane (OTS) was obtained from Aldrich Chemical Co. at 95% 

purity. HPLC grade cyclohexane (Aldrich) was dried overnight over 8-12 mesh Davison 3 
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A molecular sieves, activated at 250°C, prior to each experiment. Reagent grade 

ammonium hydroxide, certified 30% hydrogen peroxide, and reagent grade concentrated 

nitric acid were obtained from Fisher Scientific Co. Reagent grade chloroform from JT 

Baker Inc. and ethanol (200 proof) from Aaper Alcohol and Chemical Co. were also used 

as received. Conductivity water produced using a Barnstead Nanopure water purification 

system was used in all experiments. 

2.2.2 Cleaning of Silica Plates 

Optically smooth Herasil 3 fused silica plates were obtained ground and polished 

from Herasil Amersil Inc. and measured 1 x 1 x 1/16 in. Prior to each experiment, the 

plates were cleaned in vigorously boiling (110°C) concentrated nitric acid for 5 hours, then 

rinsed with Nanopure water. The plates were then immersed in a 5 H,O: 1 H2Q2: 1 

NH,OH mixture (RCA Standard Clean 1) (19) for 20 minutes at 70 to 80°C. This 

combination of cleaning methods was able to remove OTS layers from the silica plates, and 

the resulting clean plates had water contact angles (in air) of 4°+3°. No infrared bands due 

to organic contamination could be detected on these plates. The cleaned plates were stored 

under Nanopure water until further use. Well-defined fringes were observed when drying 

the silica plates with a nitrogen jet prior to the FTIR measurements. 
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2.2.3. Atomic Force Microscope Imaging 

A Nanoscope III atomic force microscope (AFM) from Digital Instruments, Inc. 

was used to produce images of the silanated silica surfaces. Images were obtained in air 

with a standard triangular silicon nitride cantilever (spring constant = 0.06 N/m) provided by 

Digital Instruments, Inc. 

2.2.4 FTIR Transmission Measurements 

Infrared transmission spectra were measured using a Digilab FTS-60A Fourier 

transform infrared spectrometer equipped with a mercury-cadmium-telluride (MCT) 

detector. A total of 1024 interferograms were co-added at 4 cm" resolution. The silica 

plates were held in a Teflon holder with an aperture of sufficient diameter to ensure no 

vignetting of the beam. A background spectrum of each plate was collected immediately 

after cleaning. After the silanation was complete, an infrared spectrum was recorded, and 

the background spectrum subtracted. The difference spectrum was then baseline-corrected 

prior to analysis. 

2.2.5 Contact Angle Measurements 

Water contact angles were measured with a Ramé-Hart Model 100 goniometer. A 

Hamilton microliter syringe was used to place a 5 uL drop of Nanopure water onto the 
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silica plate. Advancing angles were measured on one side of the drop immediately after 

contacting the substrate to minimize contamination. Receding angles were obtained by 

reinserting the syringe and reducing the volume of the drop by one half. This process was 

repeated three times for each plate with an inherent error of +3° in the angle. 

2.2.6 Silanation Reactions 

All operations involving OTS were carried out in a nitrogen-filled glove bag to 

minimize exposure of the OTS solutions to atmospheric water vapor. The silanation 

reactions were performed in PTFE beakers in an ultrasonic bath in the glove bag; PTFE 

beakers were used to avoid reaction of the OTS with the beaker walls. 

The clean silica plates were removed from storage in Nanopure water, dried with a 

high pressure dry nitrogen jet, and placed in an air tight vessel containing a beaker of 

Nanopure water. The plates were left in this vessel for 1 hour to allow for water adsorption 

on the silica surface to equilibrate. This step ensures that a small amount of water is present 

on the silica surfaces at the beginning of the silanation process. Upon removal from the air- 

tight vessel, the plates were stored under water-saturated cyclohexane and transferred into 

the glove bag. 

OTS solutions were prepared in 200 ml of dried cyclohexane and placed in the 

ultrasonic bath in the glovebag. The silica samples, held in a PTFE holder, were placed in 
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the freshly prepared OTS solution. After the appropriate reaction time, each plate was 

removed from the OTS solution and rinsed thoroughly with chloroform to remove excess 

OTS, then stored in a chloroform bath. After removal from the glove bag, each plate was 

further rinsed with ethanol and dried with nitrogen before measurement of the infrared 

spectrum and contact angles. 

It should be noted that the reaction temperature in the OTS solution increased 

steadily from 21.5 to 29.5°C due to the ultrasonic bath. Brzoska et al. (20) have recently 

discussed temperature effects on the formation of alkylchlorosilane monolayers; however, 

the temperatures used in the present work are below the threshold temperatures they 

reported and should not, therefore, have a significant effect on the adsorption mechanism. 

2.3 RESULTS AND DISCUSSION 

2.3.1 Characteristics of OTS Films 

An atomic force microscope image of a clean silica plate is shown in Figure 2.2. 

The surface consists of grains with an average area of 4 tum’ and a surface roughness of less 

than 5 A. The intergranular boundaries have a measured depth of ca. 10 nm and 

contributed to an average surface roughness of less than 3 nm for the entire silica plate. 

Figure 2.3 shows a series of infrared spectra of the CH stretching region obtained 

after exposing clean silica plates to several concentrations of OTS solution for various 
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Figure 2.2 Atomic force microscope image of a clean fused silica plate. 
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Figure 2.3 Typical FTIR transmission spectra showing OTS adsorption at different 
stages of monolayer growth on an SiQ> substrate. 
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lengths of time. The CH) asymmetric stretching mode at ca. 2920 cm” can be used to 

quantify the surface concentration of OTS, if the absorbance per CH2 group is known. To 

convert absorbances to surface concentrations, the equation obtained by Chen and Frank 

(21) for long-chained fatty acids on glass, 

Surf. Conc. = (0.00425 / Abs.) x 17, [2.1] 

was used. The validity of Eq. [2.1] was checked against a monolayer film of 

dioctadecyldimethylammonium bromide of known surface density deposited on a mica sheet 

using a Langmuir trough. When plotting absorbance vs. immersion time for the 2920 cm" 

band at a number of OTS solution concentrations, a plateau of 3.65x10° absorbance units 

was reached for the highest OTS solution concentrations. Using Eq. [2.1], this corresponds 

to a surface concentration of 5.1 molecules/nm’, equivalent to an area of 0.2 nm’ per 

molecule. This agrees quite well with the values previously reported for closely-packed 

hydrocarbon chains (9, 11). At lower OTS concentrations, the plateau value is less than 

that at monolayer coverage. Similar conclusions are obtained from absorbance for the CH2 

symmetric stretch at 2850 cm”. 

Using the absorbance at monolayer coverage, the absorbances at other reaction 

conditions can be converted to fractional surface coverages. Figure 2.4 illustrates the 

dependence of band frequencies (Figure 2.4a) and full widths at half maximum (FWHM) 

(Figure 2.4b) of the CH2 symmetric and asymmetric stretches on the fractional surface 

Chapter 2 Characterization of Silica Surfaces 
Hydrophobized by Octadecyltrichlorosilane



  

   

          

55 

2930 -———— Ss 2860 

ren | 
— 

2928 | 2858 
& Cyc Liquid OTS 

oO 
“2926 + 2856 
> 
© 

S 2924 + 2854 

= @ 2922 sym 2852 
= L ——_» 

= 2850 a. 2920 F 4 285 

5 
mM 2918 F -| 2848 

pesseeseseneesceseeenees Solid OTS 
2916 +» 4+ 1 st 2846 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Fractional Surface Coverage 

Figure 2.4a | Wavenumber positions of CH2 asymmetric and symmetric stretching 

mode bands as a function of fractional OTS surface coverage. 

Chapter 2 Characterization of Silica Surfaces 
Hydrophobized by Octadecyltrichlorosilane



F
W
H
M
 

(c
m!

) 

24 

20 

14 

12 

10 

Figure 2.4b 

Chapter 2 

56 

  

22 

18 

16 

  OO     
  

00 02 04 06 O08 10 12 

Fractional Surface Coverage 

Full peak width at half maximum (FWHM) of CH) asymmetric and 

symmetric stretching mode data for various OTS surface coverages. 

Characterization of Silica Surfaces 

Hydrophobized by Octadecyltrichlorosilane



57 

coverage. Band frequencies for polymerized OTS solid and for OTS in CCl, solution are 

also shown for comparison. The frequencies, relative intensities, and band widths of the 

CH2 stretching modes in both the IR and Raman spectra have been used as diagnostics for 

the ordering of hydrocarbon chains (22). It has been found that the CH2 bands at 2850 and 

2920 cm’ shift to lower frequencies and become narrower as the hydrocarbon chains 

interact with one another at higher surface OTS concentrations; thus, the band frequencies 

and FWHM indicate a change from a liquid-like, disordered state to a highly-ordered, quasi- 

crystalline state as the surface density increases. Similar observations have been reported by 

Tillman et al. (8) and Ulman (23) for long chain hydrocarbons. Figure 2.4b shows a 

monolayer peak width of approximately 16 cm” which is in good agreement with Tillman's 

findings for OTS adsorbed on silicon. The band frequencies in Figure 2.4a decrease linearly 

with a change in slope at a fractional coverage of 0.25-0.3. Although the FWHM values are 

more scattered at low coverages, a slight increase is noted below a fractional coverage of 

0.3, followed by a linear decrease. 

A plot of advancing water contact angle as a function of the reaction time at various 

concentrations is shown in Figure 2.5a. A maximum advancing water contact angle of 109° 

was found for reaction times corresponding to monolayer coverage. Oleophobicity was 

only achieved at monolayer coverage, a property noted by Sagiv (1) for fatty acid 

monolayers. Figure 2.5b graphically represents the hysteresis for these films in relation to 
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Figure 2.5b = Hysteresis plot of advancing and receding contact angle data for all 
silanated silica plates in relation to surface coverage of OTS. 
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fractional surface coverage. Although the hysteresis is virtually negligible, a trend is 

detected with the same point of inflection near 0.3 fractional surface coverage as shown in 

Figures 4a and 4b. 

Plotting the cosine of the advancing angle vs. the surface concentration obtained 

from the FTIR measurements yields Figure 2.6. Cos @ shows a linear behavior similar to 

that seen for the band frequencies, exhibiting a change in slope at a fractional coverage 

(fors) of about 0.3. Assuming the surface is composed of a mixture of microscopic domains 

of OTS and bare silica, a linear relationship is expected on the basis of Cassie's equation 

(24) 

cos@ = f, cos @+ f,cosé@, . [2.2] 

Israelachvilli and Gee (25) have suggested a replacement for Cassie's equation for chemical 

heterogeneity of molecular dimensions 

cos = 7, (1+ cos 6,) + f,(1+ cos e.)'| -1. [2.3] 

The present data are better fit by Cassie's equation, suggesting that the heterogeneity of the 

surfaces is in the form of microscopic domains rather than on a molecular scale. 

This conclusion was verified using atomic force microscopy to image the silanated 

surfaces. Figure 2.7 shows five AFM images of silanated silica surfaces exhibiting water 

contact angles of 27°, 45°, 84°, 101°, and 107°. It is apparent from the AFM images at 27°, 

45°, and 84° that below monolayer coverage, OTS is adsorbed in patches rather than a 
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homogeneous layer. The patches are ellipsoidal with average dimensions of 20 x 40 nm. 

Initially, the OTS patches are found predominantly in the regions between the silica grains 

(Figure 2.7a), possibly because the concentration of adsorbed water may be greater in this 

region due to the edge effect. An alternative explanation is that the patches are weakly 

bound to the surface and may be displaced by the AFM tip during measurement which 

would explain the unusually large amount of noise encountered during initial scans. The 

patches observed in the recesses between the grains may then be trapped by the edges of the 

grains. The ability of the AFM tip to move adsorbed molecules has been previously noted 

(26). The weak bond of OTS to the silica surface indicated by this observation supports the 

conclusions of Tripp and Hair (2) that OTS does not chemically react with surface hydroxyl 

groups on silica. As the surface coverage increases (Figure 2.7b and 2.7c), the patches do 

not increase in size but rather become more numerous and cover the silica surface, i.e., the 

patches are not nucleation sites for further growth. Finally, at a contact angle of 101° 

(Figure 2.7d) and to a further extent at 107° (Figure 2.7e), the surface is covered with a 

nearly uniform layer of OTS molecules. 

The fraction of surface covered by the patches has been estimated from the AFM 

images and are presented in Table 1 along with the fractional surface coverage values 

obtained from the infrared measurements. Also shown in Table 1 are the data obtained at 

monolayer coverage for comparison. It is evident from Table 1 that the surface coverages 
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Figure 2.7a | Atomic force microscope image of silanated surface in air exhibiting an 

advancing water contact angle of 27°. 
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Figure 2.7 Atomic force microscope image of a silanated surface in air exhibiting 

an advancing water contact angle of 45°. 

Chapter 2 Characterization of Silica Surfaces 
Hydrophobized by Octadecyltrichlorosilane



65 

  
Figure 2.7¢ | Atomic force microscope image of a silanated surface in air exhibiting 

an advancing water contact angle of 84°. 
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Figure 2.7d | Atomic force microscope image of a silanated surface in air exhibiting 

an advancing water contact angle of 101°. 
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Figure 2.7e | Atomic force microscope image of a silanated surface in air exhibiting 

an advancing water contact angle of 107°. 

Chapter 2 Characterization of Silica Surfaces 
Hydrophobized by Octadecyltrichlorosilane



68 

as determined by AFM are considerably lower than those obtained by FTIR, suggesting that 

OTS molecules do not form closely-packed monolayers within the patches. 

The adsorption density of OTS molecules within a patch (J;) has been estimated 

from the AFM and FTIR data and presented in Table 1. The value of J, at 9= 27° is not 

given because of the uncertainties involved in the FTIR measurements at very low 

coverages. It is interesting that since the size of the patches remains unchanged, the 

adsorption density within the patches increases substantially with increasing surface 

coverage (fre) and contact angle. Although a large contact angle (@ = 84°) has been 

obtained at a relatively low coverage (/nr = 0.17), it seems that the area covered by the 

patches (farm = 0.89) is more relevant. 

The FTIR, AFM, and contact angle studies suggest the following picture of the 

growth of OTS monolayer films on silica surfaces. At low coverages, OTS molecules form 

sparsely populated patches, which gives rise to large values of FWHM of the CH) stretching 

bands. As more OTS molecules adsorb, the patches become more numerous without 

significantly increasing in size. Meanwhile, the adsorption density of the molecules within 

each patch increases, causing a shift in band frequencies to lower wavenumbers. As the 

patches cover more of the surface, the contact angle follows Cassie's equation as expected 

for a macroscopic heterogeneous surface, while the contact angle hysteresis tends to 

increase only slightly. By the time frm reaches the 0.25-0.3 range, the patches have 
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Fractional surface coverage values estimated from atomic force 

microscopy and Fourier transform infrared transmission spectra. 

  

  

0, JAM Jem IT, 

27° 0.07 0.02 - 

45° 0.38 0.04 430 

84° 0.89 0.17 780 

109° - 1.00 4080° 
  
*Adsorption density (molecules/patch). 
Data for 800 nm? area at monolayer coverage. 
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essentially covered the entire surface, i.e., farm becomes unity as indicated by Table 1. It 

appears that up to this point there exists a good correlation between @ and farm. At frm = 

0.25 to 0.3, the area per molecule is approximately 0.8 nm’. Assuming a circular molecular 

area, this gives a molecular radius (R) of about 0.5 nm. This value is comparable to the 

value of R (1.265x17° = 0.52 nm) estimated for an 18-carbon chain molecule lying flat in a 

random walk configuration. Thus, the OTS molecules begin to be crowded by their 

neighbors. As the coverage increases beyond the 0.25-0.3 range, the FWHM and band 

frequencies gradually decrease, indicating an increase in chain ordering. 

Recently, Schwartz et al. (27) have used AFM to examine the growth of an OTS 

monolayer on mica, and have reported that initially, isolated islands of closely-packed OTS, 

roughly 88 nm in diameter, are formed at the surface. This differs from the results reported 

here on silica in that the OTS patches are not densely packed. The size of the OTS islands 

reported by Schwartz et al. is similar to the values obtained in the present study for water- 

saturated cyclohexane; however, there is no mention of the water content of their solvent 

(bicyclohexyl). 

A Zisman plot using a series of test liquids was constructed and gave a value of 

20.2 dyne/cm? for the critical surface tension, which is in good agreement with values 

reported elsewhere for this system (3, 8, 15, 20). A durability study of the silanated 

silica was also performed by immersing plates in various solvents (carbon tetrachloride, 
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ethanol, cyclohexane, chloroform, 0.1 M NaCl) for 15 days. Variations in the contact 

angle were within the +3° of error of the goniometer. 

2.3.2 Kinetics of OTS Film Formation 

Chen and Frank used a transient Langmuir model to obtain kinetic information 

on the adsorption of fatty acids on glass and carboxylic acids on aluminum. The 

similarity of their surface coverage vs. time curves to those obtained in the present 

study naively suggests that the present data be treated in a similar manner. The 

fractional surface coverage, I, follows the material balance equation 

Or _ sik, ci-nr-#r, [2.4] 
Ot No No 

  

where k, and kg are adsorption and desorption rate constants, C is the solution 

concentration of OTS, and WN, is the surface adsorbate concentration at full coverage. 

Integration of Eq. [2.4] leads to 

  pate © Jy exp] & (c+) [2.5] 
ks Cc + ka No ky 

and can be simplified to 

I = Ta{1- exp(-A)], [2.6] 
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where J;, is the maximum surface coverage reached by an adsorption isotherm. Fitting 

Eq. [2.6] to the results of the FTIR measurements by a least squares method (Figure 

2.8a) gives the values of & at each concentration, shown in Figure 2.8b. At low 

concentrations (C < 3x10” M), the data are linear in concentration, 

k =1.90 C-2.31x10", [2.7] 

which, along with the relationship of J, vs. solution concentration (as shown by the 

plot in Figure 2.8c), enables calculation of the reaction time and solution concentration 

required to achieve a desired surface coverage. Figure 2.8a should be compared to 

Figure 2.5a; both sets of curves have the same general shape, illustrating the close 

relationship between water contact angle and the surface concentration of OTS. 

A number of recent studies (2-6, 18) have explored the role of water on the 

formation of alkylchlorosilane monolayers. Its significance was studied in the present 

work by using water-saturated cyclohexane in some experiments. Contact angle 

measurements revealed little difference between the two experiments (Figure 2.9a), 

although the rate of increase appeared to be faster at short times in water-saturated 

cyclohexane. The plateau value of the contact angle seemed to be independent of the 

presence of water, but the addition of water did cause an increase in the hysteresis 

encountered (Figure 2.9b). The FTIR measurements (Figure 2.9c) show a much 

greater amount of material adsorbed on the surface in the presence of water. For 
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Figure 2.8a Fractional surface coverage (J) data for silica plates immersed in molar 

OTS solution concentrations of (11) 5.05x10°, (O) 2.54x10%, (A) 

1.01x10°, and (0) 5.05x10~ at various time intervals. Solid lines 
represent Langmuir-like isotherms as determined by a least squares fit. 
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silanated samples shown in Figure 2.9a. 
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reaction times greater than 15 seconds, the adsorbed amount is several times greater 

than expected for monolayer coverage and shows a random dependence on reaction 

time. This difference in behavior is likely a result of the pre-polymerization of OTS in 

solution. 

Figure 2.10 shows an AFM image of a silanated surface reacted with excess 

water in the OTS solution to exhibit an advancing contact angle of 65° with 10° 

hysteresis. One can see immediately when comparing to Figure 2.7 that the patches are 

much larger in size ( 110 x 90 nm). Angst and Simmons (6) found that polymerized 

OTS in solution results in high contact angles on thermally grown SiO, films. 

Adsorption of these larger polymeric OTS clusters results in a heterogeneous, patchy 

adsorbed structure many layers thick which gives rise to the observed hysteresis. This 

result is consistent with the large layer thickness and hysteresis reported by Trau ef al. 

(18) for OTS adsorption on silica from hexane. The roughness of these surfaces was 

also noted in the "jaggedness" of the edge of the water drop when making contact 

angle measurements. 

The benefits of ultrasound in reducing surface heterogeneity has been noted by 

Silberzan ef al. (3), and, in the present study, it was found that the use of an ultrasonic 

bath was crucial to obtain reproducible results. When the reaction was not carried out 

in the ultrasonic bath, the use of water-saturated cyclohexane yielded poorly 
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Figure 2.10 
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Atomic force microscope image in air of a silanated surface exhibiting 
an advancing water contact angle of 65° and hysteresis of 10°. 
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reproducible contact angles, attributed to surface roughness. Some silica plates treated 

this way produced ultra-high contact angles (up to 160°) and would easily float on 

water! 

Another interesting outcome was the dependence of OTS adsorption on the 

number of silica plates in solution. It was found that when several plates were reacted 

at once, the silanation reaction proceeded by an increased rate and to a greater extent 

than when each plate was reacted separately. It is possible that the larger amount of 

water introduced into the solution via the hydrated silica plates enhances the silanation 

reaction; whereas, when only one plate is in solution, the physisorbed water on the 

silica surface dissolves into the dry cyclohexane solvent before the silanation reaction 

can occur. 

The results of the kinetic experiments, FTIR, contact angle, and AFM studies 

suggest the following model for the OTS adsorption process, which is illustrated in 

Figure 2.11. Initially, OTS in solution approaches the water-covered silica surface 

where it is hydrolyzed at or near the surface as depicted in Figure 2.1la. Sagiv (1) 

suggested that if the only water present in the system is at the silica surface, then the 

OTS can only hydrolyze at the surface; however, it is probable that when using an 

ultra-sonic bath and dried cyclohexane, loosely bound water present on the silica plates 

will be desorbed into solution, thereby allowing for hydrolysis in the vicinity of the 
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A proposed model for the OTS on SiO2 adsorption process, in which (a) 
OTS molecules are attracted to the hydrated silica surface and (b) 

hydrolyze to form clusters. These hydrolyzed molecules or clusters (c) 
are weakly attracted to the physisorbed water on the silica surface and 
may eventually form patches on the silica surface. In time, (d) more 

patches form up to a point when (e) single OTS molecules adsorb (f), 
increasing the surface density to monolayer coverage. 
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silica surface. Plueddeman (28) noted that due to increased hydrophobicity, longer 

chain alkylchlorosilanes hydrolyze more slowly than those with shorter chains; 

therefore, it may be justified to assume that the hydrolysis of OTS molecules is 

kinetically favored in the vicinity of the hydrated silica surface where a higher 

concentration of water molecules exists. The AFM images suggest that small clusters 

of polymerized OTS form at or near the silica surface (Figure 2.11b), and these clusters 

then adsorb to form the patches seen in the AFM images (Figure 2.11c). The size of 

these clusters depends on the water content of the solvent. Silberzan ef al. (3) 

suggested that these hydrolyzed OTS molecules or clusters are not bound to the silica 

surface. As the number of patches increases and completely covers the silica surface 

(Figure 2.11d), individual OTS molecules adsorb into the patches to increase the 

adsorption density within the patches (Figure 2.1le). After long immersion times and 

at the higher OTS concentrations, a highly-ordered and tightly-packed monolayer is 

formed (Figure 2.11f). The independence of the OTS patch size on the solution OTS 

concentration and the observed transient Langmuir adsorption kinetics suggest that the 

formation of the OTS patches is rapid and that the rate constants k, and kz describe the 

adsorption of individual OTS molecules into the patches. 
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2.4 CONCLUSIONS 

It has been shown that durable, homogeneous self-assembled OTS monolayers 

can be formed on silica at room temperature from relatively low concentration organic 

solutions. It is also possible to achieve sub-monolayer coatings of varied 

hydrophobicity; however, these partial monolayers are not molecularly homogeneous. 

The OTS molecules form small patches on the surface even at low concentrations. 

Further adsorption increases the packing density within the patches without apparently 

increasing the size of the patches. The size of the patches and the uniformity of the 

surface coating are critically dependent upon the amount of water present in the 

system. No direct evidence has been uncovered as to whether the cross-linked OTS 

monolayer is chemically bound to the silica surface or only physisorbed on the surface 

with intervening water molecules; however, the AFM imaging suggests that the binding 

energy of the OTS patches to the surface is not strong. 
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CHAPTER 3 HYDROPHOBIC INTERACTIONS BETWEEN 

DISSIMILAR SURFACES 

3.1 INTRODUCTION 

Direct force measurements conducted between mica surfaces have revealed new 

information, especially concerning surface forces not considered in the DLVO theory 

(1, 2). Bare mica surfaces immersed in aqueous solutions of high electrolyte 

concentrations exhibited secondary hydration forces (3-6), while those in surfactant 

solutions exhibited hydrophobic forces (7-11). When force measurements were 

conducted in water-soluble polymer solutions, steric forces were observed (12-14). 

Such information is useful for understanding many industrial processes where non- 

DLVO forces play important roles. A case in point is the flotation process, which is 

believed to be driven by hydrophobic interactions (15). However, most of the data 

obtained from direct force measurements are for symmetric interactions, i.e., two 

macroscopic bodies of the same hydrophobicity interact with each other, while bubbles 

and particles may have very different hydrophobicities. Therefore, it is difficult to 

estimate the magnitudes of the hydrophobic forces involved in bubble-particle 

interactions based on the force data reported in the literature to date. 
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Surface forces measured experimentally are routinely compared with those 

predicted from the DLVO theory, 

fFi=Fat+ Fe, [3.1] 

in which /; is the total force between two surfaces in close proximity, F. the ion- 

electrostatic force between the overlapping electrical double layers, and Fa is the 

London-van der Waals dispersion force. When hydrophobic forces (F,) are measured, 

Eq. [3.1] may be extended to 

Fe=FatFe+ Fh. [3.2] 

Measured hydrophobic forces are most commonly described by the empirical 

relationship (7), 

Ff H Foal) 3 Roe Pp [3.3] 

in which Fy, normalized by the radius R of curvature of the mica surface, is shown to 

decay exponentially with respect to the closest separation distance H between the two 

curved surfaces, and C, and D, are constants. When stronger hydrophobic forces are 

measured, it is often necessary to use a double-exponential function, 

a =C, exp +C, exp 2] ; [3.4] 
1 2 
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so that long-range hydrophobic forces can be accommodated by the second exponential 

term. It has been suggested that the pre-exponential parameters C, and C; are related 

to interfacial tensions at the solid/liquid interface (16), while D., D, and D2 are referred 

to as decay lengths. Hydrophobic forces can also be described by a power law (17), 

F K 

which is of the same form as the expression most commonly used for dispersion forces. 

Thus, Eq. [3.5] holds an advantage over Eqs. [3.3] and [3.4] in that force data can be 

represented by a single parameter, K , which can be directly compared with Hamaker 

constants. Furthermore, it may be possible that K can be treated in the same 

mathematical manner as Hamaker constants when deriving a combining rule for 

asymmetric interactions. 

Many of the hydrophobic forces reported in the literature were measured using 

the Tabor and Winterton-type surface force apparatus (SFA) (18) with curved mica 

cylinders. When the measurements were conducted with mica surfaces coated with 

self-assembled monolayers, “short-range” hydrophobic forces with D, in the range of 

1.0 to 2.5 nm were observed (7-11, 19). With insoluble, double-chain surfactants 

deposited using the Langmuir-Blodgett (LB) technique, the measured forces were of 

substantially longer-range with D2 in the range of 10 to 24 nm (20, 21). In the 
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presence of neutral surfactants such as octanol and dodecanol, however, even self- 

assembled monolayers exhibited long-range hydrophobic forces with D2 in the range of 

4.4 to 9.5 nm (10, 11). It was suggested, therefore, that long-range hydrophobic 

forces are created when close-packed monolayers of hydrocarbon chains are formed on 

mica surfaces (22, 23). It was also shown that decay lengths increase sharply when 

advancing water contact angle (6,) is close to or exceeds 90°, suggesting that the long- 

range hydrophobic force may arise from cavitation (11). 

Despite its high accuracy, the SFA can only be used for optically transparent 

and isotropic materials. These limitations can be overcome by using an atomic force 

microscope (AFM), which has essentially the same operating principle as that of the 

SFA. When using a pyramidal tip with a sensitive cantilever spring, the AFM can 

generate morphological images with atomic resolution (24). By attaching a sphere to 

the tip, Ducker and Senden (25) were able to measure long-range repulsive ion- 

electrostatic forces. Using cantilever springs substantially stronger than those used by 

previous investigators, Rabinovich and Yoon (26, 27) measured hydrophobic forces 

between glass spheres and silica plates hydrophobized with octadecyltrichlorosilane 

(OTS). The AFM technique allows the measurement of hydrophobic forces with fewer 

constraints due to the optical properties of the materials used. Any material with 

sufficient smoothness and availability in spherical form can be used. Thus, the AFM 
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has been used for surface force measurements with a variety of materials, including 

polypropylene (28), gold (29, 30), zirconia (14), TiO2 (31), ZnS (32), and S102 (25-27, 

33-35). The AFM has also been used to measure forces between an air bubble and 

hydrophilic silica (34, 36). One serious limitation associated with the AFM technique is 

that it cannot give absolute separation distances, which can become a source of error 

when using surfaces coated with thick adsorption layers. Furthermore, calibration of 

the cantilever spring is more cumbersome than for the SFA, and the availability of 

cantilevers with appropriate spring constants is limited. Recently, a new SFA capable 

of measuring separation distances by means of a piezoelectric material (bimorph) has 

been developed, so that it can be used to measure surface forces between opaque 

materials (37-41). 

Claesson et al. (42) were perhaps the first to conduct asymmetric force 

measurements using an SFA. The measurement was conducted in water between a 

bare mica surface and a mica surface coated with dimethyldioctylammonium (DDOA") 

ions. These investigators observed attractive forces larger than those between two 

DDOA’-coated mica surfaces, which was attributed to an electrostatic attraction 

between oppositely charged surfaces. Tsao et al. (43) obtained similar results with the 

same system, but had a different interpretation. These investigators concluded that the 

highly charged bare mica surface correlates with the domains of DDOA’ species on the 
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opposing mica surface to give rise to a long-range attraction. Parker and Claesson (41) 

conducted force measurements between hydrophilic clean glass and hydrophobic 

silanated glass surfaces (both of which have essentially the same surface potentials), 

and found no evidence for long-range attractive forces. This finding was corroborated 

by the results of Rabinovich and Yoon (27), who observed only a slight deviation from 

DLVO theory when using an AFM with a hydrophilic glass sphere and a silanated silica 

plate. On the other hand, Ducker et al. (34) observed a large unstable non-DLVO 

attractive force between clean glass and silanated silica. 

The purpose of the present investigation was to conduct direct force 

measurements for asymmetric hydrophobic interactions using an AFM. The force 

measurements were conducted between a glass sphere with a very high contact angle 

and silica plates of varying degree of hydrophobicity. Both the glass sphere and silica 

plates were hydrophobized using OTS. The results were compared with those obtained 

for symmetric hydrophobic interactions, so that a combining rule for the hydrophobic 

force constants (K) could be developed. The results of the present study would be 

useful to predict the magnitude of hydrophobic forces between two dissimilar surfaces. 

3.2 MATERIALS AND METHODS 

3.2.1 Materials 

Chapter 3 Hydrophobic Interactions between 
Dissimilar Surfaces



94 

Optically smooth Herasil 3 fused silica plates were obtained from Heraeus 

Amersil, Inc. and cleaned in boiling nitric acid before use. Glass spheres obtained from 

Duke Scientific were used as received. HPLC grade cyclohexane was obtained from 

Aldrich Chemical Co. and dried overnight over 3-12 mesh Davidson 3 A molecular 

sieves. OTS was also obtained from Aldrich at 95% purity, and used without further 

purification. Epon R Resin 1004F from Shell Chemicals Co. was used as an adhesive. 

All experiments were performed using conductivity water produced from a Barnstead 

Nanopure water purification system. 

3.2.2 Apparatus 

Surface forces between a silanated glass sphere and an OTS-covered flat silica 

plate were measured using a Digital Instruments Nanoscope III atomic force 

microscope. The AFM was equipped with a standard liquid cell as depicted in Figure 

3.1. A glass sphere a of 15-25 um radius was attached to the end of an AFM 

cantilever b using an epoxy resin, which has been found not to contaminate the aqueous 

liquid medium (44). The sphere and cantilever were placed in an AFM liquid cell c 

with an O-ring d between the cell and the silica sample e to form a water-tight cavity. 

Conductivity water was injected into the cavity f through one of the two liquid ports g 

by means of a syringe. Monochromatic light emitted from a laser diode h was reflected 
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a. Glass Sphere Jf. Solution 
b. Cantilever g. Liquid Ports 
c. Liquid Cell h. Laser Diode 
d. O-ring i. Detector 
e. Silica Plate j. Scanner 

Schematic representation of the atomic force microscope (AFM) as 

used for measuring forces in a liquid between a flat silica plate and a 
glass sphere. 
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off the cantilever to a split photodetector i to monitor the position of the sphere. As 

the piezoelectric scanner j moved the silica sample toward the probe, the cantilever was 

deflected from its original position depending on the nature of the surface forces acting 

between the glass sphere and the silica plate. 

The sphere-flat plate geometry used in the present work and shown in Figure 

3.1 allows the forces measured to be compared to the free energies of interaction 

between two flat plates using the Derjaguin approximation (45). 

3.2.3. Cantilever Calibration 

Figure 3.2 depicts the three different types of cantilevers obtained from Digital 

Instruments, Inc. to cover the range of sensitivities needed for the force measurements. 

For measuring relatively weak electrostatic repulsive forces, a standard triangular 

silicon nitride (Sij3N4) tip was used, while a rectangular tapping etched silicon probe 

(TESP) cantilever was used to measure strong attractive hydrophobic forces. The 

force etched silicon probe (FESP), which was longer than the others, was used to 

measure forces in the intermediate range. Although the manufacturer provided 

approximate values of spring constants, each cantilever was calibrated in the present 

work. 
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0.203 <k< 0.291 5.93 <k<7.01 28.8 <k < 37.5 

a. b. C. 

Figure 3.2 Schematic representation of the AFM cantilevers used for force 
measurements: a) a standard triangular Si;N, cantilever for weak 

interactions, b) a force etched silicon probe (FESP) for moderate forces, 

and c) a tapping etched silicon probe (TESP) for strongly hydrophobic 

forces. A range of spring constants, as determined by the inversion 

technique, are given for each cantilever. 
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The cantilever calibration was made using the technique reported by Sender and 

Ducker (46). In this method, a sphere of known mass 1s placed at the end of a 

cantilever spring, and the deflection of the tip is measured as the AFM is inverted. In 

the present work, tungsten spheres (from GTE Sylvania) were used as the load. From 

the deflection (x) measured in volts, the spring constant (k) was determined using the 

following relationship: 

t- ¥% TR* pgS 
yx [3.6] 

where R is the radius of the tungsten sphere, p (= 19.35 g/cm’) is its density, g is 

gravitational acceleration, and S is the detector sensitivity in volts/nm. Figure 3.2 

shows the range of spring constants determined in the present work for the three 

different types of cantilevers used. The measured values were found to be up to 50% 

lower than those given by the manufacturer, particularly for the standard Si3N, tip. 

3.2.4 Silanation 

Fused silica plates were cleaned in a boiling nitric acid solution, and silanated in 

OTS-in-cyclohexane solutions under a nitrogen atmosphere. The detailed silanation 

procedure and the characteristics of the silanated silica surfaces are described elsewhere 

(47). In the present work, a glass sphere was mounted on a cantilever spring by means 
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of an epoxy resin prior to silanation. A fused silica plate was silanated in the same 

batch of OTS solution, so that the glass spheres and the silica plate would have the 

same hydrophobicity. The hydrophobicity of the silica plates and glass spheres were 

controlled by varying the concentration of the OTS in solution and the immersion time. 

3.2.5 Contact Angle Measurements 

Water contact angles were used to assess the hydrophobicity of the silanated 

silica plates and were measured using a Ramé-Hart Model 100 goniometer. A 

Hamilton microliter syringe was used to place a 5 pl drop of Nanopure water on a silica 

surface to measure equilibrium contact angle. The measurements were repeated twice 

and averaged. It is estimated that an inherent error of +3° may be associated with the 

measurement of angles. Contact angles of the hydrophobized glass spheres were 

considered to be the same as the silica plates silanated in the same batch of OTS 

solution. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Force Measurements for Symmetric Interactions 

Figure 3.3 shows the results of the force measurements conducted between 

symmetric surfaces, i.e., the silica plates and glass spheres used in the force 
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Figure 3.3 Results of the AFM force measurements conducted with glass spheres 
and silica plates. The force (F) was normalized by the radius (R) of the 
glass sphere and plotted versus the closest separation distance (7). 

Each force curve was obtained using a sphere and a plate, silanated with 
octadecyltrichlorosilane (OTS) under identical conditions so that both 

were of the same contact angle: @) 0°, CJ) 81°, A) 92°, O) 100°, and 
@) 109°. The dashed line represents a DLVO fit of the data with A13) = 
8x10”! J, ws = -60 mV, x’! = 42 nm, while the solid lines represent the 
extended DLVO theory which includes a power law (Eq [3.5]) to 

account for the contributions from the hydrophobic force. Hydrophobic 

force parameters are given in Table 3.1. The arrows show the jump 

distances. 
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measurements had been silanated under identical conditions so that both have the same 

degree of hydrophobicity and, hence, the same contact angle (@). The measured forces 

(F), normalized with respect to the radius of the sphere (R) are plotted versus the 

separation distance (H). At @= 0° and 81°, measured forces are repulsive. As @ is 

further increased, they become net attractive, their magnitudes increasing with 

increasing contact angle. Since the attractive forces measured at @= 109° are so much 

larger than those measured at lower contact angles, they are plotted separately at the 

inset. 

The dotted curve in Figure 3.3 represents a DLVO fit of the data using Eq. 

[3.1]. /. has been calculated using a constant potential model of Ohshima et al. (48). 

According to Laskowski and Kitchener (49), silanation does not significantly change 

the ¢-potentials of silica. Therefore, all of the data shown in Figure 3.3 have been 

fitted with yw, = -60 mV. Fy of Eq. [3.1] was obtained using the well-known 

relationship 

RA 
F,=-—", 3.7 

in which Aj3; (= 8x10! J) (50) is the Hamaker constant of silica 1 in water 3. 

As Figure 3.3 shows, the DLVO theory does not fit the experimental data 

obtained in the present work, which is not surprising. According to Derjaguin and 
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Churaev (51, 52), the DLVO theory is applicable only to lyophobic colloids whose @ is 

in the range of 20° to 40°, while the @ values for the surfaces used for the force 

measurements are outside this range. Therefore, the force data obtained at 6 > 81° 

were fitted to the extended DLVO theory (Eq. [3.2]), which incorporates Eq. [3.5] to 

account for the contributions from attractive hydrophobic forces (F,). The solid lines 

represent the extended DLVO curves where y, = -60 mV, x = 42 nm, and Aj3) = 

8x107' J, and with the K values of Eq. [3.5] as the only adjustable parameters. The 

fitted parameters of K (actually Ki3; to indicate that this constant is for symmetric 

interactions in water) are shown in Table 3.1. Also shown in this table for comparison 

are the K values determined from the jump distances, which are indicated in Figure 3.3 

by arrows. For AFM force measurements, jump distances are determined by the 

changes in the slope of the displacement vs. distance diagrams. When the ion- 

electrostatic force is relatively small, Ki3, can be determined from a jump distance (77) 

by the following relationship (26): 

K. eH [3.8] 13) ~ R 13] > . 

where k is the spring constant. As shown in Table 3.1, the values of Ki3; determined 

using the equilibrium and jump methods are in reasonable agreement; however, the 

former method produces more reliable values since there is a degree of uncertainty 
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Force Parameters Obtained for Symmetric Interactions 

  

  

@ Hi; C2 D2 Kis (10 J) F/R 

(°) (@m) (mN/m) (nm) ‘equil, jump (mN/m) 

81 6.30 -9.0 2.0 0.07 0.20 4.63 

92 19.6 -12 10 3.2 5.82 45.1 

100 =:15.5 -9.0 24 12.5 9.94 38.6 

109 45.5 -83 32 270 340 144 
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associated in determining H;. Also shown in Table 3.1 are the values of C2 and D2 

obtained by fitting the data to the extended DLVO theory (Eq. [3.2]) which 

incorporates the exponential force law (Eq. [3.4]) to represent the contributions from 

the hydrophobic force. In this fitting exercise, the values of C; and D; were considered 

negligibly small as compared to those of C2 and Dp. 

Although some investigators (49, 53) showed that ¢-potentials do not change 

after silanation with trimethylchlorosilane (TMCS), others (54-56) reported a 

considerable reduction in the negative ¢-potential particularly when the concentration 

of TMCS is high. This finding may suggest that the monofunctional TMCS reacts with 

the silanol groups on the silica surface which serve as charge sites. However, the OTS 

used in the present work as a silanating agent may react differently from TMCS. 

According to Tripp and Hair (57), tri-functional alkylchlorosilanes such as OTS do not, 

to a large extent, form covalent bonds with surface silicon atoms at room temperature. 

In the presence of sufficient water molecules on the surface, OTS molecules undergo 

cross-linking polymerization without displacing the surface hydroxyl groups to form 

covalent bonds with the surface silicon atoms. As a result of the cross-linking 

polymerization, OTS molecules form clusters on fused silica surfaces even at low 

surface coverage (47). Such a mechanism may support the assumption made in the 
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present work that OTS-coated silica and glass surfaces have substantially the same 

double-layer potentials as the fresh unsilanated samples. 

The results of the force measurements given in Figure 3.3 and Table 3.1 show 

that the hydrophobic force increases with increasing contact angle (9). It is interesting 

that both D, and K increase sharply as 6 becomes greater than 90°. This finding is 

consistent with the observation made by Yoon and Ravishankar (11) that long-range 

hydrophobic forces begin to appear when advancing water contact angle (6,) exceeds 

90°. 

It may be noteworthy that the TESP and FESP cantilevers used in the present 

work were not sensitive enough to measure attractive forces at @ < 81°. On the other 

hand, the force curve obtained at 8 = 109° represents one of the strongest hydrophobic 

forces reported in the literature, and is comparable to that reported by Rabinovich and 

Yoon (27) for the same system. 

Table 3.1 also includes values of adhesion force (Fa), which is defined as the 

maximum force required to pull two surfaces apart after an initial contact. As shown, 

Fa increases with increasing @, which agrees well with the relationship developed by 

Johnson et al. (58) and Derjaguin et al. (59): 

F,4/R = nt (%v - nv cos 8), [3.9] 
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where ysv and ,v are the surface free energies at the solid-vapor and liquid-vapor 

interfaces, respectively, and nm = 4 for non-deformable solids, while n = 3 for 

deformable solids. Theoretically, Fg should fall between the lower limit of m = 3 and 

the upper limit of 7 = 4. However, the values of F,a obtained in the present work are 

below the lower limit, and are up to 50% lower than those reported by Parker and 

Claesson (41) for similar surfaces. On the other hand, they are in reasonable agreement 

with the results of Rabinovich and Yoon (27) reported for silica and glass surfaces 

silanated with OTS. The low adhesion forces may be attributed to the surface 

roughness of the glass spheres and silica plates used in the present work. Another 

possible reason may be that the configuration of the AFM allows the two surfaces to be 

detached prematurely by a shearing force. 

As has already been noted, the DLVO theory is applicable to lyophobic colloids 

with 20° < @< 40°. Likewise, the results obtained in the present work at @= 0° cannot 

be fitted to the DLVO theory (Eq. [3.1]), particularly at H < 13 nm (See Figs. 3.3 and 

3.4). It has been shown by many investigators that the deviation is due to a hydration 

force. Therefore, the data obtained at 6 = 0° have been fitted to the extended DLVO 

theory (Eq. [3.2]) which incorporates Eq. [3.4] to represent contributions from the 

hydration force. The solid curve in Figure 3.4 represents the extended DLVO fit with 

C; = 12 mN/m, C2 = 1.1 mN/m, D, = 0.4 nm, and D. = 3.0 nm. These parameters are 
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Figure 3.4 F/Rvs. H curve obtained with a clean glass sphere and a bare silica plate 
in water. The dashed line represents a DLVO fit with A131 = 8x107' J, 
y, = -60 mV, and x = 42 nm, while the solid line represents the 
extended DLVO theory which includes the hydration force. The dotted 

line represents the hydration force (Eq. [3.4]) with C; = 12 mN/m, D, = 

0.4 nm, C2 = 1.1 mN/m, and D2 = 3.0 nm. 
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consistent with those reported for the secondary hydration forces measured with mica 

in the presence of inorganic electrolytes (3-6) and the primary hydration forces 

measured with silica (35, 60, 61). 

3.3.2 Force Measurements for Asymmetric Interactions 

Figure 3.5 shows the force curves obtained between glass spheres and silica 

plates having dissimilar contact angles. The spheres have values of 6 = 109°, while 

those of the silica plates were varied as shown for each force curve. The dashed line 

represents the classical DLVO theory, while the solid lines represent the extended 

DLVO theory, which includes an additional term in the form of a power law (Eq. [3.5]) 

to represent the hydrophobic attraction. 

When the force measurements were conducted with a silica plate having 0 = 0°, 

the measured forces were repulsive due to double-layer interactions. At longer 

separation distances, the data can be fitted to the DLVO theory (constant potential 

model) with yw, = -60 mV, «' = 42 nm, and Aj;32 = 8x10” J. However, the two 

surfaces jump into contact with each other at a distance greater than that predicted by 

the DLVO theory. Actual jump distances varied with each measurement, and the value 

of 16.1 nm reported here was the largest jump observed. Based on this jump distance, 

the value of Ki32 in Eq. [3.5] was estimated to be approximately 1.1x107° J, which is 
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Figure 3.5 F/R vs. H curves obtained between silanated glass sphere with contact 

angle of 109° and silanated silica plates with the following contact 

angles: (0) 0°, (Ml) 75°, (A) 83°, (@) 92°, (@) 97°, (C2) 100°, (A) 105°, 
and (O) 109°. The dashed line represents the classical DLVO theory 
(Eq. [3.1]) with Ay3; = 8x107' J, ys = -60 mV, and x! = 42 nm. The 
solid lines represent the extended DLVO theory incorporating a power 
law (Eq [3.5]) to account for the contributions from the hydrophobic 

force. The arrows show the jump distances. Hydrophobic force 
parameters are given in Table 3.2. 
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rather close to the Hamaker constant (8x107' J). For the silica-OTS system, the 

Hamaker constant is expected to increase by only 10% at monolayer coverage (34); 

therefore, it may be suggested that there exists a weak hydrophobic force for the 

interaction between a silica surface with = 0° and a glass sphere with 0= 109°. 

Ducker et al. (34) and Rabinovich and Yoon (27) also conducted AFM force 

measurements between untreated glass spheres and OTS-coated silica and observed 

jump distances significantly larger than predicted by the DLVO theory. On the other 

hand, the force measurement conducted by Parker and Claesson (41) with a bare silica 

and a fluorocarbon-coated silica showed a jump distance only slightly larger than that 

predicted by the DLVO theory. That the latter investigators showed no evidence for 

hydrophobic force may be attributed to the relatively low contact angle exhibited by the 

fluorocarbon-coated silica surface. Nevertheless, the apparently weak hydrophobic 

force observed between a hydrophilic surface and a strongly hydrophobic surface is 

somewhat surprising, and a further investigation may shed light on the origin of the 

hydrophobic force. 

The forces measured between glass spheres having @ = 109° and silica plates 

with @> 75° show more definitive evidence for the existence of a hydrophobic force. 

As shown in Figure 3.5, the measured forces become increasingly attractive as the 

contact angle of the silica plate increases. The data was fitted to the extended DLVO 
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theory incorporating a hydrophobic force term (Eq. [3.5]), as shown by the solid lines. 

The values of K132 for Eq. [3.5] are given in Table 3.2. Also shown in this table are the 

values of C2 and D2 of Eq. [3.4]. It is interesting that the values of the hydrophobic 

force parameters obtained between asymmetric surfaces, K32, lie between those for the 

symmetric interactions, i.e., Kiz3, and K232, suggesting that it may be possible to 

establish a combining rule to predict asymmetric hydrophobic interactions. 

3.3.3. Combining Rules for Hydrophobic Interactions 

Since Eqs. [3.5] and [3.7] are similar in form, it may be reasonable to expect 

that the force constant (Ki32) for asymmetric hydrophobic interactions can be estimated 

from those (Ki3; and K»32) for symmetric interactions using the combining rules 

developed for dispersion interactions. There are two principal combining rules for the 

dispersion interactions. The first, suggested by Hamaker (62), is based on a 

microscopic approach which involves a step-by-step summation of the pair molecular 

potentials to calculate the energy of interaction between bodies 1 and 2 in medium 3. It 

has the following form: 

Aj32 = Aj2 + A33 - Aj3 - A23 , [3.10] 

where Aj; is the Hamaker constant for the interaction of bodies i and j in vacuo. If 

body 1 is the same as body 2, Eq. [3.10] reduces to 
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TABLE 3.2 

Force Parameters Obtained for Asymmetric Interactions 

  

  

6 OA C2 D, Kix2 (10 J) Fya/R 

() @m) (mN/) (am) equil. jump (mN/m) 

0 161 ~° -20 20 001 - - 

75 879 90 90 2.20 £2.42 36.8 

83 10.8 -12 12 4.88 4.55 70.6 

92 16.1 -15 20 17.1 13.4 50.2 

97 —s 20.1 -25 22 32.5 27.0 58.1 

100. 25.1 -30 25 55.0 53.0 77.5 

105 343 = -58 28 126 145 124 

109 45.5 -83 32 270 340 144 
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Aj31 = Ay, + A33 - 2433 . (3.11] 

These combining rules are based on the assumption of the additivity of dispersion 

forces, which is not strictly valid for solids. 

A second combing rule is based on the London formula (63), 

V(r) = 22, [3.12] 
r 

where V2 1s the dispersion energy between molecules 1 and 2, 7 is the intermolecular 

distance, and /2 is a constant. One can calculate /2 using the following expression: 

3@ 9) o,1, = [3.13] 
2(4xe,)° WU, +7,) 

By 

where a; and /; are electronic polarizability and first ionization potential, respectively, 

and & is the permittivity of vacuum. For the interaction between like molecules, Eq. 

[3.13] reduces to 

3a? I 
By = —aqr . [3.14] 

4(4ne€,) 

Likewise, {2 becomes 

Bn = oo [3.15] 
% 4(4ne,)* 

From Eqs. [3.13]-[3.15], one obtains the following relationship: 

Br* VB Bx » [3.16] 
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if /;~J,. By substituting Eq. [3.16] into Eq. [3.12] and integrating, a second combining 

rule for Hamaker constants is obtained, 

A, =¥A4,4n > [3.17] 

which is applicable in vacuo. In a medium 3, Eq. [3.17] becomes 

Aix = ¥Ai3;4232_ - [3.18] 

From Eqs. [3.11] and [3.18], the following relationship is obtained (64, 65): 

Aisy = (Ay, — Ags Man ~ Ass) - [3.19] 

Although Eq. [3.19] is also referred to as a combining rule, it is merely a consequence 

  

of the two principal combining rules. 

The limitations of applying these combining rules have been discussed in detail 

both theoretically and numerically (66, 67). In general, the limitations arise from the 

microscopic approach to the dispersion interaction of macroscopic bodies. This 

approach can give inaccurate Hamaker constants particularly in a medium with a high 

dielectric constant. Nevertheless, the combining rules have been successfully used to 

approximate dispersion interactions between dissimilar bodies. 

The geometric mean combining rules (Eqs. [3.17]-[3.18]) can also be used for 

ion-electrostatic interactions, if the potentials are small and of the same sign. Under 
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these conditions, the ion-electrostatic energy between two flat surfaces with constant 

potentials y, and y can be calculated as follows (68): 

EK 
Exo = 2 EXPE) [3.20] 

For symmetric interactions, it follows that 

EK 
Eu == Vy; exp(«H), [3.21] 

21 

and 

EK 
En= aM exp(-KH). [3.22] 

From Eggs. [3.20]-[3.22], the following combining rule for the ion-electrostatic energies 

is obtained: 

Bn =VEn Ex - [3.23] 

Thus, the combining rules for both dispersion and ion-electrostatic interactions have been 

derived from theoretical basis. The geometric mean combining rule has also been used in 

determining van der Waals interaction constants for real gas mixtures (69, 70), 

intermolecular distances (71), and components of interfacial energies (72-75). 

At present, there are no theoretical equations for hydrophobic forces from 

which one can derive a combining rule. It is possible, however, to establish an 

empirical relationship between the hydrophobic force constants obtained in the present 
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work for the symmetric and asymmetric interactions. Figure 3.6 shows experimental 

Ki32 values compared with those predicted from experimental Ki3; and K232 values 

using three possible combining rules. In this figure, the Ki32 values are plotted versus 

the contact angles (@) of the silica plates, which are smaller than that (0 = 109°) of the 

glass sphere. The first possible combining rule considered was the simple arithmetic 

mean, 

K. = Kis, + Ky, 
132 = 5 ; [3.24] 

which gives a value closer to the larger of the two symmetric force constants. When 

one hydrophobic force constant (e.g., K232) is much larger than the other (Ki3:), Ki32 is 

dominated by the larger one, i.e., Ki32 ~ % Kz32. The second possible combining rule 

considered was the harmonic mean, 

_ 2K Koy K,,, = 132 
Ky3, + Kz, 

[3.25] > 

which favors the smaller of the two symmetric hydrophobic force constants. The third 

combining rule tested was a geometric mean, 

Kj32 = V Ki3: Ko > [3.26] 
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Log K vs. cos @ plots for Ki3: (C)), K232 (O), and Ki32 (MH). The solid 
lines represents the best fit of log Ki3; values. Dashed lines represent 
the Kj32 values predicted from the values of Ki3, and K232 using 
arithmetic, geometric, and harmonic means. 
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which has the same form as Eq. [3.18] for Hamaker constants. As shown in Figure 3.6, 

the geometric mean combining rule provides the best fit to the experimental data 

obtained in the present work. 

Figure 3.6 shows that the logarithms of the symmetric hydrophobic force 

constants (K13; and Ki32) vary linearly with cos @ i.e., 

log K,,, =acos0, +b [3.27] 

and 

log K,,, = acos0, +b [3.28] 

in which a (= -7.0) is the slope and b © -18.0) is the value of Ki3; (or K232) at cos = 

0. Taking the logarithm of Eq. [3.26] yields 

log Ki32 = ¥% (log Ki3: + log K32). [3.29] 

Substituting Eqs. [3.27] and [3.28] into Eq. [3.29] results in the following relationship: 

(208 * 0s é:) ab 
log K,,, =a S A132 [3.30] 

= a(cos @),,. + 5. 

Thus, if log Kj32 is plotted versus (cos@)vg, experimental K132 values should fall on the 

same line as that for K,3; and K232, which is found to be the case in Figure 3.7. An 

important implication of Figure 3.7 is that the hydrophobic force 1s uniquely determined 

by contact angles. For symmetric interactions, the hydrophobic force is a function of 
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Log K vs. (cos@).vg plots for the Ki3:, K232, and K132 values determined 
using AFM for silanated glass sphere and silica plates. 
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the contact angles of the surfaces involved, while for asymmetric interactions it is 

determined by the average of the cosines of the contact angles involved. A future 

communication will show that the force data obtained with organosilanes other than 

OTS fall on the same line shown in Figure 3.7. It is possible, however, that the slope a 

of the curve shown in Figure 3.7 may change as the water contact angle is reduced 

considerably below 90°. It has been shown by Yoon and Ravishankar (11) that for 

symmetric interactions only short-range hydrophobic forces are observed at advancing 

contact angles (6,) below 90°. 

3.4 CONCLUSIONS 

An AFM was used to conduct direct force measurements between a glass 

sphere and a silica plate. When the measurements were conducted with bare surfaces, 

the measured forces could be fitted to the DLVO theory at longer separation distances. 

At separation distances below 13 nm, however, the measured forces were larger than 

the ion-electrostatic force. This non-DLVO force was attributed to the primary 

hydration force represented by a double-exponential force law with decay lengths of 

0.4 and 3.0 nm. The force measurements were also conducted between the glass 

sphere and the silica plate hydrophobized with OTS. The results showed large non- 

DLVO attractive forces, which may be attributed to hydrophobic interaction. The 
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hydrophobic forces were fitted using a power law, which is of the same form as the 

dispersion force, so that the hydrophobic force constants can be compared with the 

Hamaker constant. When the force measurements were conducted with the silica plate 

and the glass sphere hydrophobized under identical conditions, the hydrophobic force 

constant (Ki31) for the symmetric interactions increases with the equilibrium water 

contact angle (@) measured on the silica plate. The force measurements were also 

conducted between a glass sphere with 0 = 109° and silica plates of varying contact 

angles to obtain hydrophobic force constants (Ki32) for asymmetric interactions. It has 

been found that the values of Ki32 are close to the geometric means of Kj3; and K232, 

the latter being the symmetric hydrophobic force constant obtained at @= 109°. A plot 

of log Ki3; (and K232) varies linearly with cos 6, while log Kj32 varies linearly with the 

arithmetic average of cos @& and cos @. These results suggest that hydrophobic forces 

are uniquely determined by the water contact angles of the surfaces involved. 
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CHAPTER 4 DIRECT FORCE MEASUREMENTS FOR 
THE AMINE-QUARTZ FLOTATION SYSTEM 

4.1 INTRODUCTION 

One of the most important steps to achieve successful flotation is the 

attachment of an air bubble to a mineral surface, a process that is facilitated by 

rendering the mineral surface hydrophobic. Alkylammonium salts are frequently used 

as collectors to hydrophobize negatively charged oxide minerals such as quartz. 

Flotability tests of quartz in the presence of alkylammonium salts (1-7) have shown 

maximum recovery to occur at alkaline pH. Similar results have been reported for 

hematite (1), magnetite (8), fluorite (9), and various zinc oxide minerals (10). 

It has been suggested that the optimum pH for the flotation of quartz using 

dodecylamine hydrochloride (DAHC)) as a collector occurs in the pH range of 8 to 11, 

where both dodecylammonium ions (RNH3") and neutral dodecylamine molecules 

(RNH)2 (aq)) are present. One theory proposes that these species “coadsorb” on the 

mineral surface and maximize the hydrophobicity. According to Gaudin and 

Fuerstenau (11), the presence of the RNH> species reduces the lateral repulsion 

between the polar heads of RNH3" ions and, thereby, allows more alkylammonium ions 

to adsorb (11, 12). At the same time, the coadsorption mechanism increases the 
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density of hydrocarbon chains per unit area of the mineral surface, which may be the 

main reason for the increased hydrophobicity (13). 

Somasundaran and his coworkers offered a different explanation. These 

investigators proposed that the pH at which maximum flotation is obtained coincides 

with the pH where concentration of the ionomolecular complex, RNH2-RNHs3 , is at its 

highest (1, 5); therefore, they suggested that the maximum flotation is due to the 

adsorption of this highly surface-active species on the mineral. 

Attempts have recently been made to directly measure forces between an air 

bubble and a hydrophobic, surfactant-coated solid (14, 15); however, the pliability of 

the bubble surface made it difficult to determine the separation distances. Nevertheless, 

the work reported by Butt (14) and Ducker ef al. (15) indicated the presence of long- 

range hydrophobic forces, which is consistent with the findings of Craig et al (16, 17). 

From coalescence studies, these investigators showed that air bubbles are hydrophobic. 

Furthermore, Aksoy (18) measured the equilibrium free film thicknesses of surfactant 

solutions and estimated the hydrophobicity of air bubbles. He showed that the 

hydrophobic force constant of a bubble in pure water is comparable to that of a solid 

surface having a contact angle in excess of 90°. Thus, it may be possible to simulate 

bubble-particle interactions by conducting direct force measurements between two 
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solid surfaces, provided that one surface is sufficiently hydrophobic to represent an air 

bubble. 

Numerous investigators have conducted direct force measurements between 

two solid surfaces on which films of amphiphilic surfactants have been formed either 

from self-assembly (13, 19-23) or Langmuir-Blodgett (LB) deposition (24-26). Force 

measurements have also been conducted between stable hydrophobic layers formed by 

chemisorption, such as the reaction of alkylsilanes (27-31). In general, the force, Fi, 

between bare surfaces can be adequately predicted at long distances using the classical 

DLVO theory (32, 33), 

Fi=Fat+F., [4.1] 

in which Fy represents the contribution from the London-van der Waals dispersion 

forces, and F, is the force due to the ion-electrostatic interaction of overlapping 

electrical double layers. At close distances, however, additional repulsive hydration 

forces have been reported between silica surfaces (34-39) believed to be caused by the 

surfaces’ affinity for water. 

Force measurements between surfactant-coated hydrophobic surfaces in water 

have revealed the presence of an additional non-DLVO attractive force, termed the 

hydrophobic force. This led to extending the DLVO model, 

Fi=FatFet+Fh, [4.2] 
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to account for the hydrophobic force, Fy. 

The hydrophobic force is often described by an empirical double exponential 

function, 

F, —-H —-H 
R = cool + cour , [4.3] 

where R is the radius of curvature of the surfaces involved, H is the shortest separation 

distance between the surfaces, C, and C2 are pre-exponential constants, and D, and D2 

are known as decay lengths. The first term in Eq. [4.3] is used to describe short-range 

(H < 15 nm) hydrophobic forces such as those reported between self-assembled 

surfactant-coated surfaces where D, = 1 to 2.5 nm (13, 19-22). For stronger 

hydrophobic forces such as those between LB deposited and alkylsilanated surfaces in 

water, the second exponential term is included for which typical values of D2 range 

from 10 to 32 nm (24, 25, 27, 30). 

In lieu of the more cumbersome double exponential expression, it is often more 

convenient to describe the hydrophobic force using a power law (24, 40), 

F -K 
“n -o* 4.4 Bae, [4.4] 

where the single unknown parameter, K, represents the magnitude of the hydrophobic 

force. 
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Recent direct force measurements conducted between mica surfaces in DAHC1 

solution as a function of pH (41, 42) reported the existence of a hydrophobic force in 

the pH range of 8 to 10.3. Another investigator (43) has measured forces between two 

hydrophobized surfaces in DAHCI solutions of varying concentration and found that 

the presence of dodecylammonium ions significantly reduced the magnitude of the 

hydrophobic force. 

The purpose of the present study was to determine the possibility of obtaining 

information on bubble-particle interactions by conducting direct force measurements in 

surfactant solutions between a hydrophobic sphere and a flat silica plate. The force 

measurements were conducted in DAHCI solutions at different pH values using an 

AFM. This surfactant was chosen because there exists a wealth of information on the 

flotation of silica in these solutions that can be compared with the force data obtained 

in the present work. 

4.2 | MATERIALS AND METHODS 

4.2.1 Materials 

Optically smooth Herasil 3 fused silica plates were obtained ground and 

polished from Heraeus Amersil, Inc. and cleaned in boiling nitric acid prior to use. 

Glass spheres (Duke Scientific) were used as received and adhered to atomic force 
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microscope cantilevers using Epon R Resin 1004F (Shell Chemicals Co.). 

Hydrophobic surfaces were prepared by adsorbing OTS (95%) from HPLC grade 

cyclohexane (both from Aldrich Chemical Co.) as described elsewhere (44). 

Dodecylamine hydrochloride (DAHCI) was obtained from TCI America and 

recrystallized from ethanol before preparation of a stock solution. Conductivity water 

obtained using a Barnstead Nanopure water purification system was used in all 

experiments. NaOH and HC! (both from Fischer Scientific) were used to adjust pH. 

4.2.2 Contact Angle Measurements 

Contact angles were measured using a Ramé-Hart Model 100 goniometer. The 

captive bubble technique was employed to measure contact angles in the DAHCI 

solutions. Each solid sample was allowed to equilibrate in a pH-adjusted DAHCI 

solution for 30 minutes prior to the introduction of an air bubble. The initial contact 

angle was measured immediately after the air bubble made contact with the solid 

surface (t < 15 sec.), while the final contact angle was recorded after the bubble had 

aged for 30 minutes. This process was repeated twice and averaged for each sample. 

4.2.3. Surface Force Measurements 
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Direct force measurements were conducted using an atomic force microscope 

(AFM) equipped with a liquid cell. More specific details for this technique have been 

discussed in a previous work (27). Most measurements were conducted with a 

standard Si;N, tip. For measuring large attractive forces, stronger cantilevers such as 

tapping etched silicon probes (TESP) and force etched silicon probes (FESP) were 

used. Cantilevers were calibrated using the inversion technique reported by Senden 

and Ducker (45). 

4.3. RESULTS AND DISCUSSION 

4.3.1 Contact Angles 

Smith et al. (3, 12) reported that contact angles measured in a dodecylamine 

salt solution change with time under alkaline conditions. Similar results have been 

obtained in the present work. As shown in Figure 4.1, contact angle changes on bare 

silica and OTS-coated silica in a 4x10° M DAHCI solution at several different pH’s. 

At pH 9.5, the variation in contact angle is nearly undetectable for both types of 

surface. As pH is increased to 10.3, however, contact angle decreases sharply, 

dropping nearly 20°, before leveling off to a stable value after approximately two 

minutes. At pH 11.3, the decrease in contact angle is still more significant, diminishing 

up to 50° after 10 minutes. Finch and Smith (46, 47) have attributed this dynamic 
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Figure 4.1. | Changes in contact angle with time for bare silica and OTS-coated silica 

in 4x10° M DAHCI solutions at different pH. 
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contact angle to a reduction in surface tension caused by the migration of surfactant to 

the liquid-vapor interface with time. These authors used the maximum bubble pressure 

technique to show sharp decreases in surface tension of 4x10° M dodecylamine salt 

solutions within the first two minutes at pH values greater than 8.85. Similar to the 

contact angle results reported here, the effect increased with increasing pH. At pH’s 

below 9, there was no significant change in contact angle with air bubble age. 

The dynamic contact angle phenomenon yields two useful values for contact 

angle. Initial contact angle, @, is taken to be the value of the angle measured within 15 

seconds of creating a point of three-phase contact at the sample surface, i.e., the time 

needed to introduce the air bubble and record the angle. The second value of contact 

angle is termed the final contact angle, G, which is the angle measured after the air 

bubble has aged 30 minutes. Both initial and final contact angles are plotted as a 

function of pH in Figure 4.2a for bare silica and in Figure 4.2b for OTS-coated silica. 

The data are superimposed over the results of surface tension measurements reported 

by Castro et al. (48) and Aksoy (18). The contact angle data for bare silica in Figure 

4.2a agree well with those reported in the literature (2, 3, 12, 49). At low pH, where 

the alkylammonium ion, RNH3;’, predominates in solution, adsorption at the solid-liquid 

(9, 48-51) and liquid-vapor (48, 52) interfaces is relatively low. Above pH 8, however, 

adsorption at the solid-liquid interface increases sharply, as reflected by the larger 
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Chapter 4 Direct Force Measurements for 
the Amine-Quartz Flotation System



138 

contact angles, reaching a maximum near pH 9.5. As previously mentioned, neutral 

amine, RNHb, plays an important role in the increase in adsorption (4, 11). From pH 9 

to near pH 11, initial contact angles for bare silica (Figure 4.2a) remain constant while 

final contact angles decrease rapidly. This suggests that the diminishing contact angles 

result from a reduction in surface tension brought on by increased adsorption at the 

liquid-vapor interface. 

For OTS-coated silica surfaces (Figure 4.2b), both initial and final contact angle 

values decrease only slightly up to pH 9.5, which may be attributed to the possibility 

that some of the RNH;° ions adsorb on the hydrocarbon surface in an inverse 

orientation, i.e., with the polar head groups toward the bulk solution. Above pH 9.5, 

however, initial contact angle values continue to diminish slightly, whereas, final 

contact angles show a sharp decrease. The influence of surface tension reduction at the 

liquid-vapor interface is also seen here; however, the lower initial contact angle values 

suggest more surfactant adsorbs on the solid surface in an inverse orientation, most 

likely due to the higher surface activity of the ionomolecular complex. 

Above pH 10.3, surface tension increases; however, initial and final contact 

angles for bare silica and final contact angles for OTS-coated silica approach near zero 

values. Laskowski et al. (53, 54) observed that contact angles measured on silanated 

silica surfaces immersed in pure water progressively decrease with increasing alkalinity 
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and time, presumably due to an increase of OH ions at the hydrocarbon surface (55). 

However, since the solubility limit of DAHCI in water is believed to be 2x10° M (50), 

it follows that a bulk precipitate is present in solution above pH 10.3 in the form 

colloidal droplets (48) which may adsorb on the surfaces. Yoon and Ravishankar (42) 

have reported that such a surface precipitate is hydrophilic. 

4.3.2 Surface Forces 

4.3.2.1 Measurements between Two Bare Silica Surfaces 

Figure 4.3 shows the results of direct force measurements conducted between a 

bare silica plate and a clean glass sphere in 4x10° M DAHCI solution at various pH 

values. The measured forces, F, are normalized with respect to the radius of the glass 

sphere, R, and plotted as a function of the shortest separation distance, H. The dashed 

line represents the force due to the London-van der Waals dispersion interactions, Fa, 

and was obtained using the expression 

Fy —Aisi —=— 4.5 
R 6H?’ 49] 

where Aj3; iS the Hamaker constant of identical surfaces 1 interacting through a 

medium 3. A value of A413; = 8x10! J (56) was used for silica surfaces in water for all 

calculations of F4 throughout this work. 
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pH values. The measured force (F) is normalized by the radius (R) of 
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Force data obtained in pure water are shown in the inset. The dashed 
line represents the London-van der Waals force (F4) as calculated using 

Eq. [4.5] with A131 = 8x107' J. The solid lines represent DLVO and 
extended DLVO fits of the measured forces. Values of the fitting 
parameters are provided in Table 4.1. The arrows indicate the distances 

(H;) at which the surfaces jumped into contact. 
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The solid lines in Figure 4.3 represent either the classical DLVO theory, Eq. 

[4.1], or the extended DLVO model, Eq. [4.2], in which Fy is calculated using Eq. 

[4.5], Fe is determined from the constant potential model of the Poisson-Boltzmann 

equation (57), and Fj, is calculated from Eq. [4.4]. The parameters used in fitting the 

force data are provided in Table 4.1. The inset in Figure 4.3 shows the results of force 

measurements conducted between a bare silica plate and a clean glass sphere in pure 

water at pH 5.8. It is immediately apparent that the forces measured between the same 

surfaces in a 4x10° M DAHCI solution are considerably less repulsive than the force 

measured in pure water. This may be attributed to not only the reduction in the 

magnitude of the surface charge due to the adsorption of surfactant ions at the sample 

surfaces, but also the presence of hydrophobic forces. 

At pH 2.5, where the silica surfaces are expected to have very little charge (53), 

the measured force is repulsive at short distances before the surfaces jump into contact. 

This jump distance, Hj = 6.8 nm, is denoted by an arrow in the figure. The force data 

can be fitted with the classical DLVO theory, Eq. [4.1], where the electrical potentials 

of both surfaces, yi, are 14 mV and the Debye length, x’, is 5.5 nm. Due to the low 

surface potential of silica at this pH, adsorption of the cationic collector is minimal 

resulting in the low contact angle observed. It should be noted here that when using 

the AFM technique to measure forces, it is not possible to determine the sign of the 
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TABLE 4.1 

Force Parameters for Measurements between Bare Silica 

Surfaces in 4x10° M DAHCI Solution at Various pH. 

  

  

pH A & wy KO OG; Ki31 Fd 

(deg.) (deg) (mV) (nm) (nm) (10°? J) (mN/m) 
2.5 9 9 14 55 6.88 - 0.25 

5.8 30 35 -21 14.1 12.1 0.07 0.45 

8.4 58 72 -28 31.6 18.2 0.30 0.91 

9.5 88 88 -24 30.0 31.0 1.1 3.47 

10.3 8&8 58 9 13.4 13.7 - 0.37 

11.3 8&9 38 -14 §5 8.33 - 0.55 

12.5 0 0 - - - - - 

H20 0 0 -60 42 - - - 
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fitted surface potentials and that the signs provided in this work are based on the 

streaming potential results of Fuerstenau (2). 

At pH 5.8, the measured force is repulsive and longer in range. The data 

cannot be Fitted to the classical DLVO theory, Eq. [4.1], due to the large jump 

distance observed (H; = 12.1 nm). The additional attractive hydrophobic force can be 

accounted for by fitting the data to the extended DLVO model, Eq. [4.2], where i = 

-21 mV and x! = 14.1 nm. Using Eq [4.4] to estimate the hydrophobic force produces 

a value of 7x10”! J for the hydrophobic force parameter, Ki3;. It is worth mentioning 

that this value is very close to the Hamaker constant and may be an underestimate since 

Aj31 may be less than 8x10” J in the presence of DAHCI. 

When pH is increased to 8.4, the force measured between silica surfaces in 

4x10° M DAHCI becomes even more repulsive at long distances. Again, the data can 

be fitted to the extended DLVO model. The fitted potential (yi, = -28 mV) is most 

negative at this pH which agrees well with Fuerstenau’s results (2); however, the large 

negative potential is somewhat offset by the presence of an increasingly attractive 

hydrophobic force, where Ki3; = 3x10” J. The relatively low contact angle observed 

on bare silica at this pH indicates that although the surface charge reaches a maximum 

negative value, there is insufficient neutral DAH available in solution (less than 0.6% of 

the total amine concentration) to promote monolayer or near monolayer coverage of 
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the surface. Monolayer adsorption, as estimated from de Bruyn’s data (50) of 4x10° 

M dodecylammonium acetate on silica, occurs at 7.1x10'° mole/cm’. Thus, at pH 8.4, 

surface coverage is estimated to be only 23% of the theoretical monolayer value. 

Several studies have shown maximum flotation recovery (2-7, 49), maximum 

bubble pick up (58, 59), and minimum induction times (7) for silica in DAH solutions 

occur near pH 9.5. The forces measured at this pH show a slight long-range repulsion. 

Repulsive forces were also reported by Rutland et al. (41) for mica surfaces in 1x10“ 

M DAHCI, which the authors attributed to electrostatic repulsion due to bilayer 

formation. However, according to Fuerstenau’s (2) streaming potential measurements 

for silica at pH 9.5 in a 4x10° M DAH solution, the potential is slightly less negative 

than the maximum at pH 8.5, and de Bruyn’s data (50) estimate surface coverage to be 

85% of theoretical monolayer coverage. When the data is fitted to the extended 

DLVO theory, where y; = -24 mV and x’ = 30.0 nm, a hydrophobic constant of Kj31 = 

1.1x10°° J must be used to account for the 31.0 nm jump distance. Though at this pH 

only 7% of the total amine concentration is neutral RNH2, Yoon and Ravishankar (23, 

60) have shown that small amounts of long-chained, neutral surfactant significantly 

increase the hydrophobic attraction between mica surfaces in DAHCI solution. 

At pH 10.3, near the point of charge reversal (2), the measured force is only 

slightly repulsive and no attractive hydrophobic force is detected. Recently, Yoon and 
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Ravishankar (60) reported similar observations for force measurements between mica 

surfaces in DAHCI solution. These authors attributed this sudden absence of the 

hydrophobic force to the formation of precipitate near the substrate surface at a pH 

lower than the theoretical pH for bulk precipitate formation as was suggested by Castro 

et al. (48). 

As alkalinity increases further, negatively charged colloidal amine precipitate 

forms in the bulk solution (48). The data for measurements obtained at pH values 

greater than 10.3 are not shown graphically in the present work, because the AFM 

technique for directly measuring forces does not allow the determination of the 

absolute thickness of the surfactant layer, and under highly alkaline conditions, 

significant precipitate may build up on the surfaces (41, 42). However, forces 

measured at pH 11.3 are repulsive, increasing sharply at a surface separation of 30 nm 

before the surfaces jump into contact at a separation distance of 8.3 nm. At pH 12.5, 

the forces are purely repulsive, exhibiting no jump into contact. Rutland ef al. (41) 

reported similar results between mica surfaces at high pH. 

Adhesion forces, or the force required to separate the two surfaces after 

contact, Fi, are also provided in Table 4.1. Values of Fig are much lower than 

measured with the surface forces apparatus (SFA) when using the AFM technique due 

to surface roughness of the glass sphere and additional shear forces where the surfaces 
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are in contact. It should be noted, however, that the maximum adhesion force 

measured occurred at pH 9.5, where the strongest hydrophobic force was detected. 

4.3.2.2 Measurements between Two OTS-coated Surfaces 

Direct force measurements were also conducted between OTS-coated silica 

surfaces in the presence of 4x10° M DAHCI. Force normalized by sphere radius is 

plotted versus separation distance in Figure 4.4. The dashed line represents the 

London-van der Waals dispersion force, Eq. [4.5], with A232 = 8x107! J. Solid lines are 

the extended DLVO model, Eq. [4.2], using Eq. [4.4] to represent the hydrophobic 

force. Force parameters for all the surfaces shown in Figure 4.4 are provided in Table 

4.2. 

The long-range attractive forces measured in pure water at pH 5.8 between a 

silica plate and a glass sphere both hydrophobized by OTS are shown in the inset of 

Figure 4.4. When fitted with the extended DLVO model (yw = -60 mV and x! = 42 

nm), a value of Kx32 = 2.7x10" J is obtained from Eq. [4.4]. This value correlates well 

with previous values for this system (27, 28). In 4x10° M DAHCI solution at pH 5.8, 

however, the attractive forces between OTS-coated surfaces are nearly an order of 

magnitude lower as indicated by a reduction in jump distance from 45.5 nm to 30.0 nm, 

denoted by the arrows in Figure 4.5. 
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Figure 4.4. F/R vs. H curves obtained from AFM force measurements conducted 

between an OTS-coated glass sphere and an OTS-coated silica plate in 

4x10° M DAHCI solutions at several pH values. The force data 

obtained in pure water are also included. The dashed line represents F4 
as calculated using Eq. [4.5] with A232 = 8x10”! J. The solid lines are 
fits of the force data using the extended DLVO model, Eq. [4.2], in 

which Eq. [4.4] is used to account for the contributions from the 

hydrophobic force. Values of the fitting parameters are provided in 
Table 4.2. The arrows indicate jump distances (4). 
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TABLE 4.2 
Force Parameters for Measurements between Hydrophobized 
Silica Surfaces in 4x10° M DAHCI Solution at Various pH. 

  

pH @6 G we K jy Kx Pia 
(deg.) (deg.) (mV) (nm) (nm) (10°" J) (mN/m) 

25 97 99 6 55 168 85 41.4 
58 99 100 -12 145 30.0 650 68.7 
84 98 98 -21 316 267 1000 79.9 
95 99 95 -11 30.0 31.3 750 58.3 
10.3 93 58 -13 17.3 204 40 10.6 
113 86 25 -22 93 687 2.0 1.48 
125 82 0 - +. - - - 
H,O 109 109 -60 42 45.5 2700 144 

*These potentials were determined from fitting the force data measured 
between bare silica and OTS-coated glass in 4x10” M DAHCI solution as 
shown in Figure 4.5. 
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Herder (43) showed that attractive forces measured between Langmuir- 

Blodgett films of dimethyldioctylammonium ions deposited on mica are long-range 

when measured in pure water, but become short-range in the presence of DAHCI 

solution, which the author attributes to an apparent shielding of the long-range 

hydrophobic force by alkylammonium ions. The surfactant concentration used in the 

present work is well below the critical micelle concentration, 1.2x10 M, for DAHCI at 

pH ~ 6 (61); thus, the formation of a well-ordered bilayer with the polar heads of the 

alkylammonium ions oriented toward the bulk solution is unlikely. It is more probable 

that the cationic surfactant molecules adsorb in small patches on the OTS-coated 

surface in an inverse orientation, causing the surface to become more hydrophilic. The 

even weaker attractive force measured at pH 2.5 supports this hypothesis. The 

addition of HCI may increase the adsorption of dodecylammonium ions on the OTS 

surface because the lateral repulsion between the positively charged head groups is 

reduced by the presence of excess CI counter ions in solution. This same effect also 

occurs at the liquid-vapor interface, resulting in a reduction of surface tension (62). 

The magnitude of the long-range attractive forces remains fairly constant as the 

DAHCI solution becomes more alkaline, until a pH of 10.3 is reached, where the fitted 

value of K32 is reduced by 95%. The decrease in the hydrophobic force is similar to 

that already mentioned between bare silica surfaces in DAHCI at pH 10.3, and may 
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likewise be caused by a precipitation of amine on the sample surface. For reasons 

already mentioned, the force data obtained at pH values above 10.3 are not shown in 

Figure 4.4; however, the force becomes even less attractive at pH 11.3 as bulk 

precipitate forms. Finally, at pH 12.5, only a strong repulsive force is measured 

between the two OTS-coated surfaces. 

Adhesion forces between OTS-coated silica surfaces in 4x10° M DAHCI 

solution at several pH values are also included in Table 4.2. The adhesion forces 

measured in DAHC]! solutions at pH 5.8 is much lower than that measured in pure 

water at natural pH, due in part to the reduced surface tension of the DAHCI solution 

but also caused by the inverse orientation of RNH3° ion on the OTS surface. Values of 

Fa seem to follow the same trend as those of the hydrophobic force parameter, K 32, 

with changing pH. Adhesion force remains relatively constant from acidic to slightly 

alkaline pH, showing a dramatic reduction at pH 10.3 and finally no adhesion at pH 

12.5. 

4.3.2.3 Measurements between One Bare Silica and One OTS-coated Surface 

To simulate the asymmetric system of a hydrophobic air bubble interacting with 

quartz in the presence of a cationic collector, direct force measurements were made 

between an OTS-coated glass sphere (@= 109° in pure water) and a bare silica plate in 
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4x10° M DAHCI solution. Force normalized by sphere radius is plotted versus 

separation distance for measurements conducted at several solution pH’s in Figure 4.5. 

As in Figures 3 and 4, the dashed line represents the London-van der Waals dispersion 

forces, Eq. [4.5], where A132 = 8x10”! J. Solid lines are fits of the force data by either 

the classical DLVO theory, Eq. [4.1], or the extended DLVO model, Eq. [4.2], using 

Eq. [4.4] to account for Fy. Parameters used in the calculations of these fitted curves 

are presented in Table 4.3. The potentials of the OTS-coated surfaces (y) were 

obtained by fitting the force data to either Eq. [4.1] or [4.2] using the potentials 

obtained between measurements of bare silica (yi) in the same DAHCI solutions as 

reported in Table 4.1. These values are also reported in Table 4.2. It was not possible 

to determine the surface potentials directly from the force data in Figure 4.4 due to the 

magnitude of the hydrophobic attraction observed between two OTS-coated surfaces. 

The inset of Figure 4.5 shows the results of forces measured between an OTS- 

coated glass sphere and a bare silica plate in pure water at pH 5.8. The data can be 

fitted to the extended DLVO theory with y, = yw = -60 mV, x’ = 42 nm, and Kiz2 = 

1x10 J. The subscripts 1 and 2 denote the bare silica and OTS-coated surfaces, 

respectively. The weak hydrophobic force detected between these two surfaces is 

comparable to the dispersion force (Aj32 = 8x107’ J). When these surfaces approach 

one another in 4x10° M DAHCI solution at the same pH, two significant observations 
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H (nm) 
F/R vs. H curves obtained from AFM force measurements conducted 

between an OTS-coated glass sphere and a bare silica plate in 4x10° M 
DAHCI solutions at different pH values. The force data obtained from 
measurements conducted in pure water are shown in the inset. The 
dashed line represents Fa as calculated using Eq. [4.5] with Aj32 = 
8x107! J. The solid lines are fits of the force data using the classical 
DLVO theory (Eq. [4.1]) or the extended DLVO model (Eq. [4.2]) 

using Eq. [4.4] to account for the hydrophobic force. Values of the 

fitting parameters are provided in Table 4.3. The arrows indicate jump 
distances (47). 
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TABLE 4.3 

Force Parameters for Measurements between a Bare Silica Surface and a 

Hydrophobized Silica Surface in 4x10° M DAHCI Solution at Various pH. 

  

pH 

  

2.5 
5.8 

8.4 

9.5 

10.3 

11.3 

12.5 

H20 

Oxi Os Yh YR K 
(deg.) (deg.) (mV) (mV) (nm) 

65 65 14 6 6.0 

68 71 -21 -14 14.5 

80 82 -28 -21 31.6 
93 91 -24 -1li 30.0 

90 58 9 -13 173 

88 30 -14 -22 93 

58 0 - - - 

70 70 -60 -60 42 

Hi; Ki32 Fad 

(nm) (10° J) (mN/m) 
11.3 - 0.40 

27.1 0.38 1.92 

42.0 1.5 2.65 

50.1 1.7 3.05 

14.1 - 2.18 

14.1 - 1.94 

16.1 0.10 - 
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can be made. Firstly, the overall force becomes much less repulsive, most likely due to 

a reduction in magnitude of the negative electrical potentials of both surfaces as well as 

a four fold increase in the hydrophobic force constant, Ki32, as shown in Table 4.3. 

Both of these changes can be explained by the adsorption of the cationic surfactant 

molecules at the surface. 

Secondly, the different fitted potentials obtained for each surface (yw, = -21 mV 

for bare silica and yy = -14 mV for OTS-coated glass) indicate that there is a greater 

adsorption of alkylammonium ions at the OTS-coated surface than at the bare silica 

surface. This is not surprising if one considers that in addition to the electrostatic 

attraction between the positively charged surfactant head group and the negatively 

charged hydrophobized surface, thermodynamics of the system favor the interaction 

between the amphiphilic surfactant’s hydrocarbon tail and the well-ordered OTS 

hydrocarbon chains. 

At pH 8.4, the forces become more repulsive at longer distances due to the 

increasingly negative surface potential. Increased amine adsorption, however, increases 

the hydrophobic force, Ki32 = 1.5x10”° J, causing the surfaces to jump into contact 

from a larger distance, Hj = 42 nm. An even larger jump distance, Hj = 50.1 nm, is 

observed at pH 9.5, where the maximum flotation recovery of quartz is reported (1-7). 

The force data at this pH show no long-range repulsion due, in part, to the less 
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negative potentials of both surfaces as determined by fitting the extended DLVO model 

but also to a slight increase in the hydrophobic force. At pH 10.3, the forces again 

become repulsive at separation distances less than 70 nm. The force data fit the 

classical DLVO model well (yw; =-9 mV, y%=-13 mV, and x’ = 17.3 nm), meaning no 

attractive hydrophobic force was detected. 

When forces are measured in the presence of a precipitate at pH 11.3, there is a 

sharply increasing repulsive force first detectable at a separation distance of 60 nm 

before the surfaces jump into contact at 9.3 nm. Forces measured at pH 12.5 are only 

repulsive, and no jump was detected. These force data are not shown in Figure 4.5 as 

previously explained. It appears that forces measured in DAHCI solution at pH 12.5 

are repulsive regardless of the initial hydrophobicity of the surfaces involved. Rutland 

et al. (41) have also reported strong repulsive forces at this pH between mica surfaces 

in DAHCI. These authors suggested that since the colloidal precipitate droplets are 

negatively charged above pH 11 (48), it is unlikely that they would adsorb on the 

negatively charged mica surface; therefore, the repulsive forces result from double layer 

interactions between the hydrocarbon surfaces. This hypothesis is credible since zeta- 

potential measurements of paraffin wax have shown the hydrocarbon surface to be 

negatively charged, possibly from adsorption of hydroxyl ions at the surface (55). As 

previously mentioned, the technique employed in this work does not allow for the 
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measurement of the thickness of the surfactant layer adsorbed on the silica surface; 

therefore, it is not clear whether the repulsive forces observed in this work above pH 

11 are double layer forces due to a negatively charged hydrocarbon surface or steric 

forces resulting from amine precipitate deposited on the silica surfaces. 

It can now be seen from Tables 1, 2, and 3 that the fitted surface potential pairs 

determined for each of the force measurements reported are of like sign; thus, the 

electrostatic double layer force is repulsive in each case. Consequently, the only 

attractive forces involved in the interactions are the London-van der Waals dispersion 

forces and the hydrophobic force. The fact that the equations describing these forces, 

Eqs. [4.5] and [4.4], are of the same form, allows one to compare the Hamaker 

constant, Ay;, and the hydrophobic force parameter, Ki, directly. Figure 4.6 shows the 

sum of both attractive constants plotted on a logarithmic scale as a function of pH. 

This is a convenient way of plotting the data since, in some cases, the hydrophobic 

force may be too weak to detect and may be dominated by the London-van der Waals 

dispersion forces. The dashed line in Figure 4.6 denotes the Hamaker constant (8x10 

J). It is immediately apparent that the hydrophobic forces between two OTS-coated 

surfaces are several orders of magnitude greater than the forces measured between bare 

silica surfaces in DAHCI solution. When an OTS-coated surface interacts with a bare 

silica surface the hydrophobic force is slightly higher than that measured between two 
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Figure 4.6. Values of the Hamaker constant (A) plus the hydrophobic force 
parameter (K) plotted on a logarithmic scale versus pH. The values of 
K were obtained from AFM force measurements between i) bare silica 

surfaces, ii) OTS-coated surfaces, and ili) a bare silica surface and an 
OTS-coated surface in 4x10° M DAHCI solutions at different pH. The 
dashed line represents A = 8x10™' J for silica in water. 
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bare silica surfaces. The force constants for all three sets of data reach a maximum 

near pH 9.5. At pH 10.3, the hydrophobic force measured between two OTS-coated 

surfaces decreases sharply. Measurements conducted between two bare silica surfaces 

and those conducted between one OTS-coated and one bare silica surface at this pH 

provide no evidence for a non-DLVO force. A similar observation has been made 

between bare mica surfaces in DAHCI solution (42). Under more alkaline conditions, 

the hydrophobic force between OTS-coated surfaces decreases further until, at pH 

12.5, no hydrophobic force can be detected between the surfaces. 

When compared to Fuerstenau’s (2) flotation recovery data at this 

concentration, it can be readily seen that the appearance of the hydrophobic force 

between bare and OTS-coated silica coincides with the onset of flotation. Conversely, 

the disappearance of the hydrophobic force at pH 10.3 corresponds to diminishing 

flotation recovery. The correlation of this data adds further support to the argument of 

the necessity of the hydrophobic force to achieve successful flotation (63). 

It is evident from Figure 4.6 (and Tables 1, 2, and 3) that the values of the 

composite hydrophobic force parameters, Xi32, determined from measurements 

between an OTS-coated surface and a bare silica surface are intermittent between 

values of X13; obtained from measurements between two bare silica surfaces and values 

of K232 provided from measurements between two OTS-coated surfaces. A previous 
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study (27) has shown that the hydrophobic force constants obtained between dissimilar 

surfaces, Ki32, can be estimated from the geometric mean of the hydrophobic force 

constants obtained from measurements conducted between like surfaces, K13) and K232. 

A consequence of this is that the logarithms of K132, Ki3:, and K232 are linear functions 

of an effective contact angle, @¢, which is described by 

cosO = C086) + cOsG, a . [4.6] 

The hydrophobic force constants obtained from the measurements conducted in 

the present study are plotted on a logarithmic scale versus the cos O.¢ calculated from 

both initial contact angle, 6.¢;, and final contact angle, O.g¢¢ in Figure 4.7. Also shown 

are the values of the hydrophobic force parameters, Ky3; and Kj132, obtained from 

measurements conducted in pure water between silica surfaces with various surface 

coverages of OTS (27) and in various solution concentrations of DAHCI] and 

dodecanol between mica surfaces (60, 64). The dashed line in Figure 4.7 represents the 

Hamaker constant for silica in water. There are two main features in the figure. 

Firstly, when values of log K are plotted versus cos Of there appears to be quite a bit 

of scatter; however, when plotted versus cos 62; , the hydrophobic force constants 

obtained at angles greater than 90° agree reasonably well with the literature values. 

This suggests that the contact angle measured within the first 15 seconds after 
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Figure 4.7. | Log K values obtained in the present study are plotted versus cos Gog (= 

¥,(cos @ + cos &)). Squares represent K values plotted versus cos Oe 
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K values plotted against cos @.¢ determined from final contact angles, 
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for silica surfaces in water, 8x10! J. 
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introducing the air bubble, @, best describes the hydrophobicity of the surfaces when 

interacting with one another in surfactant solutions. 

A second feature of Figure 4.7 is that when initial contact angles are less than 

90°, the magnitude of the hydrophobic force parameter is not as sensitive to contact 

angle as those measured above 90°. This change in slope results in an inflection point 

near 90°, which correlates very well with the sudden jump in hydrophobic force decay 

length reported by Yoon and Ravishankar (60). The existence of this inflection point, 

as well as the importance of @ explained above, may provide fodder to proponents of 

the formation of vapor cavities between non-wetting surfaces being the source of long- 

range hydrophobic forces (65-67). Another implication of the change in slope is that 

values of K132 cannot be accurately predicted by the geometric mean combining rule 

(27) when @4 < 90°. This adds further support to the hypothesis proposed by Yoon 

and Ravishankar (60) that separate mechanisms are responsible for short-range and 

long-range hydrophobic forces. 

4.3.3. Relevance to Mineral Flotation 

When comparing the forces observed between a solid surface and a bubble to 

those observed between two solid surfaces, there are several notable differences that 

must be taken into consideration. For example, the London-van der Waals dispersion 
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forces, Eq. [4.5], can make very different contributions to the overall force observed 

depending on the materials involved. The Hamaker constant, A132, used to determine 

the magnitude of the dispersion forces acting between surfaces 1 and 2 in medium 3 

can be estimated from the expression (68) 

A,32 = (V4 - VAs V4 - VAs), [4.7] 

where Aj is the Hamaker constant of substance i in vacuo. For most systems, including 

a bare silica surface interacting with OTS-coated glass in water, A132 is positive, 

resulting in an attractive force. However, the Hamaker constant for a non-condensed 

phase such as air is zero; thus, the composite Hamaker constant for bare silica 

interacting with an air bubble in water is negative, A132 = -1.03x10° J (56). Using this 

value in Eq. [4.4] results in a short-range repulsive London-van der Waals force. It is 

not certain how the adsorption of surfactant at the liquid-vapor interface would affect 

the Hamaker constant. A surfactant-laden air bubble may behave as a condensed phase 

and cause Fy to become less repulsive or even attractive at very short distances (69). 

Nevertheless, in flotation, bubble-particle interactions are believed to occur when the 

bubble is still “fresh”, 7.e. with little surfactant adsorption. 

Just as Fy may be repulsive for the interaction of a bubble and a quartz surface 

in DAHCI solution, the electrical double layer force, F., can also be attractive. 

Chapter 4 Direct Force Measurements for 
the Amine-Quartz Flotation System



163 

Electrophoretic mobility measurements of air bubbles in DAHCI solutions (70, 71) have 

shown that at low pH values, where only alkylammonium ions are present, the bubble 

retains a positive zeta potential. The positive charge is due to the adsorption of RNH3" 

ions at the liquid-vapor interface. As pH becomes more alkaline, the positive zeta 

potential decreases and becomes negative near pH 9. Thus, the ion-electrostatic 

electrical double layer force becomes repulsive under highly alkaline conditions. 

A convenient way of comparing the interactions studied in the present work 

between a bare silica surface and a hydrophobic solid sphere to those between a silica 

surface and an air bubble is to determine the magnitude of the energy barrier that must 

be overcome for surface contact. The Derjaguin approximation (72) allows for the 

conversion of the forces measured between a sphere and flat plate (F,,") in this study 

to the interaction energy between two flat plates (Ean) using the following relationship: 

1 
Fon = oar [4.8] 

in which R is the radius of the sphere. Figure 4.8 shows the activation energy per unit 

area, E,, plotted as a function of pH for measurements between two bare silica surfaces 

and between one OTS-coated surface and a bare silica surface in 4x10° M DAHCI 

solution. There was no perceptible energy barrier for interactions between two OTS- 

coated surfaces in DAHCI solution. Though the top curve in Figure 4.8 may provide 
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Figure 4.8. | The pH dependence of activation energy (£,) per unit area determined 
from AFM force measurements conducted in 4x10° M DAHCI 

solutions between i) a clean glass sphere and a bare silica plate and ii) an 

OTS-coated sphere and a bare silica plate. 
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information for coagulation studies, it is the curve generated from data acquired from 

asymmetric force measurements between a bare silica surface and a hydrophobized 

OTS-coated sphere that is of interest to the study of flotation. The presence of a 

hydrophobic body as one of the surfaces in the interaction reduces the activation energy 

at all pH values. The energy barrier disappears near pH 9.5, which is in the range of 

maximum flotation recovery, but increases sharply under more alkaline conditions 

where bulk precipitate is present. 

Energy barriers were also calculated for a bare silica surface interacting with an 

air bubble in DAHCI solution as a function of pH and are shown in Table 4.4. Values 

of E, were determined using the results of electrokinetic measurements of microbubbles 

in DAHCI solution to represent surfactant-coated “aged” bubbles (71, 73) and 

measurements of microbubbles generated in pure water to portray surfactant-deficient 

“fresh” bubbles (71). In the E, calculations, the Hamaker constant was taken to be Aj32 

= -].03x10” J, and the hydrophobic force parameters, K132, were assumed to be the 

same as those measured between bare silica and OTS-coated silica as reported in Table 

4.3. At low pH, near the point of zero charge of silica, the double layer force is 

negligible and the repulsive London-van der Waals force dominates, resulting in no 

adhesive contact. As pH increases, the activation energy steadily decreases between 

the silica surface and the bubble devoid of surfactant because the increasingly repulsive 
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Calculated Activation Energy Values for a Bare Silica 
Surface Interacting with a Fresh Air Bubble and an 
Aged, Surfactant-Coated Air Bubble in DAHC! 

Solutions at Varying pH. 

  

pH Contact Angle (deg.) E, (107? J/um’) 
  

  

  

A G Fresh Aged 

2.5 9 9 00 a0 

5.8 30 35 157 0 

8.4 58 72 124 0 

9.5 88 88 92 0 

10.3 88 58 46 00 

11.3 89 38 00 oO 
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double layer force is offset by the presence of an attractive hydrophobic force. In the 

case of a surfactant-coated bubble, however, E, decreases sharply to zero due to an 

attractive double layer force, indicating successful particle-bubble attachment from pH 

5.8 to 9.5. A sudden increase in activation energy is again detected for both cases as 

amine precipitate is present in bulk solution after pH 10.3. Using the data of Yoon and 

Mao (74) for a single silanated glass sphere with 9 = 52° interacting with an air bubble, 

an E, value of 2.4x10"” J/um? is calculated, which is reasonably close to the value of 

1.24x10"” J/um? reported in Table 4.4 for a comparable contact angle. 

The values of interaction energy reported in Table 4.4 for a surfactant-coated 

air bubble predict successful particle-bubble attachment for pH values between 5.8 and 

9.5; whereas, interactions involving a “fresh” air bubble exhibit a decreasing energy 

barrier with a minimum near pH 10.3. A comparison to flotation recovery data at this 

concentration (2), where recovery exceeds 70% only between pH 9 and pH 11, 

indicates that the true values of interaction energy may lie somewhere between these 

limiting values but closer to those of the surfactant-deficient air bubble. The amount of 

surfactant molecules adsorbed on the bubble surface under real flotation conditions is 

not only dependent on the few seconds that a bubble ages before interacting with a 

mineral particle (47), but also on the mobility of the bubble. It is believed that as a 

bubble rises, surfactant is swept towards the bottom of the bubble, thereby reducing the 
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surfactant adsorption density and increasing the surface tension at the top portion of 

the bubble, where the initial bubble-particle interaction is likely to occur (75). 

One can conclude then that to properly simulate particle-bubble attachment in 

the flotation process with respect to direct force measurements, it would be necessary 

to devise a technique that allows ample time for the solid surface to equilibrate with the 

surfactant, while introducing the air phase immediately prior to conducting a 

measurement. In the absence of such a technique, direct force measurements using a 

hydrophobic solid in the place of an air bubble may provide vital information on the 

effect of changing conditions (e.g. pH, inorganic salt concentration, depressants, 

activators, etc.) on bubble-particle attachment. 

44 CONCLUSIONS 

An AFM was used to conduct a series of force measurements between a clean 

glass sphere and a bare silica plate, between an OTS-coated sphere and an OTS-coated 

silica plate, and between two OTS-coated surfaces in 4x10° M DAHCI solution as a 

function of pH. When the measurements were conducted between bare surfaces, an 

additional non-DLVO attractive force, believed to be the hydrophobic force, was 

detected in the pH range of 5.8 to 9.5. Measurements between an OTS-coated sphere 

and a bare silica surface exhibited an even larger hydrophobic force in this pH range 
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which coincides with the pH range for successful flotation of quartz using 

dodecylamine as a collector. 

Contact angles measured for both bare silica and OTS-coated silica surfaces 

under alkaline conditions decreased with time; however, it was found that values 

measured within the first 15 seconds of three-phase contact more accurately described 

the hydrophobicity of the sample with respect to force measurements. Relating this 

concept to the quartz-amine flotation system, activation energies were determined for 

the limiting cases of both a surfactant-deficient “fresh” air bubble and a surfactant- 

laden “aged” air bubble interacting with a silica surface in DAHCI solution. 
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CHAPTER 5 CONCLUSIONS 

A summary of the major findings in this work are presented as follows: 

1) 

2) 

3) 

It was shown that octadecyltrichlorosilane (OTS) can be adsorbed on a silica 

surface from a cyclohexane solution at room temperature. Well-ordered 

monolayers can be formed that exhibit a high degree of hydrophobicity (6 = 

109°) and durability. 

Sub-monolayer coverages of silica by OTS were achieved by varying OTS 

concentration in solution and immersion time of the silica sample. Thus, 

hydrophobic silica surfaces were produced having contact angles ranging from 

0° to 109°. 

Analysis of atomic force microscopy (AFM) and IR transmission results showed 

that OTS molecules adsorb on the silica surface in clusters. As the number of 

clusters increases, contact angle increases sharply. AFM images show the silica 

surface to be completely covered with OTS clusters near = 109°. A further 
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4) 

5) 

6) 

177 

increase in OTS adsorption increases the packing density of the adsorbate 

within each cluster until monolayer coverage is reached at 0= 109°. 

Plots of advancing contact angle, contact angle hysteresis, band frequencies for 

the CH2 symmetric and asymmetric stretching modes, and full width at half 

‘maximum values for the CH2 adsorption spectra exhibited inflection points at 

fractional surface coverages of 0.25 to 0.30. At this coverage, OTS molecules 

begin to assume a vertical orientation on the silica surface, and give rise to a 

contact angle of approximately 90°. 

The amount of water involved in the silanation reaction of OTS on silica was 

determined to be the critical factor in producing well-ordered, homogeneous 

monolayers. Experiments conducted with excess water in solution produced 

sample surfaces having high contact angle hysteresis resulting from large pre- 

polymerized OTS clusters randomly deposited on the silica surfaces. 

An atomic force microscope (AFM) was used to measure surface forces 

between an OTS-coated glass sphere and a fully silanated flat silica plate in 

water. When both surfaces were silanated to the same extent, the measured 
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7) 

8) 

178 

forces could not be fit to the classical DLVO theory due to the presence of an 

extra long-range attractive force. This non-DLVO force, which becomes 

stronger and longer in range as surface coverage of OTS was increased, was 

attributed to the hydrophobic attraction. 

The AFM force measurements were also conducted with asymmetric systems, 

i.e., the OTS-coated glass sphere has a contact angle of 109°, while the silica 

plates have varying contact angles. Values of the hydrophobic force constant, 

Ki32, obtained by fitting the asymmetric force data to a power law, were larger 

than those obtained from symmetric force measurements conducted between 

surfaces having partial OTS coverage, Ki3:, and smaller than values determined 

from measurements between two fully hydrophbized surfaces, K232. 

The logarithms of the hydrophobic force parameters obtained from the 

asymmetric measurements, Kj32, can be estimated from those obtained from 

symmetric force measurements (Ki3; and K232). The relationship is one of a 

geometric mean, 1.e., K,,, = VK, Kaz. - 
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9) 

10) 

11) 
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The logarithms of Kj3; and K32 vary linearly with cos @. The logarithms of 

Ki32, on the other hand, vary linearly with the effective contact angle, which is 

an arithmetic mean of the cosines of the angles of the two interacting surfaces. 

Contact angles measured on hydrophilic bare silica and hydrophobic OTS- 

coated silica surfaces in DAHCI solutions were pH-dependent. The highest 

values of contact angles were observed between pH 8 and pH 10, where 

coadsorption of alkylammonium ions and neutral amine molecules is believed to 

take place. This pH range also corresponds to the range of maximum recovery 

of quartz in DAHCI solutions. In alkaline solutions, contact angles decreased 

with time, which is believed to result from the dynamic surface tension effect 

and the formation of bulk amine precipitate. 

Surface forces measured with an AFM between a glass sphere and a flat silica 

plate in aqueous solutions DAHCI were less repulsive than forces measured 

between the same surfaces in pure water. Neutralization of the surface charge 

by dodecylammonium ions and the presence of hydrophobic forces are believed 

to be the causes of the reduction in the repulsive forces measured. 
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12) | Force measurements conducted in DAHCI solutions between OTS-coated 

surfaces exhibited long-range attractive forces, though smaller in magnitude 

than those measured between OTS coated surfaces in pure water. The effect is 

more pronounced at low pH where alkylammonium ions may adsorb on the 

surface with inverse orientation in which their polar head groups are exposed to 

the aqueous phase. No hydrophobic force is detected above pH 10, which may 

be attributed to the formation of hydrophilic amine precipitate. 

12) Surface forces between a hydrophobic OTS-coated glass sphere and a bare 

silica plate in DAHCI solution were most attractive near pH 9.5. The 

appearance of a strong attractive hydrophobic force coincided with the pH 

range of maximum flotation for the quartz-amine system, indicating that a 

strong hydrophobic force is necessary for successful particle-bubble attachment. 

13) Log K values for measurements between two bare silica surfaces, between two 

OTS-coated surfaces, and between an OTS-coated surface and a bare silica 

surface were plotted as a function of contact angle. It was found that K values 

were best described by contact angle values measured on a given surface within 

the first 15 seconds of formation of a point of three-phase contact. Values of 
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K obtained from force measurements between surfaces exhibiting contact angles 

below 90° were less sensitive to changes in contact angle than those measured 

when @ > 90°, indicating that short-range and long-range hydrophobic forces 

may be caused by different mechanisms. 

14) Values of the hydrophobic force parameter obtained from force measurements 

between an OTS-coated sphere and a bare silica surface in DAHCI solution 

were used to estimate the energy barrier that must be overcome between an air 

bubble and a silica surface in DAHCI solution as a function of pH. Activation 

energy values determined from electrokinetic data for air bubbles in pure water 

and those in DAHCI solution are believed to be upper and lower limits of true 

bubble-particle interaction values. 
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CHAPTER 6 RECOMMENDATIONS FOR 

FUTURE RESEARCH 

Based on the research and findings presented in this work, the following are 

suggested areas of future research: 

1) 

2) 

It has been demonstrated that the role of water plays a significant role in the 

adsorption of octadecyltrichlorosilane (OTS) on silica. It would be of great 

interest to conduct a series of experiments in which the amount of water present 

on the silica surface was controlled. This might be done by controlling the 

relative humidity of the atmosphere in a closed chamber in which the silica was 

placed. The samples could then be transferred to an anhydrous solvent having a 

given concentration of OTS. After a fixed reaction time, the silica surfaces 

could be analyzed using goniometry, FTIR, and scanning probe microscopy to 

asses the formation of OTS clusters. 

It was shown in the present work that the magnitude of the hydrophobic force 

parameter, K, is uniquely determined by the contact angle, @ of the surfaces 

involved in the interaction when @ exceeds 90°. Below 90°, the dependence of 
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3) 

183 

contact angle is not as sensitive. indicating that there may be more than one 

mechanism producing the long- and short-range hydrophobic forces. Because 

investigators have used many different substrates, surfactants, and methods of 

adsorption for direct force, the literature is sometimes inconsistent as to the 

effect of inorganic electrolyte, dissolved gas, temperature, and pH. A series of 

experiments should be conducted in one apparatus with two types of insoluble 

hydrophobic surfaces (one in which @ < 90°, and the other with @ > 90°) to 

systematically explore the influence each of these conditions. The results of 

these experiments may then shed some light on the origin of the hydrophobic 

force. 

Though the hydrophobic force between two solid surfaces was first directly 

measured over ten years ago, there is still uncertainty about its origin. The 

current theories include rearrangement of water molecules between 

hydrophobic surfaces, formation of vapor bridges between the surfaces, and the 

correlation of surfactant domains on the surfaces. The optical technique of 

sum-frequency generation (SFG) has recently been used to study the orientation 

of water molecules at the vapor-water, hydrophilic solid-water, and 

hydrophobic solid-water interfaces. It has also been used to study the 
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orientation of anionic surfactant at the water-organic liquid interface. This 

technique may provide critical information about the mechanisms causing the 

hydrophobic force if it were used to monitor the orientation of surfactant and 

water molecules as a function of separation distance between two hydrophobic 

surfaces. 

It has been shown that direct force measurements between a hydrophobized 

sphere and a solid sample surface can provide relevant flotation data concerning 

bubble-particle interactions. The present work used a cationic surfactant to 

study the effect of changing pH. The technique should also be validated by 

using an anionic and nonionic surfactant as well. Zeta-potential measurements 

of air bubbles in sodium dodecylsulfate and polyoxyethelene dodecylether 

solutions are available in the literature. Also, the effect of inorganic salt, the 

addition of a long-chain alcohol, and the effect of temperature could be studied 

and compared to flotation recovery data. Other experimental possibilities such 

as measuring the forces between a hydrophobized sphere and a sulfide mineral 

surface could also be explored. The use of the AFM electrochemical cell would 

allow force measurements in xanthate solution as a function of potential on the 
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mineral sample surface. The limitation being the availability of a smooth sulfide 

mineral surface. 

5) Ideally, the most significant flotation data would result from direct force 

measurements between an air bubble and a solid sample surface. Attempts to 

use the AFM for such measurements have been complicated by the pliability of 

the bubble surface. The bubble tends to jump towards the solid, resulting in 

underestimated force values and false separation distance values. It is also 

difficult to separate the surfaces once contact has been made. Perhaps some or 

all of these problems could be alleviated by a few modifications to the AFM 

technique. The air bubble could be formed through a pinhole in the a solid 

surface below the cantilever holding a solid particle. The size of the bubble 

would be controlled with a sensitive manometer or pressure transducer which 

would also serve as means to monitor the pressure of the bubble. A thin silica 

fiber terminating just below the bubble surface and leading through the pinhole 

could provide information on the absolute thickness between the bubble surface 

and the particle using the extrinsic Fabry-Perot interferometer (EFPI) 

technique. As the bubble approaches the particle, both the deflection of the 
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cantilever and the change in pressure due to deformation of the bubble would 

comprise the overall force curve. 
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