
CHAPTER 5 

SURFACE CHEMISTRY IN FILTRATION 

 

5.1 INTRODUCTION 

5.1.1 Background 

The production of fine particles has arisen as a result of technological changes and 

product requirements in mining, metallurgical, ceramics, paper, food and chemical industries. 

The fine grinding is also necessary to make high quality micro/nano scale materials. It is well 

known that the fine particles are difficult to dewater using the existing dewatering techniques, 

such as vacuum, pressure, and centrifugal filtrations [1-3]. Accordingly, the dewatered products 

have high moisture content, which often necessitates the use of thermal dryers. These are the 

only methods to reduce the moisture content to desired levels. However, thermal drying is a 

costly method and creates environmental pollution where the operation is located. Therefore, it is 

a major concern to decrease the moisture content of the final product that will be delivered to 

thermal driers (e.g., rotary, fluidize bed and flash) and to obtain significantly low moisture [4-7].  

Coarse particles compared to fine particles have lower surface area and larger capillary 

radius that results high filtration rates and low moisture contents. High surface moisture in the 

cake entails high transportation and dewatering costs, handling and storage problems, corrosion 

in combustion chambers of thermal power stations, surface oxidation, negative effects on the 

metallurgical coke production, freezing in the cold climate, penalties for British Thermal Unit 

(BTU) loss in product, leaching of the sulfide minerals, etc. [2,5,8-12]. It is therefore necessary 

to develop advanced dewatering technologies that can help solve the problems associated with 

the processing of the fine particles.  

 To address the problem, two new dewatering technologies have been developed at 

Virginia Tech for fine particle dewatering. The first is a novel dewatering aid using low 

hydrophile-lipophile balance (HLB) surfactants that can substantially improve the mechanical 

dewatering processes. The second is a centrifugal dewatering technique that is a combination of 

centrifugal force and air/vacuum pressure in one single unit. A more specific explanation of the 

novel centrifuge method was given in Chapter 3. In this Chapter, surface chemistry of fine 

particles is communicated in detail, and its effects on the moisture content, dewatering kinetics, 
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and cake parameters are evaluated in the absence and presence of the novel dewatering 

chemicals.  

 As explained in the previous Chapters, four different types of the novel reagents were 

developed and used on fine coal and mineral particles. These are mainly non-ionic low HLB 

surfactants including pure reagents (fatty acid, fatty esters, phosphate esters, hydrophobic 

polymers, etc), hydrophobic polymer, lipids and modified lipids. Some of the chemicals used as 

dewatering aids are insoluble in water, so they are dissolved in appropriate carrier solvents using 

light hydrocarbon oils (kerosene, diesel, etc) and short-chain alcohols whose carbon atom 

numbers are less than eight [13-18].  

It is stated that use of the novel chemicals improve the contact angle closer to or above 

90° where the wetability is ended and capillary radii, and reduce the surface tension of the 

filtrate. In addition to polymer, electrolytes or coagulants, the dewatering aids cause particles to 

coagulate by virtue of increased particle hydrophbicity. As a result, the efficiency of dewatered 

fine particles and dewatering kinetic are greatly increased [2,13,18].  

The surfactants are added to the slurry to increase the hydrocarbon chain density (or 

formation of the surface coverage) onto the particle surface. Therefore, particle hydrophobicity 

increased by the chemicals cause to liberate the water on the surface (or in capillary tubes).  

Afterwards, it is easily removed during the air/vacuum operation [15-21]. This concept is 

particularly important for the dewatering processes presented in these studies.  

 Laplace Equation: According to this equation, it is well known that the water in the 

capillary tubes shown in Figure 5.1 can be removed since the applied pressure is larger than the 

capillary pressure, p: 
 

r
p θγ cos2 23=  ,  [1] 

where r is capillary radii, γ23 are the surface tension of the liquid, and θ is the air-water-solid 

interface contact angle.  It is seen that p decreases with decreasing γ23, increasing θ and r at 

contact angle lower than 90° [5,9,19,20]. However, if the contact angle is higher than 90°, the 

capillary pressure will be negative in the tubes. In order to increase the negative capillary 

pressure of the tubes, it is necessary to increase the surface tension of the liquid and decrease the 
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capillary radii. For the changes in the capillary pressure as a function of these variables, a simple 

computer program has been developed in Mathematica and given in the Appendix J.     

 

 
 a) Vertical capillary    b) Horizontal capillary  

Figure 5.1 Effects of the capillary diameters on the formation of capillary forces 

 

HLB numbers: These are useful parameters for understanding several surface and colloid 

chemistry processes including emulsion formation, wetting/dewetting, hydrophobic coagulation, 

etc [11,14,15,18]. It has been determined that when charges of the surfactant heads are of the 

same sign as coal or mineral particles, the polar head of the surfactants will be repelled from the 

surface due to the electrostatic repulsion forces. This increases the tendency for the polar heads 

to point toward the liquid phase, thereby, promoting the inverse orientation on the solid surface. 

Such orientation makes the surface hydrophilic (or wettable surface) owing to the oxygen 

compounds of the surfactant head groups. It is a known fact that the head of the surfactant 

usually attracts water molecules and keeps more water on the surface, which is not desired in the 

chemical dewatering process [11,25,14-20]. The surfactants with higher HLB numbers generally 

conform to this tendency. However, Yoon et al reported that low HLB (<15) surfactants used as 

dewatering aids could not have this tendency [22]. These surfactants could be added to a slurry 

to simultaneously decrease the liquid-vapor interface surface tension and increase the contact 

angle and capillary radius [2,5,13,25]. As shown, the surfactant tails that align through the 

aqueous media expel the water molecules from the particle surface due to the hydrophobicity of 
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the tails and as a result the surface becomes non-wettable.  

The HLB numbers are essentially a measure of the hydrophilicity of a surfactant, and 

they vary with molecular structure. This number can also represent the solubility of the 

surfactant in water. For example high HLB surfactants can be more soluble. Hence, if the 

surfactant structure is known, it should be possible to determine its HLB number. According to 

Davies and Rideal, HLB numbers can be found by the following equation [21,22]: 

HLB = Σ(Hydrophilic group numbers) + Σ(Lipophilic group numbers) + 7,      [2] 

Table 5.1 and Table 5.2 list various HLB group numbers and the HLB numbers of 

commercially used surfactants, respectively [18].  

 

Table 5.1 HLB numbers of hydrophilic and lipophilic groups 

Hydrophilic Groups HLB Lipophilic Groups HLB 
-SO4Na 38.7 -CH-, -CH2-,  -0.475 
-COONa 19.1 -CH3-, -CH= -0.475 
-N (tertiary amine) 9.4   
Ester (sorbitan ring) 6.8 -(CH2- CH2- CH2-O-) -0.15 
-COOH 2.1   
-OH (free) 1.9   
-O 1.3   

  

Table 5.2 HLB numbers of selected commercial surfactants 

Surfactants Commercial Name HLB Numbers 
Sodiumdodecylsulfate - 40 
Sodiumdodecylsulfosuccinate Aerosol 35.3 
Sodium Oleate - 18 
Amine, ethoxylated Tomah E-18-15 16 
Polyoxyethylene sorbitan monooleate Tween 80 15 
Sorbitan monooleate Span 80 8.6 
Polyoxyethylene (2) cetyether Brij 52 5.3 
Cetylalcohol - 1.3 
Oleic Acid - 1 

 

The HLB numbers are also used for selecting suitable emulsifying surfactants for 

different oils. Bancroft [23] suggests that the liquid in which an emulsifying agent is more 

soluble becomes a continuous phase. Thus, hydrophilic surfactants are used for producing oil-in-

water (O/W) emulsions, while hydrophobic surfactants are used for producing water-in-oil 

(W/O) emulsions [18,23,24].         
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5.1.2 Thermodynamics of Dewatering 

 For the thermodynamic criteria, Gibbs free energy ∆G (joules) is usually preferred to use 

for several processes. When the free energy change of a system is lower than zero, the process is 

thermodynamically favorable. In order to obtain a negative ∆G value, enthalpy ∆H is minimized, 

while the entropy ∆S (joules/°C) is maximized for a given system. Generally, the free energy of 

the system can be given below [4,5,11,14-18,20]:   

  ∆G = ∆H - T∆S         [3] 

where T is absolute temperature (K). Note that for the adsorption of polymer on a solid surface, 

the entropic adsorption may be more dominant; however, for the surfactant adsorption, enthalpic 

adsorption may be more important [11,14-20].  

a) Displacement of Water   

 When a solid particle is immersed in water, the water molecules adsorb on the surface 

depending on the hydropobicity of the particles. It was expressed that the Laplace equation could 

be used for the dewatering of the fine particle in which a bundle of capillary tubes existed. In 

addition, Yoon et al suggests that the thermodynamics of dewatering process may be shown by 

Figure 5.2, in which a particle 1 is emerged from water 3 into air 2 phases [2,9,23,25,42]. In this 

model, it is seen that the process is focused on a single particle. During this process, a change of 

the free energy per unit surface area of particles can be given by the following relationship: 

  
dA

dGdis = γ12 - γ13         [4] 

where γ12 is interfacial tension between the particle and air and γ13 is the same tension between 

the particle and water. During the air/vacuum pressure on the cake, the solid/water interface is 

displaced by solid/air interface to receive dryer filter product. 

According to Figure 5.2 b, the Young`s equation can be stated as a function of water 

contact angle (θ) and the interfacial surface tensions (or energies) between the components (γ12, 

γ13 and γ23) at which they are equilibrium:  

 γ12 - γ13 = γ23 cosθ        [5] 

Substituting Equation [5] into Equation [4], one can obtain the following relationships:  

dA
dGdis = γ23 cosθ < 0         [6] 
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For a dewatering process, the value of dGdis/dA should be less than zero (or contact angle 

should be higher than 90°), which may be a thermodynamic criterion for the spontaneous 

dewatering. Similar observation can be seen in the Laplace equation due to the cosθ component 

in the formula, i.e., at θ > 90 [2,42]. 

           
 
            γ23 
 
  
          Water (3)          θ       γ13 
 
   

          
a      b 

Figure 5.2 a) A schematic representation of dewatering process, b) equilibrium contact angle 
between three interfacial tensions.     

 

However, even the most hydrophobic particles (bituminous coal, sulfur, molybdenum and 

talc minerals) have water contact angles far less than 90°. Aplan [43] determined that the contact 

angles of the best bituminous coal samples were less than 70°, and the average contact angle 

values are around 40s°. As seen, this condition cannot be met for the spontaneous dewatering. 

Therefore, mechanical filtration of untreated particles is not a thermodynamically favorable 

process for the chemical dewatering [2,9,18,42,43-48]. 

  According to the Equations [1] and [6], the surface tension of liquid and contact angles 

of a solid should be controlled for the mechanical dewatering. These components will decrease 

the value of the surface energy (or free energy) that could be equivalent to reducing the energy 

barrier (or activation energy) for the spontaneous dewatering. This conceptual energy barrier can 

be overcome by various energy inputs, such as air/vacuum pressure, G-force or electrolyte 

additions. In addition to these, if one adds a volume of surfactant to the slurry in order to 

decrease surface tension of the liquid and increase the contact angle, this energy barrier may be 

overcome, as well [2,42,49-55]. 

 b) Hydrophobic Forces  

 Even though a number of mechanisms of the hydrophobic forces have been suggested in 

the literature, none of which have not been accepted so far. These include water structure effects, 

metastability of the film, electrostatic mechanisms, for the hydrophobic forces, cavitation effects 
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and other mechanisms [11,17,18,56,57,73,74]. It was also stated that hydrophobic forces could 

be divided into two major forces: short-range hydrophobic force and long-range hydrophobic 

force. Since the beginning of the 1990s, long-range hydrophobic force studies have been 

conducted on several material surfaces prepared using a variety of methods. These are in situ 

equilibrium adsorption, Langmuir-Blodgett (LB) film deposition, and chemical modification of 

the surfaces and equilibrium adsorption of surfactant on the solid surface. It has been shown that 

the long-range force is dependent mostly on the hydrophobicity of the surface [11,17,18].  

Since Isrealachivili and Pashley first measured the hydrophobicity in 1982 [56,57], 

several investigators have focused on this concept to solve the driving force of many surface 

chemistry and biochemistry related processes [17,18,58-66]. Yoon et al reported that there exists 

a relationship between the hydrophobic force and the contact angle using atomic force 

microscopy (AFM) to solve the mechanisms of flotation and coagulation processes [61-66].  

In addition, the basis of chemical dewatering is to control the hydrophobicity of the fine 

particles to be dewatered. The most widely used technique for the hydrophobicity is the water 

contact angle at air/water/solid interface. The contact angle is a thermodynamic property, and it 

only predicts the spontaneity of the dewatering, flotation, coagulation, agglomeration and colloid 

chemistry processes [17,18,63-69]. In the present work, the contact angle and hydrophobicity 

relationship will be explained in the following sections.  

        Extended DLVO Theory: It is pointed out that if the contact angle is larger than 40°, the 

classical DLVO theory cannot fit with the experimental results; therefore, it is necessary to 

extend the DLVO theory by combining a hydrophobic force term Fh, which is not considered in 

the classical DLVO theory. The extended DLVO theory at the larger contact angle may be 

expressed as [17,62,65-69]: 

 F = Fe + Fd + Fh,         [7] 

at which Fe is electrostatic repulsive force and Fd is London wan der Waals force. The 

hydrophobic force term can be written when θ is 60° or over: 

 




 −=
0

0 exp
D
HC

R
Fh          [8] 

where R is the radius of curvature of spherical object, H is separation distance. When a strong 

hydrophobic force exists between two surfaces due to the higher contact angle (over 90°), a 

double-exponential function can be used to measure accurate surface forces [61-68].  
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  




 −=
1

1 exp
D
HC

R
Fh + 




 −

2
2 exp

D
HC        [9] 

where C0, C1 and C2 are related to interfacial tension at the solid/liquid interfaces and D0, D1 and 

D2 are referred as decay lengths. If the hydrophobic force is weak, D2 is zero, while the values of 

D1 is in the range of 1 to 1.3 nm. However, when the hydrophobic force is strong, D2 becomes 

significantly higher (2 to 35 nm) at contact angle over 90°. This may suggest that dewatering can 

become spontaneous by displacing water molecules by air phase. Equation [9] can also be 

described as a power law [61-68]. 

 26H
K

R
Fh −=           [10] 

in which the constant K is the only fitting parameter for a force curve. This equation is the same 

form as the well-known van der Waals attraction force. Thus, K value can be compared with the 

Hamaker constant A. More detailed information was given in Chapter 1 about K value [61-64].   

 c) Acid-Base Interactions   

 For over 30 years, the thermodynamic treatment of a surface has been made to control the 

free energy components, which is beneficial for many surface processes. Fowkes, Zisman, 

Laskowski and Kitchener, Israelachvili and Pashley, van Oss, Chaudhary and Good have done 

the pioneering works on the surface treatment processes [70-74]. According to the later authors` 

approaches, the surface free energy γi of a phase can be expressed: 

 AB
i

LW
ii γγγ += ,         [11] 

at which LW
iγ is the Lifshitz van der Waals interaction including London dispersion, Debye 

induction and Keesom dipole-dipole interactions and AB
iγ is the acid-base interaction:  

 AB
iγ = 2 −+

ii γγ          [12] 

where +
iγ and −

iγ refer to the electron acceptor (or Lewis acid) and electron donor (or Lewis 

base). These parameters are the contribution of the acid-base free energy of the phase i. 

 When two phases (solid and liquid) exist in a system, one can drive the following 

equation [17,73]:         

(1 + cosθ)γlv = 2( LW
l

LW
s γγ + −+

ls γγ + +−
ls γγ ),     [13] 
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which is the most relevant equation in determining surface free energy components of solids or 

liquids ( LW
iγ , +

iγ  and −
iγ ) without using a microcalorimeter. In order to obtain the surface 

tension values, contact angle measurements of three different known solids or liquids should be 

conducted on each sample. By solving three equations with three unknowns, the sample 

parameters can be determined for the further predictions [61-65,17,73]. More detailed 

information was given in Chapter 1 about acid-base interactions. 

When the surface tension of a liquid (or surfactant) is lower than that of a solid, the liquid 

will spread on the surface (i.e., θ=0°); therefore, it is not possible to measure contact angles.  To 

get around this problem, contact angle measurements were conducted in water rather than in air 

so that non-zero contact angles could be obtained.  In the present work, a syringe was used to 

place a small droplet of a reagent (dewatering aid) on the surface of a solid, which was immersed 

in water.  In using Eq. [13], the liquid-air surface interfacial (γlv) was substituted by the liquid-

water interfacial tension (γwr).  In the present work, the values of (γwr) were determined using the 

Fowkes equation: 

γwr = γw + γr - 2 d
r

d
wγγ ,        [14] 

in which γw is water-air surface tension, γr is reagent-air surface tension, d
wγ  is dispersion energy 

of water and d
rγ is that of the reagent. The value of d

rγ was determined from the contact angle of 

the reagent measured on the surface of a Teflon plate [17,18] using the following equation: 

(1 + cosθ)γrv = 2( d
r

d
s γγ ),        [15] 

which is a reduced form of Equation [13] for non-polar solids such as, Teflon. 

  

5.1.3 Kinetics of Dewatering 

For over 100 years, several models have been developed for predicting the dewatering 

mechanisms of the filter cake during the vacuum or air pressure operation [24-38]. These models 

(or semi-empirical models) are mostly based on the rate of fluid flow, cake saturation, cake 

permeability, cake and medium resistance, surface tension, viscosity, Reynolds number, cake 

throughput, air flow, pressure drop across the bed, residual moisture in the cake, etc. However, 

the Darcy model [38] is the most widely accepted one, and has been used for almost 150 years. 

In addition, in the 1970s, Wakeman developed a dewatering model that was also widely accepted 
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by filtration experts. This model can only predict i) equilibrium saturation at a given pressure, ii) 

desaturation profile with time and iii) air flow necessary for the desaturation of the cake. Note 

that the dewatering parameters associated with equilibrium dewatering conditions are important 

issues for understanding the behavior of the cake during the filtration process [28-35]. 

 Generally, dewatering is achieved by displacing filtrate with the applied forces, e.g. 

vacuum/air pressure, cyclone and centrifugal forces. In the first stage of the dewatering process, 

a cake is formed on the filter media, and then the wetting liquid flows through the cake 

[5,13,28,29]. This liquid flow can be described by the Darcy`s law [38-41]: 

 
dt
dV =

)(

2

fARwVR
pA

+
∆

µ
         [16] 

where dV/dt is the rate of filtrate flow, ∆p is vacuum pressure differential, µ is dynamic viscosity 

of filtrate, A is the filter cake area, w is weight of the dry solids per unit volume of filtrate, R is 

specific cake resistance and Rf is specific filter medium resistance. By integrating Equation [16] 

and rearranging, one can obtain a well-known filtration equation [13,28,29,39-41]: 

 
V
t =

pA
R

V
pA
wR f

∆
+

∆
µµ )

2
( 2         [17] 

at which V is the volume of the filtrate and t is filtration time. Using a laboratory apparatus 

(graduated cylinder or electronically volume measurable device), the slurry can be dewatered 

and the volume of filtrate versus filtration time can be obtained. The later equation is of a straight 

line form, e.g. y = mx + b. Therefore, plotting the t/V values on y-axis and the V values on x-axis 

will result in a straight line for the cake and medium resistance. The slope of the line will be the 

same as µwR/2∆pA2, so the specific cake resistance R can then be found for the further cake 

parameters. Meanwhile, the intercept of the same line on the y-axis will give the specific 

resistance of the filter media Rf using the term µRf/∆pA.  

 From the cake resistance value, the following parameters, such as cake permeability K, 

Kozney mean diameter dk, breakthrough pressure Pb and equilibrium pressure Se can also be 

calculated using the appropriate equations given below [5,13,28,29,39-41]: 

 K=
)1(

1
ερ −cR

           [18] 

which is known as cake permeability [39-41]. The sign ρc is specific density of coal and ε is cake 

porosity, which is dependent on the particle size. The cake porosity can be written:  
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ε = 
0

0

vV
v
+

           [19] 

where V and v0 are volume of the solid and void space, respectively.  

 The Kozney mean diameter dk, which is related to the capillary tubes in the filter cake, is 

also proportional to the cake permeability: 

K = 2

23

)1(150 ε
ε

−
kd          [20]  

The effect of varying pressure drop across the filter cake is a major parameter for vacuum 

filtration. Since the applied pressure is higher than the capillary pressure, dewatering will 

spontaneously continue by displacing the water from the voids. Carleton and Mackay defined 

that a minimum pressure required to remove the water, which is also called breakthrough 

pressure Pb [41]: 

Pb = 
ε

εθαγ
kd

)1(cos −          [21] 

where γ is filtrate surface tension, θ is solid/air/water contact angle and α is breakthrough 

pressure constant. It was found 4.6 for sand particles [28,29] and 0.83 fine coal particles [39-41].  

 The equilibrium saturation Se that is the saturation of the cake at infinite time can be 

shown as:   

 Se = S∞ + (1- S∞)
λ








∆P
pb         [22] 

at which λ is pore size distribution index, S∞ is irreducible saturation and ∆P is vacuum pressure. 

It was reported that λ was 0.7 for coal and 5 for sand, which is not a constant number [28,29,39].   

In the practice, moisture in the cake cannot be totally removed by chemical-mechanical 

filtration due to the complexity of the cake structure. Thus, Wakeman described a model to 

figure out the irreducible saturation S∞ [28-35]: 

  S∞ = 0.155(1+0.031 Ncap
-0.49)        [23] 

where Ncap is the capillary number. This number changes with the filtration methods. For 

vacuum filtration:   

 Ncap = 
γε

ρε
L

PgLd
2

23

)1(
)(

−
∆+ ,  (10-5 < Ncap < 0.14)     [24] 
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at which g is gravitational acceleration, d is particle diameter, L is cake depth and γ is surface 

tension. At the end of drying cycle time when the dewatering is completed, some moisture 

remained in the cake is called residual saturation SR: 

  SR = 
e

e

S
SS

−
−

1
,          [25] 

where S is cake saturation, which corresponds with the final moisture content in the cake. It was 

also reported that this value could be changed because of the dewatering and particle conditions 

[5,28,29,39-41].        

            

5.2 EXPERIMENTAL 

5.2.1 Materials 

 Several DMC samples including Pittsburgh No 8, Elkview-Canada, Middle Fork-Virginia 

and Massey-West Virginia were tested for surface characterization and dewatering kinetic tests. 

In the characterization study, coal samples were prepared for image, surface area, zeta potential, 

and atomic composition tests. In the kinetics tests, the samples were crushed, ground and floated 

using kerosene as collector and MIBC as frother before tests.  When the flotation tests were 

conducted, the samples were used within a few days to overcome the superficial oxidation and 

other contaminations. In addition, silica powder (0.038 mm x 0) obtained from Fisher Chemical 

was used for electrokinetic and dewatering tests.  

The same samples were also used to determine the contact angle and acid-base 

components of the solid. In order to determine the acid-base components of the coal sample, 

nano-pure water and HPLC-grade glycerol and methyleniodide from Aldrich Chemical Company 

were employed for the contact angle measurements. For the liquid (dewatering aid) components, 

three known solids (teflon, mica and glass plate) were chosen for each liquid. The teflon and 

glass plates were cleaned in a boiling nitric acid solution for 12-14 hours to eliminate any surface 

contamination before use. However, the mica sample was carefully peeled to obtain a clean and 

smooth surface. 

 

5.2.2 Apparatus and Procedure  

 Surface Imaging Analysis: The analysis of the coal surfaces was conducted using a Leitz 

Orthoplan Reflection Light Microscopy (LORLM) connected to a Pixera Camera. This 
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microscopy can determine nano/micron size minerals, such as pyrite, markacite and other 

organic and inorganic matters on the coal surface. Before the image tests, different coal samples 

were polished using different sized sand papers (120, 240, 400 and 600 grit) and then a polishing 

cloth was used with a 0.05 µm alumina micro polisher in order to obtain a smooth surface. The 

coal surfaces were then imaged to find out the markacite and pyrite minerals.  

Surface Area Measurement: The surface area is one of the most important parameters for 

surface chemistry. The surface area of particles is usually determined using a technique (BET), 

which relies on the adsorption of gases on the particle surface at a low temperature.  The mass of 

the gas adsorbed on the surface is measured as a function of the applied gas pressure under the 

liquid nitrogen atmosphere. Based on the gas pressure, the nitrogen gas makes a mono- or multy-

layer on the surface. Using an appropriate formula, the surface area of the particles can be found 

[5,13,18]. For the surface area tests, two coal samples were crushed, grounded and subjected to 

the BET (NOVA 1200, version 6.08 High Speed Gas Sorption Analyzer) tests.   

Zeta (ζ) Potential Measurements: The tests were conducted on the coal and silica powder 

samples using a Pen Kem Model 501 Laser Zeta Meter. The suspension was prepared by 

dispersing 0.1 grams of -38 µm sample in 500 ml nanopure water in the presence and absence of 

aluminum sulfate (Al2(SO4)3.18H2O). The pHs of the slurry was adjusted using diluted NaOH 

and HCl solutions. For each pH value, at least three ζ-potential measurements were read and the 

results were averaged.  

XPS Analysis: It is described as a monoenergetic x-ray ejecting electrons from various 

atomic levels to determine atomic compounds of a surface with approximately 5 nm in depth. 

The percentages of the elements on the surface are between 96% and 99%. It is mostly used for 

the surface composition and oxidation levels of the substances [14-19,104]. In these tests, a 

Parkin-Elmer PHI 5400 model XPS spectrometer was used to determine the surface composition 

of coal samples. The x-ray scan size of the unit on the sample is 1 x 3 mm in size. In order to 

determine the surface compositions, the Pittsburgh and Middle Fork coal samples (1 x 1 cm) 

were polished to receive fresh surfaces before the tests. 

Contact Angle Measurements: The tests were performed using a Rame Hart Model 100 

Goniometer and Sigma70 technique. In the previous measurements, the sessile liquid drop 

technique was chosen to measure the advancing contact angle (θa) on the solid samples as 

suggested by van Oss and Good [17,94]. The surfaces of the coal specimens were polished as 
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explained above. To be able to eliminate experimental errors, a small 5 ml size syringe with a 

needle was utilized during the tests. The contact angle values were then used to determine the 

acid-base components of the coal samples [17,18,73,74].  

Four different reagents, namely TDDP, ROE, Span 80 and SBO dissolved 33.3% in 

diesel oil were selected to find out the acid-base parameters of the liquids. First of all, surface 

tensions of the liquids were measured using a ring method of the Sigma70 measurement 

technique. The contact angle measurements of the mica and glass samples were then carried out 

using the liquids in nanopure water due to the spreading of reagents on the surface into the air.  

AFM Measurements: For surface force measurements, Digital Instruments Nanoscope III 

type AFM in a manner described by Rabinovich and Yoon [61] were conducted on clean smooth 

silica plates obtained form Haraeus Amersil, Inc., and glass spheres obtained form Duke 

Scientific. Standard triangular silicon nitride (Si3N4) and SPM cantilevers on which a glass 

sphere was attached by means of Epon R Resin 1004F from the Shell Company were used for 

the measurements. All experiments were carried out using conductivity water (18.1 MΩ) 

produced by a Barnstead Nanopure II water treatment device. High purity dodecyleamine 

hydrocloride (DAHCl) received from Aldrich Chemical Company was used for the initial surface 

hydrophobization of the silica plates. AFM measurements were then conducted on the plates 

with the addition of the dewatering aids.  

In addition, several other tests were conducted on the samples to confirm the reagent 

adsorption on the hydrophobic surfaces. For this reason, silica plates were coated by graphite 

using PLD technique, which is a physical vapor deposition process. The tests were carried out at 

5.5x10-5 torr vacuum pressure and room temperature (~25°C). The thickness of the carbon film, 

which is mostly diamond like carbon, was approximately 50 nm. The coated plates were then 

introduced to the LB film deposition unit to determine the surface coverage or surfactant film 

formation on the surface.  

Dewatering Kinetics Studies: The experiments were performed using an apparatus shown 

in Figure 5.3. A measured volume of slurry was poured into the pressure filter explained in 

Chapter 2, and then applying air pressure formed the cake. During the cake formation time, the 

filtrate was simultaneously transferred to a cylindrical tube consisting of a pressure transducer at 

the bottom of the cylinder. The transducer was connected to a PC to electronically measure the 
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volume of the filtrate versus time. The obtained data was then converted into time/volume as a 

function of filtrate volume to predict the cake parameters.  

 

           Air pressure  

 

                Pressure Filter  

 

           PC 

            Graduated cylinder  

 

           Pressure transducer    Filtrate discharge  

  

Figure 5.3 Schematic representation of kinetic test apparatus and test set-up 

 

5.3 RESULTS AND DISCUSSIONS 

5.3.1 Characterization of the Coal Samples  

Surface Imaging Analysis: The primary objective of this study was to determine the iron 

sulfides on the coal surface, which affects the surface oxidation of the coal particles in an 

aqueous media. When the particles are oxidized, the surface becomes more hydrophilic due to 

the hydroxyl spices on the surface. These phenomena can decrease the surfactants adsorption on 

the coal surface and give low moisture reduction in the cake. Not only that, sometimes moisture 

content of the cake is increased depending on the oxidation levels of the surface. In order to 

determine the sulfide minerals on the coal surface, several LORLM image tests were conducted 

on the polished Pittsburgh and Elkview coal samples.  

Figure 5.4 shows the image analysis of Pittsburgh and Elkview coal samples. The test 

results revealed that the coal surfaces consisted mainly of different coal macerals, sulfide and 

clay minerals. However, a more striking observation was seen on the Pittsburgh coal sample, 

because it had both pyrite and markacite minerals on the surface. It was found that the markacite 

minerals quickly reacted with water molecules and made the coal surface more hydrophilic due 

to the high oxygen affinity of the markacite mineral [4,16,47]. In other words, ferric hydroxyl 

spices formed on the surface. Therefore, these coal samples cannot be dewatered for a longer 
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time in the plants. These explanations are also identical to the dewatering test results given in 

Chapter 2 and Appendices. However, the Elkview coal samples have only pyrite minerals, and 

the surface oxidation can be lower than the other coal. This is why the Elkwiev coal sample can 

be dewatered longer time in the laboratory conditions.  

 
   a            b   
Figure 5.4 LORLM image analysis of a) Pittsburgh No: 8 coal sample and b) Elkview-

Canada coal samples (0.4 x 0.3 mm) 
 
 

Table 5.3 Effects of time on the coal samples* in water 

Coal Samples 
Changes on the samples 

Pittsburgh  Elkview  

Water pH1 5.58 6.54 

Water Color  Yellow-Brown No Change 

Contact angle (Fresh/Aged)  46/24 47/40 
2Moisture Content (Fresh/Aged) 20.4/23.6 18.6/19.8 

* The samples (0.5 mm x 0) floated using 1 lb./ton kerosene and 100 g/ton MIBC;1 initial pH of 
water 6.82; 2 base tests moisture contents 

 
In order to prove the assumptions, a series of tests were conducted on the Pittsburgh and 

Elkview coal samples. After two days of aging in water, the pH, color of the water, contact 

angles and base line moisture contents were measured on each sample. The test results given in 

Table 5.3 indicate that the changes of the pH, watercolor, contact angles and moisture contents 

on the Pittsburgh coal were higher than that of the Elkview coal samples. This could be due to 

the fact that the Pittsburgh coal contained a large amount of markacite, which oxidize and render 

the coal hydrophilic.  

Pyrite 

Markacite 

Pyrite 
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Surface area analysis: To better understand the relationship between the surface area and 

surface coverage by the surfactant molecules, a set of BET tests using NOVA 1200, version 6.08 

High Speed Gas Sorption Analyzer were conducted on the fine Pittsburgh coal (0.1 mm x 0) and 

West Virginia coal (1 mm x 0) samples. The test results indicated that the Pittsburgh and West 

Virginia coal samples consisted of 1.09 m2/g and 0.044 m2/g surface areas. It is expected that the 

higher surface area sample needs a larger volume of surfactant to make the particles hydrophobic 

enough for the dewatering processes [5,11-19]. According to the BET results, it is clear that the 

Pittsburgh coal sample needs more reagent than the other sample for efficient dewatering.  

 

Table 5.4 Effects of surface area on dewatering of Pittsburgh and West Virginia 
coal sample* using Span 80 at 100 kPa pressure 

 
West Virginia Coal  (0.044 m2/g) Pittsburgh Coal (1.09 m2/g) Reagent Dosages 

(lb/ton) Surface 
Coverage (%) 

Moisture 
Content (%) 

Surface 
Coverage (%) 

Moisture 
Content (%) 

0 0.00 19.7 0.00 28.4 

1 805.2 11.0 32.5 23.9 

2 1610.4 10.8 65.0 20.4 

3 2415.6 10.3 97.5 16.2 

5 4026.0 9.8 162.5 14.3 
* 2.5 in diameter air pressure filter used; the samples floated using 1 lb/ton kerosene and 100 g/ton MIBC; solid 
content of samples 17%; and cake thickness 0.4 in. 

 

 In order to confirm the particle size, the reagent adsorption and moisture content 

relationships, a number of dewatering tests were conducted on the West Virginia coal (0.044 

m2/g) and Pittsburgh coal (1.09 m2/g) samples. Table 5.4 shows the test result obtained using 

Span 80 (dissolved 33.3% in diesel). The test results showed that the low surface area coal could 

be dewatered using less than 1 lb/ton reagent, and higher dosages did not significantly change the 

moisture contents. However, the high surface area Pittsburgh sample could not be dewatered 

even with a 3-lb/ton reagent addition since the surface coverage by the surfactant molecules 

could not be significant. As a result, it can be concluded that higher surface area coal needs more 

surfactant to make the particles more hydrophobic for the dewatering processes. 

       XPS Analysis: The experimental test results were conducted on the Pittsburgh and Middle 

Fork coal samples. Figure 5.5 shows wide-scan XPS spectra of the Pittsburgh coal sample. The 
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experimental results show that oxygen (533.2 eV), nitrogen (400.5 eV), carbon (285.0 eV), 

sulfate (196 eV), elemental sulfur (164.5 eV), aluminum (75.6 eV) compounds were mainly 

presented into the coal structure. The inorganic compounds might be due to the clay and sulfur 

content of the coal samples.  
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Figure 5.5 Schematic representation of XPS spectra (wide-scan) obtained on the Pittsburgh coal 

sample  
 

 Figure 5.6 shows a narrow-scan XPS spectrum of the Pittsburgh coal sample. The C (1s) 

photopeak was curve fitted for each compound. The spectra follow functionalized forms of 

carbon components at three peaks: C=O-C at 288.9 eV, C-O at 268.77 eV and C-C (or CH2) at 

285.09 eV binding energies. The single bonded C-O groups can be ether and hydroxyl groups 

contributing the most of the total oxygen contents in the coal sample. Also, carbonyls and 

carboxylates groups can make less contribution, which are consistent with the literature studies 

[104]. In addition to these, impurities in coal, e.g. clay, sulfate, carbonates, etc. may make the 

surface basic. van Oss and his colleagues reported that many solids had basic characteristics, 

which might be due to the O2 atoms in the solid structure. Therefore, one can see that the coal 

may have basic charactrestics ( −
sγ ) because of the oxygen atoms in the coal structure [17,95].  

C
1s

 

C
 K

LL
 

O
 K

V
V

  O
1s

 

N
1s

 

O
2s

 



 206 

Fi

gure 5.6 Narrow-scan XPS spectra of the carbon compounds on the Pittsburgh coal sample 

 

Figure 5.7 Narrow-scan XPS spectra of the sulfur compounds on the Pittsburgh coal sample 

 

Figure 5.7 shows the narrow-scan XPS spectra of the sulfur compounds. The peaks of 

169.0 eV and 164.5 eV binding energies corresponds to 2
4
−SO and So. It is known that coal 

contains sulfur elements in its structure [4,47,48]. As a result, sulfur peaks of the coal sample 

indicate that the Pittsburgh coal has organic elemental sulfur and pyritic sulfur (pyrite and 

markacite). The later sulfurs are consistent with the conclusions of the LORLM image analysis 

conducted on the Pittsburgh coal sample. 
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Figure 5.8 shows the wide scan range spectra of the Middle Fork coal sample. The XPS 

spectra of the sample are the same as those obtained with the Pittsburgh coal sample. The results 

possess that the coal has mostly carbon, oxygen, nitrogen, silicon, aluminum and sulfur elements. 

However, the difference in the composition between two samples might be due to the organic 

and inorganic components of the Elkview coal sample or contamination during the sample 

preparation (sand papering). 
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Figure 5.8 Schematic representation of XPS spectra (wide-scan) obtained on the Middle Fork 

coal sample  
 
 Figure 5.9 illustrates curve fitted carbon compounds obtained on the Middle Fork coal 

sample at narrow-scan size of XPS spectra. The shoulders in the vicinity of 285.0 eV indicate 

that the carbon species are in the form of C=O-C (288.7 eV), C-O (286.85 eV) and C-C or CH2 

(284.96 eV). These results are identical to those obtained with the Pittsburgh coal sample. This 

says that the coal surface may have basic compounds. In addition to the inorganic elements, it is 

also reported that ether groups, carbonyl groups and carboxyl groups of the coal sample exhibit 

basic characteristics and make the coal surface basic [17,47,48,94]. It has been mentioned in this 

study that the low HLB surfactant that had been used as the dewatering aids could only adsorb 

on the organic part of the surface and give higher moisture reductions. 

 The atomic concentrations of the Middle Fork and Pittsburgh coal samples are also given 

in Table 5.5. The test results show that both coal samples have similar elemental compositions. 
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However, the oxygen percentage of the Middle Fork coal sample is higher than that of the 

Pittsburgh coal. The reason can be contributions of the coal origin (e.g., ether, hydroxyl, 

carbonyls and carboxylates groups) or mineral matter in this particular Middle Fork coal.  

 
Figure 5.9 Curve fit C(1s) of the narrow-scan XPS spectra of the Middle Fork coal sample 

 

Table 5.5 Atomic concentration of the coal samples obtained  
    by XPS analyses 

 
Atomic Concentration (%) Elements Middle Fork Coal Pittsburgh Coal 

C(1s) 65.14 84.35 
O(1s) 25.13 11.81 
N(1s) 0.69 1.41 
S(2p) 0.48 0.63 
Ca (2p) 0.09 <0.51 

Al(2p) 6.54 1.79 
Fe(2p) <0.51 <0.51 

Si(2p) 1.93 <0.51 

       1 expected element percentages  

 

Electrokinetic Studies: Figure 5.10 shows the ζ-potential data obtained using with and 

without aluminum sulfate (Al2(SO4)3.18H2O) on West Virginia and Pittsburgh coal samples as a 

function of pH. The experiments were conducted using nanopure water because tap water may 

have large amount of Cl- ions and may change the surface charge of the particles. In the absence 
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of aluminum ions, the coal samples had positive ζ-potentials at lower pH, while they had 

negative values at the higher pHs (approximately 4). From the results, it is seen that the West 

Virginia and Pittsburgh coal samples gave 3.0 and 4.5 point of zero charges (PZC). In the 

presence of the metal ions, isoelectric points (i.e.p) values were sifted to natural pHs where the 

dewatering tests were usually performed in the plants. The reason may be attributed to the 

adsorption of Al3+ or Al (OH)+
2 ions on the coal sample [16]. At pHs 6 and 7, the ζ-potentials 

became 0 or closer to 0 mV at which the finer particles could be coagulated due to the charge 

neutralization. This may provide an explanation of the electrolyte effects on the fine particles.   
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    a     b 

Figure 5.10 Zeta potential of various untreated and treated a) West Virginia and b) Pittsburgh 
coal samples as a function of aluminum sulfate and pH 

  

Honaker [69] and Xu [93] reported that coagulation of fine coal particles was practically 

impossible at higher ζ-potentials and possible at zero or closer to zero potentials. It is assumed 

that the coagulation of the particles can improve the moisture reduction and dewatering kinetics 

of the fine particles. In order to confirm this conclusion, a series of dewatering tests were 

conducted on the West Virginia and Pittsburgh coal sample (0.3 mm x 0) in the presence and 

absence of aluminum ions. In each experiment, the coal samples were conditioned with the 

electrolyte for 5 minutes and then introduced to the dewatering tests at a 25-inch Hg vacuum 

pressure, 2 minutes of drying cycle time and 0.4 inches cake thickness.  The test results are given 

in Table 5.6.     
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The results indicated that the use of the electrolytes decreased the moisture contents of 

the fine coal samples. For example, a 5x10-5 M/L reagent could be required to achieve lower 

cake moisture. This might be due to the fact that trivalent Al3+ ions or its hydroxyl spices could 

go onto the fine coal particles and decrease the zeta potential (ζ = 0 mV) at neutral pHs. When 

the potential of the surface became zero by adding aluminum sulfate, these fine particles could 

be coagulated in the slurry and behaved as large particles in the filter cake. The larger particles 

could increase the capillary radius of the cake, and improved the dewatering performance of the 

fine particles (see Lablace equation) [16,69,93,117]. A similar result was obtained on the silica 

powder and the results are given with the AFM tests in the following sections.   

 

Table 5.6  Effects of Using Aluminum Sulfate for the Filtration of West 
Virginia and Pittsburgh Coal Sample 

 
Moisture Content (% wt.) Electrolyte Dosage 

(M/L) West Virginia Coal Pittsburgh Coal 

0 21.5 22.8 

1x10-6 20.3 22.0 

5x10-6 17.6 19.3 

5x10-5 17.4 19.2 

5x10-4 17.7 19.7 

PH1 7.1 6.6 
1pH was adjusted by adding diluted HCl and NaOH solution 

 

5.3.2 Acid-Base Interactions on Solids and Liquids 

Acid-base components may be needed to understand the mechanisms of the filtration, 

flotation, agglomeration, flocculation and coagulation processes. In these processes, the major 

concept is to eliminate the hydrophilicity and charge of the particle surfaces [17,63,69,93-103]. 

In this section, it will be shown how the acid-base components of solid and liquid ( AB
ijγ ) can be 

determined and how they affect the moisture contents of the cake.  

Coal samples, which are naturally hydrophobic materials, may show acidic and basic 

groups in its structure. It was determined that the ether groups, carbonyl groups and carboxyl 

groups of the sample exhibited basic behavior over the coal sample. In addition, the basicity of 
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the sample can be increased because of some impurities, such as sulfate, clay, shale, limestone, 

silica and iron oxide in the coal sample. The basicity of these minerals is due to the oxygen 

compounds of the particles [17]. Therefore, these minerals may adsorb hydroxyl ions in water, 

which makes the surface hydrophilic. Several investigations showed that coal and graphite 

samples were slightly basic or apolar materials depending on the coal ranks and gave a wide 

variety of hydrophobicity and hydrophilicity characteristics [17,43,71,93,94,97,100].  

van Oss and his colleagues reported that a basic surface could need an acidic surfactant 

for a surface coverage if the surface of the solid consisted of hydrogen bonding in water [17,93-

95]. In order to determine this phenomena, several solids and liquids were subjected to surface 

characterization tests to find the surface energies of the materials. Using the obtained data, one 

can determine the acid-base interaction between coal surface and surfactant molecules.    

Surface Characterization of Coal Samples: Four different coal samples from Elkview, 

Middle Fork, Pittsburgh and Massey were subjected to surface characterization tests. Each coal 

sample was polished using appropriate methods explained above. The contact angle 

measurements were conducted using a sessile drop technique to measure advancing contact angle 

θa. For each sample, three known liquids, namely water, glycerol and mehtyleniodide given in 

Table 5.11 were used and then the average contact angle values were put into the Equation [13]. 

Three unknown equations were then solved to determine the surface components in the form of 

surface free energy. The contact angle measurements and the surface parameters of the coal 

samples are given in Tables 5.7 and 5.8, respectively.    

 

Table 5.7  The values of the contact angles on the coal samples* using known         
   Liquids 

 
Contact Angle ( ! 3°) 

Liquids Pittsburgh 
Coal  

Virginia  
Coal  

Elkview 
Coal 

West Virginia 
Coal 

Water 46 49 45 44 
Glycerol  40 42 37 38 
Methyleniodide 19 20 22 18 

 

The test results showed that water, glycerol and methyleniodide gave approximately 46°, 

40° and 20° contact angle values on the polished coal samples, respectively. Likewise, it was 

calculated that the surface free energies of the samples were around the 55s mN/m. The results 
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indicated that the surfaces of the coal samples were mainly basic characteristics and acidic 

surface energy was only around 1 mN/m because of the formation of aliphatic, naphthenic and 

aromatic groups in the coal. The basicity of the coal sample came from ether, hydroxyl, 

carbonyls and carboxylates groups and mineral matters, which agree well with the XPS studies. 

It was also reported that if the surface was oxidized during the storage in air or water, the 

basicity of the sample could be increased [17,93-100].   

 
Table 5.8 The surface tension components of different region coal samples 

 
Coal Samples  

Surface  
Components Pittsburgh 

Coal  
Virginia 

Coal  
Elkview 

Coal 
West Virginia 

Coal 
γs

LW 46.18 45.90 45.31 46.44 
γs

+ 0.90 0.62 1.39 0.98 
γs

- 24.81 27.93 23.73 25.91 
γs

AB 9.45 8.32 11.49 10.08 
γs 55.63 54.22 56.80 56.52 

 

It is the assumption of the investigation that the low HLB surfactant can work on the 

slightly hydrophobic surfaces. These can be naturally hydrophobic or initially hydrophobized 

surfaces using flotation techniques. Therefore, the dewatering aids can only make hydrophobic 

parts more hydrophobic in dewatering. It is also assumed that there may not be interactions 

between the hydrophilic part and reagents. The obtained results are also consistence with these 

assumptions and literature studies [9,103-106]. 

Characterization of Low HLB Liquids: Several low HLB surfactants developed at 

Virginia Tech were used as dewatering aids on the fine coal and mineral particles. It was seen 

that some of the reagents worked better than the others on the particles. In order to understand 

this phenomenon, a series of reagent characterization tests were conducted on the smooth 

surfaces of teflon, mica and glass substrates. The surface components of the solids are given in 

Table 5.10. Due to the lower surface tensions (~25-27 mN/m) of the liquids (TDDP, ROE, Span 

80 and SBO) dissolved 33.3% in diesel, the contact angle measurements of mica and glass were 

conducted in water to be able to receive significant contact angle values. The former substance, 

which is an apolar material, has a lower surface tension and it gives a significantly higher contact 
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angle values into air. Tables 5.9 gives the surface components of the liquids obtained using 

contact angle measurements.     

 
Table 5.9 The surface tension* components of reagents used as dewatering  aids 

 
Dewatering Reagents Surface  

Components TDDP ROE Span 80 SBO Diesel 
γl

LW 25.00 26.71 26.01 26.57 26.1 
γl

+ 7.79 6.45 7.61 0.02 0.0 
γl

- 0.16 0.06 0.10 5.41 0.0 
γl

AB 2.24 1.19 1.69 0.53 0.0 
γl 27.24 27.90 27.70 27.10 26.1 

  
 

Table 5.10 The surface tension components of the known solids and liquids 
 

Solids Liquids Surface  
Components Teflon Mica Glass Water Glycerol Methyleniodide 

γl
LW 18.04 36.5 34.0 21.8 30.00 48.8 

γl
+ 0.00 0.2 1.0 25.5 3.92 0.0 

γl
- 0.00 57.7 64.2 25.5 54.70 0.0 

γl
AB 0.00 6.8 15.8 50.1 30.00 0.0 
γl 18.04 43.3 49.8 72.8 64.00 48.8 

 
 

The test results show that the contact angle values of the liquids varied, depending on the 

acid-base parameters of the substances. This might be the indication of the acid-base interactions 

of the liquids on the solid surfaces. According to the test results, it was determined that TDDP, 

ROE and Span 80 were slightly acidic, while SBO was merely basic and Diesel was nonpolar 

liquids. Even though the basic parts of the first three liquids are low levels, they should adsorb 

on the basic surfaces in water. XPS studies also confirm that the coal samples consist of ether, 

hydroxyl and carbonyls groups, which have oxygen compounds to support this conclusion. To be 

able to experimentally show this issue, a series of dewatering tests given in Table 5.11 were 

conducted on the Middle Fork dense medium coal samples (0.6 mm x 0) using a 2.5 inch 

diameter pressure filter at 100 kPa air pressure. The samples were crushed, ground, and floated, 

using 300-g/ton kerosene and 75-g/ton MIBC before the tests.  



 214 

 

Table 5.11 The effects of acid-base interactions on dewatering of Middle 
Fork coal sample using different reagents at 100 kPa air pressure 

 
Moisture Content (%) Reagent 

Dosages 
(lb./ton) TDDP ROE Span 80 SBO 

0 24.7 24.7 24.7 24.7 
1 17.3 18.5 16.1 19.4 
2 14.4 16.0 13.8 17.9 
3 12.8 14.3 12.4 16.6 
5 11.7 13.9 12.0 15.9 

       

 

 The results proved that when the acidic reagents were used on the basic coal surface as 

dewatering aids, the moisture reduction of these reagents was higher than that of the basic 

reagent. For example, at 3 lb./ton reagent TDDP, ROE, Span 80 and SBO additions, the moisture 

contents of the cake were decreased from 24.7% to 12.8, 14.8, 12.4 and 16.4%, respectively. As 

seen, the basic reagent gave higher moisture contents. This observation offers an explanation that 

the acidic reagents may adsorb on the solid surface via both γl
LW and γl

AB interactions; 

nonetheless, the basic reagent may not have this interaction (only γl
LW). It was also pointed out 

that the structure of the SBO might be affecting the reagent adsorptions. As a result, the moisture 

differences between the acidic and basic reagents may be due to the acid-base interactions on the 

surfaces and the structure of the surfactants.  

It is reported that there is a relationship between surface hydrophobicity, work of 

cohesion Wc, work of adhesion Wa and surface free energy ∆G of solids [14-18].  The work of 

cohesion occurs between the water molecules:  

Wc = 2γlv           [26] 

 The surface free energy of the solid is related to the work of adhesion between solid and 

liquid:  

 Wa = γlv + γsv - γsl,   or          

Wa = -∆G = γlv (1+cosθ)          [27] 
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where γlv is liquid-vapor, γsv is solid-vapor, γsl is solid-liquid surface tensions and θ is contact 

angle. As known, hydrophobicity of the solid becomes dominant when the work of adhesion is 

lower than that of the cohesion [18,74]: 

 Wa < Wc,  or 

 p
a

d
a WW + < Wc         [28] 

  at which d
aW is apolar surface energy and p

aW is polar surface energy. The last term is also 

associated with the acid-base interaction AB
sγ in water. Adding surfactant to the slurry, Wc 

becomes larger than Wa to decrease this value. This also makes the surface more hydrophobic. 

Pazhianur and Yoon [63] have reported that the values of AB
sγ , −

sγ and +
sγ decreased with 

increasing the surface hydrophobicity (or contact angle). The decrease in AB
sγ is due to the 

decrease in −
sγ and +

sγ  (see Equation [13]) in the presence of surfactant. As noted, the dewatering 

aids also increased the contact angel of the fine particles and gave higher moisture reduction. 

Therefore, one can conclude that adding the low HLB surfactants decrease the work of adhesion 

of the particles and make the surface more hydrophobic [74,94,118-130]. This may be the reason 

for the higher moisture reduction obtained on the fine particles dewatering.  

 

5.3.3 Surface Coverage Studies 

In these studies, palsed laser deposition (LPD), Langmuir-Blodgett (LB) and FTIR works 

were conducted on the samples to be able to determine properties of the surfactant formed on the 

sample surface. As known, the dewatering aids used in the present work cannot adsorb on the 

hydrophilic silica surface, but can adsorb on the hydrophobic carbon surface. Graphite is a 

naturally hydrophobic material and gives the higher contact angles. For this reason, both sides of 

the silica plates were coated by carbon to determine the surfactant molecules on the surface. In 

these tests, the carbon coating on the silica plates were conducted using PLD technique at 

5.5x10-5 torr vacuum pressure and room temperature. The thickness of the carbon film on the 

silica plate, which is more than 80% diamond like carbon, was approximately 50 nm. Figure 5.11 

shows the Digital Instrument Dimension 3000 AFM image analysis of the clean silica surface 

and carbon coated silica surface. The image analyses confirmed that the silica plate surface was 

well coated by carbon atoms. In addition, contact angle measurements using Sigma70 on the 
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coated surface gave higher contact angles (between 54° and 64°), while silica plate alone gave 

only 6°. 

 

 

         a)       b) 
Figure 5.11. Results of the AFM image analysis of a) clean silica surface and b) PLD carbon 

coated silica surface. Dimension is 100 x 100 nm, and height is 10 nm.  
 

The carbon-coated plates were then coated by the LB film deposition method in the 

presence of dewatering aids. The LB tests using KVS-LB instruments on the carbon coated silica 

surface displayed that two collapsing behaviors of the reagent Span 80 (dissolved 33.3% in 

diesel) were seen at 18.6 mN/m and 40.8 mN/m film pressures. This may be attributed to the 

reagents compositions (Span 80/diesel = ½). Therefore, the surfactant coating with the LB 

technique was conducted at 18.6-mN/m film pressure. The LB results showed that there was no 

monolayer formation on the carbon surface, which may be due to the diesel molecules presented 

in the reagent. However, the same experiments illustrated that there was surface coverage by the 

surfactant molecules since the contact angle of the plate was increased from 64° to 78°.  

To better understand this phenomenon, a series of FTIR analyses were carried out on the 

carbon surface coated by LB technique using Span 80. However, the results indicated that only 

CH2 and charbonyl compounds of the reagent could be seen from the FTIR works. This may be 

due to the fact that an electron beam of the FTIR was adsorbed by the carbon surface and 
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significant molecular peaks could not be obtained for all the surfactant molecules. The data 

presented in this study are inconclusive regarding whether the dewatering surfactants have 

interactions (e.g., multi layers, oily droplets, lens shape between the particles, partially coating, 

etc.) in the interface, and this interaction can improve overall dewatering performance. 

Therefore, the question remains as to what interactions are responsible for the surface coverage 

of the dewatering aids. Further investigations into the bonding mechanism and their effects on 

the surface hydrophobicity changes are needed to be researched by using new techniques and 

approaches.  

 

5.3.4 Surface Force Measurements 

In the present work, electrolyte and surfactant effects on the surface forces of the 

materials were studied using an AFM. As known, the electrolytes cause coagulation by 

decreasing the surface charge of the colloidal particles, which is directly associated with the 

surface forces of those particles. It was reported that natural silica particles (negatively charged 

at pH>2) were not coagulated at any pHs due to the repulsive interaction (or hydration forces) in 

water [93]. However, it was also reported that silica particles could be coagulated in the presence 

of electrolytes [14-18,74], which have been sought for the dewatering process of this work.  

Figure 5.12 shows a) CaCl2 effects on the zeta potential of the silica particles as a 

function of pH and b) the surface forces measurements in nanopure water at pH 9.75 and 20 °C. 

The results of the electrokinetic experiments conducted on silica samples with and without 

electrolyte showed that the zeta potential of the particles decreased with increasing electrolyte 

concentration. At the lower CaCl2 concentration, i.e.p. of the particles were around pHs 11 and 

12; however, at 5x10-2 M/L concentration, it was shifted to 9.75, which is probably due to the 

adsorption of singly charged monovalent hydroxy-complexes (e.g., CaOH+) on the silica surface. 

This result agrees well with the distribution diagrams of the calcium spices given in the 

references [16,68]. In addition, at the high reagent dosages, the surface charge of the particles 

was closer to zero where the coagulation is favorable. The similar zeta potential results were also 

obtained for the coal samples in the presence of the aluminum sulfate at natural pHs.  
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Figure 1.12 a) CaCl2 effects on the zeta potential of the silica particles as a function of pH, b)  

F/R vs H curves obtained between silica plate and glass sphere in the presence of 
CaCl2 at pH 9.75. The dashed lines represent the classical DLVO theory, and the 
symbols represent the experimental results fitted for the force data 

 

 

It is assumed that when the surface charge of the particles was decreased, the attractive 

forces (e.g., van der Waals) between the particles can be maximized, which is shown in Figure 

1.12b. The first solid line represents the DLVO fit with Hamaker constant of silica 1 in water 3 

A131 = 8x10-21 J, Ψ1 = -60 mV and κ-1 = 42 nm. As seen, the surface forces measured at H< 3 nm 

separation distance are attributed to the repulsion double layer forces (or hydration force) at pH 

9.75. However, in the presence of divalent cation, the hydration force gradually decreases based 

on the electrolyte concentration and completely disappears at 5x10-2 M/L CaCl2. This 

disappearance can be due to the fact that the calcium hydroxy species react with the negatively 

charged silica surface and make it neutralized. The electrokinetic studies also confirm this 

observation. Consequently, the surface hydrophobicity of the silica particles was enhanced 

significantly by the electrolyte additions, which should affect the dewatering of fine particles.  

In order to determine the relationship between zeta potential, surface force and the 

dewatering of the fine particles, a series of dewatering tests were conducted on the fine silica 

powder using CaCl2 and CaO in nanopure water at pH 9.75. The test results are given in Table 

5.12. An important observation made in the present work was that the dewatering kinetic and 
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moisture reduction were higher with the divalent cations. At that pH, attractive force of the 

surface is also higher to decrease the hydration forces of the glass sphere and silica plate in 

water. It can be because of the fact that strongly hydrated water molecules on the silica surface 

are displaced by the singly charged calcium hydroxy species. For this reason, the dewatering of 

fine particles could be improved. The author also observed that at the higher electrolyte 

concentration, coagulation of the silica particles in a beaker was visually seen in a short time (in 

a few minutes).         

 

 

Table 5.12 Dewatering test results on silica sample* using CaCl2 and CaO at 
25 inHg Vacuum Pressure and pH 9.75 

 
Moisture Content (% wt.) Electrolyte 

Addition 
(M/L) CaCl2 CaO 

0.0 25.4 25.4 
5x10-5 24.8 24.7 
5x10-4 24.0 23.9 
5x10-3 20.6 20.8 
5x10-2 18.0 18.3 

* 2.5 inch vacuum pressure filter used; sample prepared in nanopure water; particle size 
0.038 mm x 0; 2 min. drying cycle time; cake thickness 0.4 in. 

 

Surface force measurements between glass sphere and silica plate were also conducted in 

the presence of dodecylamin hydrochloride and dewatering reagents. In the amine tests, the force 

measurements given in Figure 5.13 were carried out at different dosages and pH 5.8. As can be 

seen, the hydrophobic force increases as a function of the amine dosages and reaches a maximum 

at 1x10-4 mole/lt. Since then, it was observed that there was no significant change on the particle 

hydrophobicity. Overall, the measured hydrophobic force can be an evidence of hydrophobic 

improvements of the dewatering reagents for the particles to be dewatered at higher contact 

angles. The results also agree well with the previous test results conducted on the silica surfaces 

to find out the mechanisms of the flotation and coagulation of the fine particles [61-69].  
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Figure 5.13 Results of the AFM force measuremnts conducted between the glass sphere and    

silica plates in the presence of the reagent DAHCl at pH 5.8. The solid lines 
represent the classical DLVO theory, and the symbols represent the experimental 
results fitted for the force data. A power law has been used for the hydrophobic 
curve fitting. K values are 5x1016 J and 8x1016 J, respectively.   

 
 

In the dewatering aid experiments, tests were carried out in three steps. The first one was 

without chemical, the second was with a small amount of dodecylamine hydrochloride (5x10-4 

mole/lt.) to make the surface slightly hydrophobic and the third was additions of 2x10-5 and 

5x10-5 M/L reagent Polymethylhydrosiloxane (PMHO) to obtain higher surface hydrophobicity. 

All tests were conducted at around 40 to 45 °C temperature due to the solubility improvements 

of the low HLB chemicals on the surfaces. The K values of the test were selected to fit the 

extended DLVO theory [65,67]. The results are shown in Figure 5.14. As seen, in the nanopure 

water the surfaces are completely hydrophilic and give repulsive forces. At 5x10-4 mole/lt 

DAHCl, the silica surfaces becomes weakly hydrophobic; however, in the presence of 2x10-5 and 

5x10-5 mole/lt PMHO, the attractive force is significantly greater which may be attributed to the 

closed-pack monolayer formation on the surfaces. It was also measured that contact angles of the 

silica plate was ~97° where the maximum hydrophobic forces were reached in these tests. Thus, 

there is a good correlation between dewatering data and hydrophobic forces obtained using 

amine as a first hydrophobization and PMHO as a second hydrophobization aids. 
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Figure 5.14 Results of the AFM force measurements conducted between the glass sphere and    

silica plates in the presence of the DAHCl and PMHO at pH 5.8 and ~40 °C. The 
solid lines represent the classical DLVO theory, and the symbols represent the 
experimental results fitted for the force data. A power law has been used for the 
hydrophobic curve fitting. K values are 5x1016 J, 5x1018 J and 2x1019 J respectively. 

 

 

In addition to the PMHO, Span 80 dissolved in 20% butanol was also used for the force 

measurements following the same procedure of the former test. The result was shown in Figure 

5.15. When the force measurements were carried out with only silica surfaces having 

approximately θ = 0°, the measured force was repulsive because of the double layer interaction. 

At lower contact angles, the data was fitted to the DLVO theory with the Ψ1 = -60 mV, 

A131=8x10-21 j and κ-1 = 42 nm. However, at higher contact angle actual jump distance was 

varied and the extended DLVO theory was used to fit the curves [63,65,67,68]. The data show 

more definitive evidence for existence of the hydrophobic force using second hydrophobization 

reagents, which has been modeled and used for these studies.  
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Figure 5.15 Results of the AFM force measuremnts conducted between the glass sphere and 

silica plates in the presence of the DAHCl and Span 80 (dissolved 20% in diesel) at 
pH 5.8 and ~40 °C. The solid lines represent the classical DLVO theory, and the 
symbols represent the experimental results fitted for the force data. A power law has 
been used for the hydrophobic curve fitting. K values are 8x1016 J and 1.25x1019 J, 
respectively. 

 
 

Table 5.13 Dewatering test results on silica sample* using dodecylamine 
hydrochloride and dewatering aids at 25 in. Hg vacuum pressure 
and pH 5.8 and 40 °C  

 
Moisture Content (% wt.) Reagent  

Addition 
(M/L) DAHCl 5x10-5 DAHCl  

+ PMHO 
5x10-5 DAHCl  

+ Span 80 
0.0 23.5 22.5 22.5 

5x10-5 22.5 15.3 14.5 
5x10-4 18.2 9.2 9.5 
5x10-3 17.0 8.1 7.7 

* 2.5 inch vacuum pressure filter used; sample prepared in nanopure water; particle size 0.038 mm 
x 0; 2 min. drying cycle time; cake thickness 0.4 in. 
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In order to demonstrate the relationship between the hydrophobicity and dewatering, a 

series of dewatering tests were conducted on a 0.038 mm x 0 size silica powder at pH 5.8 and 40 

°C. A 2.5-inch diameter Buchner funnel was used at a 25 in. Hg vacuum pressure, 2 min drying 

cycle time, and 0.4 inches cake thickness. The test results obtained using DAHCl, PMHO and 

Span 80 (20% in butanol) are given in Table 5.13. In the absence of the dewatering aid, the cake 

moisture was 23.5%; however, if DAHCl and dewatering aids are used together, the moisture 

was reduced to around 8%. As a result, the improved dewatering brought by the low HLB 

surfactants is most likely due to the hydrophobic enhancement (or contact angle improvements). 

These results agree well with the results of the dewatering tests given in the Chapters 2, 3 and 4, 

which may be due to the same reason.  

 

5.3.5 Dewatering Kinetics Tests  

 The dewatering kinetic tests were conducted on Pittsburgh, Elkview and West Virginia 

DMC samples in the presence and absence of dewatering aids. In the first test, the Pittsburgh 

coal samples were crushed and ground to -1 mm and then floated using 1 lb./ton kerosene and 

100 g/ton MIBC before the experiments. The test measurements were carried out on the slurry 

sample consisting of a 16-18% solid content with and without Span 80 (dissolved 33.3% in 

diesel) additions.  

Figure 5.16 obtained using Equation [17] shows the kinetic test results of the Pittsburgh 

coal sample plotted as cake formation time/filtrate volume (t/V) versus filtrate volume (V). From 

the results, two striking observations were found on the dewatering of the fine particles when a 

designated amount of chemical was added to the slurry. One, the reagent addition caused the 

lines to differ in slope, which suggested that the cake parameters were changed. For example, the 

slope of the base line tests is higher than that of the dewatering aid lines. Also, the slope of the 

line gradually decreased when the magnitude of the reagent was increased. At a 5-lb./ton reagent 

Span 80 addition, slope of the line is almost parallel to the x-axis due to the higher dewatering 

kinetics of the present coal sample. Two, increasing the reagent dosage decreased interception of 

the lines, which means that medium resistance, was also reduced. Table 5.14 shows the change 

in cake parameters with and without Span 80. The results illustrated in Table 5.14 gives 12 

important trends on the cake parameters that will be discussed in this section: 
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Figure 5.16 Effects of reagent Span 80 addition on the cake parameters 

      of the coal sample at 60 kPa air pressure 
 

Contact Angle: Contact angle measurements were conducted on the Pittsburgh DMS coal 

samples using Sigma70 device. Small chunks of the coal samples (rectangular 10x20x2 mm) 

were polished as explained and put into the screened slurry sample to condition with the 

chemicals [4,9,42,43,47,48]. For each region coal, seven measurements were carried out on 

different samples. The average values of the tests were then taken to be able to eliminate 

experimental errors. It was expected that the values of the contact angle were improved by 

increasing the amount of the reagent. Recognizing that increases in the hydrophobicity of the 

coal particle can be due to the surface coverage by the surfactant molecules. At a 5 lb./ton 

reagent, the contact angle increased from 21 to 88°. According to the Laplace equation, the 

pressure of the capillary water should be zero if the contact angle is 90°. This means that the 

water in capillary can be spontaneously removed without applying air/vacuum pressure. More 
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clearly, the water molecules under this condition cannot wet the particles [2,17,19,41,42,73]. 

Thus, the contact angle obtained using 5 lb/ton Span 80 would decrease a great deal of capillary 

pressure in the cake. In all of the dewatering tests, it was observed that, depending on the particle 

size (surface area) and the other dewatering conditions, applied pressures on the cake were 

significantly decreased due to the hydrophobicity improvements of the particles.  

 

Table 5.14 Effect of reagent dosages on the cake parameters of Pittsburgh coal sample using 
Span 80 (dissolved 33.3% in diesel) at 60 kPa air pressure  

 
Reagent Span 80 Dosages  Cake Parameters 

of  Coal Sample 0 LB/ton 1 lb./ton 2 lb./ton 3 lb./ton 5 lb./ton 
Contact Angle (°) 21 59 72 83 88 
Filtrate Surface Tension (N/m) 0.072 0.068 0.063 0.060 0.056 
Cake Resistance (x1010, m/kg) 13.1 3.67 1.12 0.61 0.51 
Medium Resistance (x109,m/kg) 4.03 2.80 1.70 1.47 1.33 
Cake Permeability (x10-14,m2) 0.96 3.43 11.21 20.58 24.63 
Kozeny Mean Diameter (µm) 2.7 5.1 9.3 12.5 13.7 
Breakthrough Pressure (kPa) 29.3 8.2 2.5 0.8 0.2 
Cake Formation Time (sec) 44 21 15 13 12 
Measured Pressure (kPa) 60 45 40 35 35 
Cake Thickness (in.) 0.56 0.58 0.60 0.61 0.61 
Product Yield (%) 97.4 98.3 98.8 99.4 99.6 
Moisture Content (%) 27.6 17.7 14.4 13.0 12.2 

*2.5 in diameter air pressure filter connected to computer used; sessile drop technique used for contact angle measurements; 
Sigma 70 used for filtrate surface tension; size of sample 1 mm x 0; cake thickness 0.6 in.; cake porosity 0.41; breakthrough 
pressure constant α is 0.83; two minutes drying cycle time; DMC sample crushed, ground and floated using 1 lb./ton 
kerosene and 100 g/ton MIBC.  

 

Yoon et al reported that the hydrophobic forces increased in the presence of surfactants 

onto the appropriate solid surface to be able to explain the mechanisms of flotation and 

coagulation processes of the fine particles [2,9,41,42,61-69,75]. The dewatering of the fine 

particles has not been studied well by varying the cake parameters; there are no significant data 

to compare these results to other published data. However, there are several base tests (no 

contact angle change, etc.) conducted on the cake dewatering by varying pressure, particle size 

and mineral types. These results are in consistent with the base tests carried out in these works 

[41,76-87] 

Filtrate Surface Tension: In these tests, filtrate samples were taken at the end of the 

drying cycle time, and then the surface tension of the liquid was measured using a ring method of 
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a Sigma70 device. In the absence of the dewatering aid, the surface tension of the filtrate was 72 

mN/m, which was very close to a pure water contact angle. As the reagent concentration was 

increased, the surface tension of the liquid was decreased to lower levels. With a 5-lb./ton-

reagent addition, the surface tension of the liquid was dropped to 56 mN/m. Note that the surface 

tension of the reagent Span 80 is around 27 mN/m. Thus, it may be concluded that most of the 

reagent adsorbed on the coal surface for the contact angle improvements.  

According to the Laplace equation, both surface tension and the contact angle can be 

responsible to enhance the dewatering of the fine coal samples, which is the objective of the 

present work. The literature studies showed that the surface tension of liquid was the major 

parameters in lowering the cake resistance and moisture contents of the fine particles 

[2,28,29,39-42,81,87-92]. Veal et al. reported that when the surface tension of liquid was 

decreased from 72 to 20 mN/m, moisture content was also decreased from approximately 25 to 

22% [39,40,90]. However, the present study showed that the contact angle was the major 

parameter to achieve a low moisture content of the cake.  

Cake Resistance: The cake resistance tests were performed on the fine clean coal sample 

(1 mm x 0) at 60 kPa-air pressure. A pressure filter in which a fine size filter cloth was placed as 

a filter media was used in the tests. During the dewatering period, filtrate was simultaneously 

collected into the graduated cylindrical tube including a pressure transducer connected to a PC. 

First of all, a plot of the volume vs. time was drawn on the screen of the computer, and then the 

data were converted into t/V vs. V to be able to find the slope and intercept of the lines. The test 

results are given in Figure 5.16. The obtained slope value was equated to the Equation [17] in 

order to find the specific cake resistance of the cake. The following parameters were accepted as 

constant values for all the tests: 

 

• Cake thickness (L):    0.6 inches (0.153 m) 
• Coal density (ρc):    1350 kg/m3 
• Filtrate density (ρf):   1000 kg/m3 
• Filtrate viscosity (µ):   0.001 Pa s. 
• Cake porosity (ε):    0.41 
• Filter surface area (A):   0.02 m2 
• Solid weight/filtrate volume (w):  291 kg/m3 
• Breakthrough Pressure constant (α): 0.83 
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The test results showed that the specific cake resistance of the base line is 13.1 x 1010 

m/kg, which is identical to Veal et al results [39,40]. However, when a 1 lb./ton reagent Span 80 

was added to the slurry, the specific cake resistance of the same sample became 3.67x 1010 m/kg.  

At a 5 lb./ton dosage, it was further reduced to 0.51x1010 m/kg, which corresponds to 

approximately 26 times lower cake resistance. As a result, it can be concluded that in the 

presence of the surfactant there is no need to use higher pressures to remove the water from the 

cake. It also saves a great deal of energy on the filter machines.   

As known, the surfactant destabilizes (or liberates) the water molecules adhering on the 

surface of the coal particles by increasing the particle hydrophobicity at higher contact angles. In 

contrast, it does not play a role in transporting the liberated water through the filter cake due to 

the complexity of the cake structure. This transportation problem becomes more serious since the 

cake thickness is increased up to 1 inch. It was suggested in the present work that the filter cake 

could be subjected to a mechanical vibration to solve the existing problem. 

  Filter Medium Resistance: It is assumed that the filter medium resistance is always 

constant. However, the experimental results (see Figure 5.16 and Table 5.14) exhibited that the 

filter medium resistance was lowered depending on the reagent dosages. Although this odd 

finding is not clearly understood in the presence of reagents, it was assumed that there could be a 

hydrophobic coagulation between the fine coal particles. Therefore, the fine particles that can 

block the filter pores and increase the filter medium resistance can coagulate each other and 

remain as a larger particle in the cake. This may cause in decrease the filter medium resistance. 

In fact, it was also observed from the tests that when the reagent was added to the slurry, 

watercolor of the filtrate was clearer (less finer particles in the effluent) than watercolor of the 

base tests (more finer particles). This may be a reason of the hydrophobic coagulation of the 

ultrafine particles to decrease the filter medium resistance.    

 Cake Permeability: Permeability of the cake, which is obtained, using Equation [18], is 

strongly dependent on the specific cake resistance and the porosity of the sample. As shown, the 

base case of the permeability is 0.96x10-14 m2; however, when a 2 lb./ton reagent Span 80 was 

added to the suspension, the cake permeability became 11.21 x10-14 m2. At a 5 lb./ton-reagent 

addition, this value went up to 24.63x10-14 m2, which gives 26 times more permeable cake.  The 

reason is that in the presence of the reagent, the surface tension of liquid is reduced, the contact 

angle (or hydrophobicity) of the solids is improved and moisture in the capillary is decreased 
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(empty capillary tubes). Thus, these parameters cause the lower specific cake resistance and 

higher cake permeability for the fine samples. Similar explanations on the base case were given 

in the literature [5,8,13,24,27-29,37-42,87].    

Kozeny Mean Diameter (KMD): The KMD is an average pore value for a whole cake, 

which is based on the cake permeability and cake porosity [5,8,39-42]. According to the 

Equation [20], the KMD value is sharply increased since the permeability and porosity of the 

cake is increased. The experimental results showed that in the absence of the reagent, the average 

pore diameter of the cake was 2.7 µm. Under the same conditions, if a 2 and 5 lb./ton reagent 

Span 80 were added to the pulp, this value increased up to 9.3 µm and 13.7 µm. This indicates 

that in the presence of the reagent, the fine particles behave as larger particles and give larger 

voids (capillary diameter) in the cake. This is desired conclusion for the fine particle dewatering 

of the present work.      

   Breakthrough Pressure: This pressure which is also called threshold pressure (see 

Equation [21]) is required a minimum pressure to remove the capillary water in the cake. 

Carlenton et al [41] determined that the pressure value is mainly dependent on the distribution of 

the pore size, contact angle, particle diameter, and liquid surface tension. In general, the higher 

the cake resistance, the lower the cake permeability, and the higher the threshold pressure occurs 

[5,28-30,39-42].  

The experimental studies showed that the base line breakthrough pressure was 29.3 kPa; 

in contrast, when a 1 lb./ton reagent of Span 80 was added into the slurry, it appeared to be 8.2 

kPa. A more interesting result was obtained with a 5 lb./ton-reagent addition where the contact 

angle was 88°. At this dosage, there was no need to apply more pressure to remove the capillary 

water since the breakthrough pressure had already been 0.2 kPa. The values obtained in this 

study proved the expected and the reported results [28-32,39-41,77,87]. Overall, the dewatering 

results can be satisfactory to use the low HLB surfactant as dewatering aids in the plant 

conditions. 

Cake Formation Time: This time is the dewatering period ended when a bulk of the water 

was passed through the filter cake. At the end of this period, the drying cycle time starts for a 

couple of minutes, depending on the particle size, mineral types and the types of dewatering 

machines [5,8,13,87]. Several experiments were conducted on the fine coal samples to determine 

the cake formation times. The test results confirmed that in the presence of the reagents, the cake 
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formation time was substantially decreased. For example, cake formation time of 0 lb./ton and 5 

lb./ton reagents were 44 sec and 12 sec. Thus, the cake formation time of the reagent test was 

approximately four times lower than that of the base test. This indicates that the change in the 

contact angle, surface tension, fine particle coagulation and the other cake parameters strongly 

affect the cake formation time. 

Measured Pressure: When a designated amount of reagent was added to the suspension, 

all coal particles became more hydrophobic due to the surface coverage of the particles by the 

surfactant molecules. According to this explanation, the filter cake became more permeable 

where the cake resistance had minimum levels; as a result, the measured pressure would decrease 

based on the cake parameters. For instance, the test results given in Table 5.14 showed that the 

pressure was reduced from 60 kPa to 35 kPa with the addition of a 5 lb/ton reagent Span 80. 

Cake Thickness: It is known that if the hydrophobicity of the particles is enhanced using 

surfactants, a hydrophobic coagulation occurs and causes particle enlargement [5.8,13,69,77, 

87,93]. Therefore, it is expected that at a higher contact angle, the cake thickness should be 

increased. From the experimental result, in the presence of the reagent, a 5 to 15% cake thickness 

improvement was achieved on the coal sample as shown in Table 5.14. However, this thickness 

is not as high as with polymeric flocculation, which may be attributed to the fact that the 

flocculation effect is higher than the hydrophobic coagulation effect on the cake thickness [5,52]. 

Product Yield: Currently used industrial filters lose the very fine particles at the 

beginning of the suction or air pressure period, and it is worse for the screen bowel centrifuge 

filters [5,8,13,77]. However, test results from the research showed that if the reagent was 

introduced to the sample to be dewatered, the filter gave a 2% higher product yield as compared 

to the base line. This improvement in the product yield may be due to the hydrophobic 

coagulation of the fine/ultrafine particles at higher contact angle values. 

Moisture Content: The main objective of using a low HLB surfactant is to increase the 

moisture reduction of the filter cake before further drying in thermal units. It is assumed that this 

reduction can be the improvements of the contact angle (or hydrophobicity). Shown in Table 

5.14 are the equilibrium contact angles of the Pittsburgh coal samples treated under different 

reagent conditions. Without the reagent addition, the coal sample gave a contact angle of 21° 

giving rise to a relatively high capillary pressure, and hence, a high cake moisture. In the 

presence of the Span 80, the contact angle was gradually increased up to 88°. Therefore, this 
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should reduce the cake and filter media resistances, breakthrough pressure, cake formation time 

and wettability, and increase the particle diameter, permeability, product yield and moisture 

reduction in the filter cake. In the base case, it was observed that the product moisture was 27.6% 

at 60 kPa air pressure; meanwhile, when a 5-lb./ton reagent was added to the same slurry, it was 

reduced to 12.2% with 56% moisture reduction. Consequently, it is clear that this product does 

not need as much energy as the base case in the thermal dryers.  

In addition to the Pittsburgh coal samples, similar tests were conducted on several fine 

coal samples. Table 5.15 shows the results of the pressure filter tests conducted on the Elkview 

coal samples using TDDP (dissolved 33.3% in diesel oil) as a dewatering aid. The coal sample 

was a dense medium product, which was pulverized, ball-mill ground, and screened at 0.3 mm. 

The screen underflow (-0.3 mm) was floated using 1 lb./ton kerosene and 100 g/ton MIBC 

before the tests. The filtration tests were conducted using 2.5 inches diameter pressure filter at 

120 kPa-air pressure and 0.6 in. The other experimental producer and set-up were in the same 

manner of the first kinetic test.  

 

Table 5.15 Effect of reagent dosages on the cake parameters of Elkview coal sample using low 
HLB TDDP (dissolved 33.3% in diesel) at 120 kPa air pressure  

 
Reagent TDDP Dosages  Cake Parameters 

 of  Coal Sample 0 lb./ton 1 lb./ton 2 lb./ton 3 lb./ton 5 lb./ton 
Contact Angle (°) 34 67 79 84 91 
Filtrate Surface Tension (N/m) 0.072 0.067 0.061 0.059 0.055 
Cake Resistance (x1010, m/kg) 25.93 14.01 9.75 5.41 3.25 
Medium Resistance (x109,m/kg) 7.21 5.21 3.93 3.01 2.67 
Cake Permeability (x10-14,m2) 5.02 9.41 13.33 24.04 40.00 
Kozeny Mean Diameter (µm) 1.75 2.41 2.86 3.84 4.95 
Breakthrough Pressure (kPa) 37.01 11.95 4.48 1.77 -0.23 
Cake Formation Time (sec) 48 30 20 15 13 
Measured Pressure (kPa) 120 100 90 80 75 
Cake Thickness (in.) 0.53 0.56 0.58 0.59 0.60 
Product Yield (%) 97.2 97.9 98.6 98.9 99.4 
Moisture Content (%) 27.2 20.0 15.1 12.9 11.7 

*2.5 in diameter air pressure filter connected to computer used; sessile drop technique used for contact angle measurements; 
Sigma 70 used for filtrate surface tension; size of sample 0.3 mm x 0; cake thickness 0.6 in.; cake porosity 0.43; 
breakthrough pressure constant α is 0.83; two minutes drying cycle time; DMC sample crushed, ground and floated using 1 
lb./ton kerosene and 100 g/ton MIBC.  
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The test results showed that contact angles of the Elkview coal sample increased based on 

the reagent concentrations. Without the addition of the reagent, the contact angle of the sample is 

34°. With 1, 2, 3 and 5 lb./ton reagent additions, the contact angles became 67°, 79°, 84° and 

91°, respectively, which means that hydrophobicity of the particles could be gradually improved 

on the surface of the particles. It was expected that such a large increase in the contact angle 

could be responsible for the substantial change in the cake parameters. As seen in Table 5.15, in 

the presence of 5 lb./ton reagents, the specific resistance of the cake was reduced 8 times, and 

hence, permeability was also enhanced in the same magnitude.  

In addition the cake resistance, medium resistance, breakthrough pressure, cake 

formation time and measured pressure were substantially decreased, while the Kozeny mean 

diameter, cake thickness and product yields were also increased in the presence of the reagent 

additions. Finally, the moisture content of the sample was decreased from 27.2% to 11.7% with a 

5 lb./ton reagent. All dewatering trends of these test results are also identical to the first tests 

conducted on the Pittsburgh coal sample. 

 Another set of pressure filter tests was conducted on the Massey-West Virginia coal 

sample using the reagent ROE (dissolved 33.3% in diesel), which is a modification of lard oil. 

The run-of-mine (ROM) coal sample was crushed, ground and screened to –0.6 mm, and floated 

with 1 lb/ton kerosene and 100 g/ton MIBC. The flotation product was subjected for filtration 

tests at 80 kPa-air pressure, 2 min. drying cycle time and 0.5 inch cake thickness. The 

experimental producers and set-up were the same as with the previous experiments. The test 

results are given in Table 5.16. As shown, the reagent ROE also increased the contact angle (or 

hydrophobicity) of the coal sample.  When a 3 lb/ton reagent ROE was added to the slurry, the 

contact angle of the sample was enhanced from 35° to 87°, which corresponds a significant 

amount of hydrophobicity improvement on the coal particles. Therefore, increasing contact angle 

varied all the cake parameters to be able to receive lower moisture content from the cake. At a 3 

lb./ton ROE, the moisture content of the cake was reduced from 26.2% to 14.2%, which are the 

similar to those obtained on the former tests. As a result, it can be concluded that the low HLB 

nonionic surfactants used in this investigation give remarkable moisture reductions and 

dewatering kinetics on the fine coal particles.  

According to the Laplace Equation, the contact angle, surface tension and capillary radii 

are the main parameters for the higher moisture reduction. However, it is seen that even at higher 
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contact angles, there still exists moisture in the cake. This may be because of the fact that the 

capillary tubes of the filter cake can be more complex (vertical and horizontal tubes together) 

than the capillary tubes used for the Laplace equation (only vertical tubes). To better understand 

the cake structure, more detailed studies should be performed on the fine particles dewatering.         

 
Table 5.16 Effect of reagent dosages on the cake parameters of West Virginia coal 

sample using Reagent ROE (dissolved 33.3% in diesel) at 80 kPa air pressure 
  

Reagent ROE Dosages  Cake Parameters 
of  Coal Sample 0 lb./ton 1 lb./ton 3 lb./ton 
Contact Angle (°) 35 64 87 
Filtrate Surface Tension (N/m) 0.071 0.064 0.058 
Cake Resistance (x1010, m/kg) 9.57 3.56 1.78 
Medium Resistance (x109,m/kg) 4.69 2.71 1.69 
Cake Permeability (x10-14,m2) 1.34 3.59 7.20 
Kozeny Mean Diameter (µm) 2.99 4.95 7.01 
Breakthrough Pressure (kPa) 22.3 6.50 0.49 
Cake Formation Time (sec) 46 24 15 
Measured Pressure (kPa) 80 65 55 
Cake Thickness (in.) 0.48 0.52 0.54 
Product Yield (%) 97.8 98.7 99.4 
Moisture Content (%) 26.2 18.5 14.2 

*2.5 in diameter air pressure filter connected to computer used; sessile drop technique used for contact angle 
measurements; Sigma 70 used for filtrate surface tension; size of sample 0.6 mm x 0; cake porosity 0.42; 
breakthrough pressure constant α is 0.83; two minutes drying cycle time; ROM sample crushed, ground and floated 
using 1 lb./ton kerosene and 100 g/ton MIBC.  

 

5.4 SUMMARY AND CONCLUSIONS 

Several coal samples from Pittsburgh, Elkview-Canada, Middle Fork-Virginia and 

Massey-West Virginia were subjected to surface characterization and dewatering kinetic tests. In 

the characterization work, the coal samples were prepared and used for the image, surface area, 

zeta potential, and elemental composition analyses. Also, the coal samples were used to 

determine the contact angle and acid-base components.    

Surfaces of the polished Pittsburgh and Elkview coal samples were imaged using the 

LORLM technique. The test results showed that the coal surfaces consisted mainly of different 

coal macerals, sulfide and clay minerals. A more striking observation was seen on the Pittsburgh 

coal sample; this coal contained both pyrite and markacite. As known, the markacite has a high 

affinity to oxidation in water and it makes the coal surface more hydrophilic, which is not 

desrable in the chemical dewatering process.   
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The BET surface area tests were conducted on the fine Pittsburgh (0.1 mm x 0) and West 

Virginia (1 mm x 0) coal samples. The results showed that the West Virginia coal sample had a 

lower surface area than the Pittsburgh coal due to the larger size of the previous sample. Note 

that the higher surface area consumes larger volume of surfactant to make the particles more 

hydrophobic for the dewatering processes. The dewatering tests were also consistent with those 

conclusions.  

XPS spectra of the Pittsburgh and Elkview coal sample showed that the coal surface 

consisted mainly of carbon, oxygen, nitrogen, sulfate, elemental sulfur, silicon and aluminum 

compounds. The inorganic compounds are due to the impurities (silicate, carbonate, sulfur, etc.) 

of the coal samples. However, the organic compounds presents the functionalized forms of 

carbon components, such as C=O-C, C-O and C-C (or CH2). The C-O groups can be ether and 

hydroxyl groups contributing the most of the total oxygen contents in the coal sample. In 

addition, carbonyls and carboxylates groups can also contribute lesser effects on the basicity of 

the coal. Overall, one can see that the coal can have basic characteristic ( −
sγ ) because of the 

oxygen atoms in its structure. 

The electrokinetics studies conducted on the West Virginia and Pittsburgh coal sample 

indicated that the use of the electrolytes reduced the moisture contents of the filter cake. This 

may be attributed to the fact that trivalent Al3+ ions or its hydroxyl spices could go onto the fine 

coal particles and decrease the zeta potential of the particles (ζ = 0 mV) at neutral pHs. At zero 

or closer zero potentials, the fine particles could be coagulated in the suspension and settled as 

large particles on the filter media.  

Acid-base components ( AB
iγ , +

iγ  and −
iγ ) of the coal samples and dewatering aids were 

determined to better understand the mechanisms of the reagent adsorptions. The test results 

obtained using contact angle measurements indicated that the coal samples had mostly basic 

characteristics, while many of the reagents had acidic characteristics. The dewatering test results 

showed that when the acidic reagents were used on the basic coal surface as dewatering aids, the 

moisture reduction of these reagents were higher than that of the basic reagent. In addition to the 

van der Waals, electrostatic and hydrophobic forces, it is possible to conclude that there can be 

an acid-base interaction between the surface and the surfactant for the reagent adsorptions. 

It is reported that there is a relationship between surface hydrophobicity, work of 

cohesion Wc, work of adhesion Wa and surface free energy ∆G of the system. As known, 
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hydrophobicity of the solid becomes dominant when the work of cohesion is higher than that of 

the adhesion. The work of adhesion can also be associated with the acid-base interaction AB
sγ in 

water. Adding surfactant to the surface makes the Wc larger for the improvements of surface 

hydrophobicity and, hence, dewatering fines.  

 In order to determine the surfactant layer on a hydrophobic surface, a silica plate was 

coated using LPD, and then performed for LB tests. The LB test results with Span 80 (33.3% in 

diesel) showed that there was no monolayer formation on the carbon surface, which may be 

attributed to the diesel molecules presented in the surfactant. However, the contact angle 

measurements indicated that the contact angel was increased on the plate, which means that the 

surface was covered by the surfactant molecules.   

 A possible parameter that needs to be considered is the surface forces of the particle 

surface in the presence and absence of the dewatering aids.  For this reason, AFM tests were 

conducted on the glass sphere and silica plate using electrolytes and chemicals. In the first tests, 

electrolyte addition decreased the repulsive force, which is desired for the coagulation of the fine 

particles. The later tests were done in three steps at 40-45 °C: the first one was with no chemical, 

the second was with low dosages of DAHCl and the third was with the amine and a dewatering 

aid together. The test results showed that the hydrophobic force was exponentially improved by 

the surfactant addition on the sample surface. Therefore, the hydrophobic improvements can be 

the reason for the high moisture reduction of the cakes obtained in this study. 

 The dewatering kinetic tests were conducted on the Pittsburgh, Elkview and West 

Virginia DMC sample in the presence and absence of dewatering aids. The kinetic test results 

disclosed that the line slopes of each dewatering test and position of the lines were changed. In 

the first case, the reagent addition caused the lines to lower in slope, which could be attributed to 

the fact that the cake became more permeable with the reagents. In the second case, the 

surfactant addition decreased interception of the lines, which means that medium resistance was 

also decreased probably due to the hydrophobic coagulation. Not only that, the kinetics data also 

shows that in the presence of dewatering aids the contact angle, surface tension, cake resistance, 

breakthrough pressure and cake formation time were exponentially changed, which is the desired 

conclusion for the dewatering process of the present work.  
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