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Abstract

The relative contact angle (θRCA) for seven iron ore fines was measured by using Washburn Osmotic Pressure method under
laboratory conditions. By choosing cyclohexane as the reference that can perfectly wet iron ore particles, the relative
contact angles were measured and varied from 57° to 73°. With the volume % of goethite (φG) as the variable, a new model
for relative contact angle was developed. The expected relative contact angle for pure goethite is about 56°, while that for
goethite free samples is about 77°. Physical properties, such as surface morphology (SMI) and pore volume (Vpore) can
influence the relative contact angle. The φG can be expressed as a function of SMI and VPore. Thus, we inferred that the
relative contact angle is a function of φG for the iron ores used. 
The measured relative contact angles were found to be in good agreement (Radj

2 >0.97) with the calculated ones based on
the research from Iveson, et al. (2004). Comparing with the model developed by Iveson et al.(2004), the new model for
contact angle proposed in this paper is similar, but more detailed with two meaningful physical parameters. 
The modification of physicochemical properties on iron ores would be another topic in the further study on granulation.
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1. Introduction

As one of the solid-liquid interfacial properties,
contact angle(θ) is widely studied and used in
flotation, wet grinding, decontamination, lubrication,
cleaning, coating and painting, etc. [1, 2]. In iron ore
sintering, the final granule strength and the optimal
moisture content in granulation are largely determined
by the water contact angle of the iron ores [3-5]. As
reported [4, 6], the influence of wettability (cos (θ))
on the granulation of porous materials is uncertain. It
depends on the net effect of two aspects caused by
wettability, the granule strength and the amount of
water absorbed at the surface. According to the
prediction on tensile strength of granules proposed by
Rumpf [6], the granule strength can be enhanced and
the amount of water needed in granulation would be
reduced by increasing the wettability of the materials.
However, the pore saturation of the particles filled by
water is proportional to cos (θ), which indicates that
the amount of water would soak more into the pores
at lower contact angle. To enhance granule strength
and minimize the amount of water used in
granulation, there might be a non-zero contact angle
of iron ores for a better granulation result [4]. The

contact angle for seven iron ore fines was determined
and its influence factors were analysed in this paper.

In all techniques of contact angle measurement,
capillary rise methods are widely adopted in the
measurement of advancing contact angle (θA) on real
material surfaces [4, 7-9]. More specifically,
according to the capillary flow of a fluid in packed
bed, Washburn penetration methods were proposed
[10] and developed [1, 4, 9] to measure the contact
angle of powders. In this work, Washburn osmotic
pressure method [11, 12] was adopted in the
measurement of contact angle for seven iron ore fines.
In practice, it is problematic to determine the
structure-related parameters in Washburn equation [8,
10] directly. Thus the relative water contact angle was
proposed and determined by using cyclohexane as the
perfectly wetting liquid (the reference liquid) in the
measurement on iron ore fines [8].

Finally, the effect of some physicochemical
properties on relative contact angle of iron ore fines
was studied and discussed. The results in this paper
may extend our understanding of the conclusions
drawn by Simon M. Iveson, et al. [1, 4]. Besides,
some potential methods to enhance granulation of a
sinter mixture were also discussed.

J. Min. Metall. Sect. B-Metall. 51 (1) B (2015) 33 - 40 



X.B. Huang et al. / JMM  51 (1) B (2015) 33 - 40 

2. Theory and Method
2.1 Contact Angle and Capillary flow

In non-reactive systems [2] or where the reactions
between different phases can be negligible, the
contact angle (θ) on an ideal surface is defined by the
well-known Young equation [13]:

(1)

Where, σl-ν, σs-ν and σs-l are the surface tensions
(N/m or J/m2) of liquid-vapour, solid-vapour and
solid-liquid, respectively. And, cos (θ) is the cosine of
contact angle (θ, °), which is the angle [14] between
the liquid-vapour surface and the liquid-solid surface
along the three phase contact lines. According to the
dynamic behaviour of the interactions between a solid
surface and a liquid, two categories of contact angles
are classified, viz., an advancing contact angle (θA) for
a liquid advancing across the surface and a receding
angle (θR) for the liquid receding from the surface
[15]. This paper researched a process where the water
flows into a packed bed of iron ore particles driven by
capillary forces, thus only advancing contact angle
need to be concerned.

Dynamic capillary rise techniques are the methods
mainly used for determining the contact angle of a
powder [7], which were popularized by Washburn
(1921) [10], validated by Fisher and Lark (1979) [16]
and developed theoretically by Good and Lin (1976)
[17] and Levine et al. (1980) [18]. In capillary driven
flow, the capillary driving force (ΔPcap) generated by
a fluid in capillary tubes is given by the Young
Laplace equation [19]. The viscous resistance (ΔPvis)
when a fluid flow in capillary tubes is described by
the Hagen–Poiseuille equation [20]. Neglecting
inertial and gravity effects, combining the viscous
resistance (ΔPvis) and the capillary driving force
(ΔPcap) yields the rate of liquid penetration (u=dh/dt)
for the fluid flowing in capillary tubes [10].

(2)

Where, RD is the mean hydrodynamic radius of
capillary tubes in a packed bed (m); u, η and h are the
velocity (m/s), viscosity (Pa.s) and penetration height
(m) after t seconds of penetration, respectively. θA and
σl-ν are referred as the mentioned advancing contact
angle and the surface tension of the testing liquid.

The penetration for a liquid flowing into capillary
tubes in a cylinder sealed at one end can be described
by a two-stage mechanism [21]. Initially, capillary
driven flow will continue penetrating until the
pressure of the trapped air in the cylinder balances the
capillary pressure generated in these tubes. Then, a
gradual decrease in the volume of the trapped air will
occur due to the air dissolution. This process will take
a long time (more than an hour [21]), which means the
water absorbed by air dissolution plays little role in

iron ore granulation. Thus the influence of air
dissolution can be ignored in this study. The first stage
of the liquid penetration is described by equation (2)
and it is the process where the relative contact angle
of the iron ore fines was measured.

2.2 Washburn Osmotic Pressure Method

Integrating equation (2) yields the well-known
Lucas–Washburn equation [10, 16, 22, 23] , which is
given as below:

(3)

When using equation (3) to measure the contact
angle of a powder, some problems have been
encountered [11, 24] . One of the problems is that the
accurate height of the liquid front is difficult to
acquire. However, with high accurate pressure sensors
been developed and widely used in industrial and
academic fields, it is easily to measure the contact
angle of a powder in a packed bed by using the
Washburn Osmotic Pressure method [1, 11, 12, 24] .

Some assumptions to generate Washburn Osmotic
Pressure equation from the Lucas–Washburn equation
(equation (3)) were adopted. Firstly, for a capillary
flow in a packed bed, the porous structure in the
packed bed is homogenous and stable with an
effective cross-sectional area of A. And, the pressure
increment (ΔP) under a penetration height of h after t
seconds of penetration is much less than the initial
pressure of the inner air (P0). Taking the inner air (an
initial volume of V0) as the research object with the
ideal gas properties applied to the air, the relationship
between the pressure increment (ΔP) and the
penetration height (h) can be found in equation (4).

(4)

Where, h is the penetration height after t seconds
of penetration in the packed bed; V0 is the initial
volume (m3) of the inner air in the testing tube; P0 is
the initial pressure (Pa) of the inner air and ΔP is the
pressure increment (Pa) of the inner air after t seconds
of liquid penetration; A is the effective cross-sectional
area (m2) of the packed bed in the testing system.

Substituting h from equation (4) into equation (3),
the Washburn osmotic pressure method to measure
contact angle of iron ore fines is given by equation
(5).

(5)

Where, β is a structure-related parameter (N2.m-5),
which is determined by the packed status (RD, A and
V0) and the initial air pressure P0. This parameter (β)
is usually treated as a constant in batches of
measurements with the same sample. But the value of
β is difficult to obtain, which makes difficult to

34

ARTICLE IN PRESS CORRECTED PROOF

   


l v s v s l

D

  



 



cos
c

 


D A

D

u h
dt

R
 



cos

c

d
h
l-v

4

 


D l v A

u

h t

h


cos

d

R
2

2



h  VV
P

P0

0 *A


tA2

2
cos

c

P l-v

R

  
 





calculate the value of contact angle with equation (5).
To avoid calculating β directly, cyclohexane with

a surface tension less than 0.030 N/m was adopted as
the reference liquid in the contact angle measurements
of iron ore fines [1, 8] . Here, cyclohexane can 
perfectly wet the surface of the iron ore particles (cos
(θcyclohexane) =1). Thus, the relative contact angle (θRCA)
of water on iron ore fines can be calculated by
equation (6).

(6)

Where, k or k0 is the slope of the (ΔP) 2 -t curve
described by equation (5). k0, η0 and σl-v0 are the
parameters with cyclohexane as the testing liquid;
while k, η and σl-v are the parameters when water is
used. In practice, we calculated k in a linear curve
(Radj

2 > 0.98) from the (ΔP) 2 -t curve in a period of
penetration time from t to t+Δt (t > 0 s, Δt > 120 s).

3. Apparatus and Materials

Developed based on the mentioned Washburn
Osmotic Pressure equation (equation (5)), a
commercial apparatus, JF99A made by Shanghai
Zhongchen Digital Technic Apparatus Co., LTD was
adopted in the contact angle measurements for seven
commercial iron ore fines. The schematic of JF99A
was shown in Figure 1.

The true density (ρore) of iron ores was measured
by volumetric displacement of water in a 250 ml flask.
The chemical composition and true density for the
seven iron ore fines were shown in Table 1. According
to the definition of LOI (loss on ignition), we suppose
that the decomposition of goethite (Fe2O3.H2O)
contributes a great to the value of LOI for the iron ores

used. Thus the iron ores used here have three kinds of
iron oxides: magnetite (Fe3O4M), free hematite
(Fe2O3fH) and goethite (F2O3.H2OG). The content of
those iron oxides in iron ores used will be calculated
and discussed later in this paper.

Some physical properties of the iron ores were
measured by nitrogen adsorption technique (ASAP
2020) and laser diffraction method (Mastersizer
2000). The results were shown in Table 2. The
specific surface area (SBET) measured by nitrogen
adsorption method represents the specific area of the
internal and external surfaces. With the hypothesis
that all particles are perfectly spherical, laser
diffraction method only can calculate the external
surface area (SLPSA) of the particles. In Table 2, there
is a big difference between the two surface areas,
which can be attributed to the difference of measuring
principle on surface area between the two methods.

The difference between the two surface areas may
describe the surface morphology of the particles. In
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Figure 1. Apparatus of contact angle measurement for iron ore fines used

Table 1. Chemical composition (mass %) and density
(103*kg/m3) for iron ores used 
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Sample TFe FeO CaO SiO2 Al2O3 MgO LOI ρore

S1 61.53 0.29 0.02 3.05 2.06 0.16 6.34 4.32

S2 63.34 0.71 0.05 5.74 1.12 0.05 2.19 4.9

S3 64.51 0.45 0.02 4.3 0.68 0.05 2.04 4.96

S4 58.27 0.22 0.04 5.55 1.37 0.08 10.13 3.93

S5 59.14 0.21 0.05 4.38 1.5 0.08 9.52 4.08

S6 61.26 0.32 0.03 3.69 2.25 0.06 5.88 4.58

S7 65.29 0.16 0.02 1.36 1.49 0.09 2.18 4.49



consideration of our previous work [25], the ratio of
SBET to SLPSA was defined as the surface morphology
index (SMI) with its value for the seven ores shown in
Table 2. To graphically describe the difference in
surface morphology, SEM images of these particles
were obtained with two typical images for two ores
shown in Figure 2. In Figure 2, S4 and S3 are the
materials with the roughest and smoothest surface
among the seven ores, respectively. From the two
images and the value of SMI in Table 2, it seems that
the roughness of the ores increases with increasing the
value of SMI. According to SMI, the roughness of the
ores increases in an order of S3, S7, S2, S6, S1, S5
and S4.

4. Results and Discussion
4.1 Relative contact angle for iron ore fines

The typical dynamic osmotic pressure curves
((ΔP) 2 versus t) were shown in Figure 3 by using
water and cyclohexane as the testing liquid. 

These curves were fitted to the equation (5) to
calculate the slope (k). Under testing temperature
(about 25℃), the viscosity (η) and surface tension (σ)
for water are 0.893*10-3 Pa.s and 0.072 N/m; while

that for cyclohexane are 0.908*10-3 Pa.s and 0.025
N/m, respectively. Substituting the corresponding k, η
and σ into equation (6), the relative contact angle for
each ore was calculated and the results were listed in
Table 3. The relative contact angle for these ores
varied from 57° to 73°. According to the relative
contact angle, the wettability of the ores increases in
an order of S3, S2, S7, S6, S1, S5 and S4. This order
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a-result measured by ASAP 2020, VPore is the pore volume;  b- result measured by Mastersizer 2000 ; SBET is the specific
surface area based on BET model; SLPSA is the specific surface area from laser diffraction method.

Table 2. Physical properties of iron ores

Sample S1 S2 S3 S4 S5 S6 S7
SBET

a(103*m2/kg) 9.098 2.888 1.602 24.544 23.462 7.788 6.836
SLPSA

b(103*m2/kg) 0.381 0.174 0.18 0.211 0.396 0.347 0.508
SMI (SBET / SLPSA) 23.88 16.59 8.9 116.32 59.25 22.44 13.46

Vpore
a ( 10-5*m3/kg) 4.44 0.81 0.61 4.99 4.82 3.6 1.72

Figure 2. The SEM images for the surface morphology of S3 and S4

Figure 3. Typical curves of (ΔP) 2 versus t for S5 (time
span: 400 s to 1320 s)



of wettability is quite similar to that of roughness
(SMI)  and pore volume of the iron ores used.

4.2 A new model for relative contact angle

As mentioned in “Apparatus and Materials”, the
majority of LOI comes from the decomposition of
goethite (Fe2O3.H2OG), while the decomposition of
other hydroxides (such as kaolinite (Al2Si2O5(OH)4)),
the degasification (CO2 and SO2) and other reactions
contribute a little to the value of LOI. Here we define
LOI0 as the minority of LOI that comes from other
reactions rather than the decomposition of goethite.
Then the mass % of goethite in an iron ore can be
calculated as follows.

(7)

And the magnetite (Fe3O4M), total hematite
(Fe2O3T) and free hematite (Fe2O3fH) of the iron ores
used can be calculated.

(8)

(9)

(10)

To determine the value of the mass % of goethite
and that of free hematite, a proper value of LOI0 must
be given in advance. We suppose that there is a fixed
ratio of LOI0 to LOI and with this LOI0, the content of
free hematite in an iron ore with the highest LOI has
a positive value close to zero. Sample S4 (the highest
LOI with the lowest free hematite) was used to
determine LOI0. The relation of LOI0= 0.1×LOI was
applied for each ore used in this paper. Thus those iron
oxides can be calculated and the result was shown in
Table 4.

The reationship between measured density and
calculated goethite content is shown in Figure 4. The
density [26] for pure hematite and pure goethite is
5.24*103 and 4.3*103 kg/m3, respectively. The data of
S7 was not used to fit the equation. From the fitted
equation in this figure, the density of goethite is about
3.83*103 kg/m3, which is a reasonabe value
considering that some lower density components and
a few closed pores also exist in iron ore particles.

Then the volume % of goethite (φG) in an iron ore
can be calculated as:

(11)

Using the Young-Dupre equation [27], the
adhesion energy (W, J/m2) can be calculated as σl-

v×(1+cos(θ)) with the contact angle of water on iron
ore fines. Meanwhile, similar to the calculation of
viscous Gibbs free energy for mixing [28], by using
the rule for average adhesion energy of heterogenous
surfaces [29], the adhesion energy between water and
the iron ore surfaces can be estimated as:

(12)

Where, WO represents all adhesion energy
between water and all non-hydroxide oxides (J/m2);
WG is the adhesion energy between water and goethite
(J/m2).

Thus, a mathematical model for contact angle with
the volume % of goethite (φG) can be built as follows.

(13)

Where, σl-v is the surface tension of water (0.072
J/m2). By drawing σl-v×(1+cos(θRCA)) versus φG in
Figure 5, the model in equation (13) shows good
agreement with the experimental data (data of S7 was
excluded). This model can be explained by the report [4]
that any surface that has a reduced ability of favourable
H-bonding interactions with water, would lead to the
increase in contact angle of water on the surface.

X.B. Huang et al. / JMM  51 (1) B (2015) 33 - 40 37

ARTICLE IN PRESS CORRECTED PROOF

Table 3. Relative contact angle (θRCA and cos(θRCA)) for the
iron ores used

Table 4. Calculation of three iron oxides from chemical
composition

Figure 4. Measured density as  function of calculated
goethite content

Samples S1 S2 S3 S4 S5 S6 S7
cos(θRCA) 0.45 0.32 0.29 0.55 0.51 0.4 0.39
θRCA (°) 63 71 73 57 59 66 67
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(mass %) S1 S2 S3 S4 S5 S6 S7

LOI0 0.63 0.22 0.2 1.01 0.95 0.59 0.22
Fe3O4M 0.93 2.29 1.45 0.71 0.68 1.03 0.52
Fe2O3T 87 88.19 90.73 82.58 83.85 86.52 92.81

Fe2O3*H2OG 56.27 19.44 18.11 89.92 84.5 52.19 19.35
Fe2O3fH 36.44 70.72 74.46 1.78 7.92 39.62 75.43



From Figure 5, the adhesion energy WO is 0.088
J/m2 and WG is 0.112 J/m2. Thus the expected relative
contact angle for pure goethite is about 56 degree and
that for goethite-free iron ore samples is about 77
degree.

It is reported that both chemical properties [1, 4, 8]
and physical properties [30], such as surface
roughness and pore distribution, have a significant
impact on the wettability of iron ore powders. The
impact of physical properties on relative contact angle
was described in Figure 6. Given by equation (14)
with a correlation coefficient Radj

2 = 0.9 and SMI ≥ 1,
an increase in SMI of the iron ores leads to a decrease
in the measured relative contact angle.  

(14)

This result can be accounted for by knowing that
particles with a rough and irregular shape has a bigger
value of SMI and are easy to be wetted and granulated
[31, 32]. Furthermore, a higher pore volume leads to
a lower contact angle, which means that porous

particles favour the wettability between the iron ores
and water.  As mentioned in “4.1 Relative contact
angle of iron ore fines”, there might be a strong
relation of the volume % of goethite (φG) to surface
morphology index (SMI) and pore volume (VPore) of
the iron ores studied. By using multilinear regression
method, the volume % of goethite (φG) can be
expressed as a function of SMI and VPore with a
regression correlation Radj

2 =0.927.

(15)

Then taking equation (15) into account, we can
infer that the relative contact angle is a function of the
volume % of goethite (φG). This function can be
expressed as a mathematical model given by equation
(13).

4.3 Comparison with the literature from Iveson et al.

The contact angle measurement conducted by
Simon M. Iveson, et al. [4] is based on the capillary
pressure difference (ΔPcap) generated by a fluid in a
packed bed, which was given by Young-Laplace
equation. Due to the difficulty to directly determine
the effective mean pore radius (reff) in the Young-
Laplace equation. They used a prefectly wetting fluid
on iron ore powders to overcome this problem. Their
relative contact angle can be determined as:

(16)

Where, σl-ν0 and ΔPcap-0 are the surface tension and
capillary pressure difference generated by the
perfectly wetting liquid in the packed bed; σl-ν and
ΔPcap are that when water was used in test. In their
research work, the capillary pressure difference
(ΔPcap) is determined by subtracting hydrostatic
pressure (ΔPhyd) from the equilibrium value of the
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Figure 5. Adhesion energy as function of volume % of
goethite for iron ores used.  

Figure 6. Influence of physical properties on relative contact angle (θRCA) of iron ores used
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changing pressure in the gas space (ΔPair).
According to their research [1, 4], a linear

relationship (R2=0.88) between the true density and
the hematite content (Fe2O3H, vol %) of iron ores can
be found. And, the measured contact angle decreases
linearly (R2=0.68) with decreasing the hematite
content (Fe2O3H, vol %). Thus, by combining the two
points, the calculated contact angle can be obtained
with the true density of the iron ores studied.

(17)

Where, θcal is the calculated contact angle based on
the data of Iveson (°); ρore is the true density of the
corresponding iron ore (see in Table 1).

Thus, the comparison between the measured
relative contanct angles (θRCA) in Table 3 and the
calculated ones based on Iveson’s data [4] can be
shown in Figure 7. It shows that the calculated contact
angles is in good agreement with the measured
relative contact angles.

However, the calculated contact angle and the
measured contact angle show some difference in
Figure 7. The cause of this difference can be
explained with some reasons. Two possible reasons
are the error in the measurement of the relative
contact angle and the accumulative calculated errors
of the calculated angle when applying the equations
based on the data of Iveson, et al. [4]. More important,
the roughness and pore structure of the iron ore
particles were not taken into account in the Washburn
osmotic pressure equation. It was reported by Wenzel
[31], Kaptay and Barczy [33] that for hydrophilic

materials, the roughness and porous structure of the
particle surfaces woud lead to a better wettability of
the particles with a lower contact angle. If such factors
are considered in the contact angle measurement, the
measured relative contact angle would decrease, more
close to the calculated value.

The contact angle measured by Iveson, et al. is
based on the equilibrium value of the changing
pressure of the inner air, while the advancing contact
angle measured in this paper is derived from the
relationship between the changing pressure of the
inner air and the liquid penetration time. Comparing
with the research from Ivenson et al. [4], a similar but
more detailed conclusion was draw in this paper that
the contact angle for iron ore fines is a function of
volume % of goethite and furthermore, surface
morphology (SMI) and pore volme (Vpore) play a role
in determining the measured contact angle through the
influence on the volume % of goethite.

5. Conclusions

With Washburn Osmotic Pressure method, the
relative contact angle for seven iron ores was
measured in laboratory conditions. The relative
contact angle for the iron ores studied here varied
from 57° to 73°. We investigated the effect of some
physicochemical properties on the wettability of the
iron ores. From the section of “Results and
Discussion”, the following conclusions can be drawn.

(1) The relative contact angle of water on iron ore
fines is a function of LOI or  the volume % of goethite
(φG). With adhesion energy between water and
goethite (WG) of 0.112 J/m2 and that between water
and all non-hydroxide oxides (WO) of 0.088 J/m2, this
function an be expressed as follows.

Comparing with the model developed by Iveson et
al., the new model proposed in this paper is similar
but more detailed with two meaningful physical
parameters (WO and WG).

(2) Physical properties of iron ore particles, such
as surface morphology (SMI) and pore volume (Vpore)
can influence the relative contact angle. With Radj

2 =
0.9 and SMI ≥ 1, an empirical equation between SMI
and relative contact angle (θRCA) was given by

. Given by                                                with
Radj

2=0.927, there is a strong relation of the volume %
of goethite (φG) to SMI and VPore. Taking this into
consideration, we can conclude that the relative
contact angle is a function of the volume % of
goethite (φG).

To modify physicochemical properties in order to
achieve a suitable wettability between the particles
and water would be another topic in the future
research on wet granulation of iron ores.
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Figure 7. The measured θRCA versus the calculated θcal
based on Iveson’s data
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Table 5. Data of the calculated contact angle based on
Iveson’s research

Sample S1 S2 S3 S4 S5 S6 S7
θcal(±10°) 32 49 51 21 25 40 37
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