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[ Abstract] The aggregation/ dispersion of ultrafine particles is of interest for both fundamental and practical perspective.

T hese behaviors of ultrafine silica in flotagent solution and the heter coagulation of silica and alumina were examined using

particle size analyzer, electrokinetic potential, contact angle measurements. The flotation reagents have a pronounced ef-

fect on the aggregation or dispersion behaviors of ultrafine silica suspensions. Collector dodecylamine chloride renders silica

surfaces hydrophobic and the aggregation between silica particles takes place. Modifier tripolyphosphate makes the silica

surface completely hydrophilic and enhances the stability of silica suspension. These experimental results can be explained

based on the extended DLV O theory by considering polar interfacial interaction between particle surfaces.
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1 INTRODUCTION

The stability of ultrafine particle suspension is
very important in many area of technology such as
flotation, selective flocculation. Silica is the dominant
component of most silicate gangue minerals in flota-
tion such as quartz, kaolinite, illite, and pyrophyl-
lite. In this regard, the studies on the nature of inter-
action between silica particles in some reagent solution
will improve our understanding of the aggregation/
dispersion behavior for silica system.

The interfacial interaction forces between parti
cles govern the aggregation/ dispersion of ultrafine
particle suspension. These interaction forces have
been recognized to include van der Waals forces, elec
trostatic forces, structural forces arising from the in-
teractions between hydrophobic or hydrophilic particle
surfaces, magnetic forces in some magnetic systems
and steric forces between particles adsorbing macro-
molecules!'™ *'. DLV O theory is only of limited utili-
ty in describing suspension stability!>® . It has been
found that there may exist non-DLV O forces between
two surfaces in some polar media such as water,
which are repulsive betw een hydrophilic surfaces, and
attractive betw een hydrophobic surfaces *7*.

For hydrophilic surfaces, the existence of non-

|

DLVO forces was recognized much earlier'”. More

recently, many investigators conducted surface force

measurements for hydrophilic systems using various

[ 10, 11]

surface force apparatus ( SFA) , and atomic

force microscopy (AFM )" and confirmed the

existence of the repulsive hydration force in the sym-

metric hydrophilic systems. Many investigators
demonstrated that the effective range which the hy-
[3~151 i has
also been reported that there are measurable long

range attractive hydrophobic forces between two hy-

dration forces operate is less than 5 nm

drophobic surfaces such as methylated silica surfaces,
natural coal surfaces''®, and solid surfaces covered
L7181 " The various SFA and AFM
are also used for the measurement of hydrophobic

4,19,20
force curvest® 120!

with surfactants

The origin and nature of these forces have long
been controversial. For hydrophilic system, it appears
that a change in the structure of water may produce
11321221 Tsraelachvili believed that the

repulsive hydration forces arise from strong H-bond-

repulsive force

ing surface groups, such as hydrated ions or hydroxyl
( —OH) groups, which modify the H-bonding net-
work of liquid water adjacent to them'®'. For hy-
drophobic systems, some investigators considered it to
be related to the metastability of the water film be
tween hydrophobic surfaces'***'; while others be-
lieved that it is entropic in origin, arising mainly from
the configurational rearrangement of water molecules

[26,27]

in the vicinity of hydrophobic surfaces Some

authors proposed the capillary force due to cavitation
in the vicinity of hydrophobic surfaces' ***!,

van Oss et all**3! reported that these structural
interaction forces, which are of polar either in the at-
tractive ( hydrophobic interaction) or in the repulsive
mode( hydration pressure) represented energies that
may be up to two orders of magnitude higher than
those commonly encountered in traditional DLV O
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theory. They proposed a polar interfacial interaction
theory. Skvarla and Kmet!® used this approach to
discuss the aggregation and dispersion of fine magne-
site in sodium oleate solution. HU et al'** investigat-
ed the interactions between fine hematite particles in
sodium oleate solution and between fine wolframite
particles in styryl phosphonic acid solution in the light
of the van Oss theory.

At present work, the hydrophobic interaction
and hydration repulsion between silica particles, and
the aggregation/ dispersion of ultrafine silica are stud-
ied based on the polar interfacial interaction theory.

2 EXPERIMENTAL

2.1 Materials

Quartz (d= 10mm) was purchased from Harric
Scientific Co.. Ultrafine silica powder (< 1Hm,
99.9% purity) was purchased from Sigma Chemical
Co.. The chemicals used in the present study in-
clude: technical grade sodium tripolyphosphate ( GF'S
Chemicals), reagent grade dodecylamine hydrochlo-
ride from ACROS Organics, glycerol (EM Science) ,
diiodomethane ( Aldrich Chem. Co.), formamide
( Mallinckrodt Inc.). HCl and NaOH ( AR) were
used for pH modification. A MillrQ water system
( Millipore) supplied with distilled water provided
high-purity water with a resistivity of + 18 M Q and a
surface tension of 72 £0. 2 at 23 C.

2.2 Zeta potential, particle size and contact angle
measurements

The zeta potential and particle size of silica sus-
pensions were measured by standard procedures with
a Malvern Zeta Sizer 111 using a quartz capillary cell
with a 4mm diameter. The ultrafine alumina was
added into a 100 mL beaker containing an aqueous so-
lution of known composition. T he solid concentration
was about 0.02% . The suspension were agitated for
10 min and transferred to the capillary cell with a sy-
ringe, and then the zeta potential measurements were
made in the electrophoretic mode and the distribution
of particle size was measured in the size analyzer
mode. The sessile drop technique was used for con-
tact angle measurements with a NRL goniometer

(Rame-Hart, Inc.)!.

3 RESULTS AND DISCUSSION

3.1 Aggregation/ dispersion behavior of silica in
absence and presence of flotagent

The particle size distribution curves of silica sus-
pension in the absence and presence of flotagents are,
respectively, given in Fig. 1 and Fig. 2. Fig. 1 shows
that the distribution of coarser particle silica is in-
creased in the surfactant solution than in deionized
water. The average particle size of silica suspension is

about 3.03Hm in deionized water and increased to
4.83Um in 10°* mol/L dodecylamine chloride
(DDA) solution at pH 6.5~ 6.7, indicating that the
aggregation between silica particles occurs. Instead,
the coarser parts in silica suspension are decreased in
modifier solution. It can be seen from Fig. 2 that the
average particle size of silica suspension is decreased
from 3. 03 Hm to 2. 44 Um by addition of 10™* mol/ L
tripolyphosphate (T PP) .

25
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®—DDA 10™* mol/L
pH6.5~6.7
KCl 103 mol/L

20

Average size
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Fig. 1 Effect of dodecylamine chloride on
particle size distribution of silica suspension
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Fig. 2 Effect of tripolyphosphate on

particle size distribution of silica suspension

3.2 Electrokinetic behavior

The zeta potentials of silica in the presence and
absence of collectors are shown in Fig. 3 as a function
of pH. It follows that the silica is negatively charged
at wide pH range and PZC occurs at about pH 1. 8.
The addition of 10" * mol/ L dodecyl amine chloride
decreases the negative zeta potential of quartz and
produces a PZC at about pH 3.2. When adding 10 *
mol/ L. TPP the negative zeta potential of silica moved
to more negative with a value of — 60.46mV.

3.3 Wettability and surface energy
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Fig. 3 Zeta potential of silica in deionized water
and in dodecylamine solution vs pH

According to van Oss’ s surface thermodynamic
approach, the surface energy of a solid as well as the
solidliquid interfacial energy is determined by two
components. The first is the apolar ( Lifshitzvan der
Waals LW) component ¥V and the second is the
polar ( Lewis acid-base, AB) component Y'*. van
Oss ef all 303133 361
as electron acceptor-electron donor interactions, or
Lewis acid-base ( AB) interactions, which were es
sentially asymmetrical and could only be satisfactorily

considered the polar interactions

treated by taking that asymmetry into account. They
designated the symbol Y; to express the parameter of
the polar component ( ¥:*) of the surface tension of
compound ¢, Y; is due to the electron donor or pro-
ton acceptor, and Yi to express the electron acceptor

or proton donor parameter of the Y/}B.

The Lifshitzvan der Waals ( LW) interfacial
. LW .
tension (energy) Ysi can be written as
LW ; 7| 2
ot N (1
The polar component of solid-liquid interfacial
tension can be written as

w=2 v v+ ¥ %-
i - s o] (2)
And related to contact angle by using the Young-
Dupre equation,
YL.( 1+ cos 0) = 2| JY%W Y+ JYé yi, +

i (3)

Thus, by contact angle ( 8) measurements with
three different liquids (of which two must be polar)

with known ViV, ¥, ¥ values, using Eqn. (3)
three times, the values ¥§", ¥& and ¥s of any solid
can be determined. Similarly, by contact angle mea
surements of a liquid on various solids (of which two
must be polar), the IV, vi and ¥{ can be deter
mined. It is always necessary to determine (or to

know) the value of Y.
The interfacial interaction energy parameters
were obtained by using the follow ing relationship'”"l.

For the LW interactions between similar solid surface

(1) in a liquid (3),

N I I a (4

and for the AB interactions between similar solid sur-

face (1) in a liquid (3),
AGHI= — 4 v v+ JY§ Tg =
v - i (3)
When AGYi< 0, it defines the hydrophobic AB or
hydrophobic structural interactions. When AG13)>

0, it defines quantitatively the hydrophilic AB or hy-
drophilic structural interactions.

Table 1 presents the average contact angles for
quartz surfaces in various solutions. In deionized wa
ter, the water contact angles with quartz is zero,
showing a hydrophilic surface. In the DDA cationic
surfactant solution, the water contact angles with
quartz at pH> 2 are increased and thereby hydropho-
bicity enhanced. Treated in modifier solution of 10™ *
mol/ L TPP. auartz surfaces exhibit zero contact an-
gles with water and under this condition quartz be-
come very hydrophilic. Different contact angles of
various liquids on quartz surface at different condr
tions as seen in Table 1 show that the polar interfacial
interaction changes with the conditions.

Table 1 Advancing contact angles of
various apolar and polar liquids at quartz surface for
different solution conditions

Solution conditions Average contact angle 0/ (°)

Reagent/ (mol*L” ")  pH W GL FM DM
Deionized water 0 21.2 0 30.7

DDA: 5x10°° 6.7~ 6.8 45 40 29  39.9
1074 6.7~ 6.8 57 51 41 40
5%x100*% 6.5~6.7 81 76 65 49

TPP 1x107% 9~09.2 0 22.8 0 33.4

The values for the various components of surface
energy of quartz corresponding to the solution condi
tions in Table 1 are calculated on the basis of
Eqn. (3) and presented in Table 2. With the data in
this table and in the light of Egs. (4) and (5), the
energy parameters of Lifshitzvan der Waals and in-
terfacial polar interactions in various systems between
quartz particles are calculated and shown in Table 3.
It can be seen from Table 2 that at different solution
conditions the Lifshitzvan der Waals component of
interfacial tension ¥§“ shows not too much differ
ence, however, the electron-donor Ys and electrom
acceptor YS components are evidently different,
which will result in different polar interfacial interac
tions between silica particles. As illustrated in T able
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3, the Lifshitzvan der Waals interaction energy pa
rameters are negative at various solution conditions,
indicating an attractive van der Waals forces. Howev-
er, the polar interfacial interaction energy parameters
are positive for silica in deionized water and in
tripolyphosphate solution, and negative in dodecy-
lamine chloride solution. These results demonstrate
that the repulsive polar interfacial interaction forces
may exist between silica surfaces in deionized water
and TPP solution, and attractive interaction forces
exist in DDA solution.

Table 2 Values of components of
surface and interfacial energies of quartz
at different solution conditions

Surface energy ¥/ (mJ*m™ %)

Ly v Jvs

Deionized water 6.7 5.77 1.82 7.27
DDA 5x10°° 6.7~ 6.8 5.71  1.66  5.36
10 * 6.7~ 6.8 5.81  1.25  4.51

5%x107% 6.6~ 6.7 5.59  0.15 3.0

TPP  1x10"* 9~09.2 5.95 1.8 7.5

Solution condition

Reagent/ (mol*L™ ) pH

Table 3 Energy parameters of interactions
between various particles

Energy parameters

System conditions I{mJm %)
P e (1 (meiey  Acth aci
Deionized water — 2.424  28.678
S;%zé.vgi Sé(_)é’ DDA: 100* - 2.604 - 8.208
5102r/)§v9/-52102, TPP: 10" * -3.28 31.85

3.4 Interaction forces between silica surfaces

In the classical DLV O theory, the sum of the re-
pulsive electrostatic interaction force Fg and the at-
tractive van der Waals force F arrives at a total net
DLVO interaction forces ( F7) for a given separation
as follow ing:

FP= Fy+ Fg (6)

The repulsive electrostatic interaction force de
cays approximately exponentially with the distance of
separation ( D). For two similar spheres of radius R,
according to the constant surface potential model Fy
is given by

Fg= 2Mg,RK%exp(~ XD) (7)
where € is the absolute dielectric constant of the
medium, for water &= 6.95x 10" ' C*/ m; R is ra
dius of the particles; % is potential at the particles
surface, here the measured zeta potential was taken
as the relevant potential; K is the inverse Debye
length equal to 0. 104 nm™ ' for 10” > mol/L 1: 1 elec-

trolyte at 298 K; D is the separation.

The van der Waals attractive force Fw can be
calculated using the classical expression with known
Hamaker constant. It can also be obtained according

to the surface energy measurements >>*" as below,
| Dol ®
Fy= TR A(;L"‘I 5“‘ (8)

The equation describing the decay with distance
of polar interfacial interaction forces for two spheres
of radius R is

ho (9)
ho is the decay length, here hg is taken to be

Fap= 2R AG 5iexp

w here
I nm for hydrophilic system and 2 nm for hydrophobic
system; Dy is the minimum equilibrium contact dis-

tance between particles, Do = 0.158nm!" or
0. 163 nm' ",

The total extended DLV O energy is

Fi’= Frw+ Fe+ Fag (10)

In order to further explain the aggregation/ dis
persion of ultrafine silica in various solutions, we can
calculate the interaction forces between the silica par-
ticles under these conditions. The electrostatic inter-
action forces were calculated by Eq. (7) and the data
in Fig. 3. The Lifshitzvan der Waals and interfacial
polar forces were calculated in the light of Egs. (8)
and (9) and the data in T able 2 and 3. The total DL-
VO and EDLVO forces are obtained by Egs. (6) and
(10).

The interaction force curves between silica parti
cles in the absence and presence of DDA at pH 6. 5~
6.7 are shown in Fig. 4. It may be seen from Fig. 4
that no matter whether or not adding DDA, DLVO
force profiles demonstrate that a low force barrier ex-
ists between silica particles at some distance and dis-
appears at shorter distance. It suggested that almost
same results be predicted for silica interactions in the

4
2r --- DLVO forces
"" — EDLVO forces
— .’,‘ ————————————
= O
I}
E i
Z 2K
£
= |
Hlee — g
|
-6 1,2—DDA 10~ * mol/L
i 3, 4—Deionized water
) 10 20 30 40

Separation/nm

Fig.4 DLVO and extended DLVO force
profiles betw een silica surfaces in deionized water and
dodecylamine (DDA) solution
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absence and presence of dodecylamine chloride from
DLVO theory, which can not explain the different
aggregation/ dispersion behavior of silica suspension at
the different conditions. EDLVO force curves demon-
strate that there is always a repulsion between silica
particles at pH 6.5~ 6.7 in pure water and a strong
attraction between silica particles in DDA solution. It
means that the aggregation in ultrafine silica particle
suspensions will take place by addition of 10™* mol/ L
DDA as shown in Fig. 1. In the light of Eq. (9) and
Eq. (10), the attractive interaction between silica
particles adsorbed DDA can be attributed to the polar
interfacial interaction due to the surface hydropho-
bized.

Fig. 5 shows the force profiles betw een silica sur-
faces in the absence and presence of tripolyphosphate.
The DLVO force curves show a force barrier at cer
tain distance and then become attractive at shorter
distance both for pure water and TPP solution. DL-
VO theory predicts that the interactions between ul-
trafine silica particles may have a same tendency in
deionized water and in T PP solution, which can not
explain the dispersion of silica suspension by addition
of TPP as seen in Fig. 2. According to the calculated
results from EDLVO theory, the strong repulsion is
always present between ultrafine silica particles at pH
6.5~ 6.7 in the absence and presence of TTP. The
repulsive forces is much higher in T PP solution than
in deionized water, indicating that tripolyphosphate
can be used as the dispersant of ultrafine silica as seen
in Fig. 2. In this case, the repulsive interaction is also
due to the polar interfacial interactions, but it is hy-
dration repulsive interaction.

4
1
3 == DLVOQ forces
3r ) — EDLVO forces
oap 1,2—TPP 10™* mol/L
T ' 3,4—Deionized water
g o=
. w4
7 i
E :
<
Ty f e = s e e e
[
f pH 6.5~6.7
=1 KCl 1072 mal/L.
B 26 10 20 30
Separation/nm

Fig.5 DLVO and extended DLV O force profiles

between silica surfaces in deionized water and
in tripolyphosphate ( TPP) solution

4 CONCLUSIONS

Silica surface is negatively charged at wide pH
range having a PZC value 1. 8. The negative zeta po-

tential of silica surface is decreased and the charge re-
versal occurs at pH 3.2 in 10”* mol/ L dodecylamine
chloride, whereas in tripolyphosphate solution, silica
surface becomes more negative. The particle size of
ultrafine silica suspension is coarser in DDA solution
than in pure water, showing the aggregation phe-
nomena betw een silica particles. TPP acts as a disper-
sant for silica suspension. The average particle size of
silica suspension is smaller in TPP solution than in
pure water. Silica surface is rendered hydrophobic in
DDA solution giving rise to strong attractive interfa-
cial polar interactions ( hydrophobic interaction),
which is responsible for the aggregation of silica parti-
cles. Silica surface adsorbed TPP is more polarized
and hydrophilic, inducing strong repulsive interfacial
polar interactions ( hydration repulsion), which ac
counts for the dispersion mechanism of TPP.
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