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Abstract—Kaolinite is a common gangue mineral in iron ore and sodium silicate has been used widely as a
dispersant of silicate gangue minerals including kaolinite in various iron-ore flotation methods over a wide
range of pH. Its actual dispersive effect on kaolinite under iron-ore flotation conditions has received very
limited attention, however. The presence of hydrolyzable metal cations in process water further
complicates sodium silicate�kaolinite interactions. In the present study, the dispersive effect of sodium
silicate on kaolinite particles in distilled water as well as in CaCl2 and MgCl2 solutions was investigated
systematically through electrophoretic mobility and colloid-stability studies. The studies were based on
controlled pH, which eliminated the dispersive effect of sodium silicate induced by increasing pulp pH, in
order to simulate the conditions of iron-ore processing. With pH controlled at constant levels, sodium
silicate dispersed kaolinite only when positively charged sites were present on kaolinite surfaces and the
zeta potential of kaolinite was more negative than ~�30 mV. Over the pH range from 5 to 10.5, a
significant dispersive effect of sodium silicate was only observed at pH 7. In process water, when Ca and
Mg were present, the strong coagulation of kaolinite particles caused by the hydrolyzable metal cations
could not be dispersed effectively with sodium silicate.
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INTRODUCTION

Australia is the world’s largest exporter of iron ore.

Kaolinite, a layered clay mineral of general chemical

formula Al2Si2O5(OH)4, is a major gangue mineral in

Australian iron ore. A large kaolinite content in iron ore

results in a highly viscous slag and high coke rate and

thus is detrimental to blast-furnace and sinter-plant

operations. In the iron-ore industry, the process water

contains Ca and Mg and their concentrations are often as

much as 0.001 M (Iwasaki et al., 1980). In previous

work by Ma and co-workers (Ma, 2010, 2011; Ma and

Bruckard, 2010), hydrolyzable metal cations in this

concentration range caused fast coagulation of kaolinite;

thus, effective dispersion of kaolinite in process water is

of critical importance for the successful removal of

kaolinite from iron ore.

In the iron-ore industry, sodium silicate is used

widely as a dispersant of silicate gangue minerals in both

direct and reverse flotation methods over a wide pH

range. The actual dispersive effect on kaolinite in

process water under the conditions of iron-ore flotation

has received limited attention, however. Diz and Rand

(1990) suggested that sodium silicate species adsorb on

kaolinite through electrostatic attraction, hydrogen

bonds, van der Waals attraction, and condensation.

Andreola et al. (2007) proposed that the polymeric

species of sodium disilicate can precipitate on the

surfaces of kaolinite. The theory of Amoros et al.

(2010) was that sodium silicate disperses kaolinite by

making the clay more negatively charged. In the work by

Amoros et al., however, the solution pH increased when

sodium silicate was added to kaolinite suspensions.

Whether the increased negative charge was caused by

increased pH or the presence of anionic species of

sodium silicate was not distinguished. According to

Manfredini et al. (1987), the dispersive effect of sodium

silicate on a mixture of clay and non-clay minerals is

largely due to its effect on pH, rather than the action of

its anionic species. Similar to Amoros et al. (2010), the

work of Manfredini et al. (1987) was also conducted at

natural pH, which depends on the dosage of sodium

silicate and typically ranges between about pH 7 and 11.

The actual pH of the suspensions depends on the dosage

of sodium silicate.

In iron-ore flotation, the surface charge of iron and

gangue minerals is regulated by adjusting pulp pH, using

different flotation methods depending on the pH

conditions, i.e. acidic, neutral, or alkaline, of the pulp.

The sodium silicate-kaolinite interactions in process

water at various pH values is, thus, of great interest to

the iron-ore industry. The dispersive effect of sodium

silicate on kaolinite in the presence of hydrolyzable

metal cations with pH controlled at constant levels over

a wide pH range and how these cations interfere with

sodium silicate�kaolinite interactions have not been

studied.

In the present study, the effect of sodium silicate on

the colloid stability of kaolinite particles was investi-
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gated in a systematic manner. The pH of kaolinite

suspensions was controlled at constant levels in order to

simulate the conditions of iron-ore processing. Any pH

change induced by sodium silicate was corrected using

pH modifiers. This approach effectively eliminated the

dispersive effect of sodium silicate induced by increas-

ing the pulp pH.

EXPERIMENTAL METHODS

Materials

Kaolinite from Georgia, USA, was obtained from

Ward’s Natural Science Establishment. Quantitative

X-ray diffraction (XRD) analysis showed it to contain

93.0% kaolinite and 7.0% illite. The particle-size

distr ibution was determined using a Malvern

Mastersizer 2000 (Worcestershire, UK) and the resultant

d50 value was 4.2 mm. The BET (Brunauer, Emmett,

Teller) specific surface area of the sample, determined

using a Micromeritics Tristar 3000 (Gosford, Australia)

instrument, was 10.7 m2/g.

Sodium silicate (trade name N1-sodium silicate)

with a SiO2/Na2O ratio of 3.25 and a silica content of

28.7%, was obtained from PQ Corporation (Dandenong,

Australia). Calcium chloride, magnesium chloride,

sodium chloride, and sodium hydroxide were ACS-

certified chemicals obtained from Ajax Finechem

(Sydney, Australia).

Methods

The colloid stability of the kaolinite particles was

investigated through turbidity measurements using a

Hach 2100AN turbidimeter (Loveland, Colorado, USA).

Turbidity values were expressed in nephelometric

turbidity units (NTU). In the turbidity tests, 1 g of

kaolinite was first conditioned with 50 mL of salt

solution (0.0001 M, 0.001 M, and 0.01 M) or distilled

water for 20 min. Then 50 mL of a sodium silicate

solution of known concentration, from 0.0001 M to

0.01 M, was added and the entire mixture was condi-

tioned for a further 30 min. After conditioning, 30 mL of

the sample was collected for turbidity measurements.

Each measurement was repeated three times and the

average value was used. The coefficient of variation in

these experiments was 2�5%.

The electrophoretic mobility of kaolinite particles in

aqueous suspension was studied with the use of a

Zetacompact Z8000 model (CAD Instrumentation,

France), using an electrostratic field of 80 V/cm.

Particle movement was measured by an automated

video analysis of the particles. Zeta potentials were

calculated from electrophoretic mobility using the

Smoluchowski equation (Smoluchowski, 1903). The pH

was adjusted using NaOH and HCl. Each measurement

was repeated three times and the average value used.

The coefficient of variation in these experiments was

2�3%.

RESULTS

Electrophoretic mobility measurements revealed the

effect of sodium silicate on the zeta potential of kaolinite

(Figure 1). From pH 8 to 10.5, sodium silicate did not

interact with kaolinite and the slightly smaller zeta

potential of kaolinite in the presence of 0.001 M sodium

silicate was probably due to the compression of the

electrical double layer by sodium silicate. At pH 7,

however, the surfaces of kaolinite suddenly became

significantly more negative in the presence of 0.001 M

sodium silicate, with zeta potential becoming more

negative, changing from ~�28.9 mV to ~�36.4 mV. A

similar effect was observed at lower pH. Sodium silicate

is known to form colloidal aggregates when its concen-

tration is >0.005 M (Harman, 1928). In the present study,

the zeta potential behavior of sodium silicate colloidal

aggregates was measured in 0.01 M sodium silicate

solution (Figure 1). These colloidal aggregates were very

negatively charged and independent of pH.

The zeta potential of kaolinite in the presence of

CaCl2 and MgCl2 at pH 10.5 (Figure 2) in the absence of

sodium silicate become significantly more positive as

the concentration of CaCl2 and MgCl2 increased from 0

to 0.001 M. When the surfaces of kaolinite were

negatively charged in CaCl2 and MgCl2 solutions,

sodium silicate had no effect on the coagulation of

kaolinite particles. When kaolinite surfaces became

positively charged in the presence of 0.001 M MgCl2,

however, the sodium silicate began to interact with the

clay mineral and reversed its zeta potential from ~+11.0

to ~�16.8 mV. The effect of a low-molecular-weight

polyacrylic acid (MW 1800) on the zeta potential of

Figure 1. The zeta potential of sodium silicate (0.01 M)

aggregates and the effect of sodium silicate on the zeta potential

of kaolinite from pH 5 to 10.5 in 0.001 M NaCl solution.

234 Ma Clays and Clay Minerals



kaolinite in the presence of CaCl2 was measured for

comparison.

The pH and ionic strength affect the colloid stability

of kaolinite particles (Figure 3). From pH 3 to 7, fast

coagulation of kaolinite particles occurred. In the pH

range of 8 to 10.5, kaolinite particles were dispersed,

with a sharp transition observed between pH 7 and 8.

The pH also influenced the effect of sodium silicate

on the colloidal stability of kaolinite particles suspended

in distilled water (Figure 4). Sodium silicate showed no

significant effect on the coagulation of kaolinite

particles from pH 8 to 10.5. At pH 7, however (when

fast coagulation of kaolinite particles occurred in the

absence of sodium silicate, Figure 3), sodium silicate

began to disperse kaolinite and this effect reached a

plateau at a concentration of 0.001 M sodium silicate. At

pH 5, when layer-edge surfaces were more positively

charged, sodium silicate had no significant dispersive

effect on the kaolinite.

Figure 5 presents the dispersive effect of sodium

silicate on kaolinite in the presence of NaCl, CaCl2, and

MgCl2 at pH 10.5. Except for 0.001 M MgCl2 solution,

the sodium silicate had no dispersive effect. On the

contrary, the presence of sodium silicate facilitated the

Figure 2. Effect of sodium silicate on the zeta potential of

kaolinite at pH 10.5 in the presence of CaCl2 and MgCl2 using

0.001 M NaCl as a background solution.

Figure 3. Effect of pH on the stability of kaolinite particles in

distilled water.

Figure 4. Effect of sodium silicate on the stability of kaolinite

particles from pH 5 to 10.5 in distilled water.

Figure 5. Effect of sodium silicate on the stability of kaolinite

particles at pH 10.5 in distilled water and salt solutions.
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coagulation of kaolinite particles, probably due to the

compression of the electrical double layer by sodium

silicate. In the presence of 0.001 M MgCl2, sodium

silicate dispersed kaolinite a little when its concentration

was sufficiently high (0.01 M).

Figure 6 shows the correlation between zeta potential

and colloid stability of kaolinite particles. When the zeta

potential of kaolinite was <~�30 mV, fast coagulation

of the clay particles occurred. At zeta potential values

more negative than ~�30 mV, kaolinite was dispersed

and its colloid stability increased as the zeta potential

became more negative. In general, ~�30 mV may be

viewed as a threshold for the coagulation/dispersion of

kaolinite particles.

DISCUSSION

The aqueous chemistry of sodium silicate is related to

its concentration, pH, temperature, and SiO2:Na2O ratio

(Harman 1928; Lagerström, 1959; Ingri, 1959; Stumm et

al., 1967; Weldes and Lange, 1969; Harris and Newman,

1977; Sjoberg et al., 1985; Svensson et al., 1986; Bass

and Turner, 1997; Osswald and Fehr, 2006). The

presence of polymeric silicates increased with

SiO2:Na2O ratio and SiO2 concentration (Bass and

Turner, 1997). According to Harman (1928), when the

concentration of sodium silicate is >0.005 M, colloidal

aggregates of sodium silicates are present in solution.

The existence of such colloidal aggregates of sodium

silicate was confirmed by Aveston (1965). The proposed

structure of such aggregates was only speculative,

however, and their electrophoretic mobility has not

been reported (Leja, 1982). The present results

(Figure 1) showed that the colloidal aggregates of

sodium silicates were very negatively charged and

independent of pH, which could exert a significant

effect on the oppositely charged sites on the edges of

kaolinite.

When such aggregates are present in solution,

distinction between the zeta potential of colloidal

aggregates of sodium silicate and that of kaolinite

particles is difficult. The concentration of sodium

silicate was thus always controlled at 40.001 M when

measuring the zeta potential of kaolinite particles in this

work.

According to Pushkarev (1956) and James and Healy

(1972a), the adsorption of hydrolyzable ions on solids is

correlated primarily with the hydrolysis characteristics

of the ions rather than with the properties of the solid

surfaces. Consequently, significant interaction of hydro-

lyzable ions and solid surfaces only occurs in a strongly

alkaline medium. At pH 10.5, hydrolyzed Ca2+ species

do not precipitate, allowing their adsorption onto

kaolinite surfaces as CaOH+. From the solubility

products of Mg(OH)2 species (Gjaldbaek, 1925), the

MgCl2 concentration at which precipitation began at pH

10.5 was calculated to be 1.2610�4 M. In a 0.0001 M

MgCl2 solution, therefore, no precipitate of Mg(OH)2
forms and Mg is adsorbed on kaolinite as MgOH+. In a

0.001 M MgCl2 solution, however, Mg(OH)2 forms and

interacts with kaolinite through surface precipitation of

colloidal hydroxides (James and Healy, 1972a, 1972b,

1972c).

Hydrolyzable metal cations and silicate anions form

insoluble complexes in aqueous solutions (Hast, 1956).

The zeta-potential results (Figure 2) indicated, however,

that sodium silicate did not interact with the Mg or Ca

sites on kaolinite when the mineral surfaces were

negatively charged and only interacted with kaolinite

when its surfaces were positively charged.

The inability of sodium silicate to adsorb on

negatively charged kaolinite surfaces, in contrast to

polyacrylic acid (Figure 2) which adsorbs on kaolinite

by forming complexes with the edges (Zaman et al.,

2002), suggests that its adsorption mechanism on

kaolinite is limited to electrostatic attraction only,

without forming weak or chemical bonds with the

mineral surfaces. Although Diz and Rand (1990)

suggested that sodium silicate adsorbs on kaolinite

through weak interactions including electrostatic attrac-

tion, hydrogen bonds, van der Waals attraction, and

condensation, only electrostatic attraction was con-

firmed in the present study. Yang et al. (2008) reported

that sodium silicate adsorbs readily on magnetite even

when the mineral is very negatively charged at pH 11.

The different phenomena observed for kaolinite indicate

that the adsorption mechanism of sodium silicate on

kaolinite differs from that on iron oxides.

Rossington et al. (1998) reported that at pH <5 when

the edges of kaolinite are positively charged, the

interactions between sodium silicate and kaolinite are
Figure 6. Correlation between zeta potential and colloidal

stability of kaolinite.
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extremely weak; at pH >6, when the edges of kaolinite

are negatively charged, sodium silicate interacts strongly

with kaolinite. This observation contradicts the generally

accepted suggestion in the literature that electrostatic

repulsion between sodium silicate and kaolinite at high

pH hinders the dispersant’s adsorption on kaolinite (Diz

and Rand, 1990; Andreola et al., 2007). Note that the

samples used for zeta-potential measurements at differ-

ent pH values were prepared separately in the present

study because the adsorbed sodium silicate at low pH

might be unable to desorb completely when titrating the

same sample over a wide pH range. Rossington et al.

(1998) provided no details of their zeta-potential

measurements, which makes further discussion of their

results difficult.

The application of Derjaguin, Landau, Verwey, and

Overbeek (DLVO) theory to the prediction of clay-

colloid stability implies a large degree of uncertainty

(Missanal and Adell, 2000), contradicting the findings of

Rao et al. (2011) that kaolinite particles coagulate in the

same way as normal colloidal particles. The colloid

stability of kaolinite particles is related to their layered

structure. In general, in acidic media, edge-to-face

hetero-coagulation occurs through electrostatic attrac-

tion. In alkaline media, both edge and basal planes are

negatively charged leading to electrostatic repulsion

between kaolinite particles. The transition in coagulation

occurs at the point of zero charge (PZC) of the edge

planes.

The PZC of kaolinite edge planes reported in the

literature ranges from pH 5 to 9, depending on the

kaolinite used, the clay pretreatment, and the method

used for measuring the PZC (Herrington et al., 1992;

Williams and Williams, 1978; Rand and Melton, 1975;

Flegmann et al., 1969; Melton and Rand, 1977; Diz and

Rand, 1989). In the present study, the critical coagula-

tion pH appears to be between pH 7 and 8 (Figure 2),

which agrees well with the observations of Williams and

Williams (1978), Johnson et al. (1998, 2000), and Miller

et al. (2007).

As discussed above, the adsorption of sodium silicate

on kaolinite surfaces is driven by electrostatic attraction

only and this conclusion is supported by the turbidity

results (Figure 4). The colloid stability of kaolinite

particles was not affected by sodium silicate when

kaolinite surfaces were negatively charged from pH 8 to

10.5 (Figure 4).

At pH 7, positively charged sites appeared on the

edges of kaolinite, offering electric attraction to the

anionic species of sodium silicate (Figure 1), which is

responsible for the significant increase in the colloid

stability of kaolinite (Figure 4). Further increase of the

concentration of sodium silicate to 0.01 M led to the

formation of very negatively charged colloidal precipi-

tates of sodium silicate (Figure 1), which can be

expected to adsorb on the positively charged edges and

induce stronger dispersion of kaolinite. Such a phenom-

enon was not observed (Figure 4), however, indicating

that the positive sites on kaolinite were probably already

saturated by the anionic species of sodium silicate at

0.001 M and, thus, unable to accommodate further

anionic species.

The dispersive effect of sodium silicate on the

kaolinite particles coagulated by Ca and Mg was rather

weak. As long as the surfaces of kaolinite (with adsorbed

Ca/Mg) remained negatively charged, sodium silicate

did not interact with kaolinite (Figure 2) and, thus, did

not disperse the clay particles (Figure 5). When kaolinite

surfaces were positively charged in the presence of

0.001 M MgCl2, sodium silicate anionic species were

attracted to kaolinite. In the presence of 0.001 M sodium

silicate, the zeta potential of kaolinite was reversed from

~+11 mV to ~�16.8 mV (Figure 2), but still less than the

critical zeta potential to disperse kaolinite (~�30 mV).

When sodium silicate concentration was increased to

0.01 M, the very negatively charged colloidal precipi-

tates of sodium silicate appeared (Figure 1) and a slight

dispersion of kaolinite was observed (Figure 5).

Andreola et al. (2006) reported that the dispersive effect

of sodium hexametaphosphate on kaolinite is greater

than that of sodium disilicate. Because the work of

Andreola et al. (2006) was only conducted at natural pH

and the effect of the dispersants on the pH of kaolinite

suspensions was not considered, to compare the effec-

tiveness of sodium hexametaphosphate and sodium

silicate in kaolinite dispersion with pH controlled at

constant levels over a wide range of pH will certainly be

of practical significance for the iron-ore industry.

In the present work, sodium silicate was only

observed to disperse kaolinite in three cases: at pH 5

and 7 (in distilled water) and at pH 10.5 (in 0.001 M

MgCl2 solution). In these three cases, positively charged

sites were present on kaolinite surfaces.

CONCLUSIONS

Electrophoretic mobility and colloid stability studies

were conducted on sodium silicate-kaolinite systems.

The studies were based on controlled pH, which

eliminated the dispersive effect of sodium silicate

induced by increasing the pH of kaolinite suspensions,

in order to simulate the conditions of iron-ore proces-

sing. Under those conditions, the following conclusions

can be drawn: (1) Colloidal aggregates of sodium silicate

were observed when its concentration was 0.01 M. The

colloidal aggregates were very negatively charged

(~�40.0 mV) and independent of pH. (2) A critical

zeta potential (~�30 mV) was observed as a threshold

for the coagulation/dispersion of kaolinite particles.

(3) Sodium silicate�kaolinite interactions are purely

electrostatic. (4) Sodium silicate disperses kaolinite

only when positively charged surface sites are available

to the dispersant and the zeta potential of kaolinite is

more negative than ~�30 mV. (5) Although sodium
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silicate has been used widely as a dispersant of kaolinite

in alkaline media in the iron-ore industry, significant

dispersive effects were only observed at pH 7. At higher

(8, 9, 10.5) or lower pH (5), no significant dispersive

effect was found. The colloid stability of kaolinite

decreased slightly with increasing sodium silicate

concentration at pH 10.5, indicating that the dosage of

sodium silicate to cause over deflocculation was reduced

at high pH. (6) In process water, when Ca and Mg were

present, the strong coagulation of kaolinite particles by

these ions could not be dispersed effectively with

sodium silicate.
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