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Abstract 
In this report, the oxygen-silicon ratio for a repre-

sentative series of silicate minerals is correlated to the 
degree of adsorption on the surface of the mineral 
when it is immersed in water. Experiments are con-
ducted to prove that there is a corresponding increase 
in adsorption with increasing oxygen-silicon ratio. The 
behavior of the minerals in an electric field is in-
vestigated using zero point of charge as a parameter. 

Equipment for these zero point of charge experiments 
consists of a moving boundary cell, a mass transport 
cell, two cataphoresis cells, and a streaming potential 
cell. Finally, a theoretical model is developed to ex-
plain the increase in zero point of charge with increas-
ing oxygen-silicon ratio. A comprehensive bibliography 
on electrokinetic properties of silicates has been in-
cluded at the end of the paper. 

Introduction 
In recent years great interest in surface chemistry 

has produced a number of methods to study the sur-
face of minerals and to observe the phenomena oc-
curring at their interfaces. Several such methods are 
discussed in this paper. 

Before undertaking a description of the surface phe-
nomena of minerals, some terms must be defined. The 
most important of these are zero point of charge, par-
ticle mobility, and zeta potential. Zero point of charge 
of a mineral whose potential-determining ions are H+ 
and OH —  is defined as the point on the pH scale at 
which the mineral possesses no surface charge and the 
adsorption of H+ and OH —  is nil. Particle mobility is 
the velocity of mineral particles in the presence of an 
electric field. It is usually expressed in microns per 
second per volt per centimeter. Zeta potential is the 
potential a mineral particle assumes when placed in 
an electric field. It is responsible for a constant reform-
ing of the diffuse surface layer of the mineral particle. 

A rather complete study of the surface chemistry of 
the oxide minerals has been undertaken by Parks 
(1965). However, a similar study had not been made 
for the silicate minerals. Two previous papers by the 
authors attempted to remedy this situation (Deju and 
Bhappu, 1965a,b) . In these papers it was demon-
strated that the reaction between the silicate mineral 
particles and acidic water involves mainly an exchange 
of metal ions for hydrogen ions on the surface of the 
solid, leading to an increase in pH of the aqueous  

phase. Also, the degree of reaction was found to 
depend on the oxygen-silicon ratio of the silicate struc-
ture, being greatest for the olivines. It was then theo-
rized that upon the fracturing of a silicate mineral, 
the oxygen-metal bond, which is almost entirely ionic 
in character, will break more easily than the stronger 
oxygen-silicon bond, resulting in a greater number of 
unsatisfied negative forces on the surface. Thus, an 
increase in the degree of adsorption of hydrogen ions 
occurs as the oxygen-silicon ratio increases. 

A correlation between oxygen-silicon ratio and other 
electrophoretic properties will be further pursued in 
this paper from both the theoretical and experimental 
points of view. It is believed that this study may supply 
pertinent information on the behavior of silicate min-
erals in froth flotation systems. 
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Equipment Electrokinetic Studies 
MOVING-BOUNDARY CELL 

Moving-boundary methods were among the earliest 
to be used for the determination of electrophoretic 
mobilities. The Burton cell is a moving-boundary 
method, such boundary being measured with a travel-
ing telescope. When the Burton cell is used, it is 
essential to have osmotic equilibrium between the 
suspended particles and the supernatant liquid. Also, 
careful consideration must be given to the type of 
supernatant liquid used in the experiment. 

The Burton cell is highly reliable and has been 
widely used. However, experiments with it are very 
tedious and require several hours to complete. This 
may cause errors due to diffusion not detectable with 
the telescope. A very complete discussion of the Burton 
cell is given by Alexander and Johnson (1949). 

MASS-TRANSPORT CELL 

Long and Ross (1965) developed a method for de-
termining electrophoretic mobilities in an effort to  

obtain an instrument well adapted for fundamental 
research, while retaining the main features of earlier 
mass-transport cells. 

The setup of the Long-Ross cell is shown in Figure 
1. This cell is made of machinable Plexiglas and is 
very simple in design and construction. For electrophoretic 

 mobility measurements, the main circuit com-
ponents are two electrode probes, a Leeds and North-
rup Speedomax G. Recorder with a voltage-divider 
circuit, and a d-c voltmeter. 

In this cell, the amount of solids transported is 
given by the equation 

m = MEAvet (1) 

where M is the concentration of the solids (gm/ml) , E 
is the potential gradient (volts/cm) , A is the area of 
cross section of migration tube (cm2) , Ave is the electro-
phoretic mobility (cm sec-i/volt  cm-i) , and t is the 
time (sec). 

This apparatus is most reliable for colloidal particles 
of high specific gravity. Comparison of the Long-Ross 
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method with the Burton Cell show mobility differences 
of no more than 4 per cent. 

Errors using this apparatus may be due to formation 
of convection currents due to Joule heat, counterflow 
effect, mass transfer of supporting electrolyte, convec-
tion currents created by the gravitational fall of par-
ticles, and thermal conductivity properties of and 
electrostatic charge effects on Plexiglas and Teflon. 
The advantages of this method are many more than 
its shortcomings, and reproducible measurements of 
electrophoretic mobilities of dispersed particles can 
thus be easily made using the Long-Ross cell. 

CATAPHORESIS CELL FOR 

ELECTROKINETIC STUDIES 

In a previous paper, Deju and Bhappu (1965a) de-
scribed a simple method for determining zero points of  

charge using a potential across a cataphoresis cell and 
observing particle movement by means of a rayoscope 
optical system. This setup is simple in design and oper-
ation and extremely reliable. With care, reproducible 
results within 1.5 per cent accuracy may be obtained. 

A new setup has been developed, based partly on the 
design by Zeta-Meter Corporation (Riddick, 1961) and 
partly on previous cataphoresis cells used at the New 
Mexico Bureau of Mines. This new, modified cell is 
shown in Figure 2. Although it is less reliable than 
the cataphoresis apparatus above, it is more conven-
ient for rapid routine measurements of zero point of 
charge. Measurement errors using this cell are caused 
mainly by the thermal conductivity properties of Plexi-
glas and by convection inside the tube. Its maximum 
deviation from results obtained with the cataphoresis 
cell has been approximately ±3.5 per cent for a total 
of 35 determinations. 

Figure 2 
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STREAMING POTENTIAL 
Streaming potential is also frequently used in meas-

uring zeta potential and zero point of charge. This is 
an indirect way of measurement. Streaming potentials 
can be calculated by determining the difference in 
potential between the two ends of a porous plug of 
particles as a liquid is forced through the plug. The 
equation that relates a zeta potential to streaming po-
tential is given by Gaudin and Fuerstenau (1955). For 
aqueous systems at 25° C, this equation is  

where E is the streaming potential in millivolts, P is 
the driving pressure in centimeters of mercury, and 
is the specific conductance of the solution contained 
inside the plug in ohms-1- cm-i. 

To determine zeta potential by this procedure, it is 
necessary experimentally to measure driving pressure, 
specific conductance, and streaming potential. The 
error in zeta potential values measured in this man-
ner has been less than 1 per cent. Further discussion 
of streaming potential studies is given by Fuerstenau 
(1956) and Korpi (1960). 
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Zero Point of Charge  Studies 
MATERIALS AND SAMPLE PREPARATION 

Carefully selected hand-picked samples of the min-
erals investigated were dry-crushed in a ceramic ball 
mill and screened to obtain a minus 400-mesh size 
fraction. The sized samples were then run through the 
electromagnetic separator to remove iron-bearing ma-
terials. Finally, the samples were crushed in an auto-
matic mortar to obtain a size fraction 2 to 10 microns 
in diameter. Final particle sizes were determined to an 
accuracy of ±l.5 per cent using a Fisher subsieve sizer. 
One gram of this size fraction of a mineral was mixed 
with a gallon of deionized water. From this stock solu-
tion, 10 samples of 100 milliliters each were taken, 
each having approximately the same degree of particle 
dispersion. Every sample was then adjusted to a de-
sired pH with HCl or NaOH, and its zero point of 
charge was immediately measured. 

PROCEDURE 

Particles were observed as they moved through the 
cataphoresis cell using a rayoscope optical system, and 
their velocities were statistically measured using 20 
determinations. From the electrophoretic mobility 
data, the zeta potential was calculated using Henry's 
ea uation (Overbeek. 1959): 

where 3 is the zeta potential, V is the velocity of the 
particle, E is the applied potential, is the viscosity of 
the solution, g(k, r) is a function of the reciprocal 
thickness of the double layer, r is the radius of the 
particle, and D is the dielectric constant. The pro-
cedure outlined above was applied to representative 
samples of silicate minerals. Results obtained for the 
zero point of charge experiments are shown in Table 
l; Figure 3 shows these results in a graphic form. 
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Figure 3 
ZERO CHARGE VS. SPECIFIC GRAVITY OF SILICATE MINERALS 

DISCUSSION OF RESULTS 
From Table 1 it can be seen that for a series of very 

pure silicate samples, the oxygen-silicon ratio increases 
as the zero point of charge increases. Also, since specific 
gravity is approximately directly proportional to the 
oxygen-silicon ratio, it follows that zero point of 
charge is directly proportional to specific gravity for 
very pure silicate minerals. This relationship, however, 
will not hold for impure minerals of a high cationic 
content, as shown in Figure 3. 

An important point that must be considered is the 
observed difference in zero point of charge between a 
leached and an unleached sample of the same mineral, 
as shown in Table l. An explanation for this occur-
rence may be obtained by constructing a simple model 
of the reaction of these silicates immersed in an acid 
solution. 

Let M+ be the metal cation and Y—  be the anionic 
part of the silicate sample. The surface reaction may 
be indicated by the equation 

If the silicate sample is leached and purified, a large 
number of the M+ ions may leave the surface. The 
number of them originally present on the surface will 
then be substantially less than otherwise, and the 
amount of MOH formed as an end product will also 
be much less. If the leached sample is denoted by A 
and the unleashed sample by B, it follows that 
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Since for the silicates used, [H+] is the potential de-
termining factor, 

for this reason, the zero point of charge of the leached 
and purified sample may be less than that of the im-
pure sample, as is observed experimentally. 

In reality, equation (4) will not be the only reaction 
occurring on the surface of the mineral. There may be 
an entire set of reactions simultaneously occurring, as 
indicated by the following: 

All equations in this set are particular cases of a gen-
eral chemical equation that can be written as 

where p is the valence of Y and n is the valence of M. 
Further experimental evidence for this result for the 
case of iron has been presented in previous papers 
(Deju and Bhappu, 1965a,b). 
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Absorption Studies 
MATERIALS AND PROCEDURE 

Hand-picked fractions of the same samples used 
above were crushed and screened dry to obtain a 
—100+200-mesh size fraction. These fractions were 
dry-treated and purified to reduce the surface iron con-
tent to a minimum. A 10-gram sample of each mineral 
was placed in 100 milliliters of deionized water previ-
ously adjusted to a pH of 3.50 with HCl. The beaker 
containing the sample and the water was then placed 
in a nitrogen atmosphere. The changes in pH were fol-
lowed with a Beckman Zeromatic pH meter and re-
corded on a Heathkit servo-recorder, as shown by Deju 
and Bhappu (1965b). 

RESULTS AND DISCUSSION 

Adsorption experiments using the above setup show 
that the adsorption of hydrogen ions by the mineral  

surface increases as the oxygen-silicon ratio in the sili-
cate structure increases; for example, olivines will 
adsorb more hydrogen ions than augite or quartz. 

From the zero charge and the adsorption studies, a 
proportionality is observed between the oxygen-silicon 
ratio and the zero point of charge of the mineral. This 
occurrence can also be explained using equation (10). 
Assume that sample X has a higher oxygen-silicon 
ratio than sample Y. Then, from the adsorption studies 

 it follows that 

Therefore, as the oxygen-silicon ratio increases, the 
zero point of charge also increases. 



Conclusions 
The most important methods for determining zero 

points of charge and other electrokinetic variables are 
electrophoresis, cataphoresis, moving boundary, and 
streaming potential. 

Cataphoresis experiments seem to indicate that for 
representative silicate minerals there is an increase in 
the zero point of charge as the oxygen-silicon ratio 
increases. 

Since specific gravity is so directly dependent upon 
the oxygen-silicon ratio, it can roughly be said that the 
zero point of charge of silicate minerals increases as 
the specific gravity values go up. 

The authors have devised a theoretical model to 
explain the behavior of silicate minerals when im- 

mersed in water. This model postulates that the re-
action between the silicate mineral particles and water 
involves mainly an exchange of metal ions for hydro-
gen ions leading to an increase in pH of the aqueous 
phase. The model states that the actual reactions are 
defined by a set of equations derived from the general 
equation below: 

The theoretical model described not only explains 
the adsorptive behavior of silicates but also explains 
the direct proportionality between the zero point of 
charge and the oxygen-silicon ratio. 



References 
Alexander, A. E., and Johnson, P. (1949) Colloid science, Lon-

don: Oxford University Press, v. 1, p. 321. 
Deju, R. A., and Bhappu, R. B. (1965a) Design of an apparatus 

for determining isoelectric point of charge, N. Mex. Inst. 
Min. and Tech., State Bur. Mines and Mineral Res., Circ. 79. 

---, and --- (1965b) Surface properties of silicate min-
erals, N. Mex. Inst. Min. and Tech., State Bur. Mines and 
Minerals Res., Circ. 82. 

Fuerstenau, D. W. (1956) Measuring zeta potential by streaming 
potential techniques, Min. Eng., v. 8, n. 8, p. 834-835. 

Gaudin, A. M., and Fuerstenau, D. W. (1955) Quartz flotation 
with anionic collectors, Min. Eng., v. 7, n. 1, p. 66-72.  

Korpi, G. K. (1960) Measuring of streaming potentials, M. S. 
thesis, Massachusetts Institute of Technology. 

Long, R. P., and Ross, S. (1965) An improved mass transport 
cell for measuring electrophoretic mobilities, Jour. Colloid 
Sci., v. 20, p. 438-447. 

Parks, G. A. (1965) The isoelectric points of solid oxides, solid 
hydroxides, and aqueous hydroxo complex systems, Chem. 
Rev., v. 65, p. 177. 

Riddick, T. M. (1961) Zeta potential new tool for water treat-
ment, Chem. Eng., v. 68, n. 13, p. 121-126. 

10 



Bibliography on Electrokinetics 
CATAPHORESIS  

Debye, P., and Bickel , E. (1924) Bemerkingen zu 
einem stage uber  die Kataphoretische wanderungs-
ges—chwindigkeit suspendierter tielchen, Physik 
Zeit., v. 25, p. 49-52. 

Deju, R. A., and Bhappu, R. B. (1965) Design of an ap-
paratus for determining isoelectric point of charge, 
N. Mex. Inst. Min. and Tech., State Bur. Mines 
and Min. Res., Circ. 79. 

Henry, D. C. (1931) The cataphoresis of suspended 
particles, I. The equation of cataphoresis, Proc. 
Royal Soc., v. A 133, p. 106-129. 

Kimura, M. (1914) Ultramicroscopic investigation of 
cataphoresis of colloidal solutions and the theory 
of coagulation, Kyoto Imp. Univ., Mem. Coll. Sci. 
Eng., v. 5, p. 175-199. 

Mattson, Sante (1928) Cataphoresis and the electrical 
neutralization of colloidal material, Jour. Phys. 
Chem., v. 32, p. 1532. 

Yopps, J. A., and Fuerstenau, D .W. (1964) The zero 
point of charge of A alumina, Jour. Colloid Sci., 
v. 19, n. l, p. 61-71. 

COLLOID CHEMISTRY—SOIL CHEMISTRY 
Alexander, A. E., and Johnson, P. (1949) Colloid sci-

ence, v. l, Oxford: Clarendon Press. 
Alexander, J. (1926) Colloid chemistry, New York: The 

Chemical Catalog Company, Inc., v. l. 
Black, A. P. (1960) Coagulation, Jour. Am. Water 

Works Assoc., v. 52, n. 4, p. 492-504. 
Dean, R. B. (1948) Modern Colloids, New York: D. 

Van Nostrand Co., Inc. 
Fischer, E. K. (1950) Colloidal dispersions, New York: 

John Wiley 8c Sons, Inc. 
Freundlich, H. (1922) Colloid and capillary chemistry, 

London: Mothuen and Co., Ltd. (ch.4). 
 - - - - -  (1935) Thixotropy and the colloidal state, 

Paris: Hermann and Co., Inc. 
Gordon, N. E. (1925) Colloid symposium monograph, 

New York: Chemical Pub. Co. 
Gouy, G. (1910) Characteristic of electric charge on 

electrolyte surfaces, Jour. Phys., v. 9, p. 457. 
Hamaker, H. C. (1937) Symposium on hydrophobic 

colloids, Amsterdam: D. B. Center's Vitg. Mij. 
N. V. 

Hauser, E. A. (1939) Colloidal phenomena, New York: 
McGraw-Hill Book Company, Inc. 

 - - - - - , and Lynn, J. E. (1940) Experiments in colloid 
chemistry, New York: McGraw-Hill Book Com-
pany, Inc. 

Hermans, J. J. (1953) Flow properties of disperse sys-
tems, New York: Interscience Publishers. 

Iler, R. K. (1955) The colloid chemistry of silica and 
silicates, Ithaca, N. Y.: Cornell Univ. Press. 

Jirgensons, B., and Straumanis, M. E. (1954) Colloid 
chemistry, New York: John Wiley 8c Sons, Inc.  

Kruyt, H. R. (1952) Colloid science, New York: Else-
vier Publishing Co. 

Lewis, W. K. et al. (1942) Industrial chemistry of col-
loidal and amorphous materials, New York: The 
Macmillian Company, Inc. 

Lewis, D. R. (1953) Replacement of cations of clay by 
ion-exchange resins, Ind. Eng. Chem., v. 45, p. 
1782. 

Mark, H., and Verwey, E. J. W. (1950) Advances in 
colloid science, New York: Interscience Publishers, 
v. 3. 

Marshall, C. E. (1949) The colloid chemistry of the 
silicate minerals, New York: Academic Press, Inc. 

Mattron, Sante (1931) The laws of soil colloidal be-
havior: VI. Amphoteric behavior, Soil Sci., v. 32, 
p. 343. 

McBain, J. W. (1950) Colloid science, Boston: D.C. 
Heath and Co. 

Overbeek, J. T. (1950) Advances in colloid science, 
New York: Interscience Publishers. 

Stern, Otto (1924) Theory of electrolytic double layers, 
Z. Elektrochem., v. 30, p. 508. 

Turkevich, John (1959) The world of fine particles, 
Am. Scientist, v. 47, p. 97. 

Verwey, E. J. W., and Overbeek, J. Th. G. (1948) 
Theory of the stability of lyophobic colloids, New 
York: Elsevier Publishing Co. 

Weiser, H. B. (1949) A textbook of colloid chemistry, 
New York: John Wiley 8c Sons, Inc. 

ELECTROCHEMICAL STUDIES 
Albrethson, A. E. (1963) An electrochemical study of 

the ferric oxide-solution interface, Ph.D. disserta-
tion, Mass. Inst. Tech. 

Faraday Society (1940) The electrical double layer: a 
collection of papers contributed to a general dis-
cussion of the society which it had intended to 
hold in the University of Cambridge in Septem-
ber, 1939, Trans. Faraday Soc., v. 36, p. l-322. 

Glassine , S. (1942) Introduction to electrochemistry, 
New York: D. Van Nostrand Co., Inc. 

Latimer, W. M. (1952) The oxidation states of the 
elements and their potentials in aqueous solutions, 
New York: Prentice-Hall, Inc. 

ELECTROPHORESIS—ZETA POTENTIAL 
Abramson, H. A. (1934) Electrokinetic phenomena and 

their application to biology and medicine, New 
York: Chemical Catalog Co., Inc. 

 - - - - -  (1939) Annals N. Y. Academy of Sciences, v. 
39, n. 3, p. 121. 

 - - - - - , Moyer, L. S., and Gorin, M. H. (1942) Elec- 
trophoresis of proteins and the chemistry of cell 
surfaces, New York: Reinhold Publishing Corp. 

Bier, M. (1957) New principle of preparative electro-
phoresis, Science, v. 125, n. 3257, p. 1084. 

11 



 - - - - -  (1959) Electrophoresis theory, methods, and 
applications, New York: Academic Press, Inc. 

Black, A. P. (1959) Current research on coagulation, 
Jour. Am. Water Works Assoc., v. 51, n. 12, p. 
1545-1550. 

 - - - - - , and Christman, R. F. (1961) Electrophoretic 
studies of sludge particles produced in lime—soda 
softening, Jour. Am. Water Works Assoc., v. 53, n. 
6, p. 737-747. 

 - - - - - , and Hannah, S. A. (1961) Electrophoretic 
studies of turbidity removal by coagulation with 
aluminum sulfate, Jour. Am. Water Works Assoc., 
v. 53, n. 4, p. 438-451. 

 - - - - - , Pilipovich, J. B., Eidsness, F. A., and Stearns, 
T. W. (1958) Electrophoretic studies of water co-
agulation, Jour. Am. Water Works Assoc., v. 50, 
n. 11, p. 1467-1482. 

 - - - - - , and Willems, D. G. (1961) Electrophoretic 
studies of coagulation for removal of organic color, 
Jour. Am. Water Works Assoc., v. 53, n. 5, p. 589-
604. 

Bloch, R. J., Durrum, E. L., and Zweig, G. (1955) A 
manual of paper chromatography and paper elec-
trophoresis, New York: Academic Press. 

Briggs, D. R. (1940) A pyrex all-glass microelectrophor-
esis cell, Ind. Eng. Chem., anal. ed., v. 12, p. 703. 

Dobry, Reuven, and Finn, R. K. (1957) New approach 
to continuous electrophoresis, Science, v. 127, n. 
3300, p. 697. 

Grassman, V. W. (1951) Neue verfahren der elektro-
phorese auf dem eiweissgebiet, Die Naturwissen-
schaften, v. 38, n. 9, p. 200. 

 - - - - - , and Hannig, K. (1950) Ein einf aches verfah- 
ren zur kontinuierlichen trennung von stoff gemi-
schen auf filterpapier durch elektrophorese, Die 
Naturwissenschaften, v. 37, n. 17, p. 397. 

 - - - - - , and  - - - - -  (1958) Praparative  electro- 
phorese (in Methoden der organischen Chemie) , 
Bank J /I, Georg Thieme Verlag, Stuttgart. 

Hartman, R. S., Bateman, J. B., and Lauffer, M. A. 
(1952) Electrophoresis by the microscope method: 
a simple experimental assembly, Arch. Biochem. 
Biophys., v. 39, p. 56-64. 

Jacobson, N. A., and Schmutt, R. (1964) Zeta potential 
and pitch control (Tech. Assoc. Pulp and Paper 
Ind.), v. 47, n. l, p. 210A-212A. 

Lapaglia, A. J., and Rand, R. N. (1965) Breakthrough 
in electrophoresis, Lab. Management, March, p. 
45-57. 

Lederer, M. (1955) An introduction to paper electro-
phoresis and related methods, Amsterdam: Else-
vier Publishing Co. 

Moyer, L. S. (1936) A suggested standard method for 
the investigation of electrophoresis, Jour. Bac-
teriol., v. 31, p. 531. 

Ressler, N., and Jacobsen, S. D. (1959) Jour. Lab. Clin. 
Med., v. 54, p. 115. 

Ribeiro, L. P. (1958) Electroforese em papel e metodos  
relacionados, servico grdfico do I.B.G.E., Rio de 
Janeiro. 

Riddick, T. M. (1961) Zeta potential: new tool for 
water treatment, Chem. Engr., v. 68, n. 13, p. 121-
126, and n. 14, p. 141-146. 

 - - - - -  (1964) Role of the zeta potential in coagula- 
tion involving hydrous oxides, Tech. Assoc. Pulp 
and Paper Ind., v. 47, n. 1, p. 171-179A. 

Saroff, H. A. (1955) An easily assembled continuous 
electrophoresis apparatus, Nature, v. 175, n. 4464, 
p. 896-897. 

Todd, George, and Wild, G. A. (1961) Fractionation of 
mixed solids by high voltage electrophoresis, An-
alyt. Chem., v. 36, p. 1025. 

Whitney, W. R., and Blake, J. C. (1904) Jour. Am. 
Chem. Soc., v. 26, p. 1339-1387. 

Wolstenholme, G. E. W., and Millar, E. C. P. (1955) 
CIBA foundation symposium on paper electro-
phoresis, London: J. & A. Churchill. 

Wunderly, Ch. (1954) Die papierelektrophorese, AA-
RAU and Frankfurt am Main: Saverlander & Co. 

FLOTATION 

Bull, H. B. (1929) The electrostatics of flotation, Jour. 
Phys. Chem., v. 33, p. 656-658. 

 - - - - - , Ellefson, B. S., and Tylor, N. W. (1934) Elec- 
trokinetics potential and mineral flotation, Jour. 
Phys. Chem., v. 38, p. 401-406. 

DeBruyn, P. L. (1955) Flotation of quartz by cationic 
collectors, A.I.M.E. Trans., v. 202, p. 291-296. 

Fuerstenau, D. W. (ed.) (1962) Froth flotation, Fiftieth 
anniversary volume, New York: A.I.M.E. 

Gaudin, A. M., Glover, H., Hansen, M. S., and Orr, C. 
W. (1928) Flotation fundamentals (Part I), Univ. 
Utah and U.S. Bur. Mines, Tech. Paper No. 1. 

 - - - - -  and Preller, G. S. (1946) Surface area of flota- 
tion concentrates and the thickness of collector 
coatings, A.I.M.E., Min. Tech., Tech. Pub. 2002. 

 - - - - - , and Sun, S. C. (1946) Correlation between 
mineral behavior in cataphoresis and in flotation, 
A.I.M.E. Trans., v. 169, p. 347-367. 

Miaw, H. L. (1957) The effect of iron oxide slime coat-
ings on flotation of quartz and other minerals, M. 
S. thesis, Mass. Inst. Tech. 

Purcell, Geoffrey, and Bhappu, R. B. (1966) Flotation 
of some silicates, presented at A.I.M.E. meeting, 
New York, February 1966. 

Sutherland, K. L., and Wark, I. W. (1955) Principles 
of flotation, Australian Inst. Min. and Met. 

Taggart, A. F., Taylor, T. C., and Ince, C. R. (1930) 
Experiments with flotation agents, A.I.M.E. 
Trans., v. 87, p. 285-286. 

Wadsworth, M. E., and Cutler, I. B. (1956) Floccula-
tion of mineral suspensions with coprecipitated 
polyelectrolytes, Min. Eng., v. 8, n. 8, p. 830-833. 

11 



RHEOLOGY 

Bingham, E. C. (1930) Journal of rheology, v. l, p. 507. 
 - - - - -  (1960) A rheological and electrokinetic inves- 

tigation of glass frit suspensions, doctor's disserta-
tion, Univ. Rochester. 

Green, H. (1949) Industrial rheology and rheological 
structures, New York: John Wiley & Sons, Inc. 

Scott Blair, G. W. (1944) Survey of general and applied 
rheology, New York: Pitman Pub. Corp. 

STREAMING POTENTIAL 

Fuerstenau, D. W. (1953) Streaming potential studies 
on quartz, Sc.D. dissertation, Mass. Inst. Tech. 

 - - - - -  (1956) Measuring zeta potential by streaming 
potential techniques, Min. Eng. v. 8, n. 8, p. 834-
835. 

 - - - - -  (1956) Streaming potential studies on quartz 
in solutions of aminium acetate in relation to the 
formation of hemimicelles at the quartz-solution 
interface, Jour. Phys. Chem., v. 60, p. 981-984. 

Gaudin, A. M., and Fuerstenau, D. W. (1955) Quartz 
flotation with anionic collectors, Min. Eng., v. 7, 
n. l, p. 66-72. 

Korpi, G. K. (1960) Measurement of streaming poten-
tials, M.S. thesis, Mass. Inst. Tech. 

STRUCTURE OF SILICATES 

Ahrens, L. H. (1954) Quantitative spectrochemical an-
alysis of silicates, New York: Pergamon Press. 

Berman, H. (1937) Constitution and classification of 
the natural silicates, Am. Mineralogist, v. 22, p. 
342-408. 

Bittner, E. (1914) Silicate analysis, Silikat. Zeit., v. 2, 
p. 149-151. 

Bragg, W. L. (1930) The structure of silicates, Zeitschr. 
Kryst., v. 74, p. 237-305. 

Clarke, F. W. (1914) The constitution of the natural 
silicates, U.S. Geol. Surv., Bull. 588. 

Duparc, L. (1913) Investigation in silicate analysis, 
Chem. Zeitung, v. 36, p. 349. 

Eitel, Wilhelm (1951) Silicate melt equilibria, New 
Brunswick, N.J.: Rutgers Univ. Press. 

 - - - - -  (1954) The physical chemistry of the silicates, 
Chicago: Univ. Chicago Press. 

Gruner, J. W. (1931) Structures of some silicates, Am. 
Mineralogist, v. 16, n. 10, p. 437. 

Leet, L. D., and Judson, Sheldon (1954) Physical geol-
ogy, New York: Prentice-Hall, Inc. 

Vail, J. G. (1952) Soluble silicates, New York: Rein-
hold Publishing Corp., v. l. 

Van Olphen, H. (1956) Proceedings fourth national 
conference on clays and clay minerals, Natl. Acad. 
Sci., Natl. Res. Coun. 

13 

SURFACE CHEMISTRY 
PHYSICS OF INTERFACES 

THERMODYNAMICS 
KINETICS 

Adam, N. K. (1949) The physics and chemistry of sur-
faces, London: Oxford Univ. Press. 

Adamson, A. W. (1960) Physical chemistry of surfaces, 
New York: Interscience Publishers. 

Anderson, P. J. (1957) Proceedings international con-
gress on surface activity, London: Butterworths 
Scientific Press. 

Bikerman, J. J. (1947) Surface chemistry for industrial 
research, New York: Academic Press, Inc. 

 - - - - -  (1958) Surface chemistry, New York: Academ- 
ic Press, Inc. 

Butter, J. A. V. (1951) Electrical phenomena at inter-
faces, New York: The Macmillian Company, Inc. 

Deju, R. A., and Bhappu, R. B. (1965) Surface proper-
ties of silicate minerals, N. Mex. Inst. Min. and 
Tech., State Bur. Mines and Min. Res., Circ. 82. 

Deltombe, E. et al. (1957) Proceedings, seventh inter-
national committee of electrochemical thermody-
namics and kinetics (CITCE), London, 1955, Lon-
don: Butterworths Scientific Press, p. 216 if. 

 - - - - -  (1959) Proceedings, ninth international com- 
mittee of electrochemical thermodynamics and 
kinetics (CITCE, Paris, 1957, London: Butter-
worths Scientific Press, p. 117 if. 

Evans, R. C. (1952) An introduction to crystal chemis-
try, Cambridge, England: Univ. Press. 

French, R. 0., Wadsworth, M. E., Cook, M. A., and 
Cutler, I. B. (1954) The quantitative application 
of infrared spectroscope to studies in surface chem-
istry, Jour. Phys. Chem., v. 58, p. 805. 

Harkins, W. P. (1952) The physical chemistry of sur- 
face films, New York: Reinhold Pub. Co., Inc. 

Iwasaki, I., and De Bruyn, P. L. (1958) Jour. Phys. 
Chem., v. 62, p. 594. 

Lapple, C. E. et al. (1951) Fluid and particle mechan-
ics, Newark, Del.: Univ. Delaware. 

Li, H. C. (1958) Adsorption of inorganic ions on 
quartz, Sc.D. dissertation, Mass. Inst. Tech. 

Long, R. P., and Ross, S. (1965) An improved mass 
transport cell for measuring electrophoretic mo-
bilities, Jour. Colloid Sci., v. 20, p. 438. 

Parks, G. A. (1960) A study of the surface of ferric 
oxide in aqueous systems, Ph.D. dissertation, Mass. 
Inst. Tech. 

 - - - - -  (1965) The isoelectric points of solid oxides, 
solid hydroxides, and aqueous hydroxo complex 
systems, Chem. Rev., v. 65, p. 177. 

Rossini, F. D. (1952) Selected values of chemical ther-
modynamic properties, U.S. Bur. Standards, Circ. 
500. 

Stigter, D. (1954) Rec. Tray. Chim., v. 73, p. 771. 
Taylor, H. S., and Glasstone, S. (1951) A treatise on 

physical chemistry, New York: D. Van Nostrand 
Co.. Inc.. v. 2. 


	Title
	Abstract/Intro
	Equipment Electrokinetic Studies
	Zero Point of Charge Studies
	Absorption Studies
	Conclusion
	References
	Blbiography on Electrokinetics

