
but varying greatly in size. And even 
denser structures exist, usually of 
smaller dimensions. Obviously such ker- 
nels provide excellent starting condi- 
tions for production of observable 
sources of x-ray emission, with mag- 
netic compressions. 

R. E. LELEVIER 

RAND Corporation, Santa 
Monica, California 90406 

L. MARSHALL LIBBY 

University of Colorado, Boulder 
80302, and RAND Corporation 

References and Notes 

1. S. Bowyer, E. T. Byram, T. A. Chubb, H. 
Friedman, Science 154, 394 (1965); P. C. 
Fisher, H. M. Johnson, W. C. Jordan, A. J. 
Meyerott, L. W. Acton, Astrophys. J. 143, 
203 (1966); E. T. Byram, T. A. Chubb, H. 
Friedman, Science 152, 166 (1966); R. J. 
Grader, R. W. Hill, F. D. Seward, A. Toor, 
ibid. 147, 394 (1966). 

2. J. W. Overbeck, E. A. Womack, H. D. Tan- 
enbaum, Astrophys. J. 150, 47 (1967); J. 
W. Overbeck and H. D. Tanenbaum, Phys. 
Rev. Letters 20, 24 (1968). 

3. G. Clark, Phys. Rev. Letters 14, 91 (1965); 
L. Peterson, A. Jacobson, R. Pelling, ibid. 
16, 142 (1966); R. C. Haymes and W. L. 
Craddock, Jr., Geophys. Res. 71, 3261 (1966). 

4. P. Morrison, "Extrasolar x-ray sources," in 
Ann. Rev. Astronomy Astrophysics (Palo 
Alto, Calif., 1967), vol. 5. 

5. S. Chandrasekhar and E. Fermi, Astrophys. 
J. 118, 113 (1953). 

6. C. W. Allen, Astrophysical Quantities (Ath- 
lone Press, Univ. of London, London, 1955), 
p. 100. We take g, the Gaunt factor, to be 
about 1. 

7. These regions emit both Coulomb brems- 
strahlung and magnetic bremsstrahlung, but 
at intensities too low for observation with 
current radio telescopes. The power in Cou- 
lomb bremsstrahlung is constant per unit 
frequency interval; thus 10-8 erg/cm2 * sec 
power at 10 kev is equivalent to 10-29 watt/ 
m2 * (cy/sec)- far below threshold sensi- 
tivity in the radio region. Total power of 
magnetic bremsstrahlung and its frequency 
of maximum power are given by 

P-= [66 X 10-10 (gauss)2(Gev)2] 
erg/sec per electron 

[v = [6 X 1012 (gauss) Gev2] sec-' 

For a source cell having volume V, density 
of 10-kev electrons = a2MN, and magnetic 
fluid a2Ni, distant from Earth by d, the in- 
tensity received on Earth would be 

V(a2 NO) watt 
. -a - 10-30 

4 srd2 vc m2 * (cy/sec) 
Thus both Coulomb and magnetic brems- 
strahlung intensities are far below threshold 
sensitivity for radio telescopes. A second 
mechanism of x-ray emission in these regions 
-namely synchrotron emission by the electron 
component of primary cosmic rays traversing 
the enhanced magnetic fields-is likewise of 
small intensity. 

8. E. U. Condon and H. Odishaw, Eds., Hand- 
book of Physics (McGraw-Hill, New York, 
1958). 

9. The power in frequency mode v varies as 

p(v) . (kT2)-1/2 (Ne Ni)exp(-hv/kT2) 
a3exp(-hv/kT2) -- a3 for hv < kT 

Thus power production in any given frequency 
mode v varies as the cube of compression 
(- a3), for frequencies below the temperature 
hv < kT. 

10. P. Gorenstein, R. Giacconi, H. Gursky, As- 
trophys. J. 150, L85 (1967). 

but varying greatly in size. And even 
denser structures exist, usually of 
smaller dimensions. Obviously such ker- 
nels provide excellent starting condi- 
tions for production of observable 
sources of x-ray emission, with mag- 
netic compressions. 

R. E. LELEVIER 

RAND Corporation, Santa 
Monica, California 90406 

L. MARSHALL LIBBY 

University of Colorado, Boulder 
80302, and RAND Corporation 

References and Notes 

1. S. Bowyer, E. T. Byram, T. A. Chubb, H. 
Friedman, Science 154, 394 (1965); P. C. 
Fisher, H. M. Johnson, W. C. Jordan, A. J. 
Meyerott, L. W. Acton, Astrophys. J. 143, 
203 (1966); E. T. Byram, T. A. Chubb, H. 
Friedman, Science 152, 166 (1966); R. J. 
Grader, R. W. Hill, F. D. Seward, A. Toor, 
ibid. 147, 394 (1966). 

2. J. W. Overbeck, E. A. Womack, H. D. Tan- 
enbaum, Astrophys. J. 150, 47 (1967); J. 
W. Overbeck and H. D. Tanenbaum, Phys. 
Rev. Letters 20, 24 (1968). 

3. G. Clark, Phys. Rev. Letters 14, 91 (1965); 
L. Peterson, A. Jacobson, R. Pelling, ibid. 
16, 142 (1966); R. C. Haymes and W. L. 
Craddock, Jr., Geophys. Res. 71, 3261 (1966). 

4. P. Morrison, "Extrasolar x-ray sources," in 
Ann. Rev. Astronomy Astrophysics (Palo 
Alto, Calif., 1967), vol. 5. 

5. S. Chandrasekhar and E. Fermi, Astrophys. 
J. 118, 113 (1953). 

6. C. W. Allen, Astrophysical Quantities (Ath- 
lone Press, Univ. of London, London, 1955), 
p. 100. We take g, the Gaunt factor, to be 
about 1. 

7. These regions emit both Coulomb brems- 
strahlung and magnetic bremsstrahlung, but 
at intensities too low for observation with 
current radio telescopes. The power in Cou- 
lomb bremsstrahlung is constant per unit 
frequency interval; thus 10-8 erg/cm2 * sec 
power at 10 kev is equivalent to 10-29 watt/ 
m2 * (cy/sec)- far below threshold sensi- 
tivity in the radio region. Total power of 
magnetic bremsstrahlung and its frequency 
of maximum power are given by 

P-= [66 X 10-10 (gauss)2(Gev)2] 
erg/sec per electron 

[v = [6 X 1012 (gauss) Gev2] sec-' 

For a source cell having volume V, density 
of 10-kev electrons = a2MN, and magnetic 
fluid a2Ni, distant from Earth by d, the in- 
tensity received on Earth would be 

V(a2 NO) watt 
. -a - 10-30 

4 srd2 vc m2 * (cy/sec) 
Thus both Coulomb and magnetic brems- 
strahlung intensities are far below threshold 
sensitivity for radio telescopes. A second 
mechanism of x-ray emission in these regions 
-namely synchrotron emission by the electron 
component of primary cosmic rays traversing 
the enhanced magnetic fields-is likewise of 
small intensity. 

8. E. U. Condon and H. Odishaw, Eds., Hand- 
book of Physics (McGraw-Hill, New York, 
1958). 

9. The power in frequency mode v varies as 

p(v) . (kT2)-1/2 (Ne Ni)exp(-hv/kT2) 
a3exp(-hv/kT2) -- a3 for hv < kT 

Thus power production in any given frequency 
mode v varies as the cube of compression 
(- a3), for frequencies below the temperature 
hv < kT. 

10. P. Gorenstein, R. Giacconi, H. Gursky, As- 
trophys. J. 150, L85 (1967). 

11. E. M. Burbidge, C. R. Lynds, A. N. Stock- 
ton, Astrophys. J. Letters 150, L95 (1967); 
J. Kristian, A. Sandage, J. A. Westphal, ibid., 
p. L99. It is worth noting however that, until 
definition of x-ray sources approaches 8 mi- 
croradians, one expects some stars to appear 
in every photograph by simple accident. 

12. G. Chodil, H. Mark,. R. Rodrigues, F. D. 

28 JUNE 1968 

11. E. M. Burbidge, C. R. Lynds, A. N. Stock- 
ton, Astrophys. J. Letters 150, L95 (1967); 
J. Kristian, A. Sandage, J. A. Westphal, ibid., 
p. L99. It is worth noting however that, until 
definition of x-ray sources approaches 8 mi- 
croradians, one expects some stars to appear 
in every photograph by simple accident. 

12. G. Chodil, H. Mark,. R. Rodrigues, F. D. 

28 JUNE 1968 

Seward, C. D. Swift, Astrophys. 7. 150, 57 
(1967). 

13. J. Marshall, personal communication. 
14. R. N. Thomas, in Proc. Symp. Cosmical Gas 

Dynamics 5th Nice Sept. 1965 (Academic 
Press, New York, 1965), preface. 

15. Views expressed in this report are those of 
the authors and may not reflect the views of 
the RAND Corporation or the official opin- 
ion or policy of any of its sponsors of re- 
search. 

11 March 1968 

Flocculation Mechanism: Charge 

Neutralization and Bridging 

Albstract. Electrophoresis measure- 
ments and electron-microscope obser- 
vations with two model colloids and a 
polymeric flocculant show zeta-poten- 
tial changes and details of floe struc- 
ture. Fibers of the flocculant extend 
radially from the particle surface and 
vary in thickness from 20 to 300 ang- 
stroms. Both charge neutralization and 
bridging may function simultaneously. 

The mechanism of flocculation is 
under study principally because of the 
current importance of removing col- 
loidal contaminants from water. Such 
contaminants may be responsible for 
turbidity, they may carry odor and 
taste components on their surfaces, 
they may be difficult to remove, and 
most importantly they interfere with 
many tertiary or advanced waste-water 
treatments such as adsorption, filtra- 
tion, and various membrane techniques. 
The relative importance of charge neu- 
tralization and bridging by polymeric 
flocculants is a highly controversial 
subject (1). Evidence for both mech- 
anisms has now been obtained by elec- 
trophoresis measurements and elec- 
,tron-microscope observations on two 
widely different materials, a finely di- 
vided silica and a polystyrene latex. 

Minusil No. 5 silica from the Penn- 
sylvania Glass Sand Corporation has a 
particle diameter of about I p and a 
C potential of -27 ? 2 mv, and has 
been used as a standard in electro- 
phoresis studies in this and other lab- 
oratories. Dow LS-052 A polystyrene 
latex has a particle size of 1260 A and 
a C of -50 mv, and has been used 
as a standard in electron-microscope 
studies. The cationic polymeric floccu- 
lant, a polyamine sulfate (C-7) of 
high molecular weight, was obtained 
from Rohm & Haas. Water was twice 
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high molecular weight, was obtained 
from Rohm & Haas. Water was twice 
distilled in quartz. 

Electrophoretic mobilities were de- 
termined directly with a Zeta Meter 
which measures particle velocities in 
bot,h directions by reversing polarity 
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(2). The t potential was calculated 
from particle velocity by means of 
the Helmholtz-Smoluchowski equation, 

= 47ru/D, in which u is the elec- 
trophoretic mobility, and rv and D are, 
respectively, the viscosity and the di- 
electric constants of the liquid in the 
boundary layer. 

Samples were prepared for the elec- 
tron microscope by direct deposition 
of the colloidal solutions onto col- 
lodion supports. Some were shadow- 
cast (3) to improve visibility. This is 
often necessary, because even relative- 
ly thick structures of organic polymers 
and certainly their thin fibers are 
transparent to the electron beam. More- 
over, sthadowcasting provides the third 
dimension. 

Calculation of "equivalent monolay- 
ers" of adsorbed flocculant involves 
several assumptions and simply pro- 
vides a tentative basis for mechanism 
considerations. An approximate sur- 
face area of the colloidal silica is 
based on particle-size measurements on 
the electron microscope as well as 
on observations made in the Zeta 
Meter. The indicated particle size of 
about 1 , is equivalent to a surface 
area of approximately 1 m2/g. The 
surface area of the horizontally oriented 
polymer is assumed to be about 1000 
m2/g, based on considerable thin-film 
work with polar polymers (3). Minimum 
coiling or folding of adsorbed polymer 
and an approach to complete adsorp- 
tion are assumed. 

Concentrations, calculated "equiva- 
lent monolayers" [(parts per million of 
flocculant X 1000)/(parts per million 
of colloid)], electrophoretic mobilities, 
and t values for colloidal silica with 
the C-7 flocculant are listed in Table 
1. The g of the original particles, 

Table 1. Zeta potential of colloidal silica on 
the addition of a cationic polymeric floc- 
culant.* Abbreviation: ppm, parts per mil- 
lion. 

Cationic polymeric Electro- Zeta 
flocculant phoretic poten- 

mobility tial 
,ppm C("Mono- (A/sec per (my) 

layers") volt/cm) 

0 0 2.1 -27 
0.01 0.1 2.2 -28 
0.05 0.5 0.88 -11 
0.075 0.75 (0) (0) t 
0.10 1.0 0.66 + 9 
1.0 10 2.0 +26 
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10 100 2.1 +27 
50 500 2.0 +26 

100 1000 2.0 +26 

* 100 ppm Minusil No. 5 colloidal silica with 
the C-7 flocculant. t Athough most particles 
are motionless (D = zero), some show a small 
negative '. 

1449 

10 100 2.1 +27 
50 500 2.0 +26 

100 1000 2.0 +26 

* 100 ppm Minusil No. 5 colloidal silica with 
the C-7 flocculant. t Athough most particles 
are motionless (D = zero), some show a small 
negative '. 

1449 



Fig. 1. Electron micrographs of colloidal silica and a cationic polymeric flocculant. (A) Silica blank; (B) silica plus flocculant; 
(C) silica plus flocculant (shadowcast); (D) silica plus flocculant at higher magnification (shadowcast). Fig. 2. Electron micro- 
graph of polystyrene latex and a cationic polymeric flocculant. Markers in all figures indicate 1 micron. 

-27 mv, is not significantly affected 
by 0.1 monolayer. However, a re- 
markably close approach to zero g is 
observed in the monolayer region. 
An addition of 0.5 monolayer gives 
a C of -11 mv, 1.0 monolayer gives 
+9 mv, and the intermediate 0.75 
monolayer gives effectively zero. In 
the latter case, most of the particles 
are motionless under the applied po- 
tential; a few move very slowly. 

A plateau at a g of +26 mv is 
shown in the broad range of 10 to 
1000 monolayers. This may indicate 
that there is a leveling off (equilib- 
rium) in flocculant adsorption, pos- 
sibly because of charge reversal and 
repulsion, or that, because of particle 
geometry or the nature of the adsorp- 
tion, thickness of the flocculant film 
does not change C. Electron micros- 
copy provides some support for the 
latter effect-thick films of low-density 
material, presumably the polymer, sur- 
round some of the silica particles. 

Examinations by electron microscope 
further clarified the flocculation effects. 
Many micrographs of the silica, as 
shown in Fig. 1A, indicate discrete 
particles whose diameters are predomi- 
nantly in the 1 -/ range. No flocs of 
any significance are observed. Probably 
because of the method of sample prep- 
aration small aggregates containing a 
few particles are found in all systems. 

Figure 1B shows a typical floc form- 
ed when 0.75 monolayer of flocculant 
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has been introduced. Figure 1C shows 
a shadowcast sample obtained at the 
same magnification as that of Fig. 1B. 
Shadows appear as light areas and the 
direction of shadowcasting is indicated 
by arrows on the micrographs. Tight 
packing is again apparent. Most strik- 
ing in this and in a number of other 
samples are the threadlike or fiber- 
like structures that extend radially 
from some of the particle surfaces. 
These fibers, which are presumably the 
polymeric flocculant material, appear 
to be reaching out to capture and bind 
neighsboring particles. Bridging between 
particles is clearly observed here as 
well as in other samples. 

Figure 1D, at a greater magnifica- 
tion, shows consideralbly more detail. 
Shadow widths indicate that some fibers 
are 200 to 300 A, whereas others ap- 
pear to tbe 20 to 30 A in diameter. 
The latter values approach the expected 
diameter for a single polymer chain 
with some branching or perhaps some 
folding or coiling. Thickness of the 
radially oriented fibers decreases with 
distance from the silica surface. Fiber 
formation clearly lessens the material 
available for adsorption. 

Figure 2 is a micrograph of latex 
spheres in the presence of excess floc- 
culant. Many flocs remain in spite of 
charge reversal (-50 to +24 mv). Part 
of a large, dense aggregate appears 
in the upper left portion of the micro- 
graph. Most striking, however, are the 

well-defined fibers that connect the re- 
maining latex spheres. Not only do 
all of these latex particles appear to 
be attached to fibers (none is in the 
"open" area), but they apparently pre- 
fer the thicker portions of the fibers 
and in many cases the points of branch- 
ing. Electrical attraction plus van der 
Waals forces are undoubtedly respon- 
sible for such attachments. The shadows 
again indicate that fiber thickness cov- 
ers a broad range, 20 to 300 A. 

Thus electrophoresis and electron- 
microscope studies of model colloids in 
the presence of a polymeric flocculant 
provide evidence that charge neutraliza- 
tion and bridging may function simul- 
taneously. 
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