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Recent computer simulations!'? indicate that colloids
which grow by a diffusion mechanism will have complex
dendritic shapes for spatial dimension d=2, 3,4 in con-
trast to the conventional spherical picture. The colloid
shape may be characterized in terms of the radius of
gyration R and the number of monomers aggregated N
according to

N=pR®, (1)

where p is a dimensional constant and D=7d. In the
conventional picture n=1; the computer simulations?
indicate a more open structure with n=5/6.

The purpose of this note is to indicate the implication
of the new result for colloid shape on the rate law for
coagulation,

Our model for the colloid particle growth consists of
monomers diffusing spherically symmetrically toward a
single macroparticle. The monomers stick to the ma-
croparticle (and do not migrate) once they touch any

surface and form a complex cluster that has the property

of Eq. (1).

Omitting inconsequential numerical constants, we
solve for the steady state spherically symmetric flux
J entering through a conceptual spherical surface sur-
rounding the colloid at radius R. The flux is deter-
mined from the steady state concentration profile c(v)
of monomers according to the diffusion equation

1
o Ed; 41 ‘;irc(r) =0 (2)

with absorbing boundary conditions at the conceptual
surface c(R)=0 and ¢(r)~cy as r~=. In light of the
underlying mechanism, the spherically symmetric ab-
sorbing boundary condition is an idealization but this
should not influence the functional form of results we
obtain. From Eq. (3) one finds a concentration profile
c(r)=co[1 =(R/7)*?] d= 3 and a flux J = De R 2,

The resulting equation for the colloidal particle growth
rate is identical to the conventional theory®~® of colloidal

growth suitably modified to take into account that growth
only occurs by aggregation of monomer on a single nu-

cleating center and that the monomer is continuously re-

plenished far from the macroparticle

aN DR
ar =< ek 3)

where D is the monomer diffusion coefficient. We ob-
tain a particle growth rate law by combining Eqgs, (3)
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and (1). The result when growth occurs through com-
plex stable shapes according to Eq. (1) with n<1, is

R%(f) - R*(0) = [(const.) %C—°]t (4)

with
a=2+(M-1)d=D~(d~2) (5)
for a positive and d= 3,

The conventional spherical colloidal growth picture
n=1, predicts the square radius law Eq. (6), familiar
from combustion theory, 7 for all d= 3,

R¥t)-R¥0)=Ft . (6)

The computer simulation suggests 711=5/6 which for
three dimensions leads to a rate law of the form of Eq.
{(4) with @ =3/2. This is our main result and suggests
a considerable variation from the square power law for
the rate of coagulation in three dimensions. A similar
analysis for 4 =3 has been presented by Witten.?

It is interesting to note that Eq. (1) implies
startling dimensionality dependence for the rate law
when n<1. In the case n=5/6, we find the rate law
Eq. (4) for 3=d= 12 and exponential growth [dR'%(¢)/dt]
=DeeRY(2) at d =12.

This difference in behavior as a function of d may be
understood as follows: combining Eqs. (1) and (2), one
finds the ratio of the change in the number of particles
in a cluster 6N (in time interval 6¢) to the number of
particles in the cluster

SN _ (Deodt\ L ama-z _ peo
o _oett\mea e o

In the conventional case n=1 and this ratio remains R
in all d yielding the square rate law Eq. (6). For n<1i,
there is a particular variation of the ratio withd. Be-
low a critical dimension [d=12 in the case =5/6], the
ratio [8N/N] decreases with increasing R, resulting in
the modified rate law Eq. (4).

However, above this critical dimension, the ratio in
Eq. (7) increases with increasing R, since a is nega-
tive. This signifies that the cluster size overwhelms
any surrounding conceptual spherical surface outside
of which a diffusive steady state flux is presumed to be
established, Thus, our procedure must be modified.
In this regime (d ~2)> D, the cluster becomes trans-
parent to diffusion and we expect that each particle in
the cluster will absorb separately. This, in turn, pre-
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dicts exponential growth for N(#) in all dimensions above
the critical dimension which is determined from Eq. (5)
according to a(d,)=0. We caution that the result 77=5/6
has been inferred from computer simulation in 4 =two,
three, and four dimensions; there is no reason to be-
lieve it would be valid in all higher dimensions,

In summary, our point is that deviation in colloid
shape from the classical N~R? relation will lead to
significant departure from the classical rate law R¥ ¢~ ¢
when coagulation is diffusion controlled. Results for
general relation N~ R® may easily be worked out. In
particular, the case D=(5/6)d suggested by recent
gimulations predicts, in three dimensions, a rate law
RY¥H~t,
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Rowe et al. '™ studied metal oxide reduction rates with
H,, with and without a 4. 6 kOe magnetic field. They
found significant rate differences due to the strong field
for Fe;O,~ Fe, FeO - Fe, Co;04—~CoO~—Co, and CoO
~ Co. Weight logs, without an external field, and in-
crease in saturation magnetization, apparent weight,
with the strong magnetic field, was measured.

Gallagher ef al. ® used evolved gas analysis (EGA)
to follow the reduction of NiO, Fe,0;, and CosO, by H,
in the earth’s magnetic field and in much stronger ex-
ternal fields. They, however, did not confirm Rowe
et al. *~5 or Skorski, ' where significant effects were
noted due to strong magnetic fields.

This report presents new results obtained by simul-
taneous EGA and thermomagnetic -gravimetric analysis
(TMGA) pointing out differences in the procedure used
by Gallagher et al. and Rowe ef al., and confirming
magnetic effects previously reported, -5+

We made our measurements on a Cahn RG-2000 record-
ing electrobalance equipped with a movable 4. 6 kOe
permanent magnet with Faraday poles which can act on
the sample or be removed. Reduction of metal oxides
with H, at elevated temperatures with no external field
were monitored by standard gravimetry. With a mag-
netic field, the balance records the saturation magnetiza-
tion of the sample. As oxide is reduced to ferromagnetic
metal, saturation magnetization causes a large increase
in apparent weight. Data are then directly compared.
Apparent weight is a measure of the saturation magnetiza-
tion assuming that saturation magnetization is directly
proportional only to the amount of magnetic metal pres-
ent at a given time, The change in saturation magneti-
zation greatly overwhelms the weight change associated
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with oxygen loss from the sample. Our reductions were
conducted isothermally; Gallagher ef al. § used linearly
increasing temperature throughout the reaction. To
demonstrate the reliability of the gravimetric technique,
we added a Panametrics Model 700 hygrometer to the
exhaust of our electrobalance system to simultaneously
monitor the evolved water.

TMGA, used by Rowe et al. is convenient for studying
the influence of a magnetic field on reduction of metal
oxides. Here, oxides were relatively nonmagnetic {ex-
cept FegO,) and the product metals Co, Fe, and Ni were
ferromagnetic, No complexity arises following weight
decrease due to oxygen loss without a magnetic field.
However, when the strong magnetic field is applied, the
rate is monitored by saturation magnetization, which
appears as an apparent weight. An implied assumption
is that the amount of ferromagnetic metal produced is
directly proportional to the saturation magnetization
measurement, However, complications, e.g., super-
paramagnetic products, ¥ could render that assumption
invalid. Earlier experiments indicated that magnetic
“interferences” were not seriously invalidating our
measurements. One was a reduction in which the magnet
is moved out and in repeatedly, taking only enough time
to measure the weight and saturation magnetization at
each step.* Magnetically affected portions were analyzed
separately from those without the external field, and being
a single reduction, the same curve of % composition vs
time is expected for both., Curves obtained would not
yield the differences observed between the magnetic
and nonmagnetic runs. We also conducted reductions
without an external field, except that the magnet was
moved into place momentarily once during the reduc-
tion. * We calculated % composition before, during, and

© 1983 American Institute of Physics

Downloaded 23 Jan 2004 to 18.51.1.222. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



