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A magnetic method to measure the average temperature of superparamagnetic nickel crystallites 
during ethane hydrogenolysis over Ni/SiOz is detailed. The method uses the temperature depen- 
dence of the magnetic moment per unit volume of crystallite for nickel, which is determined from 
the low magnetic field sample moment measured with an ac permeameter. Small corrections for 
hydrogen partial pressure changes are required. Two applications of this catalytic crystallite ther- 
mometry are discussed: (I) kinetics in the presence of external temperature gradients, and (2) 
interphase heat transfer experiments. o 1984 Academic press, IX. 

INTRODUCTION 

Perhaps the best measure of reaction 
temperature during supported metal cataly- 
sis is the temperature of the metal crystal- 
lites. The temperature of supported metal 
crystallites has been the subject of several 
analytical studies (Z-6). Large, rapid ther- 
mal excursions have been predicted to ex- 
plain sintering of supported metal crystal- 
lites during exothermic reaction (1-3). Of 
more use in heterogeneous kinetic data 
analysis is the time average crystallite tem- 
perature, which is predicted to be very 
close to that of the support (6). However, 
there has been no quantitative thermomet- 
ric method available to verify this last state- 
ment. 

A magnetic method to measure the aver- 
age nickel crystallite temperature during 
ethane hydrogenolysis has been introduced 
(7). The reasons for selecting this system 
are detailed there. Essentially, the system 
was selected because of (I) its relatively 
simple magnetochemistry and (2) the mag- 
netic moment density of nickel is tempera- 
ture sensitive in a range where its hydro- 
genolysis activity is reasonable (500-550 
K). The major result reported in Ref. (7) is 
that the average crystallite temperature is 
reasonably close to the local bed average 
for reasonable reaction rates, in agreement 

with prediction. This paper presents the de- 
tails of the crystallite thermometry as cur- 
rently performed, and discusses early 
results of two applications. 

The basis for the thermometry is the tem- 
perature dependence of magnetic moment 
density (moment per unit volume of 
magnetic material) for superparamagnetic 
samples (7). This is often referred to as 
spontaneous magnetization (8) since the 
superparamagnetic samples are composed 
of single-domain crystallites of ferromag- 
netic materials, such as nickel. As there is 
nothing spontaneous about the net magneti- 
zation of superparamagnetic samples, mo- 
ment density will be used in this paper. 
Note that it is the magnetization, or mo- 
ment density, of individual nickel domains 
which is of interest. Cale (9) has extended 
classical superparamagnetic superposition 
analysis (8) to determine magnetic phase 
composition in NiCu/SiOz catalysts (IO) 
and to demonstrate a crystallite size depen- 
dence of the magnetic moment density for 
NiBi (II). This concept is employed in 
magnetic thermometry, where it is suffi- 
cient and convenient to concentrate on the 
low magnetic field behavior of these sam- 
ples (9-Z 1) . The low field (H) magnetic mo- 
ment (MLF) of a superparamagnetic speci- 
men relative to its saturation moment (M,) 
at a given temperature (T) is (8) 
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sample temperature can readily be deter- 
mined from the sample moment at that tem- 

where 
perature relative to the sample moment at 
the reference temperature. Equation (2) is 

V is total volume of magnetic material, applied, and reference is made to the Z,(T)/ 

u is average crystallite volume, Z,(TR) vs temperature curve for the sample 
k is Boltzmann’s constant, being studied (7). This is the essence of the 
Z, is the moment density of the magnetic magnetic thermometry, ignoring the effects 

material. of coverage on sample moment (8) and as- 

This can be used to determine the tempera- 
suming that crystallite temperature is not a 

ture dependence of magnetic moment den- 
function of size. 

sity. For a given sample at a fixed field, Eq. 
The ac permeameter, popularized by 

(1) can be used to show that 
Selwood (8), is a powerful and versatile tool 
to monitor changes in the low field sample 

Us - TMLF(T) 

ZsVd) I 

l/2 

TRMLF(TR) 
(2) 

moment of superparamagnetic samples. 
The net output voltage (E) of an ac per- 

where TR is some reference temperature. 
meameter varies linearly with the magnetic 
moment of the sample within it (8): 

Figure 1, taken from Ref. (II), shows the 
temperature dependence of magnetic mo- 

Es = E - E. = C * Mdi’) (3) 

ment density as Z,(T)/I, (0 K) for two Ni/SiOz 
samples with different average crystallite 

where 

sizes. The data was taken using a Princeton 
C is an empirical calibration constant 

Applied Research vibrating sample magne- 
(mV/Oe - cm3) 

tometer. The sizes are given as the spheri- 
E is total output voltage of permeameter 

cal radius corresponding to the average 
Es is output voltage due to the sample 

volume determined from low field 
EO is output voltage with no sample. 

magnetization data (8). An intrinsic crystal- The empirical proportionality constant 
iite size effect is clear, so the temperature must be determined for each set of experi- 
dependence of magnetic moment density mental parameters. The average crystallite 
will differ between samples, in general. The temperature could then be determined by 

converting Es (referred to as sample voltage 
I I I I I I 

in the following) to magnetic moment be- 
fore referring to the magnetic moment den- 
sity vs temperature curve for the sample. 

Alternatively, one can arrive at the tem- 
perature dependence of magnetic moment 
density directly without evaluating the con- 
stant, by using the ratio of sample voltages 

0 NMS!02 - RLF.2.3NM at different temperatures (8): 

-0 
This is a convenient method to arrive at 

0.2 0.4 0.6 0.6 I.0 I2 

REDUCED TEMPERANRE (T/631 1 arbitrary portions of curves such as those in 

FIG. 1. Reduced magnetic moment per unit nickel 
Fig. 1. Again, this considers only clean 

volume as a function of reduced temperature. RL~ is nickel crystallites. 
the radius calculated from the first volume moment It is equally as viable, and much easier, 
determined Corn low field magnetization. to develop a relationship between sample 
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voltage and sample temperature directly. 
As with other thermometries, the conver- 
sion to the actual thermometric measure 
(e.g., volume of mercury) is not necessary 
or desirable. Thus, units of magnetism are 
not used in the following. Given the ac per- 
meameter output voltage for a sample with 
a ES vs temperature curve available for it, 
the temperature can be read directly. This 
can be used for any superparamagnetic 
specimen, as long as coverage effects are 
not involved in the thermometry. Coverage 
effects are very specific to the system being 
studied, and will be discussed for ethane 
hydrogenolysis over nickel in a later sec- 
tion. 

EXPERIMENTAL 

Catalyst preparation. The Ni/Si02 cata- 
lyst was prepared by homogeneous precipi- 
tationdeposition using urea (12), a tech- 
nique known to give very uniform catalysts 

FIG. 2. Quartz sample cell/reactor for characteriza- 
tions and hydrogenolysiskhermometry. 

FIG. 3. Dual secondary coil ac permeameter with 
vacuum shields. 

(13, 14). The final catalyst, 25% Ni on 
Baker Analyzed Reagent grade silica gel, 
was sieved into fractions. The work re- 
ported here was on a 80/100 mesh sieve cut, 
and the average catalyst particle size is 0.16 
mm. 

In situ sample cell. Figure 2 shows the 
quartz reactor/sample cell, similar to that of 
Cale and Richardson (IO), used in the Ni 
crystallite thermometry. This flow cell al- 
lows for detailed in situ adsorptive and 
magnetic characterizations of the same cat- 
alyst sample used in the thermometry (10). 
A quartz thermocouple well allows mea- 
surement of the stream temperature exiting 
the catalyst bed. 

Alternating current (ac) permeameter. 
Figure 3 is a schematic of the permeameter 
used. The primary consists of 2600 turns of 
16 gauge, Allex (IS) coated magnet wire. 
The two secondary coils consist of 10,500 
turns each of 28 gauge Allex coated magnet 
wire. The outputs of the secondary coils are 
connected in opposition in order to mini- 
mize noise (8, 16). The coils are not exactly 
matched, so there is some output voltage in 
the absence of sample. This does not inter- 
fere with the experiments. 

The permeameter has been operated up 
to 535 K, but is limited in temperature by 
the coating on the magnet wire. Typical op- 
erating temperatures are 500 to 520 K. This 
is a good temperature range for nickel crys- 
tallite thermometry during ethane hydro- 
genolysis as the moment density of Ni is 



NICKEL CRYSTALLITE THERMOMETRY 43 

temperature sensitive in this range (see Fig. 
1). Higher temperatures would be desired if 
cobalt or iron catalysts were to be used, as 
their Curie transitions in the bulk are at 
higher temperatures (8). 

The primary coil, which has a dc resis- 
tance of 10.5 ohm at 520 K, is excited by 20 
V(ac) at 50 Hz using an Elgar Model 251 
power supply. This frequency is low 
enough for superparamagnetic behavior of 
the samples studied, as the average crystal- 
lite has an equivalent spherical radius of 
around 3 nm (8). The net output of the sec- 
ondary coils is read on a Keithley Model 
177 DMM. The dc output of this is recorded 
on strip chart after zeroing with a dc power 
supply. This balancing allows small varia- 
tions in large signals to be resolved. 

Sensitivity depends on coil design, pri- 
mary excitation voltage, and average crys- 
tallite size in the sample. For one sample, 
with an average crystallite size of about 3 
nm, the response was roughly 50 mV/g of 
Ni with the operating conditions noted. A 
better estimate of sensitivity is not needed, 
as a calibration curve is taken for each sam- 
ple and this measure of sensitivity varies 
with sample. For the same experimental ar- 
rangement, the noise level was less than 
0.005 mV. For this same sample, the volt- 
age vs temperature curve was very linear 
over the range from 500 to 520 K, with a 
slope of 0.012 mV/K. 

A unique feature of the permeameter rep- 
resented in Figure 3 is the vacuum jackets 
surrounding the core. These are intended to 
shield the secondary coils from the thermal 
effects of reaction. If the secondary coils 
adsorb heat, their output changes. Compar- 
ison with unshielded secondaries is under- 
way; however, thermal drift is sometimes 
apparent starting several minutes after an 
increase in reaction rate, hence heat re- 
lease. 

Kinetic apparatus. The quartz reactor 
used in the differential ethane hydrogenoly- 
sis/magnetic thermometry experiments has 
already been discussed. Mass flowmeters 
(Linde FM4570 with sensors) monitor the 

flow of hydrogen and ethane, while a ro- 
&meter is used for helium flow. Pressure is 
measured upstream and downstream of the 
reactor. The fluid temperature is measured 
using a thermocouple (Type K) in the well 
provided in the sample cell/reactor of Fig. 
2, and read on an Omega Model 2176A digi- 
tal readout. Ethane conversions are kept 
low to justify the differential reactor ap- 
proximation. A Varian 1200 GC/FID is 
used for product analysis. Analysis is very 
rapid, requiring 3 min. 

A unique feature of the equipment is that 
the inlet line can be purged and evacuated. 
This is necessary, since the sample cell/re- 
actor containing the sample must be in- 
serted in the kinetic flow stream after 
reduction, cleaning, and any char- 
acterizations. The constancy of sample 
moment upon introduction of helium flow 
after cyclic purging and evacuation vdi- 
dates the procedure used. 

Sample preparation. After the sample 
cell is loaded with about 0.5 g of catalyst, 
reduction is performed in flowing hydrogen 
(60 cm3/min) at 623 K. Cleaning is at 673 K 
in flowing helium (60 cm3/min). High-purity 
hydrogen 99.997% passes through an oxy- 
gen purifier and a silica-gel trap before con- 
tacting the catalyst sample. The 99.997% 
helium passes through a copper oxygen 
scrubber, then silica gel, before contacting 
the sample. After reduction and cleaning, 
the sample is sealed in helium and removed 
from the reduction furnace. 

NICKEL CRYSTALLITE THERMOMETRY 

To begin the hydrogenolysis/thermome- 
try experiments, the catalyst sample is cen- 
tered in one of the secondary coils of the ac 
permeameter. The reactor is then con- 
nected to the kinetic flow system, and a 
flow of helium established. The permeame- 
ter output drops by about 15% upon switch- 
ing from helium to hydrogen, as expected 
for these samples (8, IO, Z7). 

Catalytic crystallite thermometry is cur- 
rently performed by following the per- 
meameter output voltage after introducing 
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TIME (min/div) 

FIG. 4. Trace of a strip chart recording of ac per- 
meameter voltage as a function of time upon initiation 
of hydrogenolysis. 

ethane into a flow of hydrogen and helium 
in order to initiate hydrogenolysis. The 
sample remains stationary, so no sample 
voltage (ES) can be determined; however, 
the nickel crystallite temperature before re- 
action initiation is that of the bulk fluid. Fig- 
ure 4 is a strip chart recording of per- 
meameter output upon introduction of 
ethane. Since the ethane is introduced at an 
essentially constant total pressure of 1 atm, 
there is a small decrease in hydrogen pres- 
sure. This change causes an increase in per- 
meameter voltage; however, this is dealt 
with by a straightforward calibration. One 
of the primary reasons for studying ethane 
hydrogenolysis over nickel is that ethane 
does not affect the sample moment in the 
presence of significant hydrogen (18). The 
only things affecting sample voltage are 
crystallite temperature and hydrogen par- 
tial pressure. 

Before quantitative crystallite thermome- 
try can be performed on a given sample, 
two calibrations must be obtained: (1) sam- 
ple voltage vs temperature at constant hy- 
drogen pressure, and (2) sample voltage vs 
hydrogen pressure at constant tempera- 
ture. Hydrogenolysis is performed over the 
nickel catalyst before these calibrations are 
done in order to age the sample. Otherwise, 

the level of carbonaceous deposits on the 
nickel surface may change, affecting the 
calibrations. As the calibrations of aged 
samples do not change significantly, it is 
apparently reasonable to assume that the 
level of deposits is constant. 

Calibration (1) is performed in a constant 
flow of hydrogen. Thus, the change in 
nickel surface coverage by hydrogen 
(hence sample moment) with temperature is 
automatically accounted for. The sample is 
cyclically withdrawn and inserted into one 
secondary coil to obtain the sample voltage 
for a given temperature. Figure 5 is repre- 
sentative of the curves obtained; i.e., they 
are essentially linear over the temperature 
range of interest. 

Calibration (2) is performed by adjusting 
the hydrogen partial pressure in a flow of 
helium and hydrogen at constant tempera- 
ture. If the sample voltage at 1 atm of HZ is 
used as a reference and the change in sam- 
ple voltage from this is plotted, a curve like 
that in Figure 6 is obtained. Note that if the 
negative of this was plotted, a curve resem- 
bling an adsorption isotherm would result 
(8, 18). Since the change in coverage with 
temperature is built into the first calibra- 
tion, it is sufficient to have the sample volt- 
age vs hydrogen pressure at one tempera- 
ture in the range of interest. The increase in 
sample voltage due to hydrogen pressure 
decrease, which is usually small, is added 

FIG. 5. Sample voltage vs temperature at constant 
hydrogen pressure. 
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FIG. 6. Sample voltage vs hydrogen pressure at con- 
stant temperature. 

to the difference in permeameter voltage 
before reaction initiation and after steady 
state is attained. A small, rapid peak some- 
times occurs in the stripchart recording be- 
fore the decrease in voltage due to tempera- 
ture increase. ?his is because of the 
hydrogen pressure reduction (7), and is au- 
tomatically dealt with by following the pro- 
cedure above. After the total sample volt- 
age change is determined, the average 
catalytic crystallite temperature is easily 
read off a curve similar to that of Fig. 5. 

For example, the voltage change from 
Fig. 5 is 0.105 mV. Suppose the hydrogen 
pressure change is from 0.7 to 0.6 atm. 
Then from Fig. 6, the increase in voltage 
due to this decrease in hydrogen pressure is 
0.003 mV. From Fig. 6, the voltage vs tem- 
perature calibration is linear for this sample 
with a slope of 0.012 mV/K. If the crystal- 
lite temperature before reaction initiation 
was 508.0 K, then it is 517.0 K after steady 
state is reached: (0.105 + 0.003)/0.012 = 
9.0. 

Currently, the temperature determined 
magnetically can be reproduced to within 
0.2 K when the results of several experi- 
ments are averaged. Note that the correc- 
tion for Hz pressure is of the same order. 
Data acquisition, storage, and analysis is 
tedious as described. Digital data acquisi- 
tion and analysis is being implemented to 
ease the burden. and increase reliabilitv. 

Intraparticle gradients have been ignored 
in the previous analysis. Even if present, 
partial pressure gradients would have small 
impact as the total corrections for hydrogen 
partial pressure changes are only a few per- 
cent. Internal temperature gradients are not 
of concern in this work, as Anderson’s cri- 
terion (19) is satisfied by several orders of 
magnitude. In fact, the maximum internal 
temperature rise is -0.5 K. Even in the 
presence of internal temperature gradients, 
the volumetric average temperature would 
be obtained. 

APPLICATION AND DISCUSSION 

Kinetics. The most direct application of 
the magnetic thermometry detailed is the 
determination of activation energy in the 
presence of external temperature gradients. 
Fluid to catalyst particle temperature gradi- 
ents will interfere with analysis before any 
other gradient, as rate increases, in the 
usual catalytic study (20, 21). Considerable 
flexibility in the operating conditions of the 
kinetic experiments can be achieved if the 
average catalytic crystallite temperature is 
measured, as the rates can be higher before 
estimates of kinetic parameters will be dis- 
guised. In fact, for the ethane hydrogenoly- 
sis experiments discussed, observed rates 
could be an order of magnitude higher be- 
fore external or internal concentration gra- 
dients cause more than 5% diierence be- 
tween the observed rate and the rate in the 
absence of these gradients. The Weisz pa- 
rameter (21) is on the order of 10S2, and 
Mears’ criterion concerning external con- 
centration gradients (20) is satisfied by an 
order of magnitude for the worst cases re- 
ported here. Though some slight partial 
pressure gradients exist, they are ignored in 
this work. Of course, intraparticle thermal 
gradients are the last to occur. As noted, 
Anderson’s criterion (19) is satisfied by 
several orders of magnitude, and the maxi- 
mum intraparticle temperature rise is con- 
servatively estimated to be 0.5 K for the 
experiments performed. 

The intranarticle temtxxature gradients 
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considered by Anderson (19) are particle 
scale. Catalytic crystallite to support gradi- 
ents are another matter. This is an impor- 
tant consideration, as Sinfelt (22) demon- 
strated a crystallite size dependence on the 
ethane hydrogenolysis activity of nickel, 
though other researchers have concluded 
the system to be facile (23). These opposing 
results were explained by Martin (24), as 
due to differing concentrations of inactive 
Ni [ 1111 planes exposed. This in turn appar- 
ently depends on preparation method and 
pretreatments (24). If crystallite to support 
temperature gradients are significant, then 
they would reasonably depend on turnover 
number. Hence, there would be a range of 
crystallite temperatures. However, in the 
absence of these microscopic gradients, the 
thermometry is unaffected by any crystal- 
lite structure dependence. It is assumed 
here that there are no microscopic gradi- 
ents. This is apparently reasonable, at least 
if the time average is considered (6). Within 
the differential reactor approximation then, 
each crystallite in the bed is taken to have 
the magnetically determined temperature. 

The kinetic expression for ethane hydro- 
genolysis can be written approximately as 
(25) 

r= k(T)% 
P2 H2 

(5) 

This partial pressure dependence was used 
to essentially adjust alI the rates to the same 
reference pressures. This is similar to the 
procedure used by Sinfelt (25), who re- 
ported an activation energy (Ed for ethane 
hydrogenolysis over Ni/Si02 of 40.6 kcal/g 
mole (26). A value of 41 k&g mole was 
obtained in this laboratory using very low 
reaction rate data over the temperature 
range of 460 to 530 K. As the majority of 
coupled magnetic thermometry/hydrogen- 
olysis data is in the temperature range from 
500 to 520 K, attention is restricted to this 
range in the following. 

Differential kinetic data between 0.8 and 
2% were used. These limits were chosen 
somewhat arbitrarily. The upper limit was 

set for consistency in the definition of dif- 
ferential conversion. The lower limit was 
set because the scatter in the magnetically 
determined temperature increases rapidly 
below this point due to the small tempera- 
ture rises. Data both failing and passing 
Mears’ criterion dealing with external tem- 
perature gradients (20) are considered. A 
correlation suggested by Satterfleld (20) 
was used to estimate the interphase heat 
transfer coefficient. Using the bulk stream 
temperature for all of the data in the con- 
version range considered, the activation en- 
ergy is estimated to be 47 kcal/g mole. Us- 
ing only the data which passes Mears’ 
criterion, 44 kcal/g mole is estimated. Using 
the magnetic temperature, E, = 41 kcal/g 
mole, consistent with the data taken over a 
wider temperature range. The effect of the 
5% error allowed by Mears’ criterion (20) is 
readily apparent. Of course, the effect of 
this is minimized if data taken over a larger 
temperature range is used. The reliability of 
the estimate made from magnetically deter- 
mined temperatures would also be im- 
proved by using a wider temperature range. 

Interphase transport. An application of 
wider interest is interphase transport as 
results obtained for ethane hydrogenolysis 
over NiLSi should prove useful in other 
low Reynolds number, small particle size 
kinetic studies. 

The use of Mears’ criterion in the pre- 
vious section hinges on the ability to esti- 
mate interphase transport coefficients. 
However, as pointed out by Satterfleid 
(20), there is no reliable correlation for in- 
terphase transport coefficients in the Rey- 
nolds number range found in these experi- 
ments. It is important to note that the heat 
transfer and kinetic experiments are the 
same. The ability to measure catalytic crys- 
tallite temperature during catalysis pro- 
vides the needed measure of driving force 
for interphase heat transfer. Remember 
that the catalyst particles are isothermal on 
a particle scale, and it is assumed that the 
crystallite temperature is that of the sup- 
port. Within the differential reactor approx- 
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imation, the Nusselt number can be calcu- 
lated from kinetic experiments as 

Nu=F Q = (-wRdQ 

a#-, - Tb&f 
(6) 

where 

h is interphase heat transport coefficient 
dQ is catalyst particle diameter 
k is reacting fluid thermal conductivity 

AH is heat of reaction 
R is observed reaction rate per catalyst 

volume 
a, is the external area per catalyst volume 
T, is the average crystallite temperature 
Tb is the arithmetic average bulk stream 

temperature 

Figure 7 shows some results plotted as 
Nusselt number vs P&let number. Fluid 
properties are estimated at average reactor 
conditions using methods given by Reid et 
al. (27). These allow calculation of the Rey- 
nolds (Re), Prandtl (Pr), and hence P&let 
(Pe) numbers. The Reynolds number 
ranged between 0.1 and 1.3, while Prandtl 
numbers only varied between 0.4 and 0.6. 
Thus the variation in Pe is due mostly to 
changes in Re, as is usual (20). The best fit 
line through the data, with a regression co- 
efficient of 0.82, is 

Fro. 7. Nusselt number vs P&let number. 

Nu = 0.010 * (Pe)O.% 
= 0.010 . (Pr . Re)0.50 (7) 

where 

Pe is Pr - Re 
Pr is cQpJkf 
Re is dQplp 
cp is fluid heat capacity 
p is fluid density 
p is fluid viscosity 

The comments on precision in the previous 
section are equally valid here. It is hoped 
that the data scatter can be improved using 
digital acquisition and analysis. 

The Nusselt numbers estimated in this 
work correspond well with past work (28), 
and the Reynolds number dependence is 
that found by Balakrishnan and Pei (29) at 
higher Re (>300). Those workers used mi- 
crowave heating of the bed, so each parti- 
cle had the same temperature. This elimi- 
nates conduction in the bed, which is also a 
reasonable assumption for a differential re- 
actor packed with a porous catalyst having 
very low thermal conductivity (20). Equa- 
tion (7) is not presented as a general corre- 
lation, since only one catalyst particle size 
was used (d, = 0.16 mm). A more general 
correlation is currently being sought. 

Also plotted in Fig. 7 is the rough guide- 
line given by Sattertield (20) for the estima- 
tion of NU at low Reynolds numbers. A 
Prandtl number of 0.5 was used for this. 
The Nusselt number at a given P&let is 
much smaller in the present study. If the 
more conservative estimate of heat transfer 
coefficients (Eq. (7)) is used to check for 
external gradients, then considerably more 
of the hydrogenolysis kinetic data fails 
Mears’ criterion. As noted in the previous 
section, this improves the estimate of acti- 
vation energy. 

CONCLUSION 

The details of nickel crystallite thermom- 
etry were presented. It should be possible 
to extend the concept of the thermometry 
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to other systems, particularly if nickel is the IO. 
catalytic metal. However, the magneto- 
chemistry of adsorbates on cobalt and iron lJ. 
is not as well understood (8). 

For systems which the thermometry can 
12. 

be applied to, one direct application is the 
determination of activation energy in the 
presence of external temperature gradients. 13. 
An application of wider interest is the de- 
termination of interphase heat transport co- 
efficients. Once a correlation is established, 
it should be applicable to other systems. 14. 
Work is underway to explain the large dif- 
ferences between theoretical and empirical 15’ 
Nusselt numbers at low Reynolds numbers. 16. 
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