
JOURNAL OF CATALYSIS 127, 227-250 (1991) 

Kinetics of the Ammonia Synthesis over Fe/TiO2, 
Hyd razi ne-Pretreated Fe/Ti02, and Hyd razi ne-P retreated 

Alkali-Promoted Fe/TiO 2 Catalysts 

A.  NOBILE, JR. ,  1 V.  VAN BRUNT, AND M.  W.  DAVIS, JR. 

Department of  Chemical Engineering, University o.f South Carolina, Cohtmbia, South Carolina 29225 

Received March 27, 1990; revised July 13, 1990 

The kinetics of the synthesis of ammonia from its elements over Fe/TiO 2 , an hydrazine-pretreated 
Fe/TiO2, and hydrazine-pretreated alkali-promoted Fe/TiO 2 catalysts was studied in a flow microre- 
actor at 101 kPa pressure. A significant improvement in the accuracy and precision of kinetic 
parameters extracted from the data was achieved by modifying the kinetic model to account for 
deactivation of supported catalyst particles by Ostwald ripening. The modified form of the kinetic 
model also yielded information about the particle ripening kinetics. Pretreatment of Fe/TiO, with 
hydrazine increased the ammonia synthesis turnover frequency by more than an order of magnitude 
over unpretreated Fe/TiO 2. The ammonia partial pressure dependence and apparent activation 
energy over hydrazine-pretreated Fe/TiO, were more representative of iron uninfluenced by the 
strong metal-support interaction (SMSI) which occurs in metal-titania systems. In situ CO chemi- 
sorption measurements following the ammonia synthesis kinetics measurements showed higher CO 
uptake with hydrazine-pretreated Fe/TiO, than with unpretreated Fe/TiO~. The increased turnover 
frequency, altered kinetic parameters, and higher CO uptake suggest that hydrazine pretreatment 
inhibited the onset of SMSI, which is attributed to titanium nitride formation on the support surface. 
Addition of the alkali promoters K and Cs to the catalysts not only increased the turnover frequency 
and decreased the apparent activation energy and ammonia partial pressure dependence, but acted 
to stabilize supported iron particles against growth by Ostwald ripening. The data suggest that 
physical covering of the surface by alkali inhibits Ostwald ripening of iron particles by blocking 
dissociation of iron atoms from supported particles thus suppressing their migration over the support 
surface to form larger particles. © 1991 Academic Press. Inc. 

INTRODUCTION 

Previous investigations of the kinetics of 
ammonia synthesis over supported catalysts 
has provided much information about the 
catalytically active phase and the influence 
of the support on the catalytic properties of 
the active phase. An important contribution 
to this area was the discovery by the Stan- 
ford group that the ammonia synthesis turn- 
over frequency depends strongly on the size 
and pretreatment of iron particles supported 
on magnesia (1-4). This, along with other 
evidence, led to the conclusion that the am- 
monia synthesis is a structure-sensitive re- 
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action, and that so-called C7 sites, or surface 
atoms with sevenfold coordination are the 
most active for ammonia synthesis. The 
higher activity of C7 sites has since been 
confirmed by studies of the ammonia syn- 
thesis over single crystal transition metals 
(5-7). Generally, these studies find that sur- 
faces with more open and rough structures 
are more active for ammonia synthesis. 

The catalytic properties of supported met- 
als are often influenced by interaction with 
the support. For example, Aika et al. (8) 
who studied the ammonia synthesis over ru- 
thenium supported on several supports 
found the activity to depend strongly on the 
type of support used. These authors attrib- 
uted this to variations in the electronic inter- 
action of the metal with the support. Differ- 
ent ammonia synthesis activities and other 
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properties were observed by Sueiras et al. 
(9) when the degree of alumina protonation 
of alumina-supported iron catalysts was var- 
ied. These studies indicate that the support 
plays an essential role in the catalytic activ- 
ity for ammonia synthesis. 

Aside from electronic interaction of sup- 
ported particles with the support, physical 
phenomena induced by the support may also 
play a role in the catalytic properties of the 
supported metal. For example, in the 
Fe/MgO catalysts investigated by the Stan- 
ford group (I) ,  interaction of iron particles 
with the magnesia support was responsible 
for stabilizing iron particles against high- 
temperature sintering. In fact, this made 
possible the investigation of the catalytic 
properties of small iron particles. Santos et 
al. (10) and Santos and Dumesic (11), who 
studied the ammonia synthesis over Fe/TiO2 
catalysts, determined that a small degree of 
surface poisoning by titania adspecies 
caused a drastic reduction of ammonia syn- 
thesis activity. Apparently, since sites for 
ammonia synthesis are comprised of a large 
ensemble of surface atoms, a small degree 
of surface poisoning has a large effect on the 
catalytic activity. These same workers also 
showed that the catalytic properties of the 
supported iron particles were altered by 
electronic modification from titania adspe- 
cies on the particle surfaces. 

For many years, it has been known that 
alkali metals provide a promoter effect on 
the ammonia synthesis reaction on iron cat- 
alysts (12). Investigations of alkali promot- 
ers over single crystal transition metals have 
provided detailed information about the 
mechanism by which alkali promoters in- 
crease ammonia synthesis rates (13-16). 
Apparently, electrons transferred from ad- 
sorbed alkali to the transition metal surface 
increase electron donation from the metal 
to adsorbed nitrogen antibonding orbitals, 
facilitating cleavage of the dinitrogen bond. 
Reduction of the work function of the transi- 
tion metal after promotion with alkali 
(13-15), increased adsorption energy of 
molecular nitrogen, and decreased activa- 

tion energy for N 2 dissociation (16) support 
this picture. 

While the behavior of such model systems 
is fairly well understood, the effects of alkali 
promoters in supported catalysts, which are 
of potential industrial interest, are less well 
understood. Here, the phenomena are more 
complex since the catalytic properties of the 
active phase are influenced not only by the 
promoter, but also by the support. Aika et 
al. (8, 17) observed large increases in am- 
monia synthesis activity when alkali metals 
were added to transition metals on several 
supports. An interesting finding of the work 
of Aika et al. (8) was that while activated 
carbon-supported ruthenium exhibited the 
lowest activity of the unpromoted catalysts, 
when promoted, activated carbon-sup- 
ported ruthenium had the highest activity. 
This indicates that aside from influencing 
the properties of the supported particles, the 
support may influence the manner by which 
alkali promotes the supported particles. 
This is quite interesting, and it suggests that 
an optimum combination of support type 
and promoter could produce a very active 
catalyst for ammonia synthesis. Thus, the 
alkali promoter effect on the ammonia syn- 
thesis reaction in supported catalysts de- 
serves further study. 

Previous investigations of the ammonia 
synthesis over alkali-promoted supported 
catalysts have demonstrated the promoter 
effect on the reaction, but have not deter- 
mined kinetic parameters which could yield 
fundamental information about the pro- 
moter effect. The aim of this study was to 
investigate the ammonia synthesis kinet- 
ics over Fe/TiO2, hydrazine-pretreated 
Fe/TiO 2, and hydrazine-pretreated alkali- 
promoted Fe/TiO2 catalysts. Kinetic param- 
eters in the Temkin-Pyzhev model and turn- 
over frequencies were determined for each 
catalyst. The kinetic model used to analyze 
the data was modified to account for deacti- 
vation of the catalysts by Ostwald ripening 
of supported particles. This improved the 
accuracy and precision of the kinetic param- 
eters extracted from the data, and yielded 
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information about the kinetics of particle 
growth. X-ray diffraction and in situ CO 
chemisorption were used to further charac- 
terize the catalysts. 

METHODS 

Catalyst preparation. All catalysts were 
prepared using Degussa P-25 TiO2. X-ray 
diffraction analysis of the pure material indi- 
cated that it was about 15% rutile, 85% ana- 
tase. Catalyst samples were prepared by in- 
cipient wetness impregnation with saturated 
solutions of Fe(NO 3)3. 9H20 (99.997%, Ald- 
rich) in dimethyl formamide (DMF). DMF 
was chosen over aqueous acid as an impreg- 
nating solvent, since we have previously 
shown that higher iron dispersion results 
with DMF solutions (18). The DMF used 
was reagent grade, and was obtained from 
J. T. Baker, Inc. Information obtained from 
the suppliers on impurities in the reagents 
indicates that the concentrations of poten- 
tial poisons (S and P) were low enough to 
be of no concern. Impregnation was accom- 
plished by dropwise addition of 0.25 ml of 
solution per gram of titania powder, after 
which samples were air-dried at 393 K for 
24 h. Two successive impregnations in this 
manner yielded catalysts with composition 
near 7 wt% iron. Catalysts promoted with 
potassium and cesium were prepared by 
subsequently adding 0.3 ml per gram of pow- 
der of a solution of the desired alkali nitrate 
salt (reagent grade, J. T. Baker, Inc.) in dou- 
bly distilled water, followed by air drying of 
the impregnates at 393 K for 24 h. The alkali 
concentration in the solution was adjusted 
to yield 1 promoter atom to 10 iron atoms in 
the catalyst. 

Catalysts pretreated with hydrazine 
(Olin) were pretreated under inert nitrogen 
atmosphere. Accordingly, impregnated 
samples (ca. 5 g) were placed in an evacua- 
ble glass cell which could be continuously 
purged with nitrogen during hydrazine pre- 
treatment. The cell was equipped with a rub- 
ber septum through which hydrazine was 
added with a syringe. Enough hydrazine (ca. 
6 ml) was added to completely wet the cata- 

lyst. This was allowed to stand for 12 h un- 
der slow nitrogen purge. The pretreated cat- 
alyst was then dried by evacuating for 8 h 
to a pressure of 10 -2 Pa. It was then re- 
moved from the cell, sieved to the desired 
particle size, and transferred to the reactor. 

The iron composition in the catalysts was 
determined by inductively coupled plasma 
(ICP) spectroscopic analysis of solutions 
obtained by dissolution of catalyst samples 
in an HF/HzSO 4 mixture. The alkali content 
was measured by flame atomic emission 
spectrometry. 

Ammonia synthesis kinetics measure- 
ments. Ammonia synthesis kinetics mea- 
surements were conducted at 101 kPa pres- 
sure in a greaseless glass high-vacuum flow 
microreactor apparatus which was capable 
of measuring the number of surface iron 
atoms in the catalyst by in situ CO chemi- 
sorption. A chemisorption measurement 
which immediately followed each ammonia 
synthesis kinetics measurement determined 
the number of active catalyst sites in the 
reactor, allowing rates to be expressed as 
turnover frequency (NH 3 molecules pro- 
duced site l s ~). During ammonia synthe- 
sis kinetics measurements, the catalyst (ca. 
3.2 g) was contained in the quartz microre- 
actor/chemisorption cell shown in Fig. 1. 
Catalyst samples which were sieved to yield 
particles having diameters in the range 
250-420/zm were supported in the cell by a 
quartz frit. The catalyst bed was 12 mm in 
diameter by 35 mm long. A 3-mm-diameter 
quartz thermowell containing a 1-mm-diam- 
eter thermocouple protruded into the upper 
part of the bed for measurement and control 
of the reactor temperature. During heating 
the cell was placed in a tube furnace where 
a temperature controller maintained its tem- 
perature to within 0.5 K. The long narrow 
inlet section of the microreactor/chemisorp- 
tion cell was packed with 590-840 p~m 
quartz granules to reduce free-volume for 
chemisorption measurements and to pro- 
vide preheating for incoming gases during 
ammonia synthesis kinetics measurements. 
By placement of the thermocouple at differ- 
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FIG. 1. Quartz microreactor/chemisorption cell. 

ent axial positions along the inlet section 
of the reactor, it was observed that at the 
highest flow rate used in the ammonia syn- 
thesis kinetics measurements (2.8 ml STP 
s- 1), the incoming gas reached the bed tem- 
perature before entering the bed. 

Reduction of the catalyst before the am- 
monia synthesis kinetics measurements 
consisted of 2 h flowing hydrogen (1.7 ml 
STP s-1) at 393 K, followed by 24 h flowing 
hydrogen (1.7 ml STP s -1) at 693 K. Other 
investigators (10, 19) have determined that 
iron supported on titania reaches near full 
reduction under similar conditions. Hydro- 
gen (99.995%, Airco) was further purified by 
passage through an Engelhard Deoxo puri- 
fier, followed by passage through molecular 
sieves immersed in liquid nitrogen. After 
hydrogen reduction a 75% H2, 25% N2 stoi- 
chiometric feed mixture (99.998%, Airco) 
was introduced and allowed to flow through 
the bed (1.7 ml STP s -1) for 16 h at 693 K to 
establish steady-state ammonia production. 
This mixture was purified in the same man- 
ner as the hydrogen, with the exception that 
the molecular sieves were immersed in a dry 

ice-acetone slurry. Flow rate was measured 
quantitatively with a soap bubble flowmeter 
located downstream of the reactor. Ammo- 
nia concentration in the reactor effluent was 
measured by passing the stream through a 
scrubber which contained 25 ml of a 10 -3 M 
HCI solution and a mixed indicator prepared 
from methyl red and bromcresol green indi- 
cators (20). The ammonia concentration 
was determined by measuring the time re- 
quired to neutralize the acid solution. Ex- 
periments were performed to assure that all 
ammonia was removed from the gas stream 
by the scrubber. Varying the flow rate be- 
tween 1 and 3.2 ml STP s-J, it was deter- 
mined (using a Matheson certified standard 
calibration gas) that the ammonia partial 
pressure remained constant. In addition, the 
volume of solution in the scrubber was in- 
creased from 25 to 50 ml, and the same value 
for the ammonia partial pressure was ob- 
tained. The partial pressures measured with 
the scrubber differed from the calibration 
gas analysis by about 3%. 

Ammonia synthesis kinetics measure- 
ments consisted of setting a temperature in 
the range 644-693 K, and allowing the estab- 
lishment of steady state for 8 h while flowing 
the feed mixture at a rate of 1.7 ml STP s- i. 
The ammonia concentration in the reactor 
effluent was then measured at 4-6 randomly 
chosen flow rates in the range 1.5-2.8 ml 
STP s -1. The reaction was carried out at 
four or five temperatures in the above range 
in a random manner. Application of the cri- 
teria established by Mears (21) indicated 
that the kinetic data were uninfluenced by 
heat and mass transfer effects. The results 
of this analysis and other details about the 
apparatus are documented elsewhere (22). 

Carbon monoxide chemisorption. An in 
situ CO chemisorption measurement was 
performed immediately following each am- 
monia synthesis kinetics measurement to 
determine the number of surface metallic 
iron atoms in the reactor. The CO chemi- 
sorption method was similar to the one de- 
veloped by Emmett and Brunauer (23, 24), 
and used by others (1, 10). At the comple- 
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tion of each ammonia synthesis kinetics 
measurement, the sample temperature was 
set to 673 K and hydrogen (purified as 
above) was flowed (1.7 ml STP s- ~) through 
the catalyst bed for 1 h to remove nitrogen- 
containing species from the iron surface. 
The cell was then evacuated to 10 -4 Pa for 
3 h at 673 K to remove chemisorbed hydro- 
gen. The sample was chilled to 193 K (dry 
ice-acetone) and the chemisorption mea- 
surement was then performed. Accordingly, 
a CO adsorption isotherm at 193 K was first 
obtained by dosing small aliquots of CO into 
the cell and measuring the equilibrium pres- 
sure with a Texas Instruments Model 145 
precision gage. The sample was then 
warmed to 273 K and evacuated for 1 h 
at 10 -3 Pa to remove physisorbed CO. A 
second isotherm was then obtained at 193 K. 
The difference between the two isotherms at 
13.33 kPA was assumed to be the amount of 
chemisorbed CO. By performing the same 
chemisorption measurement for a blank tita- 
nia sample reduced at 673 K, it was deter- 
mined that 0.43/xmoles CO g- ~ were chemi- 
sorbed to the support. Thus, this quantity 
was subtracted from the CO uptake for each 
catalyst. 

Previous investigators have kept the sam- 
ple temperature at 193 K during the evacua- 
tion step to remove physisorbed CO. How- 
ever, elsewhere (22) we have shown that 
evacuation of physisorbed CO at 193 K is 
quite slow. Long evacuation periods (>10 
h) are required so that CO uptake is not 
over-predicted. Evacuation at 273 K yields 
particle sizes calculated from CO chemi- 
sorption uptake which are more consistent 
with those determined by X-ray diffraction 
line-broadening and transmission electron 
microscopy (18). Cameron and Dwyer (25) 
studied the chemisorption of CO on Fe (100) 
using X-ray and ultraviolet photoelectron 
spectroscopies, low-energy electron diffrac- 
tion, and temperature-programmed desorp- 
tion. This study indicated that CO is fully 
associated at temperatures below 300 K and 
the surface stoichiometry is 2:1 Fe:CO.  
Thus, we were not concerned about CO dis- 

sociation at 273 K. The number of surface 
iron atoms was determined from the chemi- 
sorbed CO uptake by assuming a 2:1 
Fe :CO surface stoichiometry. There is 
some variation in the surface stoichiometry 
for different surface crystallographic orien- 
tation; however, the available literature data 
suggests that the 2:1 Fe :CO surface stoi- 
chiometry is appropriate for supported iron 
catalysts (1, 10, 19, 22). The number of sur- 
face iron atoms was used to calculate the 
turnover frequency and was also used to 
calculate the surface-average crystallite 
size, (d~), from the dispersion, D, using the 
expression (ds) = 0.9D -I (4), where (ds) 
has units of nanometers. 

High vacuum for the chemisorption mea- 
surements was provided by a mercury diffu- 
sion pump backed by a rotary oil pump. 
Pressures in the vacuum manifold were typi- 
cally about 10 -~ Pa. Mercury contamination 
was prevented by a liquid nitrogen trap be- 
tween the pump and the vacuum manifold, 
and an in-line gold wire trap before the sam- 
ple cell. ICP analysis of several dissolved 
catalyst samples never detected mercury. 
Carbon monoxide (99.97%, Linde) was puri- 
fied by passage through copper turnings held 
at 473 K followed by passage through molec- 
ular sieves immersed in a dry ice-acetone 
slurry. Helium used for free-volume mea- 
surements (99.995%, Airco) was purified in 
the same manner, with the molecular sieves 
immersed in liquid nitrogen. These gases 
were purified before each ammonia synthe- 
sis kinetics measurement and were stored 
in l-liter glass bulbs so they were readily 
available. 

X-ray diffraction crystallite size. The vol- 
ume-average size of iron crystallites in the 
catalysts was determined by X-ray diffrac- 
tion line-broadening analysis using the 
Scherrer Equation (26). A value of 0.89 was 
used for the Scherrer constant. The half- 
height width of the pure diffraction profile 
was obtained from the half-height width of 
the measured profile using Warren's correc- 
tion (27). Instrumental broadening needed 
for Warrens correction was determined by 
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scanning iron filings which were annealed at 
973 K for 48 h. This treatment assured large 
strain-free iron crystals. The diffractometer 
was a Philips Model 12215, which utilized 
CuKa radiation. Broadening was measured 
on the (110) a-iron line at 20 = 44.71 °. The 
peak was scanned at a rate of 0.25 ° min- J. 

BET surface area measurement. Total 
surface areas of catalysts were measured 
using the BET method with nitrogen as the 
adsorbate at liquid nitrogen temperature. 
Immediately following the CO chemisorp- 
tion measurement the sample was warmed 
to room temperature and evacuated (ca. 
10-4 Pa) for 8 h. After the sample was chilled 
to 77 K, about 15 points on the adsorption 
isotherm were collected in the P/Po range 
0.05-0.30. Nitrogen (Linde, 99.998%) was 
used with no further purification. The sur- 
face area was calculated from the monolayer 
uptake using the value of 0.162 nm 2 mole- 
cule- ~ for the cross-sectional area of a nitro- 
gen molecule (28). 

RESULTS 

Kinetic Model 
Data obtained from the ammonia synthe- 

sis kinetics measurements were correlated 
using the Temkin-Pyzhev model (29) ex- 
pressed in terms of partial pressures of re- 
actants and products, 

FNH 3 ---~ kfeN2 \P2H3// -- k r \ p32 } , (1) 

where ke and k~ are forward and reverse rate 
constants. The value of m is dependent on 
the nature of the catalyst surface, but is typi- 
cally in the range 0.5-0.7 for iron catalysts 
(29-32). It has previously been established 
(2, 33, 34) that the rate of the reverse reac- 
tion (ammonia decomposition) is negligible 
when the conversion is less than 10%. In 
this investigation the conversion never ex- 
ceeded 4.7%, thus it was justified to neglect 
the reverse reaction term of Eq. (1). Since 
the feed mixture composition was constant 
for all runs, the term PN2P~ can be absorbed 

into a pseudo-rate constant, k}, simplifying 
the model to 

rNia3 = k}(PN• 3 ) - zm, (2) 

where k~ = kfPN2P32. Since the ammonia 
synthesis rate was not constant along the 
catalyst bed length, analysis of the data re- 
quired integration of the continuity equation 
along the catalyst bed length. Since it was 
desired to obtain rates expressed as turn- 
over frequency, the form of the continuity 
equation used was 

dNs_ df¢ (3) 
F0 rN2+H 2 ' 

where N s is the number of moles of active 
catalyst sites in the reactor, F 0 is the molar 
flow rate through the reactor, fc is the frac- 
tion conversion, and rN2+H 2 is the disappear- 
ance rate of hydrogen and nitrogen ex- 
pressed as nitrogen plus hydrogen mole- 
cules per second per catalyst site. For small 
fraction conversions, the ammonia mole 
fraction, XNH3, is approximately one- 
half the fraction conversion. The molecular 
ammonia formation rate, rNH3, is minus one- 
half the molecular disappearance rate of ni- 
trogen and hydrogen. Incorporating these 
into Eq. (3), the continuity equation takes 
the form 

dN~ dXNH3 1 dPNH3 
. . . .  , ( 4 )  
/Co rNH 3 P t  rNIa3 

where Pt is the total pressure. The assump- 
tion of the mole fraction being one-half the 
fraction conversion introduces an error of 
about 2% at the largest fraction conversion 
observed in this study and was thus ne- 
glected. Inserting Eq. (2) into Eq. (4) and 
integrating, the following is obtained: 

Ns 1 [(PNH3 )2m+l ] 

= k;-p  I_ Y _1 (5) 

This expression provided the basis for cor- 
relating data obtained from the ammonia 
synthesis kinetics measurements. The SAS 
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NLIN nonlinear regression statistical pro- 
cedure (35) was used to extract the kinetic 
parameters in the model from the data. 
Proper use of this statistical procedure re- 
quired that the dominant experimental error 
of the measured variables be associated with 
the dependent variable. Since the largest er- 
ror was with the ammonia partial pressure 
measurement, this variable was the depen- 
dent variable. Solving Eq. (5) for PNH 3 and 
expressing the forward rate constant in Ar- 
rhenius form, the following is obtained: 

PNH 3 = [(Ns/Fo)A ~ exp{ - Ea/RT } 
(2m + 1)Pt] 1/(2m+l). (6) 

A; and Ea are the preexponential factor and 
apparent activation energy, respectively. 
Experimentally determined values of am- 
monia partial pressure, molar flow rate, and 
temperature provided the input data for the 
statistical procedure which performed a 
nonlinear least-squares regression analysis. 
A Gauss-Newton method was used by the 
statistical procedure to achieve conver- 
gence. The output from the analysis con- 
sisted of the kinetic parameters A;, Ea, and 
m. The value of N S was determined either 
directly from the CO chemisorption mea- 
surement or from a model (discussed further 
below) which accounts for the gradual dis- 
appearance of active catalyst sites by parti- 
cle ripening. It is later shown that the latter 
approach more accurately predicts the value 
of Ns corresponding to each ammonia partial 
pressure measurement. After the kinetic pa- 
rameters were determined, the ammonia 
synthesis turnover frequency was calcu- 
lated using Eq. (2) at 673 K, 5 Pa ammonia 
partial pressure. This allowed comparison 
of turnover frequencies at the same temper- 
ature and ammonia partial pressure for the 
different catalysts, and allowed comparison 
with other data reported at these conditions 
in the literature (2, 10). 

Ammonia Synthesis Kinetics 
Measurements 

Figure 2 shows the reactor effluent ammo- 
nia partial pressure vs molar flow rate at 
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FIG. 2. Effluent ammonia partial pressure vs molar 
flow rate for 7.2% Fe/TiO z catalyst: (El) 682 K; (e)  673 
K; (A) 662 K; (A) 693 K. Curves indicate fit of the 
kinetic model (Eq. (6)) to the data. 

several temperatures for a 7.2% Fe/TiO2 
catalyst. The curves represent the least- 
squares fit of the kinetic model (Eq. (6)) to 
the entire data set. It should be noted that 
the temperatures listed in the caption of Fig. 
2 are in the same chronological order in 
which they were encountered during the ex- 
periment. Examining the agreement be- 
tween the curves derived from fit of the ki- 
netic model and the experimentally 
measured points, an interesting trend is ob- 
served. All measured ammonia partial pres- 
sures at 682 K are above the model curve. 
The measured values at 673 K agree closely 
with the kinetic model fit, and the ammonia 
partial pressures measured at 662 and 693 
K are all less than the model-determined 
values. This phenomenon reflects the fact 
that the data were collected over a slowly 
deactivating catalyst. At the temperatures 
of the experiment the catalyst particles were 
becoming enlarged due to Ostwald ripening 
(36). This gradual coarsening or enlarging of 
the particles causes a slow loss of active 
catalyst surface area. Thus, the value of Ns 
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measured at the end of each ammonia syn- 
thesis kinetics measurement does not repre- 
sent the true number of active catalyst sites 
corresponding to each ammonia partial 
pressure measurement. Since this phenome- 
non is not accounted for in the kinetic 
model, the model is inadequate. X-ray dif- 
fraction results are presented below which 
indicate that the particles become signifi- 
cantly larger during the ammonia synthesis 
kinetics measurement. 

Because of the high ratio of surface to 
bulk atoms, small catalyst particles have a 
high degree of surface free energy. At high 
temperatures small particles tend to become 
enlarged to reduce this surface free energy. 
Growth of catalyst particles while measur- 
ing the reaction kinetics over supported 
metal catalysts is often unavoidable since 
catalyst particle growth rates are often sig- 
nificant at the temperatures of interest for 
many catalytic reactions. To obtain kinetic 
parameters which represent the intrinsic ki- 
netics at the catalyst surface, the model 
must account for the gradual loss of catalyst 
sites which occurs during the ammonia syn- 
thesis kinetics measurement. In what fol- 
lows, a model is developed and used to pre- 
dict values of Ns at various times during the 
ammonia synthesis kinetics measurement to 
account for the gradual disappearance of ac- 
tive catalyst sites. It is shown that such a 
kinetic model which accounts for deactiva- 
tion of the catalyst better represents the 
data. As a result, the kinetic parameters ex- 
tracted from the data using the modified 
model better represent the actual values. 

Expressions describing the kinetics of 
particle growth in supported catalysts have 
been developed and discussed in the litera- 
ture (36-41) .  Generally, these expressions 
have the form 

(d) n = (do) ~ + kpgt, (7) 

where (do) is the average catalyst particle 
diameter at time zero and (d) is the average 
particle diameter after time t. The rate con- 
stant for particle growth, kpg, can be ex- 
pressed in Arrhenius form, i.e., kpg = Apg 

exp{ -Ea,pg/gT}, where Apg and Ea,pg are the 
preexponential factor and apparent activa- 
tion energy for particle growth, respec- 
tively. Values of n are typically in the range 
1-7, depending on the mechanism of the 
particle growth process (38). 

If a catalyst particle maintains its geome- 
try during growth, its surface-average diam- 
eter is inversely proportional to the number 
of surface metal atoms 

N ,  
(as) : c (8) 

where c is a constant which depends on the 
particle geometry and other constants (42) 
and Ns is the number of surface metal atoms. 
Aft is the total number of metal atoms in the 
catalyst. Substituting Eq. (8) into Eq. (7) 
provides an expression for the time-depen- 
dent number of surface metal atoms in terms 
of the initial number of surface metal atoms, 

gs,0, 

1 1 1 ! - + kpgt = -----y- 
N~ N~, o Ns, o 

+ A'pg exp{-Ea,pg/RT}t ,  (9) 

r t where kpg = kog/(cN,)" and Apg = Apg/ 
(cNt)".  Over the course of the ammonia syn- 
thesis kinetics measurements in this study, 
the catalyst was exposed to several temper- 
atures. For a catalyst exposed to M temper- 
atures for a time t i at each temperature T~, 
the number of surface metal atoms, Ns,M, 
after time t M at the Mth temperature is given 
as 

IF 1 = 1 + Apg exp{-Ea,pg/RTi}t i  
N~,M N~,o L i= 1 

+ exp{-Ea,pg/RTM}tM].  (10) 

This expression allows calculation of the 
number of surface metal atoms at any time, 
t = ]~i~l 1 t i + t M, in terms of the initial 
number of surface metal atoms for a catalyst 
exposed to more than a single temperature. 

In this investigation the CO chemisorp- 
tion measurement was performed at the end 
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of the ammonia synthesis kinetics measure- 
ment; thus Ns.0 is unknown. Expressing Eq. 
(10) as the number of surface metal atoms 
at the end of the ammonia synthesis kinetics 
measurement, Ns,Mf, in terms of the initial 
number of surface metal atoms, the follow- 
ing is obtained: 

1 I 
N n tl 

s .Mf N s,o 

Mf 
+ A'pg ~exp{-E.~ ,pg/RTi} t  i. ( l l )  

Eliminating Ns,0 from Eq. (10) using Eq. (11) 
yields the following expression, which de- 
scribes the number of surface metal atoms 
at time t M and temperature T M, in terms of 
the number of surface metal atoms at the 
end of the ammonia synthesis kinetics mea- 
surement, 

1 _ 1 + A~g I_[exp{--Ea'pg/RTM}tM 
Nn, M NnMf 

] - ~ e x p { - E a , p J R T i } t  i . (12) 
i=M 

Ns,Mf is the number of surface metal atoms 
determined from CO chemisorption. Solv- 
ing for Ns,M and substituting this into the 
kinetic model (Eq. (6)) provides a kinetic 
model which accounts for the gradual disap- 
pearance of surface metal atoms, or active 
catalyst sites. In what follows, we refer to 
Eq. (12) as the catalyst site disappearance 
(CSD) model. After incorporating the CSD 
model into the kinetic model, the input data 
required to extract the kinetic parameters 
from the data consisted of ammonia partial 
pressure, molar flow rate, temperature, 
number of active catalyst sites from CO che- 
misorption, and the time from the start of 
the ammonia synthesis kinetics measure- 
ment corresponding to the particular ammo- 
nia partial pressure measurement. Since 
particle growth kinetic parameters n, Ea,pg , 

t and Apg are included in the model, analysis 
of the data is capable of yielding information 
about the particle growth kinetics. For the 
purpose of this investigation we found it 

more appropriate to constrain n and ga,pg to 
the same values for each catalyst investi- 
gated. Below it is shown how adequate esti- 
mates of these parameters can be deter- 
mined from existing literature data. 

There are two mechanisms by which sup- 
ported catalyst particles become enlarged. 
The first of these involves growth by migra- 
tion, collision, and coalescence of particles 
on the support surface (40, 41). An atom 
diffusing on a particle surface will migrate 
to one side of the particle causing the parti- 
cle to advance a distance of one atomic di- 
ameter. As this happens repeatedly, the net 
effect is a Brownian-type migration of the 
particle on the support surface. When this 
migrating particle collides with another par- 
ticle, the two will coalesce to form one parti- 
cle. In a system where this occurs, the rate 
of particle growth is controlled either by 
migration of the particle on the support sur- 
face or by coalescence of the particles. It 
has been shown that particle growth by this 
process is insignificant for particles larger 
than about 5 nm (36). Since the catalyst par- 
ticles in the present investigation are larger 
than 20 nm it was justified to neglect this 
mechanism of particle growth. 

The second mechanism for particle 
growth is by Ostwald ripening. Ostwald rip- 
ening involves migration of individual atoms 
which become dislodged from particle edges 
and migrate randomly over the support sur- 
face. These migrating atoms collide with and 
attach to other particles. This leads to 
growth of large particles at the expense of 
smaller particles. Ostwald ripening rates are 
controlled either by diffusion of atoms over 
the support surface, or by dissociation of 
atoms from particle edges. For particle 
growth rates controlled by surface diffusion, 
n is 4; whereas for rates controlled by edge 
dissociation, n is 3. Wynblatt and Gjostein 
(36) who have developed theoretical expres- 
sions for catalyst particle growth rates by 
this mechanism, argue that surface diffusion 
is the controlling particle growth mechanism 
except for "very small particles." No quan- 
titative value for this statement was given. 



236 NOBILE, VAN BRUNT, AND DAVIS 

However, the iron particles in this study 
were larger than those typical for most sup- 
ported catalysts; thus it is probable that dif- 
fusion of atoms on the support was the con- 
trolling particle growth mechanism. Thus, n 
was given the value 4. 

Wynblatt and Gjostein (36) have shown 
that when particle growth rate is controlled 
by surface diffusion, the particle growth ap- 
parent activation energy is given by 

where 

Ea,pg = H m + AHps, (13) 

AHps = Hp - H s. (14) 

H m is the energy barrier for migration of an 
atom on the support to an adjacent site. Hp 
is the energy for dissociation of an atom 
from the particle surface, and Hs is the bind- 
ing energy of an atom to the support surface. 
It has been shown that H m is approximately 
related to H~ by the relation (36) 

H m = 0.1H s. (15) 
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FIG. 3. Effluent ammonia partial pressure vs molar 
flow rate for 7.2% Fe/TiO 2 catalyst: (D) 682 K; (Q) 673 
K; (A) 662 K; (A) 693 K. Solid curves indicate fit o f  
the kinetic model assuming constant  number of  catalyst 
sites; dashed curves indicate fit of the kinetic model 
with the CSD model included in the kinetic model.  

Combination of Eqs. (13)-(15) yields 

Ea,pg = H p  - 0.9H s. (16) 

The binding energy of an atom to the support 
surface can be determined from the contact 
angle between the metal particle and the 
oxide surface. The work of adhesion, Wadh, 
of a liquid drop or solid particle in contact 
with a surface is given as 

Wadh = YM-V (1 + cos 0), (17) 

where 0 is the contact angle and 7M- v is the 
metal-vapor interfacial energy. Determina- 
tion of these values, along with the area 
occupied by a single atom allows calculation 
of the binding energy of an atom to the oxide 
surface. Kingery (43, 44) and Humenik and 
Kingery (45) have determined contact 
angles and metal-vapor interfacial energies 
for drops of molten iron, nickel, and silicon 
on various oxides. Using their data for drops 
of iron on a titania substrate in a hydrogen 
environment, a work of adhesion of 900 ergs 
cm -2 was determined. Using this value and 
the area occupied by a single iron atom (28) 

the binding energy was calculated to be 33 kJ 
mole -1. Work of adhesion values for small 
solid iron particles on a-alumina determined 
by Pilliar and Nutting (46) agree closely with 
the liquid values determined by Humenik 
and Kingery (45) for the same system, sug- 
gesting that work of adhesion for liquid and 
solid is not greatly different. To calculate the 
particle growth apparent activation energy 
from Eq. (16), the energy for dissociation of 
an iron atom from the particle surface is 
needed. Wynblatt and Gjostein (36) have 
suggested that this value is close to the subli- 
mation energy, which for iron (47) is 415 kJ 
mole-1. From Eq. (16), the particle growth 
apparent activation energy is calculated to 
be 385 kJ mole-L This value is within the 
range of measured particle growth apparent 
activation energies for several supported 
catalyst systems compiled by Wanke and 
Flynn (37) from many literature sources, 
and is thus considered to be reasonable. 
This was the value used in the CSD model 
in this investigation. 

Figure 3 shows measured ammonia partial 
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TABLE 1 

Kinetic Parameters,  Turnover Frequency,  and MSD for 7.2% Fe/TiO2 Catalyst 
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A 6 E a m A;g rNH3 Mean 
Preexponential  Apparent  Ammonia  Particle Ammonia  square 

factor activation partial growth synthesis deviation 
(Pa 2m • ks -I) energy pressure preexponential turnover 

(kJ • mole -I) dependence factor frequency 
(/xmole -4 • ks -t) (ks -I) 

Constant  N s (2.3 +- 21.6) x 1013 188.9 -+ 49.9 0.79 _+ 0.32 - -  0.004 0.0201 
N, predicted (2.4 -+ 12.8) × 1016 229.1 -+ 22.3 0.84 -+ 0.12 (4.12 -+ 0,04) × 1018 0.003 0.0025 

by CSD 
model 

pressure vs flow rate for the above-dis- 
cussed 7.2% Fe/TiO2 catalyst. The dashed 
curves represent the fit of the kinetic model 
to the data after incorporating the CSD 
model into the kinetic model. The solid 
curves, which show the fit of the kinetic 
model which does not include the CSD 
model, are included for comparison. Agree- 
ment between the measured values and the 
model has clearly improved. Table 1 shows 
values of the kinetic parameters and their 
associated 95% confidence interval ex- 
tracted from the data for constant Ns, and 
for Ns predicted by the CSD model. Note 
that after incorporating the CSD model into 
the kinetic model, the 95% confidence inter- 
val for each parameter was significantly re- 
duced, indicating improvement in the preci- 
sion of the kinetic parameter estimation. 
Values of the kinetic parameters extracted 
from the data and turnover frequency deter- 
mined using the model which includes the 
CSD model are different than the values ex- 
tracted from the data using the model which 
does not include the CSD model. The value 
for the particle growth preexponential factor 
extracted from the data is included in Table 
1. Also shown in Table 1 are the mean 
square deviations (MSD) obtained from the 
regression analyses. After incorporating the 
CSD model into the kinetic model the MSD 
was reduced by nearly an order of magni- 
tude, indicating better agreement between 
the model and the data. It should be noted 
that the additional adjustable parameter will 

improve the agreement between the model 
and the data regardless of the statistical sig- 
nificance of the added parameter. However, 
below it will be shown that the additional 
adjustable parameter is statistically sig- 
nificant. 

Figure 4 shows measured ammonia partial 
pressure vs flow rate at several tempera- 
tures for a hydrazine-pretreated 7.4% 
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FXG. 4. Effluent ammonia partial pressure vs molar 
flow rate for 7.4% hydrazine-pretreated Fe/TiO2 cata- 
lyst: (O) 673 K; ( I )  656 K; ([]) 682 K; (~)  663 K; (A) 
688 K. Solid curves indicate fit of  the kinetic model  
assuming constant number of catalyst sites; dashed 
curves indicate fit of the kinetic model with the CSD 
model included in the kinetic model. 
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TABLE 2 

Kinetic Parameters, Turnover Frequency, and MSD for Hydrazine-Pretreated 7.4% Fe/TiOz Catalyst 

A~ Ea m A~g rNH 3 Mean  
Preexponent ia l  Apparent  A m m o n i a  Particle A m m o n i a  square 

factor activation partial growth synthes is  deviat ion 
(Pa zm - k s -  i) energy pressure  preexponential  tu rnover  

(kJ - mole-% dependence  factor f requency 
(/xmole -4 • ks - l )  (ks -l)  

Cons tan t  N s (1.4 --- 5.6) x 109 126.4 -+- 20.8 0.45 --- 0.15 - -  0.049 0.1190 
N s predicted (1.7 + 2.6) x l0 II 153.4 --- 8.1 0.50 --- 0.05 (4.04 -+ 0.26) x 1018 0.041 0.0098 

by CSD 
model  

Fe/TiO2 catalyst. The solid curves represent 
the fit of the kinetic model with Ns held 
constant at the value determined from CO 
chemisorption. Again, the temperatures 
listed in the caption are in the same chrono- 
logical order as were run in the ammonia 
synthesis kinetics measurement. Ammonia 
partial pressures measured at 673 K are well 
above those calculated from the kinetic 
model. Measured ammonia partial pres- 
sures at 656 K agree closely with those cal- 
culated from the model, whereas the mea- 
sured values at 682 K are all higher than 
those determined by the model. Ammonia 
partial pressures measured at 663 and 688 K 
are lower than the model-calculated values. 
Generally, ammonia partial pressures mea- 
sured early in the ammonia synthesis kinet- 
ics measurement are higher than those pre- 
dicted by the model, while as time 
progresses, the number of active catalyst 
sites decreases due to particle ripening, and 
eventually, measured ammonia partial pres- 
sures become lower than the model-calcu- 
lated values. 

After incorporating the CSD model into 
the kinetic model the dashed curves in Fig. 
4 were obtained. Better agreement between 
the measured and calculated values is 
clearly the case. Shown in Table 2 are the 
kinetic parameters, turnover frequency, and 
the MSD obtained both before and after in- 
corporating the CSD model into the kinetic 

model. A significant reduction in the 95% 
confidence interval for each kinetic parame- 
ter was observed. As with the above-dis- 
cussed 7.2% Fe/TiO2 catalyst which was not 
pretreated with hydrazine, the values of the 
kinetic parameters and turnover frequency 
changed after the CSD model was incorpo- 
rated into the kinetic model. Also, the MSD 
was reduced by more than one order of mag- 
nitude. The ammonia synthesis turnover 
frequency is slightly more than one order of 
magnitude greater than that of the 7.2% Fe/ 
TiO: catalyst not pretreated with hydrazine 
(Table 1). The apparent activation energy 
and ammonia partial pressure dependence 
are significantly lower than the values ob- 
tained for the 7.2% Fe/TiOz catalyst not pre- 
treated with hydrazine. 

Figure 5 shows ammonia partial pressure 
vs flow rate at several temperatures for a 
hydrazine-pretreated K-promoted 7.0% Fe/ 
TiO2 catalyst. The solid curves represent the 
fit of the kinetic model with the number of 
catalyst sites constant and equal to the value 
determined from CO chemisorption. Again, 
the same trend is apparent regarding gradual 
loss of catalyst sites. Ammonia partial pres- 
sures measured early in the ammonia syn- 
thesis kinetics measurement are generally 
greater than those predicted by the model, 
while ammonia partial pressures measured 
near the end of the ammonia synthesis kinet- 
ics measurement generally fall below the 
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T A B L E  3 

Kinet ic  Parameters ,  Turnover  Frequency ,  and MSD for Hydrazine-Pretreated 
K-Promoted  7.0% Fe/TiO 2 Catalyst  
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A ;  E a m Apg rNHs Mean  
Preexponent ia l  Apparent  Ammon ia  Particle A m m o n i a  square  

factor activation partial growth synthes is  deviat ion 
(Pa 2m • k s -  1) energy pressure  preexponential  turnover  

(kJ • mole-I )  dependence  factor f requency 
(/zmole -4 • ks 1) (ks- l )  

C o n s t a n t N  s (7.0-+ 25.5) x 107 107.2_+ 19.2 0.32 -+ 0.14 - -  0.118 0.1184 
N, predicted (7.0 -+ 20.5) x 108 120.7 -+ 15.6 0.34 -+ 0.10 (3.69 -+ 0.96) x 102t  0.102 0.0413 

by CSD 
model 

model predictions. The trend here is not as 
apparent as with the above unpromoted cat- 
alysts. 

The dashed curves in Fig. 5 represent the 
fit obtained after incorporating the catalyst 
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FIG. 5. Effluent a m m o n i a  partial p ressure  vs molar  
flow rate for hydrazine-pre t rea ted  K-promoted  7.0% 
Fe/TiO z catalyst:  ( 0 )  673 K;  (11) 644 K; (n )  684 K;  (A) 
659 K; (&) 692 K. Solid curves  indicate fit of  the kinetic 
model  a s suming  cons tan t  number  of  catalyst  sites; 
dashed  curves  indicate fit of  the kinetic model  with the 
CSD model  included in the kinetic model.  

site disappearance model into the kinetic 
model. Agreement between the measured 
and calculated values has improved. Table 
3 shows the kinetic parameters obtained for 
this catalyst. As with the above-discussed 
catalysts, the 95% confidence intervals were 
reduced after incorporating the CSD model 
into the kinetic model. Also, the values of 
the parameters are different than those de- 
termined without the CSD model included 
in the kinetic model. Reduction of the con- 
fidence intervals with this catalyst is not as 
pronounced as with the unpromoted cata- 
lysts. Reduction of the MSD after incorpo- 
rating the CSD model into the kinetic model 
was by slightly less than a factor of three. 
This is less than the tenfold decrease seen 
with the unpromoted catalysts. The appar- 
ent activation energy and ammonia partial 
pressure dependence have decreased rela- 
tive to those of the unpromoted 7.4% Fe/ 
TiO z hydrazine-pretreated catalyst. The 
turnover frequency has increased by slightly 
less than a factor of 2.5 over the unpromoted 
7.4% Fe/TiO2 hydrazine-pretreated cat- 
alyst. 

Figure 6 shows ammonia partial pressure 
vs flow rate at several temperatures for a 
hydrazine-pretreated Cs-promoted 6.7% 
Fe/TiO 2 catalyst. The solid curves represent 
the fit of the data when N S was held constant 
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TABLE 4 

Kinetic Parameters, Turnover Frequency, and MSD for Hydrazine-Pretreated 
Cs-Promoted 6.7% Fe/TiO2 Catalyst 

A~ E a m A~g rNH3 Mean 
Preexponential Apparent Ammonia Particle Ammonia square 

factor activation partial growth synthesis deviation 
(Pa 2m - ks- ~) energy pressure preexponential turnover 

(kJ. mole -i) dependence fac tor  frequency 
(/zmole-4 • ks-I) (ks -i) 

Constant N~ (2.9 - 23.4) × 109 129.2 -+ 43.8 0.26 -+ 0.22 - -  0.115 0.0507 
N s predicted (1.8 -+ 10.2) × 109 126.3 -+ 29.6 0.39 -+ 0.18 (1.01 - 0.19) × 1022 0.082 0.0234 

by CSD 
model 

in the kinetic model. The dashed curves rep- 
resent the fit when the CSD model was in- 
cluded in the kinetic model. Again, agree- 
ment between the model and the data 
improved after the CSD model was included 
in the kinetic model. Table 4 contains values 
of the kinetic parameters extracted from the 
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FIG. 6. Effluent ammonia partial pressure vs molar 
flow rate for hydrazine-pretreated Cs-promoted 6.7% 
Fe/TiO2 catalyst: (A) 685 K; (0)  666 K; (&) 652 K; ([2) 
675 K. Solid curves indicate fit of the kinetic model 
assuming constant number of catalyst sites; dashed 
curves indicate fit of the kinetic model with the CSD 
model included in the kinetic model. 

data. As with the K-promoted catalyst, the 
95% confidence intervals and MSD were re- 
duced, but not as much as with the unpro- 
rooted catalysts. Also, the values of the ki- 
netic parameters have changed relative to 
those determined before incorporating the 
CSD model into the kinetic model. The ap- 
parent activation energy and ammonia par- 
tial pressure dependence are slightly larger 
than those observed for the K-promoted cat- 
alyst. The turnover frequency for the Cs- 
promoted catalyst is slightly less than that 
of the K-promoted catalyst. 

Table 5 shows BET surface area, CO up- 
take, and iron particle sizes for each of the 
catalysts studied. The surface-average par- 
ticle size was determined from the CO up- 
take, and the volume-average particle size 
was determined by X-ray diffraction line- 
broadening. The particle sizes determined 
by the two methods for the unpromoted cat- 
alysts are in good agreement. For the unpro- 
rooted catalysts, the CO uptake for the hy- 
drazine-pretreated catalyst is slightly higher 
than that of the unpretreated catalyst, 
whereas the particle sizes determined from 
X-ray diffraction have close to the same 
value. The lower CO uptake on the pro- 
moted catalysts and the large difference be- 
tween the surface and volume-average parti- 
cle sizes most likely indicates that the iron 
surface is covered by the alkali metal pro- 
moter. The volume-average particle size for 
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TABLE 5 

BET Surface Area, CO Uptake, Dispersion, and Particle Sizes for Fe/TiO2 and 
Alkali-Promoted Fe/TiO2 Catalysts 
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Catalys t  BET CO uptake D (ds) (dr) 
surface area (/~mole • g- i )  (nm) (nm) 

7.2% Fe/TiO 2 - -  16.5 0.0256 35.1 46.4 
7.4% Fe/TiO 2 45.6 -+ 0.4 18.4 0.0343 32.4 46.6 

hydrazine-pretreated 
7.0% Fe/TiO,  46.0 +- 0.4 2.9 0.0046 194.5 - -  

hydrazine-pretreated 
K-promoted  

6.7% Fe/TiO 2 46.5 -4- 0.4 3.2 0.0053 168.7 31.4 
hydrazine-pretreated 
Cs-promoted  

the Cs-promoted catalyst is significantly 
smaller than those of the unpromoted cata- 
lysts. The BET surface areas of all the cata- 
lysts agree closely with the value of 47.2 
m 2 g-i (determined elsewhere (18)) for a 
catalyst before kinetic measurements, indi- 
cating that the support has not undergone 
any significant morphological changes dur- 
ing the ammonia synthesis kinetics mea- 
surements. 

D I S C U S S I O N  

For each of the above-discussed cata- 
lysts, significant reductions in the MSD and 
the 95% confidence intervals of the kinetic 
parameters were achieved by modifying the 
kinetic model to account for gradual disap- 
pearance of catalyst sites by Ostwald ripen- 
ing of supported particles. Also, the values 
of the kinetic parameters extracted from the 
data using the modified form of the model 
were different from those extracted from the 
data using the kinetic model which does not 
account for deactivation of the catalyst. The 
modified form of the kinetic model was ob- 
tained by incorporating the CSD model into 
the kinetic model. This increased by one 
the number of adjustable parameters in the 
kinetic model. Obviously, an increase in the 
number of adjustable parameters in the 
model will result in an improved fit regard- 
less of whether the model better represents 

the data. Therefore, before concluding that 
the modified kinetic model better represents 
the data, it must be ascertained that addition 
of the CSD model to the kinetic model is 
statistically significant. Statistical signifi- 
cance of the CSD model was verified by 
applying the F-statistical test. Accordingly, 
the F-statistic between the kinetic model 
with and without the CSD model was calcu- 
lated using information obtained from the 
regression analysis for each case. Table 6 
shows values of the F-statistic for each of 
the catalysts studied. Also shown in the ta- 
ble are the minimum values of the F-statistic 
required for statistical significance at the 
99.9% confidence level (48). The F-statistic 
values are well above the minimum values 
required for statistical significance at the 
99.9% confidence level, indicating that the 
modification to the kinetic model to account 
for deactivation of the supported particles 
during the ammonia synthesis kinetics mea- 
surement is statistically significant. 

Since the modified form of the kinetic 
model was verified to be statistically more 
representative of the data, it follows that the 
kinetic parameters extracted from the data 
using this model better represent the true 
values. Thus, accounting for deactivation of 
the catalyst improved the accuracy of the 
kinetic parameters extracted from the data. 
In addition, because of the decrease of the 
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TABLE 6 

Statistical Significance of Incorporating the CSD Model 
into the Kinetic Model 

Catalyst F-statistic 
between kinetic 
model with and 

without CSD model 

Required F-statistic 
for significance 

at the 99.9% 
confidence level 

7.2% Fe/TiO2 112 17 
7.4% Fe/TiO 2 300 14 

hydrazine-pretreated 
7.0% Fe/TiO 2 31 14 

hydrazine-pretreated 
K-promoted 

6.7% Fe/TiO 2 31 17 
hydrazine-pretreated 
Cs-promoted 

95% confidence intervals, the values of the 
kinetic parameters  extracted from the data 
using the modified model are more precise. 
Inherent  in this argument is the implication 
that if deactivation of  a catalyst occurs  dur- 
ing kinetics measurements  and is not ac- 
counted for, this can obscure the true values 
and introduce additional uncertainty to the 
kinetic parameters.  Consider for example 
the preexponential  factor  for the 7.2% Fe/  
TiOz catalyst (Table 1). Accounting for de- 
activation of  the catalyst resulted in a 
change in the value by 3 orders of  magni- 
tude. This illustrates how substantial error  
to the kinetic parameters  can result from 
catalyst deactivation effects. Since the ki- 
netic parameters  extracted from the data us- 
ing the modified kinetic model better  repre- 
sent the true values, further discussion of  
the kinetic parameters  refers to those ob- 
tained using the model which accounts for 
deactivation of  the catalysts. 

Due to the high activation energy associ- 
ated with the deactivation process,  running 
the reaction at the highest temperature for 
an extended period would likely eliminate 
this effect. However ,  for deactivation pro- 
cesses with lower, or no temperature depen- 
dence,  this would not always be possible. 

The data f rom the ammonia synthesis ki- 
netics measurements  was also analyzed us- 

ing the CSD model with the exponent ,  n, 
having a value of  3 instead of  4 (22). For  the 
unpromoted catalysts, the MSDs for n -- 3 
and n = 4 were essentially the same. The 
MSDs for the promoted catalysts were 
slightly lower for n -- 3, but the differences 
were minor, and it is felt that there is insuf- 
ficient justification to claim that n = 3 is the 
more appropriate value. Since a rate process 
governed by diffusion of  atoms over  the sup- 
port surface (n = 4) is expected for particles 
as large as those in this study, it is felt that 
n = 4 is the appropriate value for the expo- 
nent in the CSD model. 

Since the preexponential  factor for  the 
particle growth process was obtained from 
analysis of the data with the CSD model 
incorporated in the kinetic model (Tables 
1-4), Eq. (12) can be used to predict the 
number of  catalyst sites at various times 
during the ammonia synthesis kinetics mea- 
surements. Table 7 shows values of  CO up- 
take calculated from Eq. (12) for each cata- 
lyst after hydrogen reduction of  the catalyst 
and before the 75% Hz, 25% N 2 mixture was 
introduced. The surface-average particle 
size calculated from this CO uptake is also 
shown for the unpromoted catalysts. CO up- 
takes measured after the ammonia synthesis 
kinetics measurement  were shown in Table 
5. The CO uptakes calculated at the begin- 
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T A B L E 7  

Carbon Monoxide Uptake and Surface-Average Par- 
ticle Size at the Beginning of the Ammonia Synthesis 
Kinetics Measurement  Calculated from the CSD Model 

Catalyst CO uptake (ds) (dr) 
(/xmole • g- i)  (nm) (nm) 

7.2% Fe/TiO 2 24.3 23.9 - -  
7.4% Fe/TiO 2 24.8 24.0 - -  

hydrazine-pretreated 
7.0% Fe/TiO 2 4.7 - -  - -  

hydrazine-pretreated 
K-promoted 

6.7% Fe/TiO2 3.7 - -  - -  
hydrazine-pretreated 
Cs-promoted 

6.3% Fe/TiO 2 26.2 h 21.3 29.2 
reduced 24 h 25.9 b 21.6 26.5 
H, at 673 K" 

6.3% Fe/TiO 2 17.9 ~' 31.2 33.1 
reduced 24 h 
H2 at 723 K ~' 

Taken from Ref. (18). 
b Measured value. 

ning of the ammonia synthesis kinetics mea- 
surement (immediately after hydrogen re- 
duction) for the unpromoted catalysts agree 
closely with CO uptakes measured pre- 
viously by us (also listed in Table 7) in de- 
tailed characterization of similar Fe/TiO2 
catalysts (18). The catalysts in Ref. (18) 
were reduced for the same time, but at a 
slightly lower temperature (673 K) and 
higher temperature (723 K). It is reasonable 
that the particle size estimated from the cal- 
culated CO uptake for the 693 K-reduced 
catalysts of the present study are between 
the particle sizes for catalysts reduced at 
lower and higher temperatures. This result 
confirms the correctness of the CSD model, 
since reasonable values of CO uptake are 
obtained when projected to earlier times. 

Other catalyst deactivation mechanisms, 
such as poisoning, can be ruled out by exam- 
ining the X-ray diffraction particle sizes at 
the end of the ammonia synthesis kinetics 
measurement for the unpromoted catalysts 
(Table 5), and comparing these with X-ray 
diffraction particle sizes measured after the 

reduction step for similar catalysts charac- 
terized by us in a previous study (18). Table 
7 shows volume-average particle size deter- 
mined from X-ray diffraction after the 24 h 
reduction step for catalysts reduced at 673 
and 723 K. The catalysts in the present in- 
vestigation were reduced at 693 K; thus, the 
particle sizes for the catalysts reduced at 
673 and 723 K represent what should be 
upper and lower limits for the particles of 
the 693 K-reduced catalyst before introduc- 
tion of the 25% N2, 75% H 2 mixture. The X- 
ray diffraction particle sizes of 46.4 nm and 
46.6 nm for the unpromoted catalysts (Table 
5) are significantly larger than the expected 
values at the beginning of the ammonia syn- 
thesis kinetics measurement, indicating that 
the particles must have grown during the 
ammonia synthesis kinetics measurement. 

Comparing the kinetic parameters ob- 
tained for the 7.2% Fe/TiO2 and hydrazine- 
pretreated 7.4% Fe/TiO2 catalysts shown in 
Tables 1 and 2, respectively, some differ- 
ences are noted. The apparent activation 
energy and ammonia partial pressure depen- 
dence for the hydrazine-pretreated catalyst 
are lower than those of the catalyst not pre- 
treated with hydrazine. The value of 0.5 for 
the ammonia partial pressure dependence 
for the hydrazine-pretreated catalyst is 
closer to the values reported by others for 
clean iron surfaces (29-32). The turnover 
frequency for the hydrazine-pretreated cat- 
alyst is about 1 order of magnitude higher 
than that of the unpretreated catalyst. Turn- 
over frequencies for these catalysts agree 
well with turnover frequencies measured by 
Santos et al. (10) for similar Fe/TiO 2 cata- 
lysts. Turnover frequencies for Fe/TiO~ are 
about 4 orders of magnitude lower than 
those reported for Fe/MgO catalysts (2) and 
are about 5 orders of magnitude lower than 
the turnover frequency reported for an Fe/ 
SiO2 catalyst (10). 

Characterization data presented in Table 
5 show higher dispersion for the hydrazine- 
pretreated catalyst vs the catalyst not pre- 
treated with hydrazine. The particle sizes 
measured by X-ray diffraction line-broaden- 
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ing are nearly the same for the two catalysts. 
Similar X-ray diffraction particle size along 
with higher dispersion suggests higher de- 
greee of particle surface poisoning with the 
catalyst not pretreated with hydrazine. 
These differences in the kinetic parameters, 
turnover frequency, and degree of surface 
poisoning between the unpretreated and hy- 
drazine-pretreated catalysts suggest that the 
surfaces of these two catalysts are different. 

When considering the catalytic properties 
of titania-supported metals, one must con- 
sider that the surfaces of the supported par- 
ticles are influenced by a strong metal-sup- 
port interaction (SMSI). This effect is 
responsible for drastic reduction in capacity 
to chemisorb H 2 and CO when reduced at 
temperatures higher than about 770 K. The 
SMSI effect was first observed by Tauster 
et al. (49) and Tauster and Fung (50) and 
has been well-studied by many other investi- 
gators. Earlier works (49-56) indicated that 
SMSI was due to electronic modification of 
supported particles by the reduced underly- 
ing support. However,  Simoens et al. (57) 
and others (10, 18, 58-61) have shown that 
the surfaces of metals supported on titania 
are contaminated with a titania suboxide 
species which migrates to the particle sur- 
faces during reduction. More recently, 
Raupp and Dumesic (62) showed that both 
electronic effects induced from the reduced 
underlying support and titania adspecies are 
present in the SMSI effect on titania-sup- 
ported catalysts. Previous results from our 
laboratory (18) agree with results of others 
(58) which indicate that effects from migrat- 
ing titania species on the particle surfaces 
can be detected at temperatures as low as 
673 K. Since the catalysts in the present 
work were reduced at 693 K, some effects 
of SMSI are expected. 

In an investigation of the ammonia syn- 
thesis kinetics over Fe/TiO2, Santos et al. 
(10) showed that the ammonia synthesis ki- 
netics are influenced by the SMSI effect. 
They showed that, as the reduction temper- 
ature (and thus the extent of SMSI) in- 
creased, the apparent activation energy and 
the ammonia partial pressure dependence 

increased. They reported turnover frequen- 
cies for Fe/TiO 2 which were much lower 
than those obtained over Fe/SiO2 and Fe/ 
MgO. These authors attributed the lower 
turnover frequencies and changed kinetic 
parameters to the presence of titania adspe- 
cies on the surfaces of the iron particles. 
Since the ammonia synthesis reaction re- 
quires a large ensemble of surface atoms, it 
was argued that slight contamination of the 
surface should have a large effect on the 
number of sites on which the ammonia syn- 
thesis can occur. Changes in the apparent 
activation energy and ammonia partial pres- 
sure dependence were attributed to elec- 
tronic modification of the iron surface by 
adsorbed titania species. 

The differences in turnover frequency, ki- 
netic parameters, and degree of particle sur- 
face poisoning between the hydrazine-pre- 
treated and unpretreated catalysts in the 
present investigation may be interpreted in 
terms of a smaller extent of SMSI with the 
hydrazine-pretreated catalyst. The kinetic 
parameter and turnover frequency changes 
are consistent with the above-discussed ob- 
servations of Santos et al. (10). It thus ap- 
pears that the hydrazine pretreatment modi- 
fied the titania support in a manner which 
inhibited the SMSI effect. 

Hydrazine has been observed by Littrell 
and Tatarchuk (63) to reduce the surfaces 
of transition metal oxides. Using in situ X- 
ray photoelectron spectroscopy they ob- 
served decreases in the surface oxygen/ 
metal ratio for a range of first-row transition 
metal oxides. While these workers did not 
consider the reduction of titania by hydra- 
zine, they observed rapid reduction of simi- 
larly stable oxides; thus it is probable that 
titania will be reduced by hydrazine. Reduc- 
tion of the titania surface by hydrazine 
would likely proceed by removal of surface 
oxygen anions and creation of surface an- 
ionic oxygen vacancies, similar to the reduc- 
tion of titania by hydrogen proposed by 
Herrmann and Pichat (64), 

½N2H 4 + 202- ~__ 
HzO+½N z + O  2- + Vo2-, (18) 
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where Vo2- represents a surface anionic va- 
cancy with two trapped electrons. Creation 
of anionic vacancies could render the sur- 
face more reactive, allowing hydrazine to 
react and replace surface oxygen anions 
with surface nitrogen anions as 

½N2H 4 + V02- -~ O2-<_.~__ 

W02- -'~ N 2- + H20.  (19) 

As the catalyst is heated to 693 K in hydro- 
gen during reduction, some surface nitrogen 
would likely be removed from the surface 
as nitrogen or ammonia, but some surface 
nitrogen would probably participate in for- 
mation of structural titanium nitride, which 
would be present as small TiN crystallites 
in the support surface. Equations (18) and 
(19) have the net effect of converting tita- 
nium dioxide to titanium nitride as 

N2H4 + TiO2 ~ 2H20 + 1 ~Nz + TiN. 
(2O) 

The free-energy change for this reaction is 
favorable by about 42 kJ mole-~ at room 
temperature. The increased quantity of tita- 
nium nitride and the reduced quantity of 
titanium dioxide on the support surface 
would likely reduce the probability of form- 
ing the titania species which migrates to the 
surfaces of titania-supported particles, thus 
inhibiting the onset of SMSI. 

Addition of potassium and cesium to Fe/ 
TiO2 resulted in an increase in the ammonia 
synthesis turnover frequency. For both of 
the promoted catalysts, the apparent activa- 
tion energy and ammonia partial pressure 
dependence are significantly lower than 
those of the unpromoted Fe/TiO2 catalyst. 
Potassium is slightly more effective than ce- 
sium in promoting the ammonia synthesis 
reaction. This is opposite the trend observed 
by Aika et al. (8) who determined that for 
supported ruthenium catalysts promoted 
with Na, K, and Cs the catalytic activity for 
ammonia synthesis increases in the order of 
decreasing work function (Na < K < Cs). 
Another interesting difference between this 
work and that of Aika et al. (8) is that they 
observed much larger increases in ammonia 

synthesis activity after addition of the pro- 
moter than was the case in the present work. 
Emmett and Brunauer (65) observed an 
eightfold increase in turnover frequency 
when potassium oxide was added to iron 
ammonia synthesis catalyst. A smaller in- 
crease (factor of 2-3) in ammonia synthesis 
rate was observed in the present study after 
addition of alkali. This could be attributed 
to titanium-oxygen adspecies on the sur- 
faces of the alkali-promoted particles. Ad- 
sorbed titanium-oxygen species may inter- 
act with alkali to reduce the effectiveness of 
the promoter. This might be similar to the 
interaction of adsorbed oxygen with alkali 
on model polycrystalline iron surfaces in- 
vestigated by Pafil et al. (66). They found 
that oxygen coadsorbed with alkali caused 
a large decrease in nitrogen adsorption rate. 
The decrease in nitrogen adsorption rate 
was consistent with the increase in surface 
work function, which they also measured. 
This effect was attributed to a chemical in- 
teraction between coadsorbed oxygen and 
alkali on the polycrystalline surface. Such 
an interaction would decrease the ability of 
alkali to transfer electrons to the iron sur- 
face since transfer of electron density to the 
iron surface is the essential function of the 
promoter. A similar interaction between ad- 
sorbed titanium-oxygen species and ad- 
sorbed alkali is possible with the catalysts 
in this investigation. Such an interaction 
would explain the observation that the pro- 
moter only caused a modest increase in am- 
monia synthesis rate. Studies of the interac- 
tion of alkali and alumina promoters in iron- 
based ammonia synthesis catalysts has pro- 
vided evidence for association of alkali with 
an alumina phase on the iron surface (67, 
68). Indeed, it is possible that a similar inter- 
action between iron and titania may be pres- 
ent in the alkali-promoted Fe/TiO2 cata- 
lysts. 

For the catalysts considered in this study, 
kinetic parameters in the Temkin-Pyzhev 
model were determined. The following de- 
velopment demonstrates how heats of nitro- 
gen adsorption on the catalysts can be esti- 
mated from the kinetic parameters. The 
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estimated heats of adsorption provide some 
insight concerning the nature of the catalyti- 
cally active phase. For the purpose of this 
development, the ammonia synthesis is as- 
sumed to proceed according to the following 
two-step mechanism (4, 29) 

N 2 + 2"---~ 2N* (21) 

2N* + 3H2 ~ 2* + 2NH3, (22) 

where * represents an active catalyst site. It 
has been well established that the first step 
is the rate limiting step, while the second 
step is in equilibrium. 

Temkin (29) has shown that the forward 
rate constant, kf, in Eq. (1) is given as 

kf = k~ds,Nz(Ko,NzKz) -m, (23) 

where K0,N~ is the equilibrium constant for 
nitrogen adsorption on a nonuniform sur- 
face, and is given by (69) 

= (kads,N2)exp{AHOds,~2/RT}" (24) 
K0'N~ \kdes,Y2 / 

AH0ds,N2 is the heat of nitrogen adsorption at 
zero surface coverage. The rate constants 
kads,Y~ and kde~,N~ are for adsorption and de- 
sorption of nitrogen, respectively, from a 
nonuniform surface, and can be expressed 
in Arrhenius form as 

(R~r) exp{--E°ds,Nz/RT} kads'N2 = Aads'Nz T 

(25) 

kdes,N2=Ades,N2(~)exp{--EOes,N:/RT}, 
(26) 

where Aads,N2 and Ades,N2 are preexponential 
factors. E ° and E0es,N2 are activation en- ads,N 2 
ergies for nitrogen adsorption and desorp- 
tion at zero surface coverage, respectively. 
The parameters y and/3 define the distribu- 
tion of adsorption and desorption activation 
energies, respectively, for a nonuniform 
surface. K2 is the equilibrium constant for 
Eq. (22), which can be expressed as 

1£2 = C2 exp{AHz/RT}, (27) 

where C2 is a constant. AH z is the enthalpy 
change for Eq. (22), which can be expressed 
as the difference between the enthalpies of 
formation of the products and reactants 

AH 2 = 2AHf, NI43 -- AHOds,Nz. (28) 

AHf, NU3 is the heat of formation of ammonia 
0 (45.9 kJ mole-l). Use of AHaas,Nz as the en- 

thalpy of formation for 2N* is valid since 
the surface coverage of N* is very small 
under ammonia synthesis conditions, Erti 
(7) has made measurements of the N* sur- 
face coverage for a stoichiometric mixture 
(at 583 K, 80 kPa) which was far from equi- 
librium (reverse reaction negligible). He 
found that the surface coverage is very low, 
and in fact, he stated that the surface under 
these conditions is "essentially nitrogen- 
free," Substituting Eqs. (24)-(28) into Eq. 
(23), and invoking the relation AH0d~.N, = 

0 0 Edes,N2 -- Ends,N_,, obtain 

kf = Aads,N2 ~ \Aads,N2 / \ 'Y/ \C2 /  

× exp{-(E°d~,~2 + mAH°ds,y: 

+ 2mAHf, NH3)}. (29) 

Given that kf = A0 exp{-Ea/RT}, it follows 
that 

( R T ) ( a e e s ' Y 2 ~ ( ~ (  1 ]  
A 0 = Aads,N2 \ Y f \Aads,NzJ \YJ \C2] 

(30) 

and 

E a = E°ads,Yz + mAH°as,N2 + 2mAHf, NH 3. 

(31) 

Equation (31) indicates that the ammonia 
synthesis apparent activation energy de- 
pends on the nitrogen adsorption heat. Pre- 
vious work has found that the activation 
energy for nitrogen adsorption is typically 
in the range 0-30 kJ mole-1 for promoted 
and unpromoted iron (7, 70). Using an aver- 
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TABLE 8 

Heats of Nitrogen Adsorption at Zero Coverage Cal- 
culated from Kinetic Parameters Obtained from Am- 
monia Synthesis Kinetics Measurements 

Catalyst A-Hads,O 
Heat of adsorption 

(kJ mole -~) 

7.2% Fe/TiO 2 163.1 +_ 45.2 
7.4% Fe/TiO 2 184.2 + 32.3 

hydrazine-pretreated 
7.0% Fe/TiO 2 219.1 _+ 104.7 

hydrazine-pretreated 
K-promoted 

6.7% Fe/TiO 2 193.6 +- 152.2 
hydrazine-pretreated 
Cs-promoted 

age value of 15 kJ mole- ~, the heat of nitro- 
gen adsorption for each of the catalysts were 
calculated from Eq. (31), and are shown in 
Table 8. The heats of nitrogen adsorption for 
the unpromoted catalysts are slightly lower 
than the reported 198-228 kJ mole- i values 
for iron (7, 70). The higher nitrogen adsorp- 
tion heat for the hydrazine-pretreated cata- 
lyst may be related to the smaller extent of 
SMSI with this catalyst. It is noted that the 
heat of nitrogen adsorption increases as al- 
kali promoter is added. This is likely an ef- 
fect induced by the promoter. The effect 
of the promoter on the adsorption heat of 
molecular nitrogen has been well studied, 
and is known to increase as promoter is 
added; however, the influence of promoters 
on the strength of the Fe-N bond for dissoc- 
iatively adsorbed nitrogen is more difficult 
to determine, and literature values are not 
available. The result in Table 8 indicates 
that, as with associatively adsorbed nitro- 
gen, promoter increases the Fe-N bond 
strength for dissociatively adsorbed ni- 
trogen. 

It is interesting that catalysts with higher 
activity have smaller ammonia partial pres- 
sure dependence (Tables 1-4). The ammo- 
nia partial pressure dependence, m, is the 
ratio y/a,  where ,/is the proportionality con- 

stant defining the linear distribution of nitro- 
gen adsorption activation energies for a non- 
uniform surface, and a is the constant which 
defines the linear distribution of nitrogen ad- 
sorption heat. If an increase in activity is 
produced by creation of a few active sites, 
such as in the vicinity of the alkali promoter 
on the particle surface, this would result in 
sites near alkali metal atoms on the particle 
surfaces which have high binding energies 
for nitrogen adsorption, while sites located 
relatively far from the alkali promoter would 
have similar characteristics as the unpro- 
moted catalysts. This idea is reasonable, 
since Heskett (71) has shown that alkali pro- 
moters on transition metals exert the pro- 
moter effect over a relatively short range. 

CO uptakes (Table 5) for the promoted 
catalysts are substantially smaller than 
those of the unpromoted catalysts. This is 
probably due to alkali metal covering a sig- 
nificant portion of the supported particle 
surfaces. Since the work of Emmett and 
Brunauer (24) in the late thirties, it has been 
known that alkali promoters in iron ammo- 
nia synthesis catalysts cover a major portion 
of the iron surface. A more recent investiga- 
tion of alkali promoters in supported cata- 
lysts is consistent with our observation that 
the promoter covers supported particle sur- 
faces (72). Covering of the particle surfaces 
with alkali is probably the reason for the 
smaller volume-average particle size (deter- 
mined by X-ray diffraction) in the Cs-pro- 
moted catalyst (Table 5). In the promoted 
catalysts the number of surface iron atoms 
available for dissociation from particle 
edges is substantially less than with the un- 
promoted catalysts. Since particles become 
enlarged by dissociation of atoms from par- 
ticle edges and subsequent migration of 
these atoms over the support surface, a de- 
crease in the number of surface iron atoms 
would most likely decrease particle growth 
rate. 

Additional evidence for slower particle 
growth in the promoted catalysts is provided 
by estimating rates of particle growth in the 
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TABLE 9 

Surface Iron Atom Disappearance Rates 

Catalyst Surface iron atom 
disappearance rate 
at the beginning of 

the ammonia synthesis 
kinetics measurement 
(/xmoles ks -1) × 104 

Surface iron atom 
disapperance rate 

at the end of 
the ammonia synthesis 
kinetics measurement 
(~moles ks -1) × 104 

7.2% Fe/TiO 2 
7.4% Fe/TIO 2 

hydrazine-pretreated 
7.0% Fe/TiO2 

hydrazine-pretreated 
K-promoted 

6.7% Fe/TiO 2 
hydrazine-pretreated 
Cs-promoted 

3.67 
3.99 

0.89 

0.74 

0.53 
0.90 

0.08 

0.36 

catalysts. Differentiation of Eq. (9) provides 
an expression for the surface iron atom dis- 
appearance rate expressed as micromoles 
per ks, 

d N s  _ 1 m tpg exp{ - E a pg/e T }  i V  n + 1 
d t  n , ~ . s  • 

(32) 

Table 9 shows surface iron atom disappear- 
ance rates for each catalyst calculated from 
Eq. (32), using the above-determined parti- 
cle growth kinetic parameters. Shown are 
the rates evaluated at the beginning and end 
of the ammonia synthesis kinetics measure- 
ment. Surface iron atom disappearance 
rates for the unpromoted catalysts have sim- 
ilar values. This is reasonable given the simi- 
larity of the catalysts. Surface iron atom 
disappearance rates for the promoted cata- 
lysts are smaller than those of the unpro- 
moted catalysts. This is consistent with the 
smaller particle size of the Cs-promoted cat- 
alyst measured by X-ray diffraction. Parti- 
cle growth rates for the promoted catalysts 
are similar at the beginning of the ammonia 
synthesis kinetics measurement, but the 
particle growth rate of the K-promoted cata- 
lyst at the end of the ammonia synthesis 
kinetics measurement is smaller than that 
of the Cs-promoted catalyst. The probable 

reason for this is that the reaction was run 
for a longer time with the K-promoted cata- 
lyst than with the Cs-promoted catalyst. 

Above it was noted that for the promoted 
catalysts, the reductions in MSD and confi- 
dence intervals as a result of incorporating 
the CSD model into the kinetic model to 
account for ripening of supported particles 
were not as pronounced as with the unpro- 
rooted catalysts. This is consistent with 
slower particle growth rates with the unpro- 
moted catalysts. 

CONCLUSIONS 

Several features of the ammonia synthesis 
over Fe/TiO2 catalysts pretreated with hy- 
drazine and promoted with alkali were in- 
vestigated. A modified form of the Tem- 
kin-Pyzhev model which accounts for 
deactivation of the catalyst by Ostwald rip- 
ening of the supported particles was used to 
correlate the data. Aside from improving the 
accuracy and precision of kinetic parame- 
ters, the modified kinetic model supplied 
useful information about the kinetics of the 
particle ripening process. Differences in the 
turnover frequencies, kinetic parameters 
and CO uptakes for Fe/TiOz and hydrazine- 
pretreated Fe/TiOz catalysts were consis- 
tent with a smaller extent of SMSI for the 
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hydrazine-pretreated catalyst. The smaller 
extent of SMSI appears to be due to reduc- 
tion of the surface and subsequent formation 
of titanium nitride on the support surface. 
The alkali promoters K and Cs reduced the 
ammonia partial pressure dependence and 
the apparent activation energy, but only 
provided a modest increase in the turnover 
frequency for the ammonia synthesis reac- 
tion. The alkali promoters may be interact- 
ing with adsorbed titania species on the sur- 
faces of the supported particles. A smaller 
X-ray diffraction particle size for the Cs- 
promoted catalyst and smaller particle 
growth rates for the promoted catalysts indi- 
cated that the alkali promoters stabilized the 
iron particles against growth by Ostwald rip- 
ening. The smaller particle growth rates for 
the promoted catalysts are probably due to 
a smaller number of surface-exposed iron 
atoms which results from partial covering of 
the particles by alkali. 
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