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The activity of different catalysts used for the catalytic decompositjion of ammonia in the 
presence of wat,er vapor was studied so as to obtain selective catalysts for the reduction of 
NO by Hz int,o N2. Ni, Ru, and Pd base formulav and Ni-Ru and Ni-Pd associations from 
different preparation methods were investigated. The catalytic species appears to be reduced 
metal despite the presence of water vapor. Ruthenium proves to be the most active metal, while 
palladium is inactive. If  the initial cai.alyst is in an oxidized form, reduction by the react,ion 
medium becomes necessary. With NiO this reduction is slow and requires a t,emperature of 
about (iOO”C, but it appears to be extremely fast with oxidized Ru. With reduced Ru, an 
activation appears necessary around 530°C. This activation has been interpreted as expressing a 
reconstruction of the metal surface. The addition of the noble metals Ru and Pd to nickel oxide 
enhances the reducibilit,y of this oxide but does not appear to introduce any synergetic effect 
for the preparation method used. 

INTROl)UCTION 

The catalytic reduction of nitrogen oxide 
by hydrogen in the purification of exhaust 
gases leads to the simult~aneous production 
of nitrogen and ammonia (1,s). Inwsti- 
gating numerous catalysts, ccrt,ain authors 
have found a ckar correlation bctwccn the 
dcsircd sclectivitJy in the production of 
nitrogen, and the activity in bhc dccompo- 
sit,ion of ammonia (4)-(G). Thus in the 
context of our gcnrral rcscarchcs conccrn- 
ing catalytic purification of exhaust gascts, 
wc have found it, useful to study the activity 
of different catalysts for ammonia decompo- 
sition. Abundant, literature exists on t.his 
reaction, and has Icd to the following classi- 
fications based on the act,ivit,y : 

Ru >> Fc - Ni - Co - Rh 

> Rc > Pt [Refs. (9, lo)], 
and 

Ru > Ni >> Pt, Pd, Cu [Ref. (cl)], 

in accordance with the known sclcctivity 
of Ru and Ni. On t’he other hand, catalyst 
preparation conditions, and thcrcforc the 
initial form of the catalyst (c>.g., oxidized or 
rcduccd) has been shown t’o bc important, 
especially in t’hc case of Ru catalysts (7’). 
Finally, interest in some motal combina- 
t,ions has bwn rccognizod (8). 

Our investigation has consequently been 
directed to study tha influence of t’hc 
initial form of t,he catalyst and to cxaminc 
t,hc type of transformation arising during 
t#hc transknt, period, as wll as t,o detcrminc 
the final st’ationary activit#y. WC have 
chosen Ru and Ni catalysts, as being the 
most efficient orws, then their combination, 
and lastly the combination of Ni with Pd, 
this last metal being known as inactive but 
able to enhance the reducibility of NiO. 

We have chosen t,o operate in the presence 
of water vapor t,o simulate t,hc exhaust gases 
atmosphtw. In Part, II (17), :I kinetic in- 
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vcstigation was undertaken to obt’ain a 

fundamental charactc~rizabion of thcl cnta- 
lytic prrformanccs. 

Catalyst spherw with a diamctcr of 2.5 
to 4 mm were placed in a vertical quartz 
reaction tube, wit,h a volume of 16 cm”, 

betwwn two silicon carbide plugs. A prc- 
heater-mixclr filled wit,h silicon carbide 
prcwdcd t,hc reactor. Blank cxperimcnta- 
t,ion showed that t,hc filling was catalytically 
inert. The rcact,ant,s wrc fed to the prc- 
heater, the ammonia being in the form of an 
aqueous solution. The gaseous mixtuw 
leaving the reactor passed through a system 
of bubblws in which the undccompowd 
ammonia could b(: continuously titrated 
by acidirneky. 

9. Procedure 

For a fixed temperature and flow rate, 
NH3 conversion was constantly monitored 
by measuring the time required to ncutralizo 
a specific volume of acid. As soon as this 
time had become stable, the actual mca- 
surcmclnt was made by integrating the 
amount of acid consumed in 30 min. 
Standard twt conditions wrc as follows : 

r NH3 = 1.8 X 102N m+; 

I’,,+J = 3.7 x 103 N m-2, 

I’Nz = 9.6 X lo4 N m-L ; 

GHSV = 20,000 hr-‘. 

For each catalyst the conversion was rn(‘a- 
surcd wrsus tcmperaturr. The error in the 
conversion mcasuremc~nt was in gcnwal Icss 
than 2y0 in absolut8c valuct ; t#he tcmperatuw 
accuracy was about f 1°C. Thr rcproduci- 
bility of pcbrformances for several prcpara- 
tions of the same catalyst ww vcrificbd, as 
illustrattld in Fig. 1. 

PN~ =9.6 IO4 Nm-2 

GHSV,20,000 hr-’ 

FIG. 1. Transient, activit,y (a) and (h) for NiO 

catalyst; and steady state activity (2) for NiO 
and Ni catalysts. (V) Decreasing 1 empernt,ure and 

(A) increasing temperature for t,he first sample of 

NiO cat,alyst,; (0) decreasing or increasing tempera- 

ture for the second sample of NiO catalyst ; ( 0) de- 
creasing or increasing temperat~urc for the first 

sample of Ni catalyst ; (0) decwtsing or incarensing 

t,emperaturc for the second s:unple of Ni c.:lt,:dyst. 

3. Catalyst 21 rlalysis 

The spclcific surface awas of the catalysts 
ww moasur(~d \vith a P&in-Elmer Shell 
21% sorptomc+r. The specific surface arctas 
of mcbt,als ww mcasurcd by dynamic hy- 
drogcw ch(~misorpt,ion (1.2). The drgroc of 
nicltcl oxidation \vns mc>asurc>d cithw by 
X-ray diffraction, or by wight loss during 
reduction in thwmogravimc%ric mcasurc- 
mcnt,s (TGA). The formrr twhniquc could 
be used wit,h a small amount of catalyst, 
but it wquiwd a careful prior calibration to 
b(> made from physical mixtuws of NiO 
rind mt>tallic Ni dtlpositcd on alumina; it, 
had an accuracy of about Z%,. TGA m(‘a- 
surtwrnt.s new pc~rformcd cm a large frac- 
tion of t,hc cat,alytic bed. The sample was 
rcduwd by Hz for 3 hr at 700°C. Wit,h such 
conditions it, was chcckcd that the rcduc- 
tion ~vas almost, complete for t,hc supportcld 
catalysts used. With ruthwium catalysts 
thtx active phaxc contents (0.05%,) ww too 
small to be cliaractc~rizcd. 

4. Gas-Solid Reactio,ls 

The wduction of various oxidizc>d cnt,a- 
lytic spwks \vas nnalyzcd by a Mcttlrr 
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GHSV-20,000 hr-1 

300 400 500 600 T’C 

FIG. 2. Transient activit,y (a) and (b) for reduced 

Ru; and steady state activity (G) for oxidized Ru 

(0) and reduced Ru (0) catalysts. 

thcrmobalancc. With a sample mass of 100 
mg, accuracy was fO.O1 mg. 

5. Catalyst Preparation 

Ru, Ni and Pd based catalysts wcrc 
prepared by impregnation on alumina 
carriers. An alumina with a small surface 
area (8 m”/g) was chosen so as to reduce 
interaction with the carrier. 

In the case of ruthenium, the very high 
activity of this element led us t.o deposit 
very small amounts, approximately O.O5oj, 
weight. Impregnation was done with a hy- 
drochloric solution of RuC&, and brought 
about an exchange phenomenon between 
the solute and the support, which resulted 
in an approximately 95% reduction in the 
concentration of the solution. After drying 
for 2 hr at 15O”C, two fractions wcrc sepa- 
rated. One of them was calcincd in air at 
500°C for 3 hr. The other was directly re- 
duced by pure hydrogen at 350°C for 3 hr 
(hydrogen GHSV = 1000 hr-l). In this 
way, two types of products were obtained, 
containing either ruthenium in an oxidized 
form or ruthenium in a reduced form. These 
products are the initial form of the catalysts 
and will bc called, respectively, oxidized Ru 
and reduced Ru catalysts. 

In the case of nickel, the weaker activity 
Icd us to deposit amounts of about 10% 

weight. Impregnation was performed by a 
nitrate solution and did not cause any 
apprcciablc interaction during wetting. Im- 

pwgnation was pcrformcbd without (‘xwss 
of solution. The drying st,agc at 150°C for 

‘1 hr was very import’ant bccausc it dt>ter- 
miws the number, size and distribut,ion of 
salt crystallitcs, which arc precursors of the 
active spccics. The subscqucnt calcinat,ion 
stage in air at 600°C for 2 hr transforms 
t.he nickel nitrate into nickel oxide. Two 
fractions were then also separated. One of 
them was placed directly in the reactor 
while the other was rcduccd by Hz at 
500°C for 3 hr with a GHSV = 1000 hr-1. 
These products are the initial form of the 
catalysts and will be called, respectively, 
NiO and Ni catalysts. 

Palladium was deposited in a comparable 
amount to ruthenium from a solution of its 
nitrate, which does not cause any apprcci- 
able exchange during wetting. Drying and 
calcination were performed as for the 
oxidized Ru catalyst. The product ob- 
tained will be called oxidized I’d catalyst. 

Bimetallic catalysts containing Ni and 
Ru, or Ni and Pd were prepared in the 
same way as oxidized Ru catalysts and 
oxidized Pd catalysts, but with NiO catalyst 
used as the carrier. They will be called 
NiO-oxidized Ru and NiO-oxidized Pd 
catalysts. 

RESULTS AND DISCUSSION 

For each catalyst we shall succrssivcly 
present for given cxpcrimcntal conditions : 

1. The existence of a transient period of 
activation. 

2. The cxist’cnce of stationary activit,y, 
which enables single curves to be plotted 
which give the value of this activity versus 
temperature. 

3. The stationary state of the catalyst, 
when stationary activity is attained. 

Some simple and partial interpretations 
can be directly made after each successive 
cxperimcntal result. A more general intcr- 
pretation is proposed below. 

The ammonia decomposition reaction is 
practically complete from the thermo- 
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dynamic point of view, for the partial 
prcssurc and tcmpcraturc range uxcd. 

I. n'ICI<EL-BASED CATALYSTS 

A. NiO Oxide Catalyst (I455 crt Ni) 

Figure 1 shows that up t.o about GOO”C, 
conversion is zero (prriod a, lvith a tcm- 

pcrature rise of 1 ‘C/min). At around GOO”C, 
conversion incrcascs quickly t,o at#tain 100% 
around 650°C (period 1)). If the tcmpcra- 
turc is t,hcn dccrcased t,hc activity can bc 
plot’tcd by a single curve that cm bc COIL- 
sidcrcd to bc rcvcrsiblc. In Fig. 1, a diffcr- 
cntiation is made between points ohtaincd 
for an incrcasc or docrcase in tcmpcrnturc. 

This reveals t,he need for activation by 
the reaction medium at, high tempcraturc 
and the cxist~encc of a stationary nctivit#y 
curve. After a scrims of tests (final tcmpcra- 
ture = 500°C), tho catalyst n-as cooled 
under nit~rogcn, then romovcd front the own 
for analysis. The color chnngc (t,urning 
from light gray t,o black along the bed) 
suggcstcd a reduction to mct,allic nickel. 
TGA pcrformcd on the cntirc bed effcc- 
tively rcvcalcd that the overall fraction of 
rcduccd nickel n-as 0.41. Furthcrmort, an 
X-ray diffract,ion analysis showed that, t,his 
nwan value corrcspondcd t#o a rcduwd 
fraction of 0.25 in a zone about 207; from 
t,hc entrance to the bed, and 0.45 for t.hc 
rest of bhc bed. Tho (NH3 + H&), then 
(NH3 + Hz + H&) reaction medium thus 
causes the reduction of t,hc cat,alyst. Its 
steady stat’c remains approximately the 
same from 400 to 600°C. 

B. Ni Reduced Catalyst (14’5$ wt Ni) 

Figure 1 sho\vs that above 350°C there 
is a stat’ionary activit,y curve t.hat is rcversi- 
bly plotted by increasing or dccrcasing the 
temperature. The activation period rithcr 
does not exist, or is cxtrcmcly brirf. WC can 
see that, t,hn stationary activity obt,wincd 
with Ni is grcatcr than with YiO. The 
stationary state of the catalyst has been 

FIG. 3. Transierlt, activity (a) and (b) and steady 

state activity (2) for NiO-oxidized Ru cat,slyst, 

three preparations of the same catalyst ( 0, 0, 0). 

For comparison, the activity of NiO catalyst (Fig. 1) 
has l)een also plotted. 

charact,crizcd in the same way as prt- 
viously. Thr mean reduced fract’ion is 0.66. 
X-Ray diffrn&ion shows approximately 0.3 
for the reduced fract,ion in the first 570 of 
the catalyfic bed (ssmplc taken at 450°C). 

The prcccding results thus confirm that,, 
despitn the prcsencc of water, metallic 
nickel is the act,ive phase, which explains 
t’hc need for act’ivat8ion by reduction for t,hc 
oxidized catalyst and not for t#hc rcduccd 
catalyst,. 

II. RGTHENIUXI BASED CATALYSTS 

(0.05% u-t Ru) 

With an oxidized cataIyst (oaidixerl Ru), 
Fig. 2 shows that beginning at 370°C wc 
find a stationary curve that is plotted in a 
rcvcrsiblc manner by increasing or dc- 
creasing t,he tc:mpcrat,urc. It can bc seen 
that t.hc activity obscrvcd is of t,he same 
magnitude as that discovcrcd by Klimisch 
and TayIor (6, 11). 

With a rcduccd catalyst (recluced Ru), 
Fig. 2 shows that the activity remains zero 
up to about 450°C (pwiod a). Above that, 
conversion incrcasrs quickly to 100yc at 
around 500°C (period b). Then the activity 
can be plotted on a single curve as a func- 
tion of tcmperaturc, which corresponds to 
a much higher activity t’han the one oh- 
taincd \vit,h the oxidized Ru cat,alyst’. This 
cxpcrimcntal finding dots not correspond 
to the one indicat~cd by Klimisch and 
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FIQ. 4. Activation temperature, steady state con- 
version at 44O”C, and steady state of the catalyst 
(mean reduced fraction), for NiO-oxidized Pd 
catalyst, vs Pd percentage. 

Taylor (fi), who observed a lower activity 
for the reduced species. 

Instead of what was obscrvcd with nickel, 
it thus appears that, it is the reduced form 
that requires an activation period. On the 
other hand, as with nickel, the reduced 
form is the most active, once stationary 
activity has been obtained. 

III. NICKEL AND RUTHENIUM 
BASED CATALYSTS 

Apart from a possible synergetic effect, 
we should cxpcct an acceleration of NiO 
reducibility by the addition of ruthenium. 
Indeed, such an accclcration has been 
shown by the addition of other noble metals 
such as Pt and Pd (13, 14). 

The results, shown in Fig. 3, concern an 
NiO-oxidized Ru catalyst containing 14% 
Ni and 0.05y0 w-t Ru. As with the NiO 
catalyst, there is zero act#ivity at low tem- 
perature. However, whereas for NiO the 
activity remains zero up to BOO”C, a slight 
activitv occurs for NiO-oxidized Ru be- 
tween 400 and 530°C (period a) and then 
act’ivity increases quickly to attain 100% 
at around 560°C (period b). The activity 
then remains at a stationary value which 
is quite similar to that of the catalyst Ni, 
and hence higher than that of the catalyst 
NiO. The three types of points correspond 
to three samples and illustrate the rcpro- 

ducibility of preparation. A TGA of thr 
catalytic bed shows that the mean dcgwc 
of reduction of nickel oxide from NiO- 
oxidized Ru is 0.66 (sample taken at 450°C). 

A partial intcrpretat’ion of thcsc findings 
can bc proposed. The domain of low 
activity (a), corresponds to the actual 
activity of ruthenium whose oxide is easy 
to reduce, and the clearly much lower value 
obscrvcd in Fig. 3 compared with Fig. 2 
can probably be explained by the less good 
dispersion of ruthenium when it is deposited 
on alumina preimprcgnatcd with NiO (this 
interpretation will bc further confirmed by 
the performances of the NiO-oxidized Pd 
cat’alyst). The activation observed, bcgin- 
ning at 530°C instead of GOO”C, results 
from the accclcration of reducibility caused 
by ruthenium. This effect will be further 
confirmed by additional TGA experiments. 

IV. NICKEL AND PALLADIUM BASED 
CATALYSTS 

It was interesting to confirm the accelcra- 
tion of NiO reducibilit’y by adding a metal 
such as palladium, which is known to bc 
inactive with regard to the decomposition 
of ammonia. A prior experiment cffcctivcly 
confirmed the very weak activity of sup- 
ported palladium. With an NiO-oxidized 
Pd catalyst (14y0 Xi and 0.05% Pd), the 
phenomena were quite similar to those 
observed with NiO-oxidized Ru (14oj, Ni 
and 0.05’% Ru). The only difference lay in 
obtaining zero activity up to 53O”C, after 
which the activity incrcascd quickly. This 
result agrees with the wry weak activity 
of metallic palladium and confirms the hy- 
pothesis according to which the activity 
corresponding to the (a) portion of the 
curve in Fig. 3 is attributed to reduced 
ruthenium. 

To reveal clearly the effect of accelerating 
NiO reducibility by adding a noble metal, 
WC used varying amounts of Pd, which has 
a simpler effect than Ru because of its 
own catalytic inactivity. Figure 4 shows 
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that the increase in palladium conwntration 

increased bot’h t#he reducibility of nickel 
oxide (dccrcasc in activation tcmpcrat.urc) 
and the st,ationary Icvc~l as ~~11 as thr frac- 
tion of reduced niclwl in th(i stat8ionary 
st,atc of t,hc catalyst. 

Thn enhanwmwt of nickel oxide reduc- 
tion by nwtals such as Ru or Pd was vcrifkd 
in n c*lassicnl thcrmogravimctric c~xp~~ri- 
mcnt, (16). 

Mention should bc made how of an (‘x- 
pcrimental finding observed with all catma- 
lysts cont,aining nickel which will be (‘x- 
trcmcly uwful for making a gcwral inkr- 
prcltation of the cxperimclnt,al results. It, 
has to do with t,htl hct,cwgcwaity of th(k 
catalyst grains in the stationary statr, as 
shown in Fig. 5. After t,hc nitrogen qut~~h- 
ing of a cat#alyst# sample operating at, 5OO”C, 
wc obwrwd that t#hc grains locat,c>d at the 
entrance of the catalytic bed invariably 
have nickel in the core (black color) and 
NiO (gray color) on the pcriphcry (or at 
least w-crc rich in Ni on t.hc inside and 
rich in NiO on the out,sidc). On the ot,hcr 
hand, the grains located at the c>nd of the 
cat8alytic bod mainly consist, of rcduccd 
nickel, at lcast if ammonia conversion was 
sufficient,. 

V. GENERAL INTERPRETATION 

WC will first consider all the catalystjs 
containing nick1 (SiO, Ni, X0-oxidizc>d 
Ru, NiO-oxidized Pd) and then t,ho results 
obtained n-it’h ruthenium cat,alysts (oxi- 
dized Ru, rcduccd Ru). 

A. Catalysts Coda&in y Nickel 

To discuss simultaneously t,hc activation 
of the oxidized phases, the st,ationary ac- 
tivity, and the stationary state along the 
catalytic brd, three reactions arc to bc con- 
sidercd, only two of which arc t,hcrmo- 
dynamically independent. 

1. Catalytic amnlonia decompositio~r. 

FIG. .i. Study state of NiO r:ttdyst grains de- 

pending on their position in the catalyt.ic bed. Left: 
erltr:mve of the re:wi or; right : end of the reactor. 

3 NiO + 2 NH, -+ 3 iYi + N, + 3 H,O. (2) 

Thcrmodynamica1ly, t,his rcxaction is al- 
most complete for the tempcrat,uws uwd. 
Kinetically, it, is slow at tcmpc~raturcs less 
t,han or qua1 t,o about 400°C. 

3. The system of two reverse c/as-solid 
reactions. 

At, thermodynamic quilibrium, t,his sys- 
tcbm obeys Eq. (4) 

(4) 

In a diagram of roordinatw (I’I12/Z’11zo, 
tompclraturc) t#ht: equilibrium curve in 
Fig. 6 separates the domains of cxistcncc of 
X0 and Ni. 

Kiwtically, bot,h t,hc Reactions (3) ar(’ 
faster than Reaction (2). Reaction (3 for- 
ward) is speeded up by adding metals such 
as I%, Pd(13, 14) and Ru (rcsuks obtained 
here by TGA) ; we can assume that Rcxac- 
tion (2) is also accclcratcd by Pt, Pd, Ru. 
On the basis of thcsc elements it is easy to 
recall t,ho interpretation of phcnomc>na con- 

NH, i+ 3 iY\T2 + $ H,. (1) ccrning the activation period of the oxidized 
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FIQ. 6. PIQ/Z’~,~ value vs temperature for the 
equilibrium: NiO + Hz F? Ni + H20. 

phases. The more complex intcrprctation of 
the stationary state of the catalyst,, as well 
as of the stationary activity, lvill bhcn be 
taken up. 

a. Oxidized Phase Activation. Period a 
observed for the different NiO based cata- 
lysts corresponds to the fact t,hat this 
catalyst is inactive. For temperat,ures that 
are too low the rate of NiO rcduct,ion by 
NH3 (Reaction 2) is too slow. NiO rcduc- 
tion by Hz cannot occur because of the 
lack of hydrogen. When a temperature of 
600°C is reached, reduction of the NiO 
phase by NHs becomes kinetically fairly 
fast and produces nickel which t’hcn cata- 
lyzes tho NH3 decomposition. The cffcct 
of Ru and Pd metals is to accelerate NiO 
reduction by NH3 so that the activation 
temperature can be lowered. For cat’alysts 
previously reduced by Hz, it is logical to 
obscrvc immediate activity on Ni species. 

b. Interpretation of the stationary state of 
the catalyst. We will first attempt to inter- 
pret the phcnomcna observed with NiO and 
then with NiO-oxidized Ru or NiO-ozidixed 
Pd after their activation. In each case we 
will begin by examining the stationary state 
of the catalyst at the entrance to the bed 
and then how it changes along the reactor. 

a. Initial NiO catalyst. al. Entrance to bed. 
The reaction atmosphere of the homogeneous 
phase is made up solely of NH,, HzO, and 
Nz. In particular, I’nz = 0 at t,he entrance 
to the bed. Reaction (3 forward) cannot 

occur. Rcact8ion (2) is too slow at low tc>tn- 
prraturr. Hww tlw onl\- rwc+ion liable to 
occur is rc~oxidation, Itcw$ion (3 r(w~rs(~) 
of rcduccd Ki formed during activation, 
i.c., Ni + Hz0 -+ NiO + Hz. As a result, 
the i&ally activated catalyst,, hence con- 
taining reduwd Si, should cnbiwly return 
to the inactive KiO form. At this moment 
since no hydrogen is formed in t,hr first 

wctions of t,h(h catalytics bed, thr subsc- 
clucnt wctions should also return t,o t,hc 
NiO stat,c. Howvcr, this conclusion is con- 
trary to cxpcrimcntal observations bwauw, 
on t’hc one hand, thr stationary state of 
reduced nickel persists at the entrance t)o 
the bed (Fig. 5) and on the ot#her hand, 
the NH, decomposition activity is not zero. 
We interpret, thcsc phenomena while con- 
sidcring t,hat \vith the activat,cd NiO cata- 
lyst (hcncc cont.aining Xi) the catulyt,ic 
decomposition of KHZ main&r/s a hydrogen 
prcxssurc i71 the ewe of the grain, which en- 
ablrs Reaction (3 forward) to take place. 
In the core of the grain, t,hr J’n.JPneO rat,io 
may thus at,tain a value corrrsponding t,o 
the Ni domain in Fig. 6. Of course, t,hc 
hydrogen pwssure dccreaws to a zero value 
from the core to t#hc outside of t,hc grain, 
and the equilibrium curw is thus croswd, 
bringing the outside of thr grain into the 
NiO domain (Fig. 5). 

a2. Evolution of the statioplary state along 
the bed. This evolution results from the in- 
crease in hydrogen pressure along the bed. 
The core fraction of the grain in which the 
Ni domain is attained increases in propor- 
tion, and may reach the outside itself for a 
sufficient NH, conversion, aft,cr which t,hc 
grain is t,otally reduced. 

b. Initial NiO-oxidized Ru or NiO-oxidized 
Pd catalysts. For these catalysts, the same 
argument is applicable Ho\vcver, cnhancc- 
ment of the reducibility of NiO by Ru or Pd 
enables a higher fraction of reduced Ni to be 
obtained at the end of activation. Conse- 
quently, the maintained production of H, 
in the core of the grain is higher, as is also 
the P,,/l’,,o ratio at the center of the 
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grain. Thtn, in th(l &ationary stat?, t,he 
curve in Fig. 6 is crossed ncarrr t’he 
periphery for grains at the ent,rancc t,o the 
catalyt,ic bed, and grains bccomc totally 
rcduccd ncarcr its beginning. Both forecasts 
correspond t,o experimtnt,al obwrvation. 

c. Correlation bdweetl activify and staliotl- 
ary state. The above results have shown a 
correlat,ion between the owrall activity 
and t,hc mean reduced nickel fraction when 
the stationary st#atc is attaiwd. This rorrc- 
lation may bt> exprrsscd cluantit,atively 1,) 
plott.ing, for all nickel bawd catalysts, an 
isot8hermal line givirlg KH, cOIlV&On as n 

funct8ion of t,his mean Xi rclduccd fraction 
(Fig. 7). 011 this curve ~VC haw indicat,ed 
the point corresponding to lOO:h Xi (20) 
which \vas obtained by optrating with Ki 
in the abscncc of w-atcr vapor, \vith (wry- 
thing clsc being equal. 

The curve obtainc>d olcarly reveals a 
cluant8it,at1ivc correlation, but, thck raw wla- 
tion obtained must 1~0 subjcctcld t’o dis- 
cussion and improvement . This lvill be done 
in Part II (17). WC jvill simply remark hcrc 
that the influcncc (Jf t,hc variation in 
crystallite size can be climinatc~d, t#o a first 
approximation, bccausc chcmisorption mea- 
surements have shown that, for the six 
catalysts in Fig. 7, t,hc sizw of the crystal- 
lites wcrc about 200 nm. Such mcasurc- 
mcnts, concerning cryst’allitcs involving 
both NiO and Xi, have to bc done, afkr 
reduction to Ni, under t.hc mildest, possible 
conditions (hcrc at 400°C by Hz) to avoid 
sintcring. A chc~li of t,lic: absence of siritcr- 
ing results from the observation that the 
altcrnat,ivc react~ion of oxidation and rcduc- 
tion of t,hc cat,alpst up to 500°C does not 
change the chemisorption obwrvcd after 
the final reduct,ion at 400°C. 

It is rat,hcr surprising to not,c that the 
stationary state of t8hc catal>-st is different 
dcpcnding on whrthcr the point’ of de- 
part,ure is NiO (0.41 mean reduced fract’ion) 
or Ni (0.66 mean rc~duccd fraction). It 
might, br supposed that this diffcrencc 
stems from the fact that t#lic st’ationary 

T’e, 440°C 

C%’ PNH~ = 18 IO* Nm-* 

100 ~~ PH*O = 3.7 10’ Nm-2 (0 for 6) 

PNz = 9.6 lOa Nm-Z 

80-m GHSV =2O,OOOhr-1 6 

60 

40 

20 

1 ! I I I 1 1 
0 20 40 60 SiO Id0 h 

Reduced fraction *% 
I 

FIG. 7. Correlation between activity and mean 

reduced fraction, for different Ni catalysts: (1) NiO 
catalyst; (2) NiO-oxidized Pd (O.O1’l;s); (3) NiO- 

oxidized Ru (0.0.57;,) ; (4) NiO-oxidized Pd (0.0c5yc) ; 

(5) NiO-oxidized Pd (O.Z$); (6) pii catalyst 

operating without H&. 

st,ates arc not, atltainc>d, but, c~xperimcnts 
rarried on for 30 hr do not rcwal any 
change. It, is not, excluded to suspwt t#hat 
diffcrcnt8 stationary st,atts may exist,, dc- 
pcwding on lvhrthrr the point, of dttparturc 
is activakd X0 (hcnw partially rctduced) 
or Ni (hcncc cnt,ircly reduced). 

B. Ruthettiutt~ Based Catalysts 

For such catalyst,s, considering t’hc great 
reducibility of ruthenium oxides, it can bc 
supposed that the st,ationary state is wry 
close to t,hc reduced state, &her starting 
from an init,ial oxidized or rcxduccd st,at,c. 
Now if \VC consider that, t,hc act,ive phase 
is tfhc reduced mct,al, the lo\vcr stJationary 
activit,y obscrvcd with oxidized ruthenium 
should be due to an cnlargcment of t’he 
crystallitw during t,he calcination steps in 
air. 011 t,hc contrary, direct, reduction 
should malw it, possible t,o maintain the 
greatly dispersed stak obtainrd by ex- 
change during t,hc wetting st#agc. This hy- 
pot#hcsis, which has not been experimentally 
chrcked (t,oo small amourits of chcmisorbcd 
hydrog(w), is bawd on a grncrally obsrrvcd 
cnhanccmcnt, of the sintering of deposited 
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TABLE 1 

Conversion Observed in tshe Stationary State for Various Init,ial Cat.:tlysts~ 

Initial catalyst NiO Ni Ru NiO-0.05% NiO-0.05% 
Oxidized Oxidized 

Oxidized Reduced Ru Pd 

NH3 conversion (%) 7 30 5 60 2:i 25 
%wt metal 14 14 0.05 0.05 14 (Ni) 14 (Ni) 
p = conversion/al, metal 0.5 2.1 100 1200 1.8 1.8 

= ‘I’ = 400°C; Z’NH, = 1.8 x lo* N m-2; PE, = 3.7 x 103 N me2; P N2 = !b6 X lo4 N mm2, GHSV 
= 20,000 hr-1. ” 

metal in an oxygen atmosphere, cspccially 
for Ru whose one oxide is volatile. 

The need for activation with ruthenium 
reduced by Hz might bc intcrprctcd by the 
need to obtain a surface structure that is 
favorable for the reaction. In other words, 
eit,hcr the reduction by Hz would allow 
inhibitors to subsist (such as Cl or H 
itself) that would be eliminated at a higher 
temperature in the presence of the reaction 
medium, or else, bccausc of the drmanding 
nature of the reaction, the surface structure 
produced by reduction wit#h HZ might be 
inactive. A reconstruction of the surface 
would be ncccssary and would be caused 
by t#hc reaction cnvironmcnt, (by NHS). 
This latter hypothesis is suggcstcd by 
various findings published on NH2 syn- 
thesis by Brill and Kurzidim (IS), who ob- 
served that Fe304 reduced by the reaction 
medium very quickly becomes active, 
whcrcas after reduction by Hz, an activa- 
tion by the rcact,ion medium proves 
necessary; other research by these authors 
bears out t#he rcconstruct’ion hypothesis. 

It should bc point’cd out that this com- 
plex behavior of ruthenium catalyst,s was 

obscrvcd by Taylor et al. (7). We obtain 
activities that are yuitc similar to the ones 

they obtained with oxidized phasrs. But in 

our research, aft#cr activation by the reac- 
tion environment t,hc reduccxd phase is much 
more active, while in the research of Taylor 
et al. it is much less active than the oxidized 
phase Perhaps the weak activity of their 

reduced phases should bc attributed to the 
use of a support with a larger surface area 
(250 m2/g compared with our 10 m2/g), 
which would make grcatcr ruthenium dis- 
persion possible and hcncc more interaction 
with the support. This intorprctat#ion has 
already been suggcstcd by Taylor et al. 
themselves. The question arises whcthcr 
activation of their reduced phases by the 
reaction medium at high temperature 
might not be liable to enhance their 
catalytic activity. WC can note that t’he 
intervention of some Ru nitriding is in 
agreement with the rcconst#ruct’ion concept. 

CONCLUSIONS 

1. In the stationary state, the active 
species for the decomposition of ammonia 
is certainly t,hc rcduccd metal, dcspitc the 
prcscnce of water vapor which probably 
mainly affcct#s the oxidation-reduction state 
of metallic compounds. In the case of nickel 
in particular, t,his is demonstrat#cd by t’hc 
need of a reduction by the reaction medium 
(NHs, H&) for a catalyst initially in the 
form of nickel oxide. On the other hand, 
activity is immediately observed for prc- 
reduced nickel. Likcwisc, a direct corrcla- 
tion appears between the stationary ac- 
tivity and t,he stationary reduced fraction 
of nickel. For an oxidizc>d Ru catalyst, the 
act’ivation by reduction is quite easy. 

2. The need for activation by the rcac- 
tion medium for a Ru based catalyst pre- 
reduced by hydrogen may be interpreted 
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by the need, under the influence of iVH3, 
to reconstruct the ruthenium surface rc- 
duced by Hz. This type of interpretation, 
associated with the int,ervcntion of metal- 
support int,cractions (with a large area 
support), may explain why other aut,hors 
have found less activit,y for rut,henium prc- 
reduced by HZ in comparison wit#h oxidized 
ruthenium (7). With nickel reduced by Hz, 
t,he recon&uction phenomenon cithcr does 
not intcrvenc or is wry fast. 

3. The addition of small proportions of 
tither active rut’hcnium or inactive palla- 
dium, for NH3 decomposition, to an NiO 
species produces quite similar effects in cn- 
hawing the X0 reducibility. 

4. In the stationary statme, t’he activity 
of ruthrnium is much grcat,cr than that of 
nickel, but the method of preparation is of 
considcrablc importance. These rcsult,s arc 
illustrated by the first four columns in 
Table 1 in which the findings are taken 
from Figs. 1, 2, 3, and 4. 

A fundamental comparison between Ni 
and Ru cat,alytic spclcies requires: (a) 
Characterization of act’ivity by the reac- 
tion rate or kinetic paramctcrs, rather than 
by conversion ; and (b) knowledge of the 
number of surface metal atoms, so as 
to obtain the turnover number. How- 
cvcr, the empirical ratio p = conwrsion/yO 
metal shows the practical superiority of 
ruthenium (Table 1). 

The importance of the preparation 
method is particularly sharp in the case of 
ruthenium. A catalyst prcrcduccd by Hz 
has, in the stationary stat,C, a much grcatcr 
activity than that of a catalyst calcined in 
air. This has been intcrprctcd as the result 

of the enlargcmcnt of the oxidized 11~1 
crystallit,cs during thr calcination. 
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