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The temperature-programmed desorption spectra of hydrogen on KrO-CaO-A1203-Fe, CaO- 
Alz03-Fe, A&Or-Fe catalysts at normal atmospheric pressure and various temperatures have been 
obtained. Desorption peaks are observed in three temperature intervals, namely, 120-170, 280- 
380, and 480-540°C. Having studied the changes in the TPD spectra effected by adsorbed nitrogen, 
promoters, and adsorption conditions, we characterized these peaks as H++, H6+, and Ha-, respec- 
tively. The effect of promoters and dipole-dipole mutual interaction energy have been estimated. 
The dynamically induced adsorption models for the synthesis of ammonia on doubly promoted iron 
catalysts proposed by K. H. Huang (‘Proceedings, 7th International Congress on Catalysis,” p. 
554, 1981; Sci. Sin. 24, No. 6 (1981); Universitis Amoiensis (Acta Sci. Natur.) 3, 112, 130 (1978)) 
have been further supported and extended. The adsorption equilibrium constants have been esti- 
mated using a statistical thermodynamic method. The results established that (l&P&s+ and 
(&P&+~ are much less than unity as was assumed in the previous derivation of the kinetic 
equation (K. H. Huang, Sci. Sin. 24, No. 6 (1981)). This equation has been proved. 

INTRODUCTION 

The mechanism of ammonia synthesis on 
iron catalysts is of fundamental impor- 
tance. Despite extensive experimental 
work and much thought, the mechanism of 
ammonia synthesis has not yet been fully 
elucidated. Recently, attention has been fo- 
cused on activation of NZ passes through a 
molecularly adsorbed species and whether 
hydrogen participates in the process of dis- 
sociation of Nz on doubly promoted cata- 
lysts (I). 

The adsorption of hydrogen has been 
classified by the temperatures at which 
maxima appear in the isobaric adsorption 
into three types, A, B, and C, with the max- 
ima at -90, 100, and -196°C respectively 
(2). However, as we will show below, more 
than one adsorption state may occur simul- 
taneously at the same temperature, the 

t The paper was presented at 182nd ACS National 
Meeting, August 27, 1981. 

same pressure, and on the same catalyst. In 
our opinion, the isobaric adsorption alone 
is not adequate for classifying the adsorp- 
tion states. Wedler and Borgmann ob- 
served only the /?-type of adsorbed hydro- 
gen in TPD from iron films (3), but no 
promoters were present and the tempera- 
ture and pressure were lower than in TPD 
studies from conventional catalysts. 
Amenomiya and Pleizier noted two adsorp- 
tion peaks between room temperature and 
200°C on a promoted catalyst (Haldor 
Tops* Type KM1 KZO-CaO-MgO- 
A&03-Fe) (4) and they characterized both 
peaks as representing P-type adsorption. 

The mutual interaction between simulta- 
neously adsorbed NZ and HZ has been ob- 
served by several authors. All experiments 
were run at less than 1 atm, and moreover, 
in the case of doubly promoted iron catalyst 
there were some controversial results. For 
example, Emmett et al. (5) and Ameno- 
miya et al. (4) found nitrogen would dis- 
place hydrogen adsorbed in the p form, 
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whereas Bokhoven et al. (6) found that 
when the nitrogen was preadsorbed, there 
was an increase in the amount of chemi- 
sorption of hydrogen at 168 and 220°C. 
They explained this as a H+ and N- reac- 
tion and proposed an adsorption heat Qn+ 
larger than Qn- (but our result is Qns+ 
smaller than ens-). Tamaru et al. (7) also 
found that the adsorption amount of both 
N2 and H2 were increased when N2 and Hz 
were adsorbed simultaneously at 450 and 
500°C. The rate of ammonia synthesis is 
proportional to the pressure of Hz at a con- 
stant amount of nitrogen preadsorbed and 
at a low hydrogen pressure (3-20 cm Hg). It 
is difficult to explain the correlation of the 
rate of ammonia synthesis with the total 
amount of adsorbed hydrogen if we do not 
divide the adsorption into active and inac- 
tive species. The experimental results of 
Topsoe et al. (8) showed there is no clear 
correlation between the amount of ad- 
sorbed hydrogen and the activity for ammo- 
nia synthesis. Wedler and Borgmann (3) 
studied adsorption of hydrogen and of ni- 
trogen on iron films at low temperatures 
and the adsorption of hydrogen on films 
containing adsorbed nitrogen. They be- 
lieved that adsorbed nitrogen was displaced 
by hydrogen. However, as we will show 
(Id), the amount of adsorbed NJ- is in- 
creased if nitrogen and hydrogen are coad- 
sorbed on doubly promoted iron catalyst 
during cooling from 400°C to low tempera- 
ture. Huang (I) has advanced a hypothesis 
for the nature of active site and nitrogen 
and hydrogen adsorbed on it. To further 
support this, we have observed the TPD 
spectra of hydrogen at atmospheric pres- 
sure as affected by the preadsorbed nitro- 
gen, promoters, and the conditions of ad- 
sorption. 

EXPERIMENTAL 

1. Apparatus and Method 

The apparatus used in the TPD spectra 
and desorption peaks analysis is shown in 
Fig. 1. 

High-purity gas or carrier gas (Ar or 
He) passes through columns 3, 4, 5, and 6 
to remove Hz0 and Oz. It then passes 
through the six-way valve 13 and the cata- 
lyst bed 15 to reach the thermal conductiv- 
ity cell 10A. To analyze the components in 
the exit gas, the gas from 10A is passed 
through the six-way valve 14 and the sam- 
ple tube 16 to the thermal conductivity cell 
11B. 

After exposure of the catalysts to hydro- 
gen or nitrogen, the residual adsorptive was 
removed by a flow of argon before starting a 
TPD run. 

Where two peaks appear in TPD with 
some overlapping, the temperature rise was 
interrupted just after the maximum in the 
earlier peak until the signal had decreased 
considerably. The temperature rise was 
then restarted. This procedure led to better 
resolution of the two peaks. 

2. Catalyst Composition (Unreduced) 

Catalyst I: 0.7% K*O-1.5% CaO-2.3% 
A1203-Fe304. 

Catalyst II: 1.7% CaO-2.2% A1203- 
Fe304. 

Catalyst III: 2.3% A1203-Fe304. 

The catalysts were kindly furnished by Mr. 
Wei Ke Mei (Fuchow University). They 
were prepared by the industrial fusion 
method. 

3. Procedure for Reduction 

The reduced catalyst was heated in an 
oven for 1 hr at 120°C 0.5 g of catalyst was 
put into the microreactor for TPD. The sys- 
tem was evacuated for 2 hr, and the catalyst 
was then reduced in a hydrogen stream 
(flow rate 50 cm3/min). The reducing condi- 
tions (heating rate, reduction time, con- 
trolled temperature) are the same as those 
of industrial catalysts, as shown in Fig. 2. 

4. Gas Chromatographic Analysis 

Chromatograph: Model GC- 103, Shang- 
hai. 
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FIG. 1. The schemative diagram of TPD experiment. (1) Reduction valve, (2) flow rate controller, (3) 
silica gel, (4) S-d; molecular sieve, (5) Ni deoxidizer, (6) MnO deoxidizer, (7) valve for stabilizing 
pressure, (8) rotameter, (9) valve for stabilizing flow, (lOA) gas chromatograph Model 102, (10B) gas 
chromatograph Model 103, (11) sample injection inlet, (12) three-way valve, (13) six-way valve, (14) 
plane type six-way valve, (15) microreactor (desorption cell), (16) sample tube, (17) chromatographic 
column, (18) temperature-programmed controller, (19) double-pen recorder, (20) pressure meter, (21) 
liquid air cold trap. 

0 5 I5 25 35 45 hr 

-Time (hr) 

FIG. 2. The reduction curve of iron catalysts. 



262 HUANG, ZENG, AND LI 

Time 
(ali") 

lysts I, II, and III. These spectra are shown 
in Figs. 3, 4, and 5, respectively. 

2. TPD of Hydrogen Adsorbed at Room 
Temperature 

The well-reduced catalyst was heated in 
flowing argon several times from 20 to 
500°C until no hydrogen peak could be seen 
in the gas chromatograph. It was cooled to 
room temperature and hydrogen stream (50 
cm3/min) was passed through the catalyst 
bed until the catalyst was fully saturated. 
The next steps were the same as described 
in section 1. TPD spectra on catalysts I, II, 
and III are shown in Figs. 6, 7, and 8, re- 

FIG. 3. The TPD spectra of catalyst I (K,O-CaO- 
Hydrogen was desorbed from the well- 

Alr09-Fe) with H2 adsorbed during cooling from 400 to 
reduced catalyst as described in section 2. 

-20°C. N2 (70 cm3/min) and H2 (70 cm3/min) 

Time 
Chromatographic column: 3-mm diame- (nin) 

ter, 2 m long, 5-A molecular sieve (32-45 36 

mesh). 
Temperature of column: 60°C. 
Temperature of detector chamber: 60°C. 
Detection limit: 40 ppm. 

EXPERIMENT RESULTS 

1. TPD of Hydrogen Adsorbed on Zron 
Catalysts During Cooling from 400°C to 
Room Temperature (20°C) 

After the catalyst had been well reduced 16 . 

at 400°C by an H2 stream (50 cm3/min) pass- 
ing through the catalyst bed, the tempera- I2 . 
ture was decreased slowly from 400°C to 
room temperature. Then, the carrier gas Ar a 
(70 cm3/min) was passed through the cata- 
lyst bed to sweep out residual hydrogen gas 4. 

until no hydrogen could be detected by the 
gas chromatograph in the exit gas and the 0 

0 IO0 200 300 400 500 r-c 

baseline of the gas chromatograph had be- 0 I 2 3 4 5 Emv 

come stable. The TPD spectrum was then 
observed at a heating rate of 25Wmin and a 

FIG. 4. The TPD spectra of catalyst II (CaO-A1203- 
F e with Hz adsorbed during cooling from 400 to J 

carrier gas flow rate of 70 cm3/min on cata- -20°C. 
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FIG. 5. The TPD spectra of catalyst III (A1203-Fe) 
with H2 adsorbed during cooling from 400 to -20°C. 

streams were passed alternately through 
the catalyst bed at intervals of 5 min until 
saturation was reached. Then TPD was car- 
ried out as described in paragraph 1. The 
TPD on catalysts I, II, and III are shown in 
Figs. 9, 10, 11, respectively. 

Time 
(min) I 

28 
I 

FIG. 6. The TPD spectra of catalyst I (K*O-CaO- 
Alz03-Fe) atler exposure to H2 at -20°C. 

FIG. 7. The TPD spectra of catalyst II (CaO-A1203- 
Fe) after exposure to H2 at -20°C. 

4. Displacement of Strongly Adsorbed 
Hydrogen by N2 at 510, 410, and 20°C 

Catalyst after reduction in Hz at 400°C 
was heated twice in flowing Ar from 20 to 
550°C. The temperature was then adjusted 
to 510 or 410°C and no hydrogen could be 
detected in the exit gas. The argon flow gas 
was replaced by one of nitrogen, and as 
shown in Fig. 12a, hydrogen appeared in 
the exit nitrogen. If Nz and Ar streams were 
passed alternately through the catalyst bed, 
changes in hydrogen concentration in the 

Time 
(vml) 

0 I 2 3 4 5 Env 

FIG. 8. The TPD spectra of catalyst III (A&OS-Fe) 
after exposure to Hz at -20°C. 
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FIG. 10. TPD spectra on catalyst II (CaO-A1203-Fe) 
after coadsorption of H2 and N2 at -20°C. 
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5401 DISCUSSION 

._  ̂ _._ 
1. The Net Charge and Nature of the 

Three Species of Hydrogen Hzs+, H”+, 
and HS- 

> 520 

100 200 300 400 500 T-C 

FIG. 9. TPD spectra on catalyst I (K20-CaO- 
A1203-Fe) after coadsorption of Hz and N2 at -20°C. 

exit gas were observed as shown in Fig. 
12b. It is clear that adsorbed hydrogen 
could be displaced by adsorbed nitrogen 
but not by the inert Ar. 

After reduction of a catalyst followed by 
desorption of HZ as described above, a flow 
of N2 was established over the catalyst at 
-20°C. The procedure described in section 
1 was followed and the TPD spectra ob- 
tained on catalysts I and II are shown in 
Figs. 13 and 14, respectively. These spectra 
show that the displaced H2 gas is read- 
sorbed to form the first and second types of 
adsorbed hydrogen, which cannot be dis- 
placed by nitrogen, and are present in the 
TPD spectra. 

The TPD-adsorption spectra on various 
catalysts and under different adsorption 
conditions and the effects of N2 coadsorp- 
tion on the TPD spectra of hydrogen are 
listed in Table 1. 

As shown by experimental data, ad- 
sorbed nitrogen is negatively charged since 

Time 
(rni?l) 

0 I 2 3 4 5 ErnV 

FIG. 11. TPD spectra on catalyst III (A1203-Fe) af- 
ter coadsorption of Hz and N2 at -20°C. 
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TABLE 1 

TPD Spectra of Adsorbed Hydrogen on Various Catalysts 

Adsorption conditions Catalyst I 
(KrO-CaO-A&Or-Fe) 

Catalyst II 
(CaO-A&Or-Fe) 

Catalyst III 
(AlrOr-Fe) 

Hz adsorbed during cooling Peak temp. 
from 400 to -20°C Peak area0 

Ht adsorption at -20°C Peak temp. 
Peak area 

Coadsorption of Hz and Nr 
at -20°C 

Adsorbed hydrogen species 
of high desorption 
temperature (>54O”C) 
displaced by N2 

Peak temp. 
Peak area 

Peak temp. 
Peak area 

120, 340, 520°C 
A, > A, = A, 

300°C 
A2 

150, 380, 540°C 
A2 > A, > A, 

220, 370°C 
A2 ’ AI 

120, 285, 520°C 
A, % A, > A2 

280°C 
A2 

170, 370, 520°C 
A,zA,>A, 

130, 300°C 
A, =A2 

120, 285, 480°C 
A, * A2 = Al 

200, 380°C 
A2 * A, 

120, 280,480”C 
A, 5 A2 s=- A, 

125, 290°C 
Al = A2 

‘A, = H28+, A2 = HB+, AS = HS-. 

adsorption of nitrogen causes the work 
function of iron increase (9) and the resis- 
tivity of iron film also increased (3). It is 

easy to understand that with the great dif- 
ference in electronegativity between N and 
Fe, the electron of iron moves to the nitro- 
gen during nitrogen adsorption. That form 
of adsorbed hydrogen which desorbs at 
high temperature can be displaced by nitro- 
gen (Fig. 12). The desorption temperature 
of this form of adsorbed hydrogen is very 
high (520”(Z), and its formation is likely to 
involve a strong covalent bond. The as- 
sumption that the hydrogen atom carries a 
negative charge could explain the displace- 
ment of HS- by adsorption of nitrogen. The 

desorption peak of Ha- form is higher when 
an Nz stream is first passed through as 
shown in Fig. 12. Perhaps this results from 
a repulsive force between NS- and HS-. 
There is a large Coulombic repulsion be- 
tween them if their separation is within the 
sum of their van der Waals radii, as shown 
in Fig. 15. Since there is more HS- present 
when Nz stream is first passed through, the 
chance of the repulsion between the two 
adsorbed species is greater. The repulsion 
may also be caused by the greater nitrogen 
adsorption in the early stage of N2 flushing, 
at which time more electrons are drawn 
from H8- promoting H*- desorption. Since 
the electronegativity of N is greater than 

b 

Puss N+ 

1 Pass Ar ‘4i’ N2 
I 1 Pass AT 

t 
L A L 

FIG. 12. Displacement of Hz of high desorption temperature (T > 540°C) by N2 at 410°C. (a) 
Schematic diagram of change in hydrogen concentration in exit gas with N2 flushing. (b) Schematic 
diagram of change in hydrogen concentration in exit gas with alternate passage of N2 and Ar. 
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FIG. 13. Adsorbed hydrogen species of high desorp- 
tion temperature (>54O”C) replaced by N2 at room 
temperature and TPD of the resulting material. Cata- 
lyst I (KrO-CaO-A&Or-Fe). 

that of H, N would be the winner in the 
competition to accept the electron. Thus, 
negative charge would be transfered from 
the H atom in Fe-HS- to N with the result 
that the bond in Fe-HS- would be weak- 
ened and more easily broken. No matter 
what may be the cause, it appears that the 
adsorbed hydrogen which desorbed at high 
temperature is negatively charged. 

The weakly adsorbed species of hydro- 
gen which desorb during the first and sec- 
ond peaks in TPD spectra cannot be dis- 
placed by nitrogen (see Figs. 13 and 14). 
The amount of adsorption in these forms is 
increased when nitrogen is simultaneously 
adsorbed (compare Figs. 9, 10, and 11 with 
Figs. 6, 7, and 8, respectively). We assume 
that the hydrogen adsorbate which de- 
sorbed in both of these peaks carried a posi- 
tive charge. As shown in Fig. 15, there is 
large Coulumbic attraction between the 
negative NS- atom and the positive Hs+ 
atom when the distance between them is 
within the sum of their van der Waals radii. 
The temperature of the first desorption 
peak is 120-17O”C, whereas that of the sec- 
ond is 280-380°C. The large difference in 

temperature between these two peaks is 
likely caused not by heterogeneous surface 
sites but rather by the nature of different 
chemical species, for example, Hz*+ and 
H*+. The adsorption bond strength of Hzs+ 
is weaker than that of Hs+, and the desorp- 
tion temperature of Hz6+ (120°C) is not 
much more than the boiling point of water. 

Is it possible that charge transfer occurs 
directly from HS- to form Hs+ and NS-? In 
Fig. 13 the peak area of HZS+ is large, even 
if we assume H”- + H”+, but at room tem- 
perature H*+ is not desorbed and cannot 
change into Hzs+ (see Fig. 6). How can we 
explain that the stronger type Hs+ can 
change into the weaker type HzS+ at a tem- 
perature which is below that of desorption 
of H&+? To change HS- (desorption temper- 
ature peak 520°C) to Hs+ (desorption tem- 
perature peak 280 to 380°C) by electron 
transfer requires a large amount of energy 
(reflected by the large difference between 
the temperatures of the peaks). The elec- 
tron accepted by nitrogen comes almost to- 
tally from iron while only a small part 
comes from HS- through iron. It might be 
impossible to form H s+ from HS- by trans- 
fer of charge between HS- and N. There- 

I 
Time 
(rniW \ 

0 I 2 3 4 5 Emv 

FIG. 14. Adsorbed hydrogen species of high desorp- 
tion temperature (>MO”C) replaced by NZ at room 
temperature and TPD of the resulting material. Cata- 
lyst II (CaO-A&OS-Fe). 
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fore, in the case of Fig. 13, it is more likely 
that the strong adsorption bond of Fe-H”- 
is weakened with resulting desorption as HZ 
(gas) when the nitrogen is passed through 
the catalyst bed and that the gaseous hydro- 
gen is then readsorbed onto the surface to 
form H*+ and Hz”+ on iron sites neighboring 
the promoter. 

2. The Effect of Promoters 

From the TPD spectra on the Fe-K20- 
CaO-Al203 catalyst (I) and KZO-free cata- 
lysts (II and III), we observed that the tem- 
perature for the desorption peak of H*+ 
increases from 285 to 340°C (see Figs. 3,4, 
and 5). The peak area of AHS+IAH~~+ also 
increases, obviously due to the KtO com- 
ponent. 

The dissociation of HZ to form He+ may 
occur in two ways, by heterolytic splitting 
of HZ to form Hs+ and H*-, or by homolytic 
splitting to form 2H6+. The former path 
seems more probable, although both are 
promoted by a dipole promoter. Therefore, 
the increase in the amount of H6+ is more 
remarkable on KZO-CaO-A&03-Fe. 

The depression of the exit work function 
by adding K20 may favor formation of HS- 
and Nz6- and N6-. If we include the hydro- 
gen which desorbs at T > 540°C in the total 
amount of H*-, H*- is the most abundant 
species. From the preliminary results, the 
amount of Hs- on the various catalysts is I 

NET CHARGE ON HYDROGEN ATOM 

FIG. 15. The Coulombic energy between N”- and 
H8+ in relation to atomic det charges (interatomic dis- 
tance N-H shown in parentheses). 

FIG. 16. Schematic representation of mechanisms of 
surface reaction. 

> II > III. This clearly shows that the 
smaller the exit work function of the cata- 
lyst, the larger the amount of HS- . 

Since the KzO promoter has a large di- 
pole, it may also be favorable for forming 
Ha+. The dipole effect is particularly re- 
markable in the coadsorption of NZ and H2 
as discussed below. 

3. The Coadsorption of N2 and Hz 

Comparing Figs. 9, 10, and 11 with Figs. 
6,7, and 8, respectively, we find that there 
are remarkable differences in the TPD 
spectra between H2 adsorbed alone and H2 
adsorbed in conjunction with N2 on the 
same catalyst, at room temperature, and 
with the same pretreatment conditions. 
First, the amount of adsorbed Hz8+ and Hs+ 
increase greatly with nitrogen adsorption. 
Second, the temperature of the desorption 
peak of H8+ increases greatly with nitrogen 
adsorption. For example, on catalyst I, it 
increased from 300 to 38O”C, on catalyst II 
from 280 to 37O”C, and on catalyst III from 
200 to 280°C. Third, the greater the dipole 
moment of catalyst, the higher the desorp- 
tion temperature. 

The energy of the dipole-dipole reaction 
can be calculated by 

ki&Cb 
&ipole-dipole = x 

(km &cos db + sin &sin &,cos +), 
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where pa and ,..& are the dipole moment of a 
and b, R is the distance between two dipole 
centers; 8, and & are the angles between 
the z axis and dipoles a and b; cp is the angle 
between the planes of dipoles a and b. The 
results are shown in Table 2. The dipole of 
a promoter such as K+ AlO*- or K+ FeOz- 
may interact with the dipole NS- * * * Hs+ to 
lower the energy of the system. The dipole- 
dipole interaction energy is not small if the 
distance between the NS- and Hs+ is within 
the sum of their van der Waals radii. There- 
fore, the desorption temperature of Hs+ in- 
creases greatly. 

HS- behaves in the reverse manner. The 
desorption peak of HS- adsorbed alone 
does not appear in Fig. 6 because it is 
higher than 550°C. But this does appear in 
Fig. 9 which is the spectrum of simulta- 
neous adsorption of NT with HZ. As de- 
scribed above, the adsorption of nitrogen is 
a process by which an electron would be 
drawn from iron. The Fe-HG- bond will be 

weakened, resulting in a decrease in the de- 
sorption temperature. 

Comparing Figs. 3,4, and 5 with Figs. 9, 
10, and 11, respectively, we find that if the 
hydrogen is coadsorbed with nitrogen on 
the same catalyst at room temperature, the 
desorption peaks of HZS+, Hs+ increase 
from 120,340 to 150, and 380°C on the cata- 
lyst I, and from 120, 285 to 170, and 370°C 
on the catalyst II, respectively. Here the 
dipole-dipole interaction is important. The 
larger the dipole moment the greater the in- 
crease in the desorption temperature. The 
dipole moment of Fe-A1203 catalyst (No. 
III) is small; so its behavior is quite differ- 
ent. 

4. Estimation of Adsorption Heats and 
Adsorption Equilibrium Constants of 
HP, Hs+, and HS- 

The statistical entropy of HZ at 1 atm and 
S& of adsorption species can be estimated 

TABLE 2 

The Energy of Dipole-Dipole Mutual Reaction 

Dipoles R" BE Dipoleb 
(‘4 (Kcal/mol) 

Notes 

-0.2 
j.j+O’Z..- 0-y K+ 

2 -60.2 The sum of van 
N - 1 3 -17.8 der Waal’s 

R 4 -7.5 radii between 
5 -3.9 0 and H 

equals 2.64 8, 

‘p AE’ 
2 -30.1 0" -8.9 

3 -8.9 45" -6.3 
4 -3.8 90 0 
5 -1.9 135” +6.3 

180” f8.3 

2 -2.3 0" -6.3 
3 -6.3 45" -4.9 
4 -2.7 90" 0 
5 -1.4 135" +4.9 

- 180” +6.3 

n Distance between two dipole centers and assuming the distance between NS- and Hs+ is 1.05 A. 
bForq = 0. 
c For R = 3.0 A, ‘p at various values. 
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according to the formulas 

S&, = 4.9680 + 6.8635 log M 

+ 11.4392 log T - 7.2820, 

S& = 1.9872 + 4.5757 log (I 

x 1039) + 4.5757 log T 
- 4.5757 log u + 2.7676, 

S& = 1.9872 C xi/(&i - 1) 
i 

- 1.9872 x ln(l - eXi), 
i 

where xi = vihc/kTy and vi is the fundamen- 
tal frequency (cm-l). Assume that 

VH-H = 4405 Cm-‘, Z&+,6+ = 500 Cm-‘, 

ZQ+-HS+ = 1200 CIIl-‘, 

VF+HS- = 1700 Cm-‘. 

Because the value of S& is usually O. l-2% 
of wml + SF& of gas, the error of the esti- 
mation of vibration frequency has little on 
the total entropy change of adsorption. 
From 

AZ” = AH” - TAS” = -RT In Kp, 

we can calculate Kp if certain AZZ” values 
and adsorption models are assumed. The 
results are shown in Tables 3A and B. The 
immobile adsorption is assumed and, thus, 
S& and s&t of adsorption are equal to 
zero, and in mobile adsorption it is assumed 
that S&,, and SFO, are equal to one-third of 
S& and SFot of the gas. The actual adsorp- 
tion states may be intermediate between 
these two extremes. 

From Tables 3A and B and the tempera- 
tures of the desorption peaks (120, 340, 
520°C) corresponding to Hz6+, H”+, H”-, re- 
spectively, we can estimate the values of 
the heats of adsorption of HzS+, H6+, H*- to 
be 5-10, 10-15, and larger than 15 Kcal/ 
mol , respectively. 

The heat of adsorption of Hz at high tem- 
perature on a doubly promoted catalyst ob- 
tained by Kwan (10) (5-10 Kcal/mol) agrees 
with our results. 
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From the AH of Hz6+, Ha+, we can calcu- 
late Kp at various temperature. At the reac- 
tion temperature of ammonia synthesis, 
(K,)u,s+ and (K&S+ are much less than 
10e3. It is obvious that (Ku2Pu2)u2~+ and 
(Kn2PH2)u~+ are much less than unity, 
which is an important assumption in our de- 
rived equation (lb). 

5. The Nature of the Adsorbed Species 
and the Mechanism of Ammonia 
Synthesis 

In spite of many efforts to determine the 
relationship between the nature of the ad- 
sorption of hydrogen on a catalyst and its 
activity for ammonia synthesis, the prob- 
lem is still unresolved. 

In order to elucidate the mechanism of a 
heterogeneous reaction, one of the most 
important things is, as Tamaru said: “The 
amount of adsorption and the nature and 
structure of each of the surface species un- 
der the reaction conditions should be exam- 
ined and the rate of the reaction of each 
should be compared to the rate of the over- 
all reaction.” 

If the amount of hydrogen adsorption 
would include all species desorbing at high 
temperature, the most abundant adsorbed 
species would be inactive Ha-. Therefore, 
we cannot determine the relationship be- 
tween activity and the total amount of ad- 
sorption, as found by Tamaru (7) and 
Topsoe et al. (8). 

The TPD spectra of coadsorbed N2 and 
HZ shows that catalyst I exhibits the largest 
desorption peak area for H*+ (Figs. 9-l 1). 
Catalyst I is also the most active one. 
Therefore, there may be a rate-controlling 
step in the reaction path, similar to that of 
nitrogen adsorption promoted by Hs+. This 
controling step may also proceed by a pro- 
moter dipole. 

Many experimental facts show that the 
concentration of adsorbed N2 is very small 
at reaction temperature. This is confirmed 
by TPD of adsorbed N2 (see Part II). How- 
ever, Ertl (II) observed that the rate of dis- 
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sociation of adsorbed N2 is much lower 
than that of the molecular adsorption of Nz . 
The dissociation of adsorbed N$- is thus 
possibly a rate-controlling step. We have 
proposed a structure model for the dissoci- 
ation of adsorbed NT with the help of the 
coadsorbed Hs+ onto the ar-Fe(ll1) plane 
which has been checked by the EHMO 
method (I, 12). 

It is necessary to point out that (a) hydro- 
gen adsorption on iron atoms can be in- 
duced by a negatively charged atom or di- 
pole in the vicinity of the adsorbed 
hydrogen to form Hzs+ and H6+; (b) the ad- 
sorbed N6- has the ability to induce hydro- 
gen to form Hs+ or HZ6+, if hydrogen is ad- 
sorbed in the vicinity of N”-; (c) Hz6+ and 
Ha+ are weakly chemisorbed species of a 
small heat of adsorption; (d) no matter how 
Ha+ is formed, the (&&&s+ and 
(Ku&.&~+ are much less than unity. 

A kinetic equation based on the forma- 
tion of NZS- and the hydrogenation of Nj- 
to form NH, (x = 0, 1, 2), and the assump- 
tion of (KH2Pn&+ 4 1 has been derived 
and proven (Ib, 14). 

We assume there are two possible ad- 
sorbed states of dinitrogen, as shown in 
Fig. 16~. The inclined angle of the dinitro- 
gen molecule of the first adsorbed state 
onto the a-Fe(1 11) plane is larger than that 
of the second adsorbed state. The first ad- 
sorbed state reaches equilibrium at a very 
fast rate, but its coverage is very low. The 
dissociation of the dinitrigen molecule re- 
quires that the first state be transferred to 
the second state, so that the triple bond of 
dinitrogen can be weakened by side-on co- 
ordination of iron cluster and the exo-NG- 
of dinitrogen can be reacted with two Hs+ 
which are adsorbed on both sides of dinitro- 
gen (dipole reaction). This process is a rate- 
controlling step. Because the adsorption 
equilibrium constant of the first adsorbed 
state is very small at reaction temperature, 
the formal kinetic expression of the elemen- 
tary step which results in the transforma- 
tion of the first adsorbed state to the second 
adsorbed state is the same as that of the 

elementary step which leads from NZ gas 
directly to the second absorbed state. 

If helium gas is used instead of argon, the 
desorption peaks of N$- and NS- are ob- 
served in the TPD spectra. The peak of N”- 
occurs above 550°C and that of Nz*- below 
-120°C. The peak area of NzS- is larger 
when N2 and HZ are coadsorbed as com- 
pared with the case of adsorption of NZ 
alone. The details of this will be discussed 
in Part II. The dynamically induced mode 
of Nzs-. - . 2H*+ at high temperature may be 
a transition state, at the top of the potential 
energy curve, or a highly unstable adsorbed 
state. It cannot be detected directly by this 
method, but it can be recognized from the 
behavior of hydrogen adsorption, the 
&a- . . . Hs+ coadsorption at low tempera- 
ture, and the dynamic behavior of NzS-. 
The mechanism of N$+ hydrogenation, as 
shown in Fig. 16c is different from the 
mechanism shown in Fig. 16a, because hy- 
drogen gas does not react directly with ad- 
sorbed NZS- but reacts with N#- through a 
transient state on a vacant iron site, or ni- 
trogen gas reacts with adsorbed Hs+ 
through a transient state on another vacant 
iron site, or both NZ and Hz simultaneously 
pass through their transient states and react 
with each other. Thus, it also does not fol- 
low the mechanism shown in Fig. 16b, 
where the first adsorbed NzS- state must 
change to the second adsorbed state before 
reacting with adsorbed Hs+ . 
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