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Abstract

The kinetics of ammonia synthesis over unpromoted and Cs-, Ba-, and La-promoted Ru/\2g@%) were studied in a tubular reactor
at 20.7 atm. The reaction over all of the catalysts was nearly first ordes &nbl nearly zero order in N&d However, the order of reaction in
H> was largely dependent on the choice of promoter, with Ba and Ldisigmily reducing the inhibitionyodihydrogen seen on Cs-promoted
Ru/MgO. The turnover frequencies on Ba-ddra-promoted Ru/MgO under sthiometric conditions an673 K were almost an order of
magnitude greater than that on Cs-promoted Ru/MgO. Two kinetic models with optimized parameters were used to describe the outlet
ammonia pressures determined expentally both close to and far fme equilibrium. Although Cs promotioof Ru lowered the activation
barrier for N> dissociation, the enthalpy of dihydrogen adsorption and therefore the H atom surface coverage increased. Thus, promotion of
Ru catalysts with bases cannot be attributed solely to an effect on dinitrogen dissociation, which is the rate-determining step. Base promotion
is a trade-off between lowering the activation barrier ferdissociation and increasing the competitive adsorptionofTHe coverages of
nitrogen-containing species determined by an optimized kinetic model matched well those determined experimentally by isotopic transient
analysis over the same catalysts.
0 2004 Elsevier Inc. All rights reserved.

Keywords: Kinetic modeling; Ammonia synthesi®romotion of ruthenium; Cesium; Bam; Lanthanum; Magnesium oxide

1. Introduction Without the addition of basic promoters, Ru has very little
catalytic activity for ammonia synthesj6—43]. Generally,

Ruthenium-based materials are the second-generatiod1igh|y basic promoters such as alkali metal oxides or hy-

catalysts for ammonia synthesis. Ruthenium is less inhib- dlrlt(»(Il.des ar?htheozle?:]. It.'ds quite |ntterest|n?1 tha:gless ST_S'C
ited by ammonia, less sensitive to poisons, and more active?'kaline earth anaanthanide promoters such as ba and La

than the traditional iron-based cataljj4]. The relatively omd(ra]s or 6hgdr102xfjsise ﬁ;;:tg/jl%/szrc;rggtgolel‘oi3ammonla

high cost of Ru compared to iron requires a high dispersion synt esq T T eSS e ST e S ]

of the metal on a suitable support. - One S|gn.|f|cant difference petween the kinetics of ammo-
The Ocelot Ammonia Plant in British Columbia utilizes M@ synthesis over Ru and Fe is the dependence of the rate on

a carbon-supported Ru catalygl. A significant reduction 12 p'rr:assure. Typi'cr?ll)r/], Ru catalfysts are str;)tngly inhibitehd
of energy consumption was observed with the incorpora- PY dihydrogen, with the order of reaction often approach-

tion of this new catalyst; however, Ru is also known to cat- ing —1, whereas over Fe the reaction order in dihydrogen
alyze carbon gasificatidi3,4]. Thus, the lifetime of carbon-

is positive[1,11,26] The negative dihydrogen order for Ru
supported Ru catalysts may impede its widespreadsjse catalysts suggests that the catalysts should be operated at the
Nonreducible metal oxides are therefore being explored as

less thermodynamically favorable nonstoichiometric condi-
potential supports for Ru. tions. A supported Ru catalyst that is less inhibited byigH
therefore highly desirable.
Lanthanide supports and promoters decrease the inhibi-
* Corresponding author. tion by Hy [19-24,27,43] For example, we have recently
E-mail address: rjd4f@virginia.edu (R.J. Davis). shown that lanthanum promotion of Ru on zeolitic sup-
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ports nearly eliminates dihydgen inhibition during ammo- N + 2s g 2N, (2b)
nia synthesis at a total pressure of 20.7 atm. An alkaline earth ka
promoter such as Ba has also reduced thénHibition dur- ks
ing ammonia synthesis on Co, Co—Fe alloys, Ru/MgO and N + Hx = NHsx + x, (2c)
Ru/C catalyst§41-43] %6

In a previous paper, we reported on the use of isotopic pj, + H*<k:>7NH2* Fx (2d)
transient analysis to investigate the global and intrinsic ki- kg
netics of La-, Ba-, or Cs-promoted Ru/MgO under ammo- ko
nia synthesis conditiorg@1]. Steady-state, global measure- NHzk + Hx = NHgx + x, (2e)
ments revealed that Cs—Ru/MgO was strongly inhibited by k10
dihydrogen. \{vhereas Ba—Ru/MgO and La—Ru/MgO were NH3*I§NH3+*. 2f)
weakly inhibited by the reactant at 3 atm total pressure. k12

Based on intrinsic activity measurements fromisotopic tran- 1o research groups used results from single-crystal
sient analysis, Cs-promoted Ru/MgO was twice as active g, rface science studies as well as fundamental studies on
than either Ba- or La-promoted Ru/Md@L1]. However, the g ,;/MgAl,0,4 and Cs—Ru/MgO catalysts to obtain the acti-
coverage of nitrogen-containing species was significantly ation energies and preexponential factors of some of the
higher on the Ba- and La-promoted catalysts compared 10g|ementary steps. Large dagisobtained over a wide range
Cs-Ru/MgO. Therefore there was a trade-off betweer NH o tota) pressures were used to test the model. In the pa-
coverage and intrinsic activity of the promoted samples. per by Dahl et al., dinitrogen dissociation was assumed to
Similar results were found in our analogous study of Cs- pe the rate-determining step, and therefore, all subsequent
or Ba-promoted Ru/C catalysf#3]. For base promoted RU,  steps were quasi-equilibrat§2]. Hinrichsen et al. did not
the global rate was strongly influenced by the competitive 35sume a rate-determining step in their analji6.
adsorption of dihydrogef#1]. An optimally promoted cata- The purpose of the current work is to use kinetic model-
lyst would strike an appropriate balance between inhibition jng of the ammonia synthesis reaction to elucidate the role
by dihydrogen and enhancement of dinitrogen dissociation. of promoter on La-, Ba-, or Cs-promoted Ru/MgO cata-
Two types of models have been used to describe the|ysts. In particular, the promoter affects the global reaction
kinetics of ammonia synthesis on Ru catalysts supportedrate and the order of reaction with respect to dihydrogen.
on nonreducible oxide§l2,16,29] The simplest one as-  The ammonia synthesis activity of each of the catalysts was
sumes that dissociative adsorption of dinitrogen is the rate- tested under high-pressure conditions both close to and far
determining step and the only intermediates present onfrom equilibrium. The activity results were used to regress
the surface in kinetically significant amounts are N and H the kinetic parameters associated with Mechanisms 1 and 2.
atoms[12]. Adsorption of i and subsequent hydrogenation In both cases, a set of continuously stirred tank reactors
steps are assumed to be quasi-equilibrated. This model is de{CSTRs) in series was used to model the experimental tubu-

picted in Mechanism 1: lar reactor.
H2 + 2% — 2Hx, (1a)
k3 2. Experimental methods
Nz + 2+ /X 2Nx, (1b)
ka 2.1. Catalyst preparation
ks
N + 3Hx 3k©3 NH3 + 4, (1c) The procedure used for catalyst preparation is described
6

in our earlier worl{41]. Briefly, the magnesia support (Ube
wherex denotes an active site on the catalyst surface. Pre-Industries, 42 rag~') was mixed with approximately 2 wt%
vious results from parameter optimization of catalysts with Ru in the form of Rg(CO)12 (Aldrich, 99%), dissolved in
strong dihydrogen inhition indicated that the most active THF. After THF evaporation, the sample was heated in vac-
catalysts reduced the activation energy for dinitrogen dis- uum to 723 K and held at temperature for 2 h and cooled.
sociation while the enthalpy of dihydrogen adsorption was The sample was then reduced in dihydrogen at 723 K for 1 h,
approximately 75 kJ moft [12]. evacuated, and cooled under vacuum before exposing to air.

A second more complex model was utilized by Hinrich- The promoter was subsequently added in a 1:1 atomic ratio
sen et al[16] and Dahl et al[29]. The reaction sequence, Wwith ruthenium by impregnation of Ru/MgO with aqueous
shown in Mechanism 2, accounts for all of the elementary cesium nitrate (Aldrich, 99.999%), barium nitrate (Aldrich,
steps on the surface. It allows for N, H, NH, NHand 99.999%), or lanthanum nitrate (Aldrich, 99.99%). Lastly,
NH3 to be present on the surface in kinetically significant each sample was heated to 723 Kin flowing NIl catalysts
amounts. (Cs—Ru/MgO, Ba—Ru/MgO, La—Ru/MgO, and the unpro-

moted catalyst Ru/MgQO) were crushed and sieved between

H2 + 2% — 2Hx, (2a) 250 and 425 pm.
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2.2. Adsorption of dihydrogen Table 1
Properties of MgO-supported Ru catalysts
The procedures used for dihydrogen chemisorption are catalyst Ru Promoter Mol promotey H/Rukot

provided elsewhergl1]. Briefly, a sample was heated under (Wt%) (Wt%) mol Ru

vacuum at 2 Kmin? to 673 K, reduced in flowing dihydro- Ru/MgO 166 - - Q77
gen for 30 min, evacuated, and cooled under vacuum. TheCs-Ru/MgO 164 204 095 052
chemisorption isotherm waseasured at 308 K. Turnover Ba-Ru/MgO 140 239 126 015
frequencies and the total number of active sites were based>RWMIO 159 211 097 atr

on the number surface Ru atoms counted by total hydrogen

chemisorption (extrapolated to zero pressure) assuming a 0.1
H/Rusut ratio of unity. ") x 101951 for both Ru/MgO and Cs—Ru/Mg{16,17} In

addition, they found with their optimization routine that the
preexponential factor fok, (associative desorption of
was 23 x 1013 s71, We inserted these constants into our
The system used for evaluation of the catalysts was aModel since they appeared to be independent of promoter.
fixed-bed, single-pass, tubular reactor operating between 1 1he number of unknown kinetic parameters was five: the
and 20.7 atm total pressure. Approximately 1 g of catalyst rate constantfor dihydrogen adsorptian)( the enthalpy for
was loaded into the reactor. The reactant gases consisted oflihydrogen adsorption{A Hh,ads), the preexponential fac-
dinitrogen (BOC, 99.999%), dihydrogen (BOC, 99.999%), tOr for dinitrogen adsorptiorkg), the activation energy for
and sometimes helium (BOC, 99.999%). The appropriate dinitrogen adsorptionKag), and the activation energy for
gas Composition was first passed over a bed of Wm dinitrogen desorptionE&). A minimization of the follow-
and molecular sieves to remove trace amounts of dioxygening objective function was then carried out (within reason-
and water before exposure to the catalyst. The products wereable limits) using a Mathematica routine,
analyzed by an online gas clmatograph with a Porapak N
column and a TCD detector. The TCD peak areas were cal-
ibrated by operating the catalyst at equilibrium and using
the equilibrium concentrations determined by Larson and
Dodge[44]. A more detailed description of the calibration WwhereN was the total number of data sets for the catalyst,
procedure can be found [&2]. while fi,calc @and fin,exp Were the fractional conversion of
Each catalyst was evaluated at a total pressure of 20.7 atndinitrogen calculated by the model and experimentally de-
and between 598 and 723 K under conditions close to and fartermined, respectively. The reactor was modeled as 8 CSTRs
from equilibrium. The ratio of dinitrogen to dihydrogenwas in series since a large portion of the data had conversions
changed from 1:3 to 3:1 (total flow rate of 400 ml mi) that were greater than 20% toward equilibrium. Based on
under conditions far from equilibrium in order to find the correlations given in Levenspiel, a Peclet number of approx-
orders of reaction in dinitrogen and dihydrogen. Ammonia imately 2 was calculated for the tubular reactor sys{¢sj.
inhibition was evaluated by varying the total flow rate of re- Since some backmixing waggsent in the reactor bed, 8
actants from 100 to 400 mlmirt. Each of the catalysts was CSTRs in series was considered to be a reasonable model of
evaluated at elevated pressures for several days and no deaour system. Moreover, the relative change in the optimized
tivation was observed. kinetic parameters was small upon addition of more CSTRs.

2.3. High-pressure reaction studies

N
SSE= ) (fNzcale = fzexp)s (4)
i=1

2.4. Kinetic Mode! 1 2.5. Kinetic Model 2

According to Mechanism 1, the following rate expression

. Mechanism 2 was used to develop a more sophisticated
can be derived,

kinetic model. In contrast to Model 1, no rate-determining
ka[*]o{[N2] — [NH33]2 } step was assumed in Mechanism 2 and a variety of species
rate= PEERYE [NS:]Z] K]fs o5 3) (N, H, NH, NH,, and NH;) were allowed to occupy surface
[1+ (P52 + a2 (7,55 sites. The site balance on the surface is

wherekK, is the overall equilibrium constant arfgl], is the

total number of sites titrated by dihydrogen chemisorption ¥lo = [¥1 4 [Nx] + [Hx] + [NHx] + [NH2x] + [NHgx],

(se€eTable J). Rate constants were assumed to have an Arrhe- ()

nius form. The preexponential factors forandk, (associa- ~ where[x]o is the total number of surface sites ahd is

tive desorption of dihydrogen and dinitrogen, respectively) the total number of unoccupied sites. Again, the reactor was

were assumed to be known, and independent of promoter. modeled as a series of 8 CSTRs. As with Model 1, the rel-
Hinrichsen and co-workers determined through tempera- ative change in the optimized kinetic parameters was small

ture-programmed desorption experiments that the preexpo-with the inclusion of additional CSTRs. The steady-state ap-

nential factor forks (associative desorption of JN was proximation was applied for each CSTR. In other words, the
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Table 2 Table 3

Rate constants used for Model 2 (théues are from a similar microkinetic Turnover frequencies (TOF) of ammansynthesis over Ru catalysts sup-
model for Cs—Ru/MgO by Hinrichsen and co-workgt6] and they did not ported on MgO UNDER stoichiometric conditions, 673 K, and 20.7 atm
change with choice of basic promdtgr

Catalyst TOB (s 1) TOP (s71) E&€ (kJmol1)

Rate constant Preexponential factor Activation energy RU/MgO 376 x 10-3 312 x 10-3 107
JpP Fitted - Cs—Ru/MgO B5x 102 3.11x 1072 111
ko 23x 10% agmts7t Fitted Ba—Ru/MgO 146 x 1071 168x 1071 926
k3 Fitted 01 Fitted La—Ru/MgO 106 x 101 1.19x 1071 86
k 20x10"Vs™ Fitted - -

4 * 3.1 1 @ Based on total hydrogen chemisorption and calculated at a constant
ks 6.0 x 10135 86.5 kJmol” Amin-L
. 28 101451 41.2 kKJmol-L flow rate of 400 crAmin—-.

6 ) 131 " 1 b Based on total hydrogen chemisorption and calculated at a constant
k7 47x1 3571 604 kJ morl ammonia pressure of 0.1 atm.
kg 18x1013s 8.6 kJmol” C Activation energy calculatedtaa constant ammonia pressure of
kg 33x 1018571 17.2 kJmolt 0.1 atm.
k10 Fitted Fitted
k11 5.9 x 1013571 83.7 kimol ! Table 4
k12° 21x 1 atmts? - Orders of reaction for ammonia syn#i® over Ru catalysts supported on

a The rate constant for dihydrogen adstion, the preexponential factor ~ MgO at 20.7 atrfl
for dinitrogen adsorption, and the activation energies for hydrogen desorp- catalyst
tion, dinitrogen adsorption, and nitragdesorption were all fitted using our

Temperature (K) o« (Np) B (Hp) y (NH3)

Mathematica routine. The rate constant for reveeation (2eJk1g) was 22/ l\lg%(/)MgO 6;;88 (gs _2(7;11 882
determined from the overall equilibrium constant. - T
9 Ba—Ru/MgO 623 ®4 —037  —014

b Ammonia adsorption and dihydrogen adsorption are assumed to be

. La—Ru/MgO 623 B85 -0.15 -0.17
nonactivated.

. . ﬁ Y
@ Where the rate expressionris= kP,Q‘2 Py, P,
concentrations of reactivatermediates in each CSTR were

small and independent of time, time we cannot ascertain which is the likely cause. Other
dix] rese_archers hav¢_3 used TPD,woletric chemisorption, mi-
o = 0, (6) crokinetic modeling, TEM and XRD to show that both are

. _ o _ possible for the Ru/MgO and Cs—Ru/MgO systgi,46]
where [x] is the concentration of @eactive intermediate.  Nevertheless, the results from dihydrogen chemisorption
Therefore, seven highly nonlinear equations were solved for yere used to calculate the turnover frequency (TOF) based
each CSTR. on outlet ammonia pressure at each condition.

Rate constants were assumed to have an Arrhenius form  Taple 3 summarizes the observed turnover frequencies
and the same five kinetic parameters were allowed to vary measured at 673 K and stoichiometric conditions at con-
among catalystsk1, —AHh,ads k3, Eas, and Eas. With stant flow (measured) and constant ammonia pressure of
the exception okio, the rest of the kinetic parameters were (.1 atm (calculated). Addition of base promoters improved
fixed at the values provided by Hinrichsen et al. (5able 9 the catalytic activity of Ru/MgO by at least an order of
for a microkinetic model associated with Cs—Ru/M®]. magnitude. Moreover, the activities of La—Ru/MgO and Ba—
The rate constant for the reverse steqéiation (2eJk10) Ru/MgO were almost an order of magnitude greater than
was determined from the overall equilibrium constant and Cs—Ru/MgO under these conditions. The TOF measured at
the five fitted kinetic parameters. Attempts were made to useconstant flow and constant ammonia pressure were similar,
k11 0r k12 to achieve thermOdynamiC ConSiStency; hOWEVEr, indicating weak dependence of the rate on NﬂeeTa-
these efforts were unsuccessful. As with Model 1, a Mathe- pje 4).

matica routine was used to minimize the objective function The temperature dependence of the observed rate is also

[equation (4). summarized irTable 3 The apparent activation energy for
Cs—Ru/MgO was 111 kJ mot, which is consistent with the
values reported in the literatufé1,12,19,26] The appar-

3. Results ent activation energy is reduced with promotion by Ba and

especially La, and parallels the trend in dihydrogen order

Table 1summarizes the properties of the catalygts]. of reaction. The catalysts dlinot deactivate with time on
The amounts of Ru and promoter in all of the catalysts stream.
were similar to the nominal values anticipated from the syn-  Reaction orders are summarizedTiable 4 In all cases,
thesis procedure. The unpromoted catalyst (Ru/MgO) re- the ammonia synthesis reaction was approximately first or-
vealed the highest Hchemisorption capacity. Addition of  derin Ny and zero order in Nkl Fig. 1shows graphically an
promoters lowered the dihydrogen uptake, which could be example of the dependence aktrate on dihydrogen, dini-
the result of a partial covering of the metal surface with the trogen and ammonia. The order of reaction ind¢pended
promoter or aggregation of Ru into larger particles. At this on the choice of promoter. The results illustrated=ig. 2
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Ln P(NH,)
-3 -2.5 -2 -1.5 -1
15 1 1 1 1
—O—NH;
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—&—H,
-2.54
=
=
= 3
[
-3.54
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Ln P(N;,H,)

Fig. 1. Dependence of thieirnover frequency (') on the partial pres-
sures (atm) of N, Hp, and NH; at 20.7 atm total pressure and 623 K over
La—Ru/MgO. The total flow rate was varied from 100 to 400 mITirin
order to determine the order in NHat stoichiometric reaction conditions.

363
Table 5
Fitted kinetic parameters from Model 1
Catalyst ki(atm~l  —AHu,ads k9 (atm1 Eag Eay

s (kImorhy s (kImol 1) (kImol 1)
RuMgO  475x 10" 985 997 282 147
Cs—Ru/MgO 55 x 107 100 5710 26 132
Ba—Ru/MgO 915x 10° 8238 14000 458 135
La—Ru/MgO 283x 107 682 7960 509 133

the choice of promoter. Examining the parameters for La-
and Cs-promoted catalysts shows that the enthalpy for dihy-
drogen adsorption changes by 32 kJ maind the activation
energy for dinitrogen dissociation changes by 26 kJthol
Moreover, there is a trade-off between a lower barrier for
dinitrogen dissociation and a larger enthalpy for dihydrogen
adsorption. The activation energy for step 4, the associa-
tive desorption of N atoms, varies to a lesser extent than
either —A Hy,ads OF Eag. The model also indicates that the
preexponential factor for dinitrogen dissociation for the un-
promoted Ru/MgO is 5 to 10 times smaller than the base-
promoted catalysts.

A comparison of calculated ammonia pressures from the

Each reactant partial pressure was varied while holding the other constantoptimized model and experimentally determined ammonia

at 5.2 atm.

B=-0.15

B=-0.37

Ln TOF

1.8 2.0 22 24 26 2.8
Ln P(H,)

14 1.6

Fig. 2. Effect of promoter on the expmentally determined dihydrogen
order of reaction(8) at 20.7 atm total pressure where Ru/MgQ) is at
648 K, Cs—Ru/MgO(Q) is at 598 K, Ba—Ru/MgQA) is at 623 K, and
La—Ru/MgO(<) is at 623 K. Dihydrogen partial pressure was varied while
holding the dinitrogen partial pressure constant at 5.2 atm.

andTable 4dindicated a very weak dependence of the rate on
H» for Ba- and La-promoted Ru/MgO. These results are con-
sistent with the literaturgl1,12,26]as well as with previous
results in our laboratory at 3 atfdl].

3.1. Model 1

Table 5 presents the optimized kinetic parameters for
Mechanism 1. This model suggests that the enthalpy of di-
hydrogen adsorption{A Hn,ad9 and the activation energy
of dinitrogen dissociationKag) are significantly affected by

pressures are shown for La—Ru/MgOHig. 3a Analogous
plots for the other catalysts are similar (not show#iy. 3b
shows that for La—Ru/MgO the model is able to predict the
ammonia pressures far from and close to equilibrium. Equi-
librium is indicated when the ammonia pressure decreased
with increasing temperature.

3.2. Model 2

Table 6 presents the optimized kinetic parameters for
Mechanism 2. Because this mdodeas sensitive to starting
conditions, the output of Model 1 was used as the input to
Model 2. As summarized iffable § the enthalpy of dihy-
drogen adsorption{ A Hu,ads and the activation energy of
dinitrogen dissociationKag) were affected by the choice of
promoter. However, the magnitude of the changes was less
than that found with Model 1. Nevertheless, the Cs—Ru/MgO
catalyst had the lowest barrier for dinitrogen dissociation and
a largest enthalpy for dihydrogen adsorption. The activation
energy for step 4, the associative desorption of N atoms, var-
ied to a lesser extent than eithefA Hy,ads Or Eag. The
model also predicts a preexponential factor for dinitrogen
dissociation for Ru/MgO that was 5 to 10 times smaller than
the base-promoted catalysts.

Figs. 4a and 4lshow (for Cs—Ru/MgO) that the model
represents the data well under all conditions studied. Analo-
gous plots for the other catalysts were similar (not shown).

3.3. Senditivity of Model 1
Figs. 5a and 58how that Model 1 can reliably determine

— A Hy,ads Here—A Hy,agswas modified byt-10 kJ mot?
while each of the other four kinetic parameters, (cg, Eag,
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Table 6
Fitted kinetic parameters from Model 2
Catalyst k1 —AHp,ads kS Eag Eay k92 Eago?
(atm1s1 (kImol-1) (atm1s1 (kImor1) (kImor~1) (sh (kImol~1)
Ru/MgO 475x% 107 985 996 279 146 389 x 1012 44.9
Cs—Ru/MgO 480 x 107 102 6400 23 129 395 x 1012 46.1
Ba—Ru/MgO 703 x 10P 88.6 16300 3% 133 897 x 1011 721
La—Ru/MgO 238 x 107 827 9220 377 135 420 x 10'2 79.0
@ These columns were used to achieve thermodynamic consistency.
( ) 0.6
a Pod Ny:Hy:He=1:3:0 —l—
0.8 9” e (b)
90' 05 F Ny:Hp:He=1:1:2  =——th—
o~ pad E N;:H;:He =3:1:0
E ki 3
E 0.6 o',' E‘ 04 | Fit e
< '90 a ----------
] 7]
2 4 E o3}
T 04 o o
Z & -
A g Q E 02 F+ & @ _Af------N0
g
02 s £
#& 0.1 |
0 1 1 1 1 0 L 1 1 1 L 1
0.2 0.4 0.6 0.8 600 620 640 660 680 700 720 740
P(NH;3)exp (atm) Temperature (K)

Fig. 3. (a) Comparison of calculateddexperimentally determined ammarautlet pressures over La—Ru/MgO from Model 1 at 20.7 atm. (b) Comparison o
calculated and experimentally determined aonia outlet pressures as a function of temperatwer La—Ru/MgO from Model 1 at 20.7 atm. All data from
figure (a) were used to determine the fits in figure (b); however, only data at some of the ratios of reactants are reported for clarity.

0.8

0.6

0.4
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0.2

@@ ,.°
’
0"
o S8
"
’
I"b
g
(9’
ag O
5
’
F
&
1 1 1 1
0.2 0.4 0.6 0.8
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0.32 |
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()
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Fig. 4. (a) Comparison of calculateddiexperimentally determined ammarautlet pressures over Cs—Ru/MgO from Model 2 at 20.7 atm. (b) Compafison o
calculated and experimentally determined aonia outlet pressures as a function of temperatwer Cs—Ru/MgO from Model 2 at 20.7 atm. All data from
figure (a) were used to determine the fits in figure (b); however, only data at some of the ratios of reactants are reported for clarity.

and Eag) were fixed at those for the lowest SSE. The quality netic parameters(, k3, Eag, andEas) were optimized with
the Mathematica routineefjuation (4). For La—Ru/MgO,

of the fit is significantly affected by this change.
Figs. 6a and 6show in a different way that Model 1 can

reliably determine—A Hy,ads Eag, and Eay. In this case,

—A Hu,ads Was modified while each of the other four ki-

— A Hipads Was modified by+30 kImott. A minimum
in the total sum of squared error was clearly reached at
71 kJmol L. Additionally, the activation energy for de-
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Fig. 5. (a) Comparison of calculateand experimental ammonia presssiover La—Ru/MgO from Model 1, with-A Hij,ads= 68.2 + 10 kJ mot1. For
each of the three casesA Hy,ags as well as the other four kinetic parameteks, (kg, Eag, and Eay4) were fixed. (b) Comparison of sum of squares over

La—~Ru/MgO from Model 1 with—A Hy,ads= 68.2 + 10 kJ mot1. For each case; A Hy,adsas well as the other four kinetic parametels, ch, Eag, and
Eay) were fixed.
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Fig. 6. (a) Effect of changing-A Hy,ads0n the activation energies of dinitrogen adsonptémd desorption for La-Ru/MgO with Model 1. HereA Hy,ads
was fixed for each optimization while each of the other four kinetic parameﬁgrtg, Eag, and Eag) were allowed to float. (b) Effect of the enthalpy of
adsorption of dihydrogen on the quality of the fit (SSE) for La-Ru/MgO with Model 1. Hexd1}y,44s Was fixed for each optimization while each of the

other four kinetic parameters-(, kg, Eag, andEa4) were allowed to float.

sorption of N is less affected by the change in the heat of sociation of N [18,19,47,48] A model by Dahl et al. for

hydrogen adsorption thafiag (activation energy for dini-  Ru/MgAl,04 assumed that only 9% of the surface Ru atoms

trogen dissociation). The sensitivity of the SSE to changes are active for dissociatiof29]. Therefore, our assumption

in the fitted parameters indicates that the qbserved effect ofihat all of the exposed Ru atoms counted by total dihydro-

promoter on the values 6fA Hi,adsand Egg is real. gen chemisorption[{]o) needs to be addressed. Reducing

the total number of sites by 90% increases the preexponen-

tial factor for dinitrogen dissociation so that the prodkgt

[*]o is virtually constant. Neither the quality of the fits nor
Numerous researchers have determined that a small perthe other four fitted kinetic parameters changed significantly

centage of the surface Ru atoms are involved in the dis- by changing the total site density.

4. Discussion
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Table 7
Effect of promoter on the calculated coverages of reactive intermediates from Model 2 at the outlet of the reactor at 648 K, 20:AHatm1i8, and a
constant ammonia pressure of 0.1 atm

Catalyst * N NH NH NH3s NH, %2 Hx

MgO 0.02 002 53x 10°° 49x10°7 0.04 006 092
Cs-Ru/MgO w1 001 42x 1075 52x 1077 0.03 004 095
Ba—Ru/MgO 009 004 16 x 1072 23x10°8 0.17 021 070
La—Ru/MgO 008 004 16 x 10°° 24x10°8 0.15 019 073

& Where NH is the total coverage of nitrogen-containing species.

Hinrichsen and co-workers used; Nsotopic exchange  Table 8
and temperature-programmed experiments to determine thdsotopic transient results at 673 K, 3 atm, 40 miminand No:Hp = 1:3
kinetics of dinitrogen adsorption and desorption on Ru/Mg0O [41]

and Cs—Ru/MgO, and our optimization results are in rea- Catalyst PNH; TOFgiobal TOFipy® ONH, ©

sonable agreement with their findinf7]. For Ru/MgO, (atm) (w?sh  @gots

Hinrichsen et al. reported the preexponential factor and Ru/MgO Q0026 136 244 0056

the activation energy for dinitrogen dissociation to be ES—EU;mgg gggg Siﬁ 1238 gggé
11 _ 1 : a-Ru/Mg

5700 atnT* s+ and 40—61 kJ motl*, respectivelyj17]. For La_Ru/MgO 00052 753 6 0143

Cs—Ru/MgO (with a 1:1 molar ratio of Cs:Ru), the pre-
exponential factor and the activation energy for dinitrogen
dissociation were 5700 atms~* and 33 kJ mot?, respec- chemisorption,
tively [17]- b TOFintr is the intrinsic TOF determined from the residence time of
Results from both of our models suggest that the effect of nitrogen-containing surface inteeiates. No assumption about the num-
base promotion of Ru/MgO on ammonia synthesis rates is ber of active sites is required for this calculation.
a trade-off between a higher enthalpy of dihydrogen adsorp- ¢ Wherefnn, is the total coverage 'of nitrogen-containing species and
tion (—AHi,agd and a lower activation barrier for dinitro- ' Pased on total hydrogen chemisorption.
gen dissociationKag). This implies that the H and N atoms
are competing for the same sites. The coverages of interme-ion of the total number of sites available has redukgd
diates calculated from Model 2 are showrTable 7 Cata- significantly. In addition, the unpromoted catalyst may have
lysts that are strongly inhibited by dihydrogen (Cs—Ru/MgQO alower fraction of Ru sites capable of Nissociation, which
and Ru/MgO) have surface coverages of H atoms exceed-will be reflected in a lower value af.
ing 90%. However, Ba- and La-promoted catalysts are less  Table 7shows that the most abundant nitrogen-containing
inhibited by dihydrogen and therefore have lower surface species is ammonia, regardless of the promoter. However,
coverages of H atoms. Aika et al. reported previously that decreasing the activation egg in step 5 increased the
alkali addition to supported Ru promotes the dissociation of coverage of NH species without altering the quality of
dinitrogen and the retardation by hydrodéa]. the fit. Therefore, Model 2 cannot determine confidently
Many researchers have attempted to measukeéfy,ads which of the nitrogen containing species is most prevalent
on Ru catalysts. Single-crystal studies have shown thaton the surface. Coverages alted from the microkinetic
— A Hy,adsvaries from 35 to 125 kJ mot [49-53] Narayan model of Dahl et al. show that NH is the most abundant
and co-workers determined that it is 90 kJ miolor strongly N-containing species with NHalso present in significant
held hydrogen and 50 kJmol for weakly held hydro- amounts. Model 1 assumes that N atoms are the most abun-
gen on Ru/SiQ [54]. In addition, K and Ag did not dantN-containing intermediates on the surface and the opti-
affect —A Hp,ads for strongly held hydroger{54]. Zu- mized parameters show the same trend as those of Model 2.
panc et al. studied Ru/MgO and found the it to be 70— The advantage of using Model 2 is its ability to calculate the
123 kJmot?! [46]. Our results from kinetic modeling are  coverage of all nitrogen-containing intermediates.
within the reported values. In a recent paper, we describe the use of isotopic transient
It is logical to suggest that the most active ammonia syn- analysis to evaluate these sai@s-, Ba-, and La-promoted
thesis catalysts are those that minimize the activation bar-Ru/MgO catalyst$41]. We showed that the global turnover
rier for dinitrogen dissociationKag) since it is the likely frequencies of Cs, Ba-, and La-promoted catalysts were very
rate-determining stepl2,16] Therefore, we were rather similar (Table § at 3 atm total pressure. The weak depen-
surprised to find that both models prediEts to be sig- dence of the rate on dihydrogen for the La- and Ba-promoted
nificantly smaller for Ru/MgO than Ba—Ru/MgO and La— catalysts may be a result of the greater effect of total pres-
Ru/MgO given that Ba and La promotion increased activity. sure on the global turnover frequency. It also may be a result
The small preexponential factde, for dinitrogen dissoci- of lateral interactions. In addition, both the isotopic transient
ation for Ru/MgO is suggested to be the cause. We expectexperiments and the kineticadels agree that the coverage
thatkg and Eag are highly coupled and that an overestima- of nitrogen containing species (NH= N, NH, NH,, and

@ Where TORjopal is calculated from the exit ammonia concentration
normalized by the number of surface Ru atoms determined by hydrogen
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NH3) is small on each of the catalysts. Moreover, the two lower activation barrier for dinitrogen dissociation and a
methods indicate a significant increase in the coverage ofhigher —A Hu,ads Thus, base promotion of Ru/MgO in-
NHy for Ba- and La-promoted Ru/MgO compared to Cs— volves a trade-off between a faster intrinsic rate gfdisso-
Ru/MgO. ciation and greater competition for active sites with adsorbed

We have also recently determined the apparent activationH atoms. One of the models predicted trends inyNblver-
barrier at 3 atm for each of the promoted catalysts via iso- age that were measured with isotopic transient analysis.
topic transient analysjg1]. The activation energies for Cs—
Ru/MgO, Ba—Ru/MgO, and La—Ru/MgO were 28, 45, and
50 kJmot-1, respectiveljj41]. They closely match the acti-
vation barriers for dinitrogen dissociation determined from
the two models reported here. Since the rate-determining This work was supported by the National Science Foun-
step in ammonia synthesis is the dissociation of dinitrogen, dation (Grant CTS-9729812) and the Department of En-
all other steps in the reaction sequence involving adsorbedergy (Basic Energy Sciences, Grant DE-FG02-95ER14549).
nitrogen are at quasi-equilibrium. Thus the apparent activa- The authors acknowledge Dr. John Monnier from Eastman
tion energy determined from isotopic transient analysis is Chemical Company for dihydrogen chemisorption and Ru
related to the barrier for dinitrogen dissociation. Care must elemental analysis.
be exercised when interpreting results from isotopic tran-
sient analysis since the equilibrium constants for the quasi-
equilibrated steps are also temperature dependent.

Stoltze derived expressions for the orders of reaction in
ammonia synthesis that arelaly functions of coverages
of surface intermediategl®5]. The expressions were based
on the rate of ammonia synthesis being equal to the for-
ward rate of dinitrogen dissociatiofp5]. The coverages
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