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Abstract

The kinetics of the reaction of NO and® with activated carbon, without catalyst, and impregnated with precursor salts
of Mg, Mn, Ba, Pb, Cu, Ni, Fe and Co and their binary mixtures was investigated. The conversion of NOQ@nuaN
studied (300C-900C) using a TGA apparatus and a fixed-bed reactor. The reactor effluents were analyzed using a GC/MS
on line. The best synergetic effects were observed for samples doped with Ba + Pb, Ba + Fe, Ba+ Cu, Ba+ Mn, and Cu+ Mn.
Adsorption of NO and MO (20°C-100C) increased considerably in the presence of catalysts, but binary mixtures had no
synergistic effects. In situ XRD was an useful tool for interpreting catalyst behavior and identifying phases during reaction
conditions. ©1999 Elsevier Science B.V. All rights reserved.
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1. Introduction In an attempt to understand and propose a mecha-
nism for catalytic carbon gassification with oxygen,
NO removal from exhaust streams of various com- carbon dioxide, water vapor and hydrogen, McKee
bustion sources has become increasingly important in studied the effects of alkaline, alkaline earth and
the past few years [1-14]. Recently, catalytic reduc- transition metals using TGA/DTA and hot-stage mi-
tion of NO, with carbons as reducing reagents, has croscopy [15,16]. The author concluded that the cat-
been intensively investigated [2-8,10-12,14]. alytic process involves an oxidation—reduction cycle.
The reaction depends significantly on the composi- The oxidation state of the metal determines its perfor-
tion of the catalyst and the nature of the reacting car- mance, and the ability of the precursor to be reduced
bon [8]. The major factors that influence the rates of by carbon to a lower oxidation state, is an important
reaction with carbon are factor [15,16]. Also, the ability of the catalyst to melt
1. The concentration of active sites on the carbon and spread on carbon surface promotes catalyst/carbon
surface; contact and reactivity is enhanced [1,15-19].
2. The crystallinity and the structure of the carbon;  lllan-Gomez et al. reported that alkaline, alkaline
and earth and transition metal catalysts seem to enhance
3. The diffusion of reactive gases to the active sites. NO chemisorption to different extents and they play
an important role in redox cycle, which transfers oxy-
* Corresponding author. gen from the catalyst surface to the carbon surface to

0920-5861/99/$ — see front matter ©1999 Elsevier Science B.V. All rights reserved.
Pll: S0920-5861(99)00218-7



560 S.A. Carabineiro et al./Catalysis Today 54 (1999) 559-567

7.0E+03

a O no catalyst E4%Cu
6.0E+03 1+ B 4%Fe B4%Pb

§ 05403 M4%Ba  B4%Mn
@ 4%Mg 4%Co

B 4%Ni

I
T

4.0E+03 -

T

3.0E+03 +

pumol NO/g C

2.0E+03

1.0E+03 -

t
B ]

AN NN NN NN

2.0E+03

1.5E+03

1.0E+03

pmol N,O/g C

5.0E+02

TRININNNNNNN

0.0E+00 -
20 40 60 80 100

Temperature (°C)

Fig. 1. NO (a) and MO (b) adsorption for carbon parent sample and samples doped with several catalysts, at different temperatures.

produce CQ@ and CO [4-8]. This mechanism is analo- The active sites that retain and transfer oxygen to
gous to the one occurring in other carbon gassification carbon are different, depending on the nature of the
reactions [15,16]. chemical species involved in each case [5-8]. In a

According to earlier studies of Aarna and Suuberg, recent work, Rodriguez-Mirasol et al. [3,9] reported
at low temperatures, dissociative NO chemisorption the results obtained for X0 decomposition. Authors
results in the formation of a carbon—oxygen complex observed that BO is more readily reduced on carbon
and the decomposition of these complexes (at higher surface than NO. The gas products observed were N
temperatures) leads to production of £&hd CO [13]. and CQ, according to this model
In recent studies, lllan-Gomez et al. reported that the
analysis of the reaction products reveals a mechanismNZO +C— N2+ C(O)
for catalytic NO reduction with three stages [4-8]: N>O 4+ C(O) — Ny + CO»

1. At low temperatures, N and/or NO are the
only products. Oxygen is retained on the cata- N2O seems to promote more less-stable oxygen sur-
lyst/carbon surface. face complexes that decompose yielding,Gdd va-

2. Above 300C, N» continues to evolve, but GO cant sites. The presence of catalysts seems to favor the
evolution occurs and the rate of NO reduction in- Production of the oxygen surface complexes, which

creases. can easily be scavenged by CO to produce, @8d
3. Above 500C, N, evolution becomes constantand Vacant sites, thus enhancing® decomposition [3,9].
CO becomes dominant. The aim of the present work is to study the behavior

of several metals as catalysts and their binary mixtures
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Fig. 2. Arrhenius plots for carbon gassification in NO for carbon parent sample and samples doped with Ba, Pb, and Ba+Pb mixture (a),

and samples doped with Ba, Fe, and Ba+Fe mixture (b).

for C/NO and C/NO reaction. In situ XRD is used to

identify the phases present under reaction conditions.

This technigue, combined with kinetic measurements,
is a useful tool for interpreting catalyst behavior.

2. Experimental

Charcoal-activated GR MERCK (powder) was used
to carry out isothermal kinetic studies and adsorption
of NO and NO. This activated charcoal had a sur-
face area of 1011 g1 and a pore total volume of
0.54cnf g~ 1. The charcoal was impregnated with di-
luted solutions of acetates of Mg, Mn, Ba, Pb, Cu,
Ni, Fe, and Co. Metal salts were diluted in a small
amount of distilled water, and the obtained solutions
were added dropwise to the carbon, mixed thoroughly

In order to prevent diffusional limitations, thermo-
gravimetric sample weight was 2—-3 mg. Isothermal ki-
netic studies were carried out using a thermobalance
system (Cl Electronics MK Il microbalance), with
continuous recording of change in weight between
300°C and 900C, with mixtures of Ar+0.5% NO
and Ar+0.5% NO, with flow rates of 3.3chs 1.

For the adsorption studies, 10 mg of sample was
weighed using the same apparatus, using 0.5%@ N
Ar and 0.5% NO in Ar, with a flow rate of 3.3 chs L.

For comparison purposes, initial rates obtained at
initial burn-off were used. The gassification rates at
each temperature were derived from the relation

(—Aw/At)

Wo

rate(st) =

wherew, is the initial weight of the sample.

and the obtained product evaporated on hot plate. The Before each experiment, Ar was introduced with

metal loading was 4 wt.%.

a flow rate of 3.3cris™1, for 30 min, in order to
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Fig. 3. Arrhenius plots for carbon gassification in@ for carbon parent sample and samples doped with Ba, Pb, and Ba+Pb mixture

(a), and samples doped with Ba, Fe, and Ba+ Fe mixture (b).

eliminate traces of air. The samples were heated in
flowing Ar to 500°C to decompose precursor salts and
eliminate volatiles adsorbed in carbon, until baseline

perimental conditions as in the thermogravimetric
studies.
NO conversion was studied using a fixed-bed re-

sample weight was constant. The temperature was thenactor. The reactor effluents were analyzed using a

adjusted to the desired value (ZB3-900C) and Ar
was switched to NO or pD mixture.

The crystal phases detected by in situ XRD af-
ter pre-treatment in inert atmosphere at 8DO
were MgO/MgQ for sample doped with Mg;
Mn304/MnO; for sample doped with Mn; BaC$D
BaO/BaQ/Ba for sample doped with Ba; BO4/PbO
for sample doped with Pb; CuO/Cu for sample
doped with Cu; NiO/Ni for sample doped with
Ni, FeO3/Fes04 for sample doped with Fe, and
C0p,04/Co0/Co for sample doped with Co.

In situ XRD studies were conducted in a Rigaku
D/max Il C diffractometer with a Cu (Ka) ra-
diation source (50kV, 30mA), equipped with a

GC/MS (Fisons MD800) apparatus, equipped with
a column of GS-Molesieve (30 0.541 mm) type.
These assays included heating of sample @trin—!
(TPR) to 950C in a mixture of 0.5% NO in He.
The flow rate was 3.3chs 1. All samples were
pre-treated in He at 50C for 30 min.

3. Results and discussion

NO and NO adsorption capacity increased con-
siderably on adding metal catalysts when com-
pared to the samples without catalyst, as shown in
Fig. 1(a, b). An exception occurred for samples doped

high-temperature special chamber. All the exper- with Cu and Pb, which adsorbed less NO than parent

iments were carried out in exactly the same ex-

sample, and also the sample doped with Fe, which
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; 100
adsorbed less O than the sample with no catalyst. a

It has been shown that transition metals, like Co, Ni, 30
Fe, Cu, and Ti, enhance NO adsorption [3-8,12,14].

The extent of enhancement depends on the kind of
metal used. For NO adsorption, carbon samples doped
with Co, Mn, Ba, and Ni showed maximum adsorption
capacity. Adding another metal catalyst to the sample
did not increase adsorption capacity.

% NO conversion

Fig. 2(a, b) and Fig. 3(a, b) show the Arrhenius wo T

plots for NO and NO reactions. The kinetic results

obtained suggest that activity for NO reduction is not
only dependent on adsorption capacity, but also on
the ability of the catalyst to be reduced by carbon

% NO conversion

and spread on the carbon surface, promoting cata- 40 T

lyst dispersion. In the case of, activity is higher 20 o e

for the sample doped with Ba. Fig. 1(b) shows that - Ba

sample doped with Ba exhibits higher adsorption ca- 0 : : :

pacity compared with Fe and Pb. The kinetic results 0 400~ 600 800 1000
obtained suggest that the activity depends grfON Temperature (°C)

adsorption. Fig. 4. NO conversion as a function of temperature (TPR) for

The values obtained for the apparent activation en- samples doped with Ba, Pb, and Ba+Pb mixture (a), and samples

ergies range from 149kJ mdl to 70 kI mot?, and
lie relatively well within those reported in the litera-

doped with Ba, Fe, and Ba+ Fe mixture (b).

ture [3,13]. A substantial decrease in activation energy be limited by the transfer of the D species over the

for the uncatalyzed (138 kJ mdl) and Ba catalyzed
reaction (74 kJmoll) in NO is observed.

melt film (MxOy).
Table 1 shows that synergetic effects for NO and

Though NO is less adsorbed by carbon, it is N20 reactions were observed for samples doped

more reactive than NO. /O seems to promote more

with the mixtures Ba+ Cu, Ba+ Mn, and Cu+ Mn at

less-stable oxygen surface complexes, which decom-higher and lower temperatures. Other mixtures with
pose yielding C® and vacant sites. The presence Ba showed synergetic effects only at higher temper-

of catalysts seems to favor the production of the
surface-oxygen complexes, which, in turn, give rise
to COp and vacant sites, thus enhancingONdecom-
position [3,9].

Table 1

Initial gassification ratesx(10°s~1) in NO and NO at different
temperatures for uncatalyzed and catalyzed reactions

External diffusional limitations to mass transfer NO NoO
seem to take place in the reaction with@ above 500°C 800C 450C 650C
600°C. A plateau is observed above 6@at differ-
. ... No catalyst 0.02 5.19 0.04 3.07
ent reaction rates. These results sug_gest Fhat addition,,, o 031 812 175 5203
of Ba seems to_ promote ca_rbo_n particle diameter de- 49, pp 1.03 239 0.78 11.36
crease, according to a shrinking-core model. Baker 4% Ni 53.43 1.01 2.65 25.51
et al. reported in a previous study that barium oxide 4% Fe 0.12 15.76 0.53 10.32
has the ability of melting and spreading on graphite 4% M9 1.24 4.21 038 1771
T . .~ 4% Cu 2.03 13.40 6.01 17.63
oxidation and edge recession occurs [1]. As the in- ,,, - 117 8.85 149 11.27
teraction between carbon and catalyst is improved, 49 co 251 33.34 577 47.88
the reaction takes place over a larger portion of the 4% v 0.67 5.17 0.62 16.36
particle external surface. The observed reaction kinet- 4% Ba+4% Mn 1.59 53.23 9.16 230.92
. . . oy 0, 0,
ics can also be explained by reaction transition from 4% Ba+4% Cu 568 5L11 1899 12457
4% Cu+4% Mn 6.52 40.26 25.95 115.36

system gas—solid to system melt—solid. Reaction may




564 S.A. Carabineiro et al./Catalysis Today 54 (1999) 559-567

Concentration (%)

Concentration (%)

Concentration (%)

0 150 300 450 600 750 900 150 300 450 600 750 900
Temperature (°C) Temperature ("C)

Fig. 5. Reaction products in TPR for carbon parent sample (a), and samples doped with Ba (b), Pb (c), Fe (d), Ba+Pb (e), and Ba+Fe
(f) mixtures.

atures. Synergetic effects of binary mixtures were Higher conversion of NO at lower temperatures is ob-
noted for catalytic gassification of carbon with steam. served for the catalyst mixtures, in agreement with the
Melting of the catalysts and wetting of the carbon results obtained in isothermal conditions.
surface are important factors that affect the catalytic  The analysis of the reaction products using a
activity. The synergetic effects of binary mixtures can GC/MS on line show the presence 0f®, N2, CO,
also result from other beneficial interactions between and CO, together with some unreacted NO. For the
the mixture components and those between reactantssingle catalysts (Fig. 5(b—d)), only-Nand NbO were
and individual components [19]. The presence of detected in the low-temperature range®@0300C).
Ba in the carbon surface seems to increase carbonAbove 300C, CO; is also observed. In the case of
reactivity at low temperatures. In situ XRD experi- the binary mixtures, a substantial increase in,CO
ments carried out in nitrogen, the peak attributed to evolution was observed above 380 At higher tem-
BaO/BaQ is clearly visible only after sample cool- peratures, above 600 or 700C, NoO emission
ing. These observations suggest that BaO/Ba®© ceases, and CO begins to appear. Similar results were
present as a melted phase. Melting of the catalysts obtained by other authors [3-7].In the presence of Pb
improves wetting of the carbon surface promoting and Fe (Fig. 5(c, d)), C®evolution begins at lower
catalyst/carbon interaction [1,15,16,19]. temperatures, suggesting that the oxygen complexes
Fig. 4(a, b) show the TPR profiles of samples doped are less stable and more abundant. Also, at low tem-
with Ba+Pb and Ba + Fe, and Ba and Fe or Pb alone. peratures, an excess of,Ns observed in contrast
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Fig. 6. In situ XRD data obtained from NO on heating samples doped with Ba (a), Pb (b), Fe (c), Ba+Pb (d), and Ba+ Fe (e) mixtures
at several temperatures.
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Fig. 7. In situ XRD data obtained fromJ® on heating samples doped with Ba+ Pb (a) and Ba+Fe (b) mixtures at several temperatures.

with an excess of oxygen at higher temperatures. For of the crystal lattices. Pt peaks appear in the spectra
mixtures (Fig. 5(e, f)), an increase in G@volution resulting from exposure to the sample holder to the
is observed. These results suggest that the synergeticX-ray beam as carbon burns away.
effect observed for NO conversion is related to an It has been reported recently that alkali, alkaline
increase in oxygen transfer to the carbon surface. Theearth and transition metals enhance NO chemisorp-
greater the rate of Cfevolution, the greater the NO tion. The catalytic system is more or less active de-
conversion. As previously reported by lllan-Gomez et pending on the ability of the oxide to be reduced by
al. [4-8], the analysis of reaction products also reveals carbon and undergo redox reactions on the carbon sur-
the three-stage mechanism for catalytic NO reduction face [4—8]. The same mechanism has been proposed
already described in Section 1. In the case @ON  to explain carbon catalyzed reactions in other gaseous
decomposition, only Bl and CQ were detected in  atmospheres [15-18].
agreement with the results referred to in the literature  In situ XRD shows clearly that catalysts are reduced
[3,9]. to lower oxidation states, such as BagZBaO/BaQ/
Active phases also play an important role in the cat- Ba, FeOs/Fe304, and PRO4/PbO. The catalytic ef-
alytic conversion of NO. Fig. 6(a—e) and Fig. 7(a—b) fect observed for the NO and ® conversion can
show in situ XRD patterns obtained in NO and® be explained by the occurrence of redox processes,
at several temperatures for carbon doped with the cat-in which the oxides particles are reduced by reac-
alysts described above. Metal oxides are reduced totion with the carbon at points of contact with the car-
lower oxidation states. The peaks show shifts @0 2 bon substrate to form lower oxides according to a
with increasing temperature, which reflects expansion mechanism such as
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Mx( + YNO — MxOy (g + XNZ(g) terpreting catalyst behavior. In the C—-NO and GEN
2 reaction, a reduced catalyst surface is required for NO
y y and NO reduction
MxOY g =C(s) = MX( + =CO;y - ' i )
Yo 27 © T o The ability of the catalyst to chemisorb NO going
TPR results show that in the case of Ba and the through redox transference of oxygen to the carbon
mixtures, CQ evolution is delayed with respect toN reactive sites seems to explain the Ca_talytic El.C_tiVity.
This behavior was also observed to a less extentinthe  The synergetic effect observed with addition of
case of Fe. This delay may be due to the fact that the Ba seems to be related with an enhancement of
catalyst retains the oxygen produced by the dissocia- 0xygen—carbon complexes and £@volution.
tive NO chemisorption. The evolution of GQ@llows
the catalyst to continue transferring oxygen from NO Acknowledgements
or N20O to carbon, generating new active sites on the _ o _ _
carbon surface. Sonia Carabineiro acknowledges financial support
The reduction temperature of the metal oxide seems from Fundacdo para a Ciéncia e Tecnologia, Grant
to be a key factor controlling the activity of the metal BD1275/95.
as.catallyst. lllan-Gomez et al. reportgd that a relatiqn— References
ship exists between the ease of the oxidation—reduction
(to metallic or lower oxidation state) and the lattice 1) r Tk. Baker, C.R.F. Lund, J.J. Chlundzinski Jr., J. Cat. 87
energy of oxide or the free energy of oxide forma- (1984) 255.
tion [7] When TPR experiments were performed af- [2] T. Okuhara, K. Ichi Tamaka, J. Chem. Soc., Faraday Trans.
; ; ) 82(1) (1986) 3657.
ter NO chemisorption, Nand/or O were not ob [3] J. Rodriguez-Mirasol, A. Ooms, J. Pels, F. Kapteijn, J.
;ervgd at low temperatures [8]. The qqtalyst became " poulijn, Combust. Flame 99 (1994) 499.
inactive due to its conversion to the oxidized state and [4] M.J. lllan-Gomez, C. Salinas-Martinez de Lecea, A.

negligible NO reduction took place. It was only when Linares-Solano, in: Proc. Carbon 94, Granada, Spain, 3-8
i i July 1994, p. 460.
CO; evolution began that NO reduction occurred on [5]M.J. Ilan-Gomez, A. Linares-Solano, L. Radovic, C.

an OXygen'Sa_-turated surface [8]. In our work, it was Salinas-Martinez de Lecea, Ener. Fuels 9 (1995) 97.
shown by in situ XRD that after pre-treatment at 500 [6] M.J. lllan-Gomez, A. Linares-Solano, L. Radovic, C.

ininert atmosphere, the catalysts were already reduced . '\Sﬂajinﬁls;-Mgﬁinez dAe t?ccea, gﬂler- Flglss 9|_(199f/|) 540. §
by carbon to lower oxidation states. [7] M.J. lllan-Gomez, A. Linares-Solano, C. Salinas-Martinez de
. . . . Lecea, Ener. Fuels 9 (1995) 976.
Another important factor is catalyst dispersion. AS  [g] M.J. Illan-Gomez, A. Linares-Solano, L. Radovic, C.
the catalyst dispersion increases, the process of oxida-  Salinas-Martinez de Lecea, Ener. Fuels 10 (1996) 158.
tion and reduction of the catalyst is enhanced because [9] J. Rodriguez-Mirasol, J. Pels, F. Kapteijn, J. Moulijn, in:

the redox mechanism occurs at the catalyst/carbon in- E‘;‘g ’2)2%(1208" Conf. Carbon, San Diego, CA, 16-21 July

terface. Thus, in the case of the samples doped with Ba, [10] D. Mehardjeive, M. Khristova, E. Bekyarova, Carbon 34
the catalyst/carbon interaction is promoted because the  (1996) 757.
catalyst seems to be present as a melied phase. [11] C. Marquez-Alvarez, |. Rodriguez-Ramos, Guerrero-Ruiz,

. L . Carbon 34 (1996) 339.
In situ XRD shows the probable species involved in 12] S. Carabineiro, I.F. Silva, F.B. Fernandes, in: Proc. 9th Int.

the react_ion conditioqs. It seems that a reducedicatalyst Conf. Coal Science, vol. 2, Essen, Germany, 7—12 September
surface is then required for NO ancb® reduction. 1997, p. 1103.
The active catalysts seem to act as an oxygen acceptoff13] . Aama, E. Suuberg, Fuel 76 (1997) 475.

. [14] S. Carabineiro, I.F. Silva, F.B. Fernandes, A.M. Ramos, J.S.
from NO or N0, tranSfemng it to the carbon surface, Vital, in: Proc. Eurocabon 98, vol. 1, Strasbourg, France, 5-9

thus recovering the reduced state. Similar behaviorhas  july 1998, p. 411.

been reported by several authors. [4_8,10,11], [15] D.W. McKee, Chemistry and Physics of Carbon, vol. 16, 1,
Marcel Dekker, New York, 1981, p. 1.

[16] D.W. McKee, Carbon 8 (1970) 623.

[17] I.LF. Silva, L.S. Lobo, J. Cat. 126 (1990) 489.

[18] I.F. Silva, D. Mckee, L.S. Lobo, J. Cat. 170 (1997) 54.

This study has indicated that kinetic measurements, [19] I.F. Silva, C. Palma, M. Klimkiewicz, S. Eser, Carbon 36

combined with in situ XRD, are a useful tool for in- (1998) 861.

4. Conclusions



