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ABSTRACT

The direct NO reduction to produce N, and CO, using carbonaceous materials, chars and
activated carbons, was studied. Chars were prepared from peat by pyrolysis, at temperatures
ranging from 873 K to 1073 K. Activated carbons were prepared by the physical activation
of chars with steam, in a steel reactor, at 1073 K for 12 minutes, 25 minutes and 45
minutes. The kinetics of NO reduction using chars and activated carbons produced at
different experimental conditions were evaluated at different temperatures in the range
623-723 K. The gaseous products were essentially CO, and N, and the amount of CO
produced was negligible. The effect of the temperature on the kinetics of reduction was
also evaluated and the relationship between the rate constant and the temperature showed
an Arrhenius dependence. Activation energies of the NO reduction were in the range 6.75
to 7.97 kcal.mol! for the chars and in the range 8.14 to 9.52 kcal.mol"! for the activated
carbons.
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NOMENCLATURE of acid deposition and photochemical smog. Several
techniques can be used to decrease the emission of

Cy, N, concentration in the outlet of the nitrogen oxides, such as modifications in the
reactor, moles.L"! combustion process, modification in the fuel, and

Cy,  NO concentration in the inlet of the post-combustion treatments. Selective catalytic

reactor, moles.L"!

activation energy, kcal.mol!

adsorption potencial

F NO flux in the inlet, mol.min"'!

k constant of reaction rate, mol.g'.min".atm"!
k frequency factor, mol.g!.min"!.atm"!
micropore width, nm

point of zero charge

Pro NO partial pressure

r rate of NO reduction, mol.g"'.min"!

R ideal gas law constant, 1.987 cal.mol"'.K"!
T temperature, K

w carbon mass in the sample, g

W, micropore volume, cm?®.g"!

X0 NO conversion

INTRODUCTION

The air pollution is the main environmental
problem associated with the combustion of fossil fuels
due to the emission of pollutants, such as nitrogen
oxides (NO ), sulfur dioxide (SO,), carbon monoxide
(CO), carbon dioxide (CO,), volatile organic
compounds (VOC) and particulate matter (PM).

The nitrogen oxides have received increasing
attention since they are contributors to the formation

reduction (SCR) of NO, with ammonia, selective non-
catalytic reduction (SNCR) with ammonia and the
catalytic decomposition of NO are typical post-
combustion processes (Muzio and Quartucy, 1997,
Yamashita, 1996).

Besides these post-combustion techniques,
the reduction of NO using carbonaceous materials
can be effective under suitable operating
conditions. Carbon materials are suitable reductors
due to the simplicity of the process, low cost and
the elimination of the environmental problem
caused by the release of these gases into the
atmosphere (Bueno-Lopez et al., 2002).

The aim of this work is to study the reaction
of direct reduction of NO to produce N, and CO,,
at different temperatures, using chars and activated
carbons obtained from peat as reducing agents.

EXPERIMENTS

The reduction of NO to produce N, and CO,
using chars and activated carbons was studied in a
differential fixed bed reactor, at total pressure of
1 atm. The chars were prepared by pyrolysis under
nitrogen atmosphere, at 873 K, 973 K and 1073 K,
designated as TP600, TP700 and TPS800,
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respectively. The activated carbons were prepared
from TP800 in a reaction furnace, by steam
activation at 1073 K for 12, 25 and 45 minutes,
and they were designated as TA12, TA25 and TA45,
respectively.

The materials were characterized by
measuring surface areas, pore size distributions and
point of zero charge (pH,). The surface areas and
pore size distributions were determined by N,
adsorption at 77 K in an automatic multi-point
volumetric apparatus (Autosorb 1C -
Quantachrome). The surface areas were calculated
using the classical Brunauer-Emmett-Teller (BET)
equation (Marsh, 1994). The method proposed by
Barret, Joyner and Halenda (1951) was used to
evaluate the pore size distribution.

The pH_,, of the carbons was measured by
mixing 1 g of carbon with 20 cm® of CO,-free
distilled water. The slurry was kept in a plastic
bottle and shaken periodically for 1-2 days until
the pH of the slurry was taken to be the pH of
the solid (Moreno-Castilla et al., 2001).

The reactions were carried out in a
differential fixed bed reactor. The amount of
carbonaceous materials used in the experiments
was about 1 g and the reactions were carried out at
different temperatures (623 K — 723 K),
maintaining the flux of gas constant at the inlet of
the reactor at 50 cm*N/min. The reactant gas used
was a standard mixture of 5.0% of NO in He.

The reaction system (Fig. 1) was connected
to a gas chromatograph equipped with two columns
(Molecular Sieve 5A and a Porapak Q) and a
thermal conductivity detector.

RESULTS AND DISCUSSION

Characterization of the Carbonaceous
Materials

The N, adsorption/desorption isotherms for
the chars and activated carbons are shown in
Figs. 2 and 3, respectively. TP600 shows an
isotherm which is typical of a non-porous solid,
while TA25 and TA45 presented a type [V isotherm
with hysteresis loop indicating the presence of
mesopores.

The chemical and textural characterization
results of the carbonaceous materials are listed in
Tab. 1. The chars and activated carbons showed
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alkaline chemical character. The BET surface area
and the micropores volume (W) of the chars
increased with the pyrolysis temperature, as also
observed for activated carbons. The micropores
width (L ) of all the carbonaceous materials is
higher than the kinetic diameter of NO, 0.317 nm
(Neathery et al., 1997), allowing its diffusion into
the micropores.

The data of the pore size distribution
showed that the micropores fraction increases as
the temperature of pyrolysis increases while meso-
and macropores fractions of the chars decreases as
the temperature of pyrolysis increases. The fraction
of meso- and macropores also increases by
activation of TP800, except for the activation for
45 min (TA45). However, TA45 shows the higher
micropore volume (W) than TP800. So, TA45 is
more porous than TP800, but showing higher
fraction of meso and macropores than TP800.

The activation of TP800 for 12 min, to
produce TA12, resulted in a great increase (> 60%)
in the micropore volume and a small increase
(about 5%) in the surface area.

According to Tab. 1, the ash content
increases with the increase in pyrolysis
temperature, whereas the oxygen content
decreases. The increase in the ash content can be
ascribed to the character not volatile of the
inorganic residue, while the decrease in the oxygen
content is a consequence of the removal of
oxygenated fragments (Fuchsman, 1980). The
activated carbons also showed an increase in the
ash content with the increase in the oxidation
degree, due to the consumption of the carbon.
However, there is no direct correlation between the
activation time and the oxygen content.
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Figure 1. Experimental apparatus.
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Figure 2. N, adsorption and desorption curves for
TP600 (circles), TP700 (triangles) and TP800
(squares). Closed symbols: adsorption; opened

symbols: desorption.
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Figure 3. N, adsorption and desorption curves for
TA12 (triangles), TA25 (squares) and TA45
(circles). Closed symbols: adsorption; opened
symbols: desorption.

Table 1. Characteristics of the carbonaceous materials studied.

TP600 TP700 TP800 TA12 TA25 TA45

Point of zero charge 8.03 8.16 8.15 8.47 9.07 9.22
BET surface area, m”.g”' 56.1 253.6 303.1 320.5 450.5 583.8
Dubinin- W, cm’.g”" 0.016 0.079 0.090 0.147 0.201 0.237
Radushkevich Eo, kJ-mol 10.89 13.32 12.42 13.85 12.80 11.15
parameters L., nm 4.77 3.90 4.19 3.75 4.06 4.66
Pore size Micro 3241 51.39 55.94 75.92 66.95 47.03
distribution. % Meso 55.95 40.90 38.01 18.30 27.76 43.52
’ Macro 11.64 7.71 6.05 5.78 5.29 9.45

Elementar Ce.lrbon 54.72 5891 58.44 58.87 53.18 50.83
analysis Nitrogen 2.01 1.78 1.24 1.32 0.89 0.80
o, weigI;t Hydrogen 2.32 1.87 1.23 1.44 1.23 1.04
(dry basis) Sulfur 0.00 0.00 0.00 0.00 0.00 0.00
Oxygen 16.73 12.98 9.26 4.85 9.05 7.06

Proximate Volatile 18.48 10.91 9.01 8.44 7.54 7.88
analysis, Fixed carbon 57.30 64.63 61.16 58.04 56.81 51.85
% weight (d. b.) | Ash 24.22 24.46 29.83 33.52 35.65 40.27

W, = micropore volume; E = adsorption potential; L _ = micropore width.

Reaction

Preliminary tests showed that after a
reaction time of 80 min, the NO conversion was
nearly constant. The determination of the kinetic
was evaluated using the experimental data collected
after 80 minutes. The results obtained were related
with the NO conversion, according to Eq. (1).

2C,,
1
Cro, (1)

Xyo =

where: X, = NO conversion; C, = N,
concentration in the outlet of the reactor, moles.
L'; C,, = NO concentration in the inlet of the
reactor, moles.L".

The NO reduction was studied at
temperatures in the range 623 K - 723 K and the
NO concentration in the inlet was 5.0%. Figures
4-6 show the experimental data obtained from the
NO reduction using the chars TP600, TP700 and
TP800, respectively. Figures 7, 8 and 9 show the
data of the activated carbons TA12, TA25 and
TAA45, respectively.
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Figure 4. NO conversion for TP600 at different

temperatures.
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Figure 5. NO conversion for TP700 at different

Figure 7. NO conversion for TA12 at different

temperatures.
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Figure 8. NO conversion for TA25 at different

temperatures.
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Figure 6. NO conversion for TP800 at different
temperatures.

The rate of NO reduction was calculated
according Eq. (2):

— FNOOXNO ?)

"o W
where: 1, = rate of NO reduction, mol.g"'.min™;
Fyo,= NO flux rate in the inlet, mol.min"';

X o = NO conversion; W = carbon mass in the

sample, g.
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Figure 9. NO conversion for TA45 at different
temperatures.

Since the carbon conversion was low, the
rate of NO reduction depends only on the NO
pressure. The reaction order in relation to NO was
assumed to be first order, as previously reported
by Aarna and Suuberg (1997) and Koepsel et al.
(2002). The kinetic constant, k, was calculated
according to Eq. (3):

3)

Tvo = k'pzvo
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The dependency of the constant of the
reaction rate with the temperature followed an
Arrhenius behaviour (Eq. 4):

-E,
RT

k =k,exp 4)

v B
-I- OO

where: k = constant of the reaction rate,
mol.g".min"".atm™; k = frequency factor, mol.g"
" min".atm™; E_= activation energy, kcal. mol"'; R
= ideal gas law constant, 1.987 cal.mol'.K;
T = temperature, K.

The activation energies and frequency factor
of the reaction were obtained by linear regression
of In k versus 1/T (Fig. 10), as shown in Tab. 2.
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Figure 10. Arrhenius diagram for the
carbonaceous materials.

Table 2. Activation energy and frequency factor of the
NO reduction with the carbonaceous materials studied.

Material ko E. R’
TP600 0.140 6.75 0.9795
TP700 0.168 7.87 0.9979
TP800 0.118 7.97 0.9665
TA 12 0.189 8.14 0.9999
TA25 0.280 9.15 0.9524
TA45 0.360 9.52 0.9992

k, = [mol.g"'.min".atm™], E_ = [kcal.mol"']

Calculating k from the data of k and E ,
shown in Table 2, from the Arrhenius’ equation (Eq.
4), the data shown in Tab. 3 were obtained.

It can be observed (Tabs. 2 and 3) that
TP600 is the most reactive char for the reduction
of NO. This may be explained because TP600 was
obtained under the less severe heat treatment, and
probably has the highest amount of reactive sites
(Aarna and Suuberg, 1997).
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The peat char, TP600, showed higher
reactivity for the NO reduction than the coal char
used by Koepsel et al. (2002): about 59% higher at
623 K and 45% higher at 673 K. The activation
energy obtained for the coal was slightly higher (8.20
kcal.mol™") than that found for the TP600, but close
to the other carbonaceous materials studied.

Garcia and Mondragon (2004) reported that
due to the radical nature of both reactants the
activation energy of this reaction is close to zero.

The activation energy found by Illan-Gémez
et al. (1993) for the reduction of NO with activated
carbons is in the range 10.75 to 20.55 kcal.mol,
higher values than it was found in this work. The value
of 10.75 kcal.mol™! was found for an activated carbon
with surface area (BET) 0of 457 m?.g"!, value close to
the surface area of TA25 (450 m?.g!"), which showed
an activation energy of 9.15 kcal.mol! (Tab. 2).

Table 3. Constant of reaction rate [mol.g'.min".atm™]
for the different carbonaceous materials, calculated

by Eq. (4).

Temperature
Material 623 K 673 K 723 K
TP600 | 5.99x10°% | 8.98x10° | 1.27x10™*
TP700 | 2.91x10™ | 4.66x10" | 7.01x10™"
TP800 1.88x10% | 3.04x10™ | 4.59x10™
TA12 2.64x10% | 4.30x10™ | 6.55x10™
TA25 1.72x10 | 2.97x10™ | 4.77x10™
TA45 1.64x10% | 2.91x10™ | 4.76x10™
CONCLUSIONS

The activation energies for the NO
reduction using carbonaceous materials are in the
range 6.75 to 9.52 kcal.mol™'. These values agree
with the values found in the literature. The
carbonaceous material produced under the less
severe thermal treatment showed the highest
reactivity for the NO reduction. The peat char
showed higher reactivity than coal char. The results
showed that these carbonaceous materials from
peat have high potential for the NO reduction.
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