Reaction Kinetics for removing NO by ethanol over Ag/Al203 catalyst
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Summary

Reaction kinetics for OHC/SCR reaction system with ethanol over Ag/Al,O; catalyst has been developed
on the basis of the possible reactions observed under the variety of the feed gas conditions. Ethanolamine,
acetaldehyde and ammonia have been identified as the primary reaction intermediates for the progress of
OHC/SCR reaction. The rate expressions based upon LHHW mechanism were derived with the surface
reaction as the rate determining step. The model with estimated kinetic parameters well describes the
experimental data with respect to the reactor space velocity and temperatures as well as the C,/NOx feed

ratio and water feed concentration.
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Introduction

Deterministic reaction kinetics in view of the power
law model has often been developed to describe the
deNOx performance of the HC/SCR reaction system [1].
However, the model may not be relevant to predict the
NOXx reduction activity of the HC/SCR system with respect
to the reactor operating conditions including the reaction
temperature, concentration and reactor space velocity.
Backman et al. developed a simple power model for the
reduction of NOx by n-octane over a 1.91 wt.% Ag/Al,Os
catalyst on the basis of the molecular adsorption of NO and
CO as well as the dissociative adsorption of H, and O,
onto the catalyst surface under isothermal and steady-state
conditions in the presence of hydrogen [2]. Moreover,
when ethanol was used as a reducing agent, a detailed
surface reaction mechanism based upon a variety of
irreversible reactions including the partial oxidation of
ethanol to CH3;CHO, CO or surface acetate, and N,
formation by the reaction of the surface NCO formed with
NO, over the Ag/Al,O5 catalyst was proposed by Tham et
al. [3]. However, the model hardly described the general
trend of NOx and ethanol conversions with respect to the
reaction condition and even cannot predict the formation of
N, and NHs;, two major products for the OHC/SCR
reaction system.

In the present study, a kinetic study for removing NO
by ethanol over Ag/Al,O; catalyst has been conducted in

order to predict and optimize the deNOx performance of
Ag/AlL,O; catalyst. Ethanolamine (HOCH,CH,NH,),
acetaldehyde (CH;CHO) and ammonia (NHs) have been
identified as the critical reaction intermediates for the
progress of the present NOx reduction reaction. A Kinetic
model for the OHC/SCR system using ethanol as the
reductant has been developed and it may be an initial step
and a guideline for developing detailed reaction kinetics
over the HC/SCR process using E-diesel or bioethanol as
the reductant.

Experimental

The Ag/Al,O; catalyst was prepared by the incipient
wetness method with aqueous solution of AgNO;
(Kojima). The catalyst prepared was dried at 110 °C
overnight and calcined in air at 550 °C for 5 h. The NO
removal activity has been examined using a packed-bed
flow reactor using a 3/8 inch o.d. quartz tube with respect
to the reactor space velocities varied from 30,000 to
120,000 h™. The conversions of the reactants and the
formation of the byproducts were determined by FT-IR
equipped with a 2 m gas-cell (Nicolet 6700, Thermo
Electron Co.) and GC equipped with a TCD (HP 6890N,
Agilent). A feed stream containing 400 ppm NO, 400, 800,
1600 ppm ethanol, 6 % O,, 0, 2.5, 10 % H,O and He
balance was employed for the catalyst deNOx performance.



Development of reaction kinetics

A kinetic model based upon the reaction pathways
anticipated has been developed with the following
assumptions: (i) all reaction steps are assumed to be a first-
order reaction with respect to the reactants involved. (ii) all
reactants beside N, and CO, adsorb onto the catalyst
surface, (iii) oxygen adsorbs dissociatively, (iv) the surface
reaction is described by a Langmuir-Hinshelwood-Hougen-
Watson (LHHW) mechanism, (v) the surface reaction is a
rate-determining step, (vi) major reaction intermediates are
CO, CH3CHO, NH; and ethanolamine and (vii) NH; is
mainly formed from the oxidation of ethanolamine. Based
upon these assumptions and observations, the reaction
mechanism has been postulated as extensively listed in
Table 1.

Table 1. Postulation of reaction mechanism

No. Reactions

(1) | 0,+25 2058 K,
(2 | NO+S o NOS Kz
(3) | CoHsOH + S <> C,HsOH'S Ks
(4) | NH3+S < NHgS Ka
(5) | CO+S—Cos Ks
(6) | CHsCHO+ S < CHsCHO-S Ks
(7) | H0+S < H,0S Kz
(8) | N;O+S < N,0S Ks
(9) | HOCH,CH;NH; + S <> HOCH,CH;NH,-S Ko
(10) 2NO-S + 4C;HsOH-S + 90-S — 2HOCH,CH,NH,'S + 4CO, + k1o

5H,0-S + 8S
an 2NO-S + 2HOCH,CH;NH,-S + 110-S — 2N, + 4CO; + 7TH,0-S ki1
+8S

(12) | 2HOCH,CH;NH,S + 130-S — N, + 4CO, + 7TH,0S + 8S k2
(13) | HOCH,CH,NH,'S + 50-S — NHg'S + 2CO;, + 2H,0-S + 38 ki3
(14) | 2NO-S + CH3CHO-S + 30-S — Ny + 2CO; + 2H,0-S + 4S K1a
(15) | 2NO-S + 2CH3CHO-S + 50-S — 2NH3'S + 4CO, + H,0'S + 6S kis
(16) | CyHsOH:S + 60-S — 2CO; + 3H,0-S + 4S kis
(17) | CyHsOH'S +40-S — 2CO'S + 3H,0-S ki
(18) | CyHsOH:S + O-S — CH3;CHO'S + H,0-S kig
(19) | CH3CHO'S + 50-S — 2CO; + 2H,0-S + 4S kig
(20) | CH3CHO'S +30-S — 2CO'S + 2H,0-S Koo
(21) | COS+0'S—CO,+2S ka1
(22) | 2NHg'S +30-S — Np + 3H,0-S + 28 [
(23) | 2NHg'S +50-S — 2NO-S + 3H,0-S + 28 Koz
(24) | 2NO-S + CH3CHO-S +40-S — N,O-S +2C0, + 2H,0'S + 4S kaa
(25) | 2HOCH,CH;NH,-S + 150-S — 2NO-S + 4CO, + 7H,0'S + 8S Kas

The steady-state rate equations for the removal of NO and
the formation of the reaction intermediates and byproducts
have been developed [4].

A set of 9 rate expressions developed for NO, C,HsOH,
N,, NHs, N,O, ethanolamine, acetaldehyde, CO, and CO in
forms of the nonlinear ODE were solved by Gear’s method
[5]. The kinetic parameters were estimated by using
nonlinear regression to minimize the sum of squares of the

difference between the experimental and predicted data.
The parameters obtained from the literatures [6, 7],
particularly the heats of adsorption are quite similar to
those determined by the present study. A regression
routine for the minimization of the sum of the squares uses
the Marquart algorithm [8]. The computer subroutine
program for the estimation of the parameters was prepared
by using MATLAB® (version 6.1, The MathWorks, Inc.)

[9].

Results and Discussion
The model well predicts the general trends of the

measured conversions of NO and C,H;OH as well as the
formation of N,, NH; CO, CH;CHO, CO,, N,O and
HOCH,CH,NH, with respect to the reactor space
velocities varied from 30,000 to 120,000 h™ over the
Ag/AlL,O; catalyst. Furthermore, the effects of the C,/NO
feed ratio and water feed concentration on the deNOXx
performance of the present catalytic system have been also
examined at the reactor space velocity of 60,000 h™*. The
model is capable of predicting the trend of the catalytic
deNOx performance, especially the NO conversion to N,
and the formation of NH; over the Ag/Al,O; catalyst as a
function of the C,/NO feed ratio. Moreover, the model
well predicts the general trends of the NO removal activity
as well as the formation of NH; over the Ag/Al,O; catalyst
with respect to the water feed concentration.
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