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ABSTRACT: The behaviors of alkali metal hydroxides and chlorides released from biomass for NO reduction during biomass
reburning were analyzed. Na-Containing species have great promotion of NO reduction by controlling the free radicals of H and
OH, as compared to K-containing species, and the effects of alkali metal hydroxide vapors and alkali metal chloride vapors on theNO
reduction rate were identical. At the beginning stage of biomass reburning, Na-containing species can effectively inhibit the
conversion of HCN into NH,HNO, andN by controlling the formation of H andOH, and it avoids NO formation. At the later stage
of biomass reburning, the free-radical levels of H and OH reach equilibrium, Na-containing species can promote the formation of H
and OH to sustain a relatively high level through the chemical reaction path of NaOH f Na f NaOH, and NO is effectively
reduced. Because the reaction rate constant of K + OH = KOH is only 1/64 of Na + OH = NaOH, KOH has low promotion of NO
reduction, as compared to NaOH.

1. INTRODUCTION

Coal combustion generates significant quantities of nitrogen
oxides (NOx), leading to the formation of both acid precipitation
and photochemical smog.1 In recent years, some new combus-
tion technologies have been developed for clean and efficient
combustion.2 Reburning is one of the most promising combus-
tion modification technologies for low-cost NOx control, and the
reburning fuel can be the same as the primary fuel or a different
fuel (such as coal, biomass, gas, or fuel oil).1�10 Experiments
demonstrated that biomass reburning can result in substantial
NOx reductions.

5,6,11 High-volatile biomass used as burning fuel
releases a large amount of the reducing agents of NOx to
significantly reduce NOx to N2 in the reburning zone.

Experiments have found that the NOx reduction rate could
be improved 30% by adding NaOH into a urea solution in the
process of selected noncatalytic reduction.12,13 Liu et al.14 have
investigated the effects of sodium additives on the release of coal
nitrogen on a thermogravimetric analyzer using Yibin coal from
China. It was found that sodium compounds could reduce the
release of NO and HCN remarkably, and sodium chloride
(NaCl) had a better effect on NO reduction than sodium
carbonate (Na2CO3). Avelina et al.15 have found that NO
reduction by potassium (K)-containing briquettes was enhanced
by the presence of oxygen.

Biomass has relatively high contents of alkali metals (Na and
K), and Na and K can be released in the form of alkali metal
hydroxides and chlorides (e.g., KOH, NaOH, KCl, and NaCl)
during biomass combustion.3,16 During biomass combustion, the
release of mineral compositions of biomass fuel is generally
complex and difficult to quantitatively determine. It was found
that alkali metals were released in the form of chlorides, hydro-
xides, and cyanates,17�19 and these gaseous alkali metal hydro-
xides and chlorides could affect NO formation when biomass is
used as a reburning fuel.

Biomass reburning for NO reduction may require a more
complete understanding of the chemical reaction pathway of NO

reduction. The goal of this paper is to gain a better understanding
of the promotion mechanisms of gaseous alkali metal hydroxides
and chlorides released from biomass for NO reduction in the
process of biomass reburning. Biomass reburning was simulated
using the Sandia SENKIN program, and the promotion mechan-
isms and behaviors of Na- or K-containing species for NOx

reduction were analyzed.

2. KINETIC MODEL

Because biomass has high volatile content, it is assumed that
the contribution of char combustion to NO reduction is less than
that of gas-phase reactions.4 Thus, in the simulation of biomass
reburning, biomass is represented as gasification products.

The chemical kinetic behavior of reactants was modeled with
the Sandia SENKIN program of CHEMKIN subroutines.19,20

The program solves the conservation equations for mass and
energy, and it can calculate the temporal evolution of mole
fractions of species for a homogeneous mixture in a closed
reactor. The SENKIN model is appropriate to investigate the
promotion mechanisms of gaseous alkali metal species for NO
reduction in the process of biomass reburning in a closed
chamber. The reaction pathway flux analysis is performed
usingMixMaster, which is based on a conserved scalar approach to
reaction fluxes.21

The reaction mechanism is an extension of the reduction of
NOby natural gas and simple hydrocarbons (C1�C4) in biomass
reburning conditions.22�25 The absent reactions of sodium,
potassium, and chlorine are selected from refs 26�28 and
incorporated into the mechanism, and the mechanism includes
1112 reversible reactions and 181 species. The reaction mechan-
isms of theNO reduction by natural gas and simple hydrocarbons
(C1�C4) are documented in ref 25, and the mechanisms
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involving sodium, potassium, and chlorine are documented in
refs 27 and 28.

The mechanism of the reduction of NOx by natural gas and
simple hydrocarbons (C1�C4) in simulated reburning condi-
tions has been extensively validated by experimental data of
biomass gas NOx reburning in refs 22�26, and the submechan-
ism involving species containing sodium, potassium, and chlorine
has been validated by the experimental data of alkali metals
for NOx reduction in the biomass reburning and combustion
process.26�29 The experiments of promotion of NO reduction by
gaseous alkali metal hydroxides and chlorides released from
biomass in the process of biomass reburning are few. It is difficult
to validate the combined mechanisms for NOx reduction. The
combined mechanism may not quantitatively investigate the
promotion effects of gaseous alkali metals on NOx reduction,
but it still effectively provides insight into the mechanisms and
reaction pathways of the promotion of NO reduction by alkali
metal elements released from biomass.

3. SIMULATION CONDITIONS

In the simulation of biomass reburning for NO reduction using the
Sandia SENKIN model, an adiabatic system at constant pressure and
temperature (P = 1.01 bar and T = 1700 K) is used to model the NO
reduction process in the reburning zone, and the residence time of gas
reactions is 0.4 s.
GE Energy and Environmental Research Corporation has conducted

an experiment of biomass reburning to demonstrate the biomass
reburning technology in a 300 kW boiler simulator facility (BSF).4 The
main fuel in the primary combustion zone was bituminous Illinois coal,
and reburning fuels in the reburning zone were furniture waste pellets.
In the simulation, furniture waste is selected as reburning fuel, and

the properties are presented in Table 1. The experiment demonstrated
that furniture waste used as reburning fuel has a high capacity of NO
reduction.26 Experimental data results suggested that the time scale of
biomass gasification under these test conditions was smaller than
the characteristic time of the mixing process in the reburning zone.4

The compositions of biomass gasification products are shown in Table 2.

The simplification of biomass gasification products is a requirement, and
it is often used in computational fluid dynamic (CFD) modeling.30,31

The experiment conditions were a primary zone stoichiometric ratio
(SR) of 1.10, a final SR of 1.15, and reburn fuel injected at a combustion
gas temperature of about 1700 K, with 15% reburning heat input.4 On
the basis of the above experimental conditions, it is assured that the
combustion of pulverized coal is complete in the primary combustion
zone. The concentrations of gas coming from the primary combustion
zone are calculated as follows: 1.8%O2, 15.6%CO2, 74.4%N2, and 8.1%
H2O. The biomass entering the reburning zone can be instantaneously
gasified. The gasification products completely mix with flue gas coming
from the primary combustion zone, and the initial compositions of the
gas mixture in the simulation are shown in Table 3. NO entering the
reburning zone in the experiment varied from 400 to 900 ppm,4 and it is
given at 400 ppm in the simulation.

The available information does not allow one to identify the
concentrations of alkali-metal-containing species released from the
biomass to the gas phase, and it is assumed that K and Na species can
be released in the vapor forms of hydroxides (KOH and NaOH) and
chlorides (KCl and NaCl). In accordance with the content of K and Na
in furniture waste, the maximum vapor concentration of alkali metal
hydroxide or chloride is 28 ppm in the initial gas mixture.

4. SIMULATION RESULTS AND DISCUSSION

4.1. NO Reduction by Biomass Reburning without the
Release of Alkali Metals. To analyze the effect of alkali metal
hydroxides/chlorides on NO in the process of biomass reburn-
ing, the chemical reaction pathways of N-containing species are
first presented without the release of alkali metal hydroxides/
chloride.
An alternative method for the study of the relevance of the

reactions is the rate of production (ROP) analysis, and it is a
classic method for the identification of important reaction path-
ways. Thus, the rates of NO production reactions are calculated,
and the top seven NO production reaction rates are presented
in Figure 1. When the reaction time is greater than 0.04 s,

Table 1. Fuel Analysis Properties of Furniture Waste Used as
Reburning Fuel4

proximate analysis (wt %, as air dried)

moisture ash volatile fixed carbon HHV (kJ kg�1)

6.37 1.31 79.06 19.63 20602

ultimate analysis (wt %, as air dried)

carbon hydrogen oxygen nitrogen sulfur ash chlorine

53.91 6.07 38.12 0.56 0.03 1.31 0.19

ash analysis (wt %, as air dried)

SiO2 Al2O3 K2O Na2O P2O5 SO3 Fe2O3 CaO MgO others

13.86 3.29 7.50 11.16 2.20 6.37 8.25 24.10 3.00 34.13

Table 2. Gasification Production Compositions of Furniture
Waste (vol %)26

CO C2H6 C2H4 HCN

68.86 27.40 2.60 1.10

Table 3. Initial Compositions of the Gas Mixture in the
Simulation (vol %)26

CO2 CO C2H6 C2H4 HCN H2O N2 O2 NO

14.93 3.13 0.86 0.12 0.05 7.79 71.27 1.85 0.004

Figure 1. Rates of NO production of reactions versus the reactor time
without the release of alkali metals.

http://pubs.acs.org/action/showImage?doi=10.1021/ef200661x&iName=master.img-000.png&w=205&h=156
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NO production reaction rates are very stable and approach
constants, and then these rates are not provided in Figure 1
when the reaction time varies from 0.04 to 0.4 s. Figure 1
indicates that NO production rates noticeably vary at the

beginning time (0�0.01 s). The reaction HNO + H = NO +
N2 plays the greatest role in NO formation, and the reaction NO +
H +M =HNO +M plays the greatest role in NO reduction. The
free radicals of H, OH, NH, NH2, N, and O are important for the
most important reactions involving NO production shown
in Figure 1, and the concentration profiles of these radicals are
depicted in a logarithmic scale, as shown in Figure 2. At the
beginning stage (reaction time of 0�0.04 s) in Figure 2, free-
radical concentrations vary rapidly, the concentrations of HCN,
OH, H, and NH3 are high, and the concentrations of NO, HCN,
and NH3 decrease with the reaction time. At the later stage
(reaction time > 0.04 s), the free-radical concentrations are kept
relatively steady. Thus, the beginning stage (reaction time of
0�0.04 s) is crucial to NO reduction during biomass reburning.
To investigate NO reactionmechanisms, the reaction pathway

flux analysis is performed using MixMaster (a Python program
that is part of the Cantera suite), and the integral path analysis
is based on a conserved scalar approach to reaction fluxes.32

Figure 3 illustrates the detailed reaction pathway diagram for
N-containing species during biomass at t = 0.004 s, where the
relative width of the arrows indicates pathway importance.
Figure 3 indicates that NO is reduced into N2 mainly by NH2,

Figure 2. N-Containing species concentrations versus the residence
time without the release of alkali metals.

Figure 3. Reaction pathway diagram for N-containing species during biomass reburning at 0.004 s without the release of alkali metals.

http://pubs.acs.org/action/showImage?doi=10.1021/ef200661x&iName=master.img-001.png&w=190&h=156
http://pubs.acs.org/action/showImage?doi=10.1021/ef200661x&iName=master.img-002.jpg&w=380&h=407
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NH, and N. The contributions of NH2, NH, and N for NO
reduction are 66, 14, and 19%, respectively. NO-Reducing agents
all derive from HCN (HCN f HOCN/HNCO f NH2 f
NH f N), and H and OH play a great role in the process. The
detailed pathways of NO reduction are as follows:
(1) The detailed pathway of NO reduction by NH2.

HCN þ OH f HOCN þ H ðR1Þ

HCN þ OH f HNCO ðR2Þ

HOCN f HNCO ðR3Þ

HNCO þ H f NH2 þ CO ðR4Þ

NH2 þ NO f N2 þ H2O ðR5Þ
(2) The detailed pathway of NO reduction by NH.

NH2 þ OH f NH þ H2O ðR6Þ

NH2 þ H f NH þ H2 ðR7Þ

NH þ NO f N2 þ OH ðR8Þ
(3) The detailed pathway of NO reduction by N.

NH þ H f N þ H2 ðR9Þ

NH þ OH f N þ H2O ðR10Þ

N þ NO f N2 þ O ðR11Þ
The reaction pathway diagram also shows that NO can be
produced by the following reaction pathways:
(1) NO formation through the reaction of N with CO2

and OH.

N þ CO2 f NO þ CO ðR12Þ

N þ OH f NO þ H ðR13Þ
(2) NO formation through the reaction of HNO with OH

and H.

NH þ OH f HNO þ H ðR14Þ

HNO þ OH f NO þ H2O ðR15Þ

HNO þ H f NO þ H2 ðR16Þ

HNO þ M f NO þ H þ M ðR17Þ
As known from the above analysis, the reaction pathways of
N-containing species are complicated. The free radicals of NH2,
NH, N, and HNO all derive from HCN, where OH and H are
intermediates at different stages, and these free radicals can not
only reduce NO by R1�R11 but also produce NO by R12�R17.
The net effects of NH2 and NH are NO reduction, and the net
effects of N and HNO are NO formation. As known from
Figure 1, the net rates of NO reduction by NH2 and NH are
3.81 � 10�8 and 1.61 � 10�8 mol cm�3 s�1, respectively, and
the net rates of NO formation by N and HNO are 1.68 � 10�8

and 0.61 � 10�8 mol cm�3 s�1, respectively. Because the
reaction rate constant of R5 is greater than that of R8, NO can

be easily reduced by R5. NO reduction is dominated by the
reaction NH2 + NO f N2 + H2O.
High levels of OH andH can promoteNH2 formation to easily

reduce NO intoN2, but too high levels of OH andH always make
NH2 further conversed into NH, N, and HNO (see Figure 3),
whose reaction rate constants of NO reduction are lower, as
compared to that of NH2. Thus, the appropriate concentrations
of H and OH are very important for NO reduction during
biomass reburning at the beginning stage of biomass reburning
(reaction time of 0�0.04 s).
Dryer et al.33,34 have studied the oxidation of wet CO and

found that wet CO oxidation occurred predominantly by the
reaction CO + OH f CO2 + H and OH was 2 orders of
magnitude greater than its equilibrium value. Such super-equilib-
rium concentrations of free radicals are quite normal in combus-
tion chemistry at the initial combustion stage.WhenCObecomes
exhausted, the ability of combustion reactions to sustain super-
equilibrium concentrations of free radicals decreases and the free-
radical concentrations fall toward their equilibrium values at some
point.33,34 Practical combustion demonstrated that the fast radical
formation reactions and the relatively slow radical recombination
reactions give rise to large super-equilibrium concentrations
of O, H, and OH in the flame front zone and the equilibrium
concentrations is often in the post-flame zone.35

On the basis of the above analysis, at the initial combustion
stage, the super-equilibrium concentrations of free radicals are
important for NO formation. High levels of H and OH because
of CO oxidation at the initial stage make HCN conversed into
not only NH2 but also NH, N, and HNO. The reaction rate of
NO reduction by NH is less than that by NH2, and N and HNO
can easily produce NO. Thus, high levels of H and OH are
not conducive to NO reduction at the initial stage of biomass
reburning.
Figure 4 shows the reaction pathway diagram for N-containing

species at a later stage of biomass reburning (t = 0.2 s). The
pathway is similar to that at the initial stage (see Figure 3),
and NH2 contribution increases by 21%, as compared to that at
0.004 s. As known from Figure 2, at t > 0.04 s, the free-radical
concentrations of NH2, NH, andN are very low, whichmakes the
NO reduction rate decrease. Because the O2 concentration is low
during reburning, the oxidation of combustible species can be
inhibited by oxygen exhaustion. The concentrations of H and
OH fall toward their equilibrium values (see Figure 2). The low
levels of H and OH are not conducive to the formation of
NO-reducing agents. NO reduction rates are approximate to 0,
except for R5, and then the NO concentration slowly decreases
with the reaction time (see Figure 2).
In other words, during biomass reburning without the release

of alkali metals, NO cannot effectively reduce NO because of
super-equilibrium levels of H and OH at the beginning stage and
too low levels of H and OH at the later stage.
4.2. NO Reduction by the Release of Alkali Metal Hydro-

xides. To investigate the influence of alkali metal hydroxide
vapor on NO reduction during biomass reburning, the NO
reduction rate is defined as

Δη ¼ C1,NO � C2,NO

C0,NO
� 100% ð1Þ

where C0,NO is the initial concentration of NO (400 ppm) in the
gas mixture in the simulation, as shown in Table 3, C1,NO is the
NO emission concentration in the absence of alkali metal vapor,
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and C2,NO is the NO emission concentration in the presence of
alkali metal vapor. Figure 5 shows the influences of the concen-
trations of alkali hydroxide vapors on the NO reduction rate, and
it indicates that the NO reduction rate increases with the increase
of concentrations of alkali hydroxide vapors. When KOH and
NaOH are separately present, NaOH can more effectively
enhance the NO reduction rate, as compared to KOH. When
KOH and NaOH are simultaneously present, the NO reduction
rate slightly increases on the basis of that of NaOH. Thereby, the
effect of NaOH on NO reduction is much greater than that
of KOH.

Figure 6 shows the variations of gaseous composition con-
centrations with the reaction time in the presence of KOH
(20 ppm) andNaOH (20 ppm) vapors during biomass reburning
at T = 1700 K. NaOH makes the NO concentration noticeably
decrease with the reaction time, as compared to KOH, and the
concentrations of OH, H, NH2, and NH are much lower at
t = 0�0.04 s and higher at t = 0.04�0.4 s (see Figure 6). The
modeling results indicate that NaOH can effectively inhibit H and
OH formation at the beginning stage and subsequently promote
H and OH formation at the later stage, and this is conducive to
NO reduction. KOH can slightly control the free-radical con-
centration of H and OH at the whole stage.
The presence of alkali metal hydroxide vapors during reburn-

ing influences free-radical concentrations and t NO ROP, and
the top seven NO production rates of reactions are presented
in Figure 7. Because NO production rates of reactions are
very stable and approach constants at t > 0.1 s, NO ROP is not
provided at t = 0.1�0.4 s in Figure 7. A comparison of Figures 1
and 7 indicates that, in the presence of NaOH, NO ROPs are
noticeably inhibited at the beginning stage, NO ROPs of reac-
tions approach 0, expect for that of R5 (NH2 +NO=N2 +H2O),
which keeps a negative constant for NO reduction at t > 0.04 s,
and R5 is the most important reaction for NO reduction in the
whole reaction process. In the presence of KOH, NO ROPs are
slightly inhibited at the beginning stage but the difference of NO
ROPs of reactions in Figures 1 and 7b is little at t > 0.04 s.
To analyze NO reduction pathways in the presence of alkali

metal hydroxides, the reaction pathway diagrams for N-, Na-, and
K-containing species at the beginning of biomass reburning
(0.004 s) are illustrated in Figures 8 and 9. A comparison of
Figures 3, 8, and 9 indicate that, in the presence of NaOH or
KOH, the reaction pathways of N-containing species are similar
to those in the absence of alkali metals. NO-Reducing agents

Figure 5. Influence of the concentration of alkali hydroxide vapor on
the NO reduction rate: (b) only KOH releases, (9) only NaOH
releases, and (f) both KOH and NaOH release and the concentration
ratio of NaOH/KOH is 1.

Figure 4. Main reaction pathway diagram for N-containing species during biomass reburning at 0.2 s without the release of alkali metals.

http://pubs.acs.org/action/showImage?doi=10.1021/ef200661x&iName=master.img-003.png&w=191&h=174
http://pubs.acs.org/action/showImage?doi=10.1021/ef200661x&iName=master.img-004.jpg&w=327&h=282
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(NH2, NH, and N) derive from HCN, and HCN plays a critical
role in NO reduction. In the presence of NaOH and KOH, the
contributions of NH2 for NO reduction are 93 and 71%,

respectively. The difference is because the concentrations of H
and OH in the presence of NaOH are lower than that in the
presence of KOH (see Figure 6). The low concentrations of H

Figure 6. Variations of gaseous composition concentrations with the reaction time in the presence of KOH and NaOH vapors (initial concentration of
20 ppm): (a) free-radical concentrations of NO, HCN, H, and OH and (b) free-radical concentrations of NH2, HNO, and N.

Figure 7. NO ROP versus the reactor time in the presence of KOH and NaOH (initial concentration of 20 ppm): (a) in the presence of NaOH and
(b) in the presence of KOH.

http://pubs.acs.org/action/showImage?doi=10.1021/ef200661x&iName=master.img-005.png&w=413&h=379
http://pubs.acs.org/action/showImage?doi=10.1021/ef200661x&iName=master.img-006.png&w=408&h=170
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andOH are not conducive to the conversion of NH2 intoNH and
N, and thus, NH2 has a higher contribution for NO reduction in
the presence NaOH at the beginning stage of biomass reburning.
At the later stage, the reaction pathway diagrams for N-con-

taining species are similar to those at the beginning of biomass
reburning (0.004 s) and, thus, the reaction pathway diagrams are
not presented. In the presence of NaOH, the contribution of
NH2 for NO reduction increases from 89 to 93% at t =
0.004�0.032 s and keeps constant (93%) at t = 0.032�0.4 s.
In the presence of KOH, the contribution of NH2 for NO
reduction increases from 71 to 90% at t = 0.004�0.02 s and keeps
constant (90%) at t = 0.02�0.4 s. In the presence of KOH,
because HCN is significantly consumed at the beginning stage,
the concentrations of NO reduction agents (NH2 and NH) are
low at a later stage of the reaction (see Figure 6), and this makes
NO reduction difficult. In the presence of NaOH, because HCN
is not significantly consumed at the beginning stage, the con-
centrations of NO-reducing agents (NH2 and NH) are relative
high at a later stage of the reaction (see Figure 6), and this then
makes NO reduction easy.

Therefore, NO reduction strongly depends upon the local
combustion environment, and the free-radical concentrations of
H and OH influence NO reduction during biomass reburning.
In the beginning stage, the concentration of the reburning fuel is
high, its reactionwith oxygen forms a large radical pool, the radicals
initiate a rapid reaction between HCN and NO, HCN is rapidly
depleted, and this is not conducive toNO reduction at a later stage.
Vitali et al.36,37 have researched the effect of sodium salt on

NO formation in combustion. The presence of alkali vapors
tends to reduce the radical pool in the combustion system, and
Na and K present “remove” the active oxidation species (OH
and H) and inhabit NO formation.38 The same behaviors were
encountered experimentally and discussed by Zamansky et al.12

In Figure 8b, the reactions of Na andNaOH at high temperatures
(1700 K) consumeH andOH radicals by the following reactions:

NaOH þ H f Na þ H2O ðR18Þ

Na þ OH f NaOH ðR19Þ

NaOH þ NaOH f Na2O2H2 ðR20Þ
The net effect of R18 and R19 is the recombination of active
species (H + OH = H2O). Figure 10 shows the variations

Figure 8. Reaction pathway diagrams for N- and Na-containing species
in the presence of NaOH (initial concentration of 20 ppm) at t = 0.004 s:
(a) reaction pathway diagram for N-containing species and (b) reaction
pathway diagram for Na-containing species.

Figure 9. Reaction pathway diagrams for N- and K-containing species
in the presence of KOH (initial concentration of 20 ppm) at t = 0.004 s:
(a) reaction pathway diagram for N-containing species and (b) reaction
pathway diagram for K-containing species.

http://pubs.acs.org/action/showImage?doi=10.1021/ef200661x&iName=master.img-007.jpg&w=216&h=395
http://pubs.acs.org/action/showImage?doi=10.1021/ef200661x&iName=master.img-008.jpg&w=217&h=351
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of Na- and K-containing species concentrations with the reaction
time. It indicates that the concentrations ofNaOHandNa are higher
than that of Na2O, NaO2, andNa2O2H2, and then the reaction path
of Na (NaOH f Na f NaOH) controls the concentrations of
H and OH to affect NO reduction (see Figure 8b).
At the beginning stage of biomass reburning, the concentra-

tions of H and OH are in super-equilibrium and it is 2 orders of
magnitude greater than its equilibrium value without the release
of alkali metals (see Figure 6a). The presence of NaOH can
effectively control the free-radical concentrations of H and OH
to low levels (see Figure 6a). This reduces the formation of
NO-reducing agents (NH2, NH, and N) by R1, R2, R6, R7, R9,
and R10, and thus, the NO reduction rate of R5 slightly
decreases, as compared to Figures 1 and 7a. In the meantime,
the presence of NaOH can inhibit the conversion of HCN into
NH, HNO, and N because of low concentrations of H and OH,
and this avoids the NO formation through the consumption of
a large amount of HCN by R13 and R17 at the beginning stage of
biomass reburning.
At the later stage of biomass reburning, the concentrations of

H and OH reach low-level equilibrium, an increase of the
concentration of H and OH is conducive to the conversion of
HCN into NH2, and NO is reduced to N2 by the reaction
pathway HCNfHOCH/HNCOfNH2 + NOfN2 + H2O.
The presence of NaOH can make the concentrations of H and
OH sustain relatively high levels by the reaction path of Na
(NaOH f Na f NaOH) (see Figure 8b). HCN is kept
sufficient for NO reduction (see Figure 6a) because of the low
consumption of HCN at the reaction beginning stage.
xIn other words, during biomass reburning, the reactions of

Na-containing species can sustain the relative high rates of NO
reduction by controlling the free-radical concentrations ofH andOH,
and thus, Na-containing species is very important for NO reduction.
In the meantime, Na species can process following reaction

Na þ N2O f NaO þ N2 ðR21Þ

NaO þ CO f Na þ CO2 ðR22Þ

net: N2O þ CO f N2 þ CO2

The net effect of R21 and R22 is that N2O is destroyed to
form N2.
As known from Figures 8b and 9b, the behavior of K-

containing species is similar to that of Na-containing species,
and the similar behaviors of Na- and K-containing species
were found experimentally by Zamansky et al.12 The concen-
trations of K and KOH are high in Figure 10b, and the main
reaction pathways of K-containing species in Figure 9b are as
follows:

KOH þ H f K þ H2O ðR23Þ

K þ OH f KOH ðR24Þ

K þ H2O f KOH þ H ðR25Þ

Figure 9b indicates that R25 predominates in KOH formation
and R24 is negligible. In the reaction pathways of NaOH f
Na f NaOH and KOH f K f KOH, the reaction rate
constants of R18 and R23 are equal but the reaction rate
constant of R24 is only 1/647 of R19. R24 limits the cycle
reactions of KOHf Kf KOH. A high concentration of free
radicals of H and OH cannot be effectively removed at the
beginning time (see Figure 6a), and then, a large amount of
HCN is finally conversed into NO by R12�R17. At the later
stage, because of the low concentration of H, OH, and HCN,
NO reduction is difficult. Thereby, during biomass reburning,
KOH has less influence on NO reduction than NaOH.
4.3. NO Reduction by the Release of Alkali Metal Chlor-

ides. It is assumed that K and Na species can be released in the
vapor forms of hydroxides (NaCl and KCl), and both NaCl and
KCl concentrations are 20 ppm. The modeling results indicate
that the influence of NaCl and KCl on the NO reduction rate is
the same as that of NaOH and KOH (see Figure 5), and the
influence of the concentration of alkali chloride vapors on the
NO reduction rate is not provided.
Here, the concentrations of Na- and K-containing species

are presented in Figure 11. In Figure 11a, the concentrations
of Na, NaCl, and NaOH are high. The result indicates that
the reactions involving Na, NaCl, and NaOH species are

Figure 10. Variations of Na- and K-containing species concentrations with the reaction time in the presence of NaOH and KOH (initial concentration
of 20 ppm): (a) in the presence of NOH and (b) in the presence of KOH.
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dominant in Na-containing reactions, and these important reac-
tion pathways are shown in Figure 12b.

NaCl þ H2O ¼ NaOH þ HCl ðR26Þ

NaCl þ H ¼ Na þ HCl ðR27Þ

NaOH þ H ¼ Na þ H2O ðR28Þ

NaOH þ M ¼ Na þ OH þ M ðR29Þ
Figure 12 shows the reaction pathway diagrams for N- and
Na-containing species in the presence of NaCl during biomass

reburning at t = 0.004 s. When Figure 8a is compared to
Figure 12a, in the presence of NaOH and NaCl during biomass
reburning, the reaction pathways of N-containing species are
similar and the contributions of NO-reducing agents (NH2, NH,
and N) for NO reduction are nearly identical. Although HCl
is formed through R26 and R27, Figure 12a indicates that the
reaction pathways of N-containing species are not influenced
by HCl during biomass reburning and HCl formation has
no influence on NO emission. Experiments by Wei et al.39 also
found that HCl addition has almost no influence on NOx

emissions under fuel-rich combustion conditions.
In the presence of KCl, the reaction pathway of N-containing

species is the same as that in the presence of KOH (see

Figure 11. Variations of Na- and K-containing species concentrations with the reaction time in the presence of KOH and NaOH (initial concentration
of 20 ppm).

Figure 12. Reaction pathway diagrams for N- and Na-containing species in the presence of NaCl during biomass reburning at t = 0.004 s.

http://pubs.acs.org/action/showImage?doi=10.1021/ef200661x&iName=master.img-010.png&w=300&h=139
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Figure 9a); thus, the pathway is not provided. Figure 13 shows the
reaction pathway of K-containing species. In Figure 11b, the con-
centrations of KOH, KCl, and K are high. The reactions involving
species KOH, KCl, and K are dominant in K-containing reactions,
and these important reaction pathways in Figure 13 are as follows:

KCl þ H2O ¼ KOH þ HCl ðR30Þ

KOH þ H ¼ K þ H2O ðR31Þ

5. CONCLUSION

Biomass reburning was simulated using the Sandia SENKIN
program, and the promotion mechanism of NO reduction by
K- and Na-containing species vapor released from biomass
was investigated. Na-Containing species have great promotion
of NO reduction by controlling the free radicals of H and OH,
as compared to K-containing species, and the effects of alkali
metal hydroxide vapors and alkali metal chloride vapors on the
NO reduction rate were identical. At the beginning stage of
biomass reburning, Na-containing species can effectively inhibit
the conversion of HCN into NH, HNO, and N by controlling
the formation of H and OH and it avoids NO formation.
At the later stage of biomass reburning, the free-radical levels
ofH andOH reach equilibrium,Na-containing species can promote
the formation of H andOH to sustain a relatively high level through
the chemical reaction path of NaOHf Naf NaOH, and NO is
effectively reduced. Because the reaction rate constant of K +OH=
KOH is only 1/64 ofNa+OH=NaOH,KOHhas lowpromotion of
NO reduction, as compared to NaOH.
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