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Abstract The limitation of nitrogen oxides (NOx) emis-

sions from stationary combustion chambers is still an

important issue in the field of the natural environment

protection. This paper describes the reduction of NOx in the

presence of iron. A few new aspects of research describing

the utilization of iron as an additive that influences NOx

reduction at high temperatures are presented. In particular,

the influence of the excess air number (k) on the NOx

removal efficiency in the presence of Armco iron was

determined. A [50 % increase in the efficiency was

achieved at k = 0.6. The research was conducted using N2/

NO mixed with a flue gas from carbon monoxide com-

bustion. In addition, a correction factor (Arrhenius-type

empirical equation) was determined, which enabled the

calculation of the oxygen influence on the inhibition of the

de-NOx reaction in the presence of iron. The NOx reduction

was also tested using bearing steel samples. Finally, the use

of iron in de-NOx processes under different combustion

conditions is briefly reviewed and analyzed.

1 Introduction

Nitrogen oxides (NOx) are harmful gases emitted from

combustion processes. Different NOx removal methods

have been intensively investigated, and these methods can

be differentiated into two main groups: primary and sec-

ondary measures [1, 2]. In primary measures, the com-

bustion process is modified to obtain proper reducing

conditions. The NOx are eliminated inside the combustion

zone, and thus the use of an additional reactor behind the

main combustion zone is unnecessary. Examples of pri-

mary measures include fuel staging (reburning), air stag-

ing, exhaust-gas recirculation (EGR) and others. The main

secondary measures are selective catalytic reduction (SCR)

and non-selective catalytic reduction (NSCR).

The development of advanced low-emission methods (e.g.,

oxy-fuel combustion [1, 3, 4] or synergetic gasification–

combustion systems [5]) will eventually decrease pollutant

emissions (including NOx). However, a current important

problem is the abatement of NOx emissions from traditional

air-fired combustion chambers. Moreover, according to

European Union legislation, the emission of NOx must be

significantly reduced before 2016 [6]. In addition, the U.S.

Environmental Protection Agency (EPA) has underscored the

still-important issue of NOx emissions. The agency has

established a new 1-h NO2 standard at the level of 100 ppb and

has encouraged the development of standards to limit the

impacts of NOx on ecosystems [7, 8]. Reburning technology is

known as a cost-effective primary method of NOx removal.

The de-NOx efficiency can be increased through the use of

additional compounds, such as ammonia, urea or metals, that

can be introduced simultaneously with the main reburning

fuel. This modification is known in the literature as advanced

reburning [9–11]. An application of ammonia can be risky

because of ammonia slip, the build-up of ammonium salts on

heat-transfer surfaces and the creation of ammonium chloride

[1]; consequently, metallic iron has been proposed as an

alternative additive in advanced reburning [9]. This low-cost

compound is readily available; moreover, it does not nega-

tively influence the combustion process.

A survey of the literature [12–14] suggests that rela-

tively few studies on the reduction of NOx in the presence

of iron (or its oxides) have been reported. NO is assumed to

be oxidized by metallic iron via the reaction:
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NO þ Fe ! FeOþ 1=2 N2: ð1Þ

In other words, the nitric oxide can be converted back to

molecular N2. Reaction (1) is therefore useful for the

abatement of NOx emissions. The product of the reaction,

iron oxide, can be chemically reduced to metallic Fe via the

reaction:

CO þ FeO ! Fe þ CO2; ð2Þ

which can occur in fuel-rich regions of the combustion

chamber. The net effect of reactions (1) and (2) is:

CO þ NO ! CO2 þ 1=2 N2: ð3Þ

It should be noted that complete oxidation of Fe to

Fe2O3 is possible for temperature range of 973–1173 K and

NO concentration lower than 500 ppmv [15]. Table 1

shows calculation of Gibbs free energy. In all cases of iron

oxidation products, spontaneous reaction is possible due to

negative value of the Gibbs free energy.

The form of iron product is still discussed. It was

recently discussed by Lasek and Gradon [16] and Su et al.

[14]. Also other researchers confirmed that type of iron

oxide (or oxides), created at NO presence, is still open

question [12, 14, 17]. For example, Fennel and Hayhurst

[17] concluded that main product of iron oxidation in NO/

N2 mixture may be magnetite (Fe3O4). Lasek and Gradon

[18] confirmed this observation using Energy Dispersive

Spectrometer (EDS) technique of iron oxide analysis along

a cross-section of the oxide layer. Moreover, wustite

(FexO) formation is also possible because this phase is not

stable at temperature below 572 �C and can be next

decomposed into magnetite and iron [7]. Hayhurst and

Lawrence speculated that the iron oxide is mainly FeO,

with a small amount of Fe2O3 [19]. Su et al. [20, 21] found

that iron oxides content depended on temperature range.

They concluded that Fe3O4 was the major iron oxide at

550 �C and Fe2O3 was the major iron oxide at 1,100 �C. In

another experiment, Su et al. [22] noticed that FeO, Fe3O4,

Fe and Fe2O3 were formed in CO2 atmosphere, but Fe3-

O4and Fe2O3 were formed when O2 was added at tem-

perature about 700 �C. Moreover, at higher temperature of

900 �C Fe2O3 was formed at the surface of the iron mesh.

It is clear that type and morphology of created iron oxides

in the scale depend on the oxidation conditions. Especially,

temperature and oxidant gases composition in reaction

system play predominant role.

Until now, research has primarily focused on the influ-

ence of other gaseous compounds (O2, CO2, CO, N2O)

with respect to NO removal efficiency in the presence of

iron and on the morphology of the iron oxide layer created

in the reaction with NOx. Additionally, the kinetic coeffi-

cients of the chemical reaction between NO and Fe have

been determined as a function of temperature [9, 13, 15, 17,

19, 23]. Recently, Fennell et al. [12] reported a study of the

latter stages of reaction (1), when the process has been

controlled by the diffusion of iron ions through an oxide

layer around the iron particle. The research was performed

using a thermogravimetric balance, and the authors con-

cluded that iron or its oxides could be usefully included in a

fluidized-bed combustor to remove NOx. Su et al. [24]

confirmed that the combination of fine Fe2O3 with scrap

tires (as a reburning fuel) caused a significant decrease in

NOx emissions.

Metal cations (including Fe) are contained in coals as

ion-exchanged forms, and these cations can change the

partitioning of coal mass into gas, tar, and char upon

pyrolysis. In addition, Fe cations catalyze the conversion of

char-N to N2 and, as a consequence, decrease NOx emis-

sions. This scientific problem has been addressed by Tsu-

bouchi and Ohtsuka [25]. In addition, Illán-Gómez et al.

[26] have observed that iron catalyzes the reduction of NO

by carbon through an oxidation/reduction mechanism. The

effect of the coal-ash content on the NO reduction effi-

ciency in the coal reburning process has been investigated

by Wang et al. [27]. Iron was recognized as one of the most

effective compounds (in ash) that influenced the reburning

efficiency. Although these issues are important, they are

only mentioned to provide a clear explanation of the role of

iron in NO formation/reduction processes during the

combustion of solid fuels. The influence of the presence of

iron in solid fuels on the conversion of NO has been not

investigated in previous research.

Notably, little attention has been focused on the influ-

ence of process parameters, such as the oxygen concen-

tration in the reaction zone, the excess air ratio and the iron

impurity levels (alloying), with respect to the NO reduction

efficiency in the presence of iron. If iron or its oxides are

destined to be used in real-scale industrial combustion

Table 1 Calculation of Gibbs

free energy (using JANAF

tables) for oxidation of Fe in

NO presence

T, K Fe ? NO ? FeO ? 1/2N2 Fe ? 4NO ? Fe3O4 ? 2N2 2Fe ? 3NO ? Fe2O3 ? 3/2N2

DfG� DfG� DfG�

1000 -284.73 -1,103.702 -795.191

1100 -277.178 -1,068.495 -766.695

1200 -269.555 -1,033.095 -738.091

1300 -261.916 -997.647 -709.469
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chambers, these unexplored issues should be taken into

account. Usually, investigations are preliminarily per-

formed using laboratory-scale equipment, and this

approach has therefore been adopted in this research.

However, the results can be useful in applying this tech-

nology in real-scale processes, as suggested by Fennell

et al. [12]. In this paper, some aspects of the practical

application of iron (as Armco iron or steel) for NOx

removal are presented. This work complements and con-

tinues our previous study [13]. In particular, the influence

of excess air on the de-NOx efficiency in the reaction with

Fe during CO combustion is determined. In addition, an

empirical correction factor that takes into account the

influence of oxygen on the efficiency of the de-NOx pro-

cess is proposed. Additionally, the NO reduction is inves-

tigated in the presence of oxygen and bearing steel

samples. The application of iron in de-NOx processes under

different conditions is briefly discussed.

2 Experimental

The experimental setup was similar to that described in our

previous work [13]. Investigations were performed in an

externally heated cylindrical ceramic reactor with an inside

diameter of 18 mm and with a heating zone 380 mm in

length. In some experiments (exhaust-gas conditions), a

ceramic element was placed behind the inlet gas pipe for

flame stabilization. The vertical cross section of the

experimental setup is presented in Fig. 1.

Four spherical, non-porous iron or bearing steel samples

with diameters of approximately 10 mm were placed in the

center of the reactor. The spheres in the reactor were

arranged on a thin ceramic plate such that they had only

point contact with the ceramic base. Table 2 presents the

chemical composition of iron measured using a spark

spectrometer (ARL 2460 Thermo Scientific). The chemical

composition of typical Polish bearing steel alloy (for

making balls with diameters of \30 mm) is presented in

Table 3 [28].

The total surface area of the samples was approximately

1.25 9 10-3 m2. The differences between the surface areas

of the iron and bearing steel samples were caused by pol-

ishing the samples before the experiment. Mixtures of NO

(1,015 ppm)/N2, NO/O2/N2, and NO/CO/air (k = 0.6–1.3)

were continuously supplied to the reactor; when the gases

exited the other end, they were cooled and passed through a

calibrated electrochemical analyzer (Testoterm testo 350),

which continuously measured the concentrations of NO

and NO2. The uncertainty in the NO measurements was

\5 ppm. Air was supplied from a pressure pump, and

carbon monoxide and oxygen were supplied from cylin-

ders. The gases, before entering the reactor, were well

mixed using a glass element, and their streams were sta-

bilized and measured using rotameters and flow controllers,

with an uncertainty margin of 2.5 %.

The experimental course was similar to earlier research

[13]. At the beginning of each experiment, the samples

were placed into a cold reactor, and the system was sub-

sequently heated to the proper temperature. Nitrogen

(99.999 % purity) flowed through the reactor during the

heating period (i.e., until the moment when a fixed and

uniform temperature in the whole volume of the iron

samples was achieved). After the heating period, the

nitrogen flow was turned off, and the mixture of 10 vol%

CO in N2 was supplied into the reactor for approximately

10 min to remove possible small quantities of iron oxides

that may have been formed during the brief contact of the

samples with atmospheric air. The system was subse-

quently purged with N2, and the proper gas mixture that

contained NO was fed into the reactor. The temperature

was measured using a removable Pt-RhPt thermocouple

placed in the center of the reactor. During previous

experiments [13, 29] in which a similar reactor technique

was used, the temperature measured in this way was found

to represent the reactor wall temperature. Thus, the tem-

peratures of samples and the heating period were evaluated

on the basis of a measured value based on heat transfer

equations solved numerically. The combustion of the car-

bon monoxide did not significantly influence the

Fig. 1 Experimental setup used

in experiments under exhaust-

gas atmosphere: 1 furnace, 2

samples of iron or bearing steel,

3 thermocouple, 4 gas probe, 5

heating elements, 6 three-way

valve, 7 rotameter, 8 ceramic

element for flame stabilization,

MFC mass flow controller
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temperature change because the maximum power of the

burner (calculated from the chemical energy of the carbon

monoxide) was 31.4 W. The ratio of the furnace power to

the burner power was [25 for this fuel. The excess air

number k was calculated basing on the streams of gas

reactants. The streams of NO/N2 and air were maintained at

constant levels (0.9 l/min (STP) and 0.25 l/min (STP),

respectively), and the CO stream was varied in the range of

0.094–0.176 l/min (STP). The superficial gas velocity

varied with the temperature from 0.3 to 0.46 m/s. The

residence time of the process gas in the reaction zone (iron/

steel existing) was in the range of 0.1–0.15 s. The NO

molar fraction was measured at the outflow of the reactor

as a function of time at a temperature of 850 �C. The

temperature range for experiments with a model gas

atmosphere that included NO/O2/N2 was 850–1,000 �C.

Figure 2 shows the flame stabilized by a ceramic element.

3 Results and discussion

3.1 Fuel-rich atmosphere

Figure 3 shows an example of the experimental results for

the combustion of CO in the presence of iron. The figure

depicts the measured NO concentration in the outlet of the

reaction chamber as a function of the excess air ratio, k.

The k number was periodically changed through the use of

different streams of carbon monoxide. The solid line

represents the NO concentrations measured for an empty

reactor with a ceramic plate for the iron samples. The

points on the dashed line show the NO concentration

measured for the reactor loaded with iron. Thus, only the

influence of the iron on the de-NOx process is assumed to

have been taken into account, i.e., the results show the

influence of the iron on NOx abatement in fuel-rich and

fuel-lean exhaust gas atmospheres.

The effect of NO reduction by homogeneous reaction

with CO was neglected in the calculations. The influence of

the aforementioned reaction on the NO conversion was

intentionally omitted to emphasize the role of iron as an

additive that supports the reburning process. The experi-

ments were performed this way because the influence of

temperature, reburning fuel type, reburning fuel heat input

and other process parameters on the efficiency of NO

reduction has already been intensively investigated [30–

33], whereas relatively few studies on the influence of iron

on the reburning efficiency have been published [9, 14, 23,

24]. The efficiency of NOx reduction in the presence of iron

Table 2 Chemical compositions of the iron samples used during the

investigations

Chemical

element

Average

content, %

Chemical

element

Average

content, %

C 0.03 Ti 0.002

Mn 0.13 Al 0.06

Si 0.02 Cu 0.05

P 0.004 As 0.003

S 0.22 Co 0.007

Cr 0.1 Nb 0.000

Ni 0.02 B 0.0005

Mo 0.01 Sn 0.004

W 0.01 Pb 0.0017

V 0.00 Fe 99.3

Table 3 Chemical compositions of typical polish bearing steel alloy

[28]

Steel Average content of chemical compounds, %

C Mn Si P S Cr

ŁH15 0.95 0.4 0.3 0.027 0.020 1.30

Fig. 2 The flame stabilized on a ceramic element during carbon

monoxide combustion

Fig. 3 Reduction of NO during CO combustion at different excess

air ratios (k). (thin line) the NOx fraction measured for the empty

reactor; (Diamond) the NO fraction measured for the reactor loaded

with Armco iron samples (four spherical samples,

A = 1.14 9 10-3 m2), 850 �C
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as a function of the excess air numbers was calculated

according to Eq. (4):

g ¼ 1� zNOxiron

zNOxempty

� �
100 % ð4Þ

where zNOxiron represents the volumetric NOx fraction

measured in the case of a reactor loaded with the iron

sample, and zNOxempty represents the volumetric NOx frac-

tion measured for an empty reactor. The results are shown

in Fig. 4.

The motivation for the use of carbon monoxide was the

potential application of alternative gases in the reburning

process. Recently, the gas from biomass gasification has

been recognized as a highly effective reburning agent. It is

also worth noting that the high concentration of CO included

in this fuel [30, 31]. For example, the integration of a coal-

fired boiler with a biomass gasifier has been used in a thermal

power plant in Zeltweg, Styria-Austria [34]. Moreover, a

high concentration of CO is observed in fuel-rich zones of

stages combustion, e.g. of the Rich-burn/Quick–mix/Lean-

burn (RQL) combustor, reported by Samuelsen et al. [35]. A

positive interaction between iron and CO in terms of reduced

NOx emissions (see Eqs. 1–3) provides a good perspective

for the use of alternative fuels with respect to, e.g., gasifi-

cation products or blast furnace gas. In addition, fuel-rich

zones are created when staged combustion (fuel/air-staging)

is applied in a grate chamber. A large reduction in NOx

emissions was achieved via staged combustion at a temper-

ature of approximately 850 �C; thus, the use of iron waste in

this type of combustion chamber is worth consideration. As

shown in Fig. 4, the decrease in k caused an enhancement of

the iron influence because the contribution of the reducing

component, carbon monoxide, enhanced the overall reaction

(3); i.e., the iron particles can play the role of a catalyst for

NO reduction. However, the reaction can occur in the com-

bustion zone without the use of an additional reactor [12, 13,

17].

As evident from the results in Fig. 4, favorable condi-

tions for the utilization of iron in the de-NOx process are

created in fuel-rich atmospheres. Lissianski et al. [9]

reported a similar trend using a pilot-scale boiler system.

The pulverized coal and natural gas were used as the main

fuel. The reburning was achieved through the application

of natural gas, and the reburning level was maintained at 18

and 25 % of the total heat input, calculated according to the

main fuel. The volumetric fractions of carbon monoxide in

the reaction zone were obtained from model calculations

(0.3 and 3.7 vol % for 18 and 25 % reburning, respec-

tively) at 1,320 �C. The injection of iron improved the

process efficiency by 8–10 %. The maximum achieved

efficiency was 85 % when reburning and iron injection

were applied. Although the application of iron for NOx

reduction is preferred for fuel-rich conditions (reducing

zones at air or fuel staging processes), positive results can

also be achieved when the iron is introduced into a fuel-

lean zone. Lissianski et al. [9] reported increased NOx

reduction (a de-NOx efficiency of 23 %) when only iron

was injected directly into the combustion zone, without

reburning. In another test, the iron waste was co-injected

with a small amount of the reburning fuel (approximately

6 %); thus, the total composition of the mixture was fuel-

lean. In this case, the NOx reduction increased from 32

(only reburning) to 38 %. Figure 5 shows the change in the

de-NOx efficiency as a function of time when the excess air

ratio was rapidly changed from 0.6 to 1.3. As evident in

Fig. 5, after more oxygen was introduced and the condi-

tions were changed from fuel-rich to fuel-lean, the de-NOx

efficiency decreased from approximately 60 % to almost

zero. However, the decrease in the efficiency was extended

over time. Evidently, NOx reduction is still possible when

the iron is introduced under fuel-lean conditions. Of

course, to achieve a relatively high NOx reduction, the

residence time of the iron particles should be optimized,

i.e., this time cannot be too long because the de-NOx

Fig. 4 The efficiency of NO reduction during the combustion of

carbon monoxide in the presence of iron for different excess air ratios

(four spherical samples, A = 1.14 9 10-3 m2), 850 �C

Fig. 5 Influence of excess air ratio (k) on the de-NOx efficiency at

850 �C for carbon monoxide combustion; the iron surface area was

1.14 9 10-3 m2. The arrow shows a step change of the k during the

experiment
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process is inhibited in the presence of oxygen. The reason

for this inhibition is the creation of a relatively thick and

highly resistive (diffusion) iron oxide layer. The efficiency

depends on the process parameters; in particular, the con-

centration of oxygen in the combustion zone appears to be

the most crucial parameter. This aspect is discussed in the

next section.

3.2 Correction factor that accounts for the oxygen

influence

Gradoń and Lasek [13] investigated the influence of oxy-

gen on the inhibition of de-NOx efficiency when iron was

present. They concluded that the presence of 4.5 vol% of

O2 caused a decrease in the NO reduction efficiency to zero

when the residence time of the iron samples was longer

than 5 min. Undoubtedly, NO reduction at iron presence

and fuel-rich regions is more efficient, however, a reduc-

tion of NO in the presence of oxygen is possible if the

residence time of the iron samples in a lean exhaust gas

atmosphere is sufficiently short. In this research, the

experimental data were complemented, and the experi-

ments were performed under similar flow conditions at

2 vol% O2 and in the temperature range 850–1,000 �C.

Based on these results, an empirical factor (Eq. 5) was

determined that allowed the calculation of the influence of

oxygen on the de-NOx process inhibition. This approach is

similar to the determination of the time-dependent factor

that describes a catalyst decay process, as described in

Fogler’s work (p. 717) [36]. In addition, this equation

(Eq. 5) has been adopted because this form is mathemati-

cally consistent in cases where the oxygen concentration is

zero, i.e., when the oxygen molar fraction z = 0 is

substituted into the equation, the krNO�O2 parameter equals

the krNO value estimated from previous research [13].

krNO�O2
¼ krNO exp � tz

A1

� �
ð5Þ

The overall process rate coefficient k (m/s) is defined by

the formula 1/k = 1/krNO–O2 ? 1/kg, where kg is the mass

transfer coefficient. The empirically determined krNO-O2

parameter is assumed (by a simplification) to include both

the rate of the chemical reaction and the diffusion of

compounds by an iron oxide layer created during the pro-

cess. The krNO = 0.527exp(-13/RT) (m/s) expression used

in Eq. 5 represents the rate constant (first order in NO) of

the reaction between NO and Fe determined in previous

research [13]; t is time in s, z is the volumetric fraction of

O2 (as the total value, e.g., 1 % should be used as 0.01),

and A1 = 1.58 s. The overall rate constant k was obtained

from the balance of NO, _R ¼ _V C0NO � C00NO

� �
¼ kAFeCNO,

where _V is the gas stream flowing through the reactor (m3/

s), and CNO

0
and CNO

00
are the NO concentrations (mol/m3) at

the reactor inlet and outlet, respectively. The krNO is

slightly different comparing to previous study [13]. A mass

transfer coefficient was calculated using the equation of

Thoenes and Kramers equation for a packed bed system

[13]: Sh/
ð1�/Þc ¼ Re

ð1�/Þc

h i0:5

Sc0:33; where the Reynolds number

is defined as Re = wgqgd/g, and the Schmidt number is

defined as Sc ¼ g= qgDNO�N2

� �
. Here, DNO–N2 is the dif-

fusion coefficient for NO in N2; wg, q, and g are the

velocity, density and viscosity of the gas flowing through

the reactor, respectively; / is the void fraction of the

packed bed; and c is the shape factor of the iron particle

(for spherical particles, c = 1). The range of the Reynolds

number was 26.3–21.2, and the range of the Schmidt

number was 0.73–0.74. This calculation gave overesti-

mated values. Simplified discussion of other correlations is

shown in Table 4. For estimation of kg coefficient in this

research Gnielinski [37] was used (see in Table 4). This

correlation is more complicated (comparing to other

equations) however, according to Tsotsas and Schlunder

[37] explanation this equation is applicable in different bed

systems, regular and distended packings and to single

particle as well. Wakao and Funazkri correlation would be

applicable correlation for other bed porosity. As it was

reported by Tsotsas and Schlunder [37] it can be applied

only to monodispersed random beds of spherical particles

at a void fraction about / = 0.4. Dwidevi Upadhyay [36]

correlation is more all-purpose application, however, Gni-

elinski is more specific for the system used in this research.

The overall rate of NOx reduction is inhibited because it

is controlled by the internal diffusion in a later stage of the

process. This phenomenon is described in the literature [12,

15]. According to the explanation provided in the literature,

the oxidation of iron in the presence of oxygen (a later

stage) is controlled by the diffusion of iron ions from the

unreacted metal core to the external surface of the metal

oxide. However, during the oxidation of iron by NO, a

porous and almost sponge-like layer of oxide is created

[13]. Therefore, in the case of the complex system of

NO ? O2, the process can be controlled by the diffusion of

iron ions and simultaneously by the diffusion of molecular

oxygen and nitric oxide from the bulk phase through

boundary and sponge-like oxide layers to the unreacted

metal core. However, during the latter stages of the reac-

tion between NO and Fe, the process is instead controlled

by the diffusion of iron ions through an oxide layer [12].

The particular mechanism of NOx reduction is compli-

cated; thus, the use of the ‘‘decay law’’ (Eq. 5) to describe

the de-NOx process appears to be a reasonable solution.

This equation can be very useful in modelling and engi-

neering calculations when Fe will be considered as a

compound that influences the NOx reduction in the oxygen-
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rich zones. A comparison between the model calculations

and the experimental results is shown in Fig. 6.

3.3 Bearing steel

The oxidation rate of iron depends on alloy impurities

included in the iron structure. The existence of metals such

as chromium, aluminum and silicon are known to provide a

certain level of oxidation resistance; however, this effect is

not significant if the amount of the alloying element is

relatively low. In addition, carbon, as a main alloy element

of steel, can suffer decarburization during steel oxidation,

which inhibits the oxidation rate [38]. How the alloying

elements included in steel influence the de-NOx efficiency

remains an unresolved issue. This research question is

important for the potential application of low-alloy steel

waste for the abatement of NOx emissions. In this research,

the efficiency of the NO reduction in the presence of

Armco iron and bearing steel was compared. The experi-

ment was performed using a model gas atmosphere that

contained 1,015 ppmv NO in N2 and 880 ppmv NO/

3.2 vol% O2 in N2. Figure 7 shows the comparison of the

efficiency of NO removal using Armco iron and bearing

steel samples. The efficiency in the case of the bearing steel

is lower because the alloy elements decreased the oxidation

rate of the steel samples. As evident from the results in

Table 2, bearing steel is not a high-alloying material. The

mass fraction of each alloy element does not exceed

1 wt%. The influence of chromium (included in the bearing

steel) on the kinetic rate of the steel appears to be negli-

gible. High corrosion-protective properties are known to be

obtained when more than *16 wt% of Cr is included in

the steel as an alloy element; thus, the influence of the

chromium on the de-NOx process appears to be insignifi-

cant. However, relatively small silicon additions are known

to have beneficial effects on the oxidation resistance of

steels because of the formation of a layer of silica adjacent

to the metal [8]. Thus, more attention should be placed on

the influence of silicon on the de-NOx process. Silicon was

shown to contribute to the creation of a compact oxide

layer that inhibited the corrosion process [28]. Suárez et al.

[39] confirmed that an inhibition of iron oxide growth was

caused by the presence of silicon in bearing steel. Suárez

et al. attributed this inhibition to the influence of a fayalite

(FeO•2SiO2) phase that was created on a metal–oxide

interface; this phase reduced the diffusion of iron ions that

control the growth of the oxide layer. The presence of

carbon decreased the oxidation rate compared to that of

pure iron, and the authors observed that the decarburization

process was significant at 850 �C. The lower oxidation

rates were attributed to the rejection of carbon at the scale–

alloy interface, which caused poor contact between the

scale and the alloy; however, when the oxidation times

were short, the scale structures were similar to those

formed on iron [38]. Thus, this description provided in the

Table 4 Comparison of mass transfer correlations (for packed bed) analyzed in this research, calculated for conditions: particle diameter of

1 mm, T = 850 �C, wg = 0.35 m/s

Correlation Equation Conditions kg, m/s

Dwidevi Upadhyay / Sh
Sc1=3Re

¼ 0:765
Re0:82 þ 0:365

Re0:386
Re [ 10 0.0393

Gnielinski Sh ¼ fw 2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sh2

1 þ Sh2
2

ph i

Sh1 = 0.664Re1/2Sc1/3

Sh2 ¼ 0:037Re0:8Sc
1þ2:443Re�0:1 Sc2=3�1ð Þ

fw = 1?1.5(1-w)

Re number is calculated for void fraction as Re0/w

2.4 \ Re \ 1,500 0.0498

Wakao and Funazkri Sh = 2 ? 1.1Re0.6Sc1/3 3 \ Re \ 3,000

0.5 \ Sc \ 10000

0.0770

Fig. 6 A comparison of the kinetic rate constant calculated from

experimental data (points) and those calculated from the model Eq. 5

(lines). Conditions: T = 850 �C, average iron surface area

1.16 9 10-3 m2, open circle 0 % O2 (krNO = 0.527exp(-13/RT)),

filled square 0.5 %, filled triangle 1 %, diamond 2 %, and filled circle

4.5 % O2; thick line 0.5 %, dashed line 1 %, dotted line 2 %, and thin

line 4.5 % O2
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literature explains why the de-NOx efficiency is almost the

same in the cases of iron Armco and bearing steel in the

first minutes of the process (see Fig. 7). After 5 min of the

process, the difference between the de-NOx efficiency in

the presence of iron and bearing steel increased as the

oxidation process progressed. However, after 10 min of the

process, the de-NOx efficiency in the presence of bearing

steel samples was still [40 %. Thus, even when this type

of steel is present in iron waste, it can still be used as a de-

NOx agent.

The influence of alloy compounds on the de-NOx pro-

cess in the presence of steel has not yet been closely

investigated. Only a few comments on it can be found in

the literature. Lissianski et al. [9] tested different iron-

containing additives for the control of NOx emissions. Iron

and iron waste were suggested as compounds that induce a

decrease in the emissions; however, the authors did not

explain exactly what type of iron waste (steel) was used.

They noted only that the samples came from the steel

processing industry and consisted nominally of approxi-

mately 80 % Fe2O3 and 20 % impurities, mainly Ca(OH)2.

Approximately 80 % of the particles were smaller than

50 lm in diameter. The bearing steel was tested in the

current study to determine the potential influence of alloy

compounds on the de-NOx process. The addition of the

mentioned compounds (silicon and carbon) to iron waste is

possible (not expensive) because these compounds can

occur in low-alloy steels. It has been already mentioned

that their corrosion inhibition activity is relatively high

[39]. The influence of other compounds, such as chromium,

is also interesting; however the use of high-alloy steel for

NOx reduction (as an active compound introduced directly

with a fuel) is not a reasonable solution because of its

relatively high price and because important constituents of

the alloy could be lost after the alloy is introduced into the

combustion zone. Similar to Lissianski’s suggestion [9], it

is assumed that iron waste is introduced into the combus-

tion zone and then removed as an ash. Notably, Sadakata

et al. [40] have proposed stainless steel (18.3 wt% Cr and

9.3 wt% Ni) as an active compound for NOx reduction;

however, this system represents a secondary method. This

solution requires an additional reactor when the stainless

steel is used as a honeycomb-type catalyst, and the reaction

is performed at a higher concentration of CO (2.7 vol%)

and H2 (2.4 vol%).

From an application perspective, the influence of oxy-

gen on the de-NOx efficiency when bearing steel is used as

a de-NOx agent is significant. Figure 8 depicts the results

of the experiment when oxygen (from air) was immediately

introduced into a NO/N2 system. The efficiency decreased

rapidly when the oxygen (3.2 vol%) was introduced into

the reaction zone, and the rate of activity decay was higher

than that for Armco iron. At 950 �C and 4.5 vol% O2, the

de-NOx efficiency decreased after approximately 5 min of

exposure to a NO/O2/N2 atmosphere [13]. The higher rate

of de-NOx inhibition was most likely caused by the influ-

ence of silicon (alloy element) on the oxidation process.

3.4 Application of iron in the de-NOx process: a brief

analysis

As previously mentioned, only a few published studies on

the use of iron for the de-NOx process have been reported

in the literature. Based on the literature data, the iron or its

alloys can be used in both fuel-rich and fuel-lean atmo-

spheres; however, the reducing atmospheres (fuel-rich) are

preferred because of the positive effect of carbon monox-

ide. Notably, iron or its compounds (alloys, oxides) can be

used for the de-NOx process in two types of methods:

primary and secondary methods. The application of iron

Fig. 7 Comparison of de-NOx efficiency in the presence of Armco

iron open circle (four spherical samples, A = 1.21 9 10-3 m2) and

bearing steel filled circle (four spherical samples,

A = 1.25 9 10-3 m2) as a function of time. The gas atmosphere

contained 1,015 ppm NO/N2, T = 850 �C

Fig. 8 Influence of oxygen (3.2 % molar fraction) on the NO

reduction efficiency at 850 �C in the presence of bearing steel

samples with a surface area of 1.25 9 10-3 m2. The arrow indicates

the moment when oxygen was added to the 1,015 ppm NO/N2

mixture

940 Heat Mass Transfer (2014) 50:933–943

123



(or/and its alloys/oxides) as a catalyst (secondary mea-

sures) in a separate reactor (similar to the concept of

selective catalytic reduction, SCR) has been previously

proposed [40–44]. For example, Randall et al. investigated

the reduction of NO and N2O by CO over silica-supported

iron oxide (Fe2O3 or Fe3O4) catalysts. The reactions were

performed at T = 310 �C and at an elevated pressure

(150 kPa). However, in the current study, the iron (or low-

alloy steel) is suggested to be directly introduced (together

with a fuel) to the main or the reburn combustion zone,

similar to other studies [9, 12–15, 17, 19, 23, 24, 30]).

Table 5 shows a comparison of the use of iron in the re-

burning process. Only the influence of iron (without re-

burning reactions) was taken into account. Undoubtedly,

the mentioned combustion chambers are characterized by

different process parameters (e.g., the type of fuel, the

combustor, the temperature and others); thus, this com-

parison provides only a simplified analysis. However, these

results are interesting because they clearly show that iron

or iron oxides can be used in a wide range of combustion

conditions. Lissianski et al. [9, 23, 30], who used a pilot-

scale combustion chamber, and Su et al. [24], who used a

laboratory-scale facility, both focused on the use of iron or

iron oxide in pulverized coal combustion chambers. Fennel

et al. [12, 17], who used the TGA method, Hayhurst and

Lawrence [19], who used a laboratory-scale FB reactor,

and Hayhurst and Ninomiya [15], who used a laboratory-

scale FB reactor, suggested the use of iron as a de-NOx

agent in fluidized-bed combustors. Although some neces-

sary model simplifications have been adopted, the results

obtained in this work can be assumed to be useful for the

application of iron as the active species for NOx removal

from grate combustion chambers. The particles used in this

research are large; thus, the iron waste can be used (size

[1 mm) in a real-scale chamber. In addition, parameters

such as the temperature range (800–1,000 �C), the gas

velocity (below 1 m/s), and the residence time of solid

compounds (iron activity[3 min) were similar in this type

of chamber [45–47].

Iron can also be effectively used in fuel-lean combustion

zones. Both of the previously mentioned zones—fuel-lean

and fuel-rich zones—exist in grate boilers. Based on the

description of grate-boiler technology provided by Yin

et al. [46], precise control of these zones can be attained

using an advanced secondary air supply system. The local

stoichiometry in the combustion zones plays a particularly

important role for the effective utilization of iron as a de-

NOx agent. The possible and precise control of the resi-

dence time [46] can enhance the efficiency of NOx

reduction. Normann et al. [1] compared different de-NOx

methods with respect to oxy-fuel combustion. Their ana-

lysis was based on practical experience under air-fired

conditions and/or modelling/experiments under oxy-fuel

conditions. The use of different de-NOx methods (primary

and secondary) was possible; however, as the researchers

concluded, the use of both methods requires the optimi-

zation of parameters, such as the combustion efficiency and

economic issues, among others. The application of iron as

the de-NOx agent in oxy-fuel technology is also assumed to

be possible and worth consideration. The CO2 concentra-

tion in flue gas is known to be significantly higher ([80 %)

compared to the exhaust gases in air-fired technology.

However, at temperatures \1,000 �C, the rate of iron

oxidation by CO2 has been found to be at least 5–10 times

lower than the rate of oxidation by O2 [48]. Gradon and

Lasek [13] observed no influence of CO2 on the rate of NO

destruction in their investigated temperature range of

750–1,200 �C. In addition, higher CO concentrations have

Table 5 A simplified comparison of reburning enhancement by the

introduction of iron or its oxides into the reaction zone

Maximal increase in

reburning efficiency due to

the presence of iron

Type of iron samples,

units and conditions

References

21 % Iron waste (1,000 ppm,

fine particles, 80 %

smaller than 50 lm) or

Fe2O3 (1,000 ppm,

powder, smaller than

5 lm, 7.2 m2/g), pilot

scale (300 kWt) boiler

simulator facility,

natural gas as reburning

fuel at reburning heat

inputs of 18 and 25 %

from the total heat input,

1,320 �C

[9]

11 %a Fe2O3 powder

(99 % d \ 5 lm),

4,000 ppm Fe,

laboratory-scale tube

reactor (internal

diameter of 1.91 cm,

total length of

30.48 cm), methane as a

main and a reburning

fuel (stoichiometric

ratios in the reburning

and burnout zones of 0.9

and 1.1, respectively),

1,250 and 1,150 �C for

the reburn and burnout

zones, respectively

[24]

60 % Armco iron samples

(10 mm,

1.25 9 10-3 m2),

carbon monoxide

combustion at an excess

air ratio of 0.6, 850 �C

This work

a The maximal de-NOx improvement was [32 % when corn stover

residue was applied as a fuel
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been observed during oxy-fuel combustion [3]. The pre-

sence of the iron probably decreases the CO emissions

from oxy-fuel processes due to the influence of the reaction

(2). Thus, the use of iron as a de-NOx agent in oxy-fuel

combustion is worth consideration; however, it requires

more specific investigations.

4 Conclusions

Improvements in de-NOx methods are still a challenge for

scientists and research engineers. The advanced reburning

method appears to be a viable solution for the abatement of

NOx emissions, especially from common air-fired com-

bustion chambers. These methods can be used in real-scale

combustion systems (boilers and others). Metallic iron or

low-alloy steel waste can be directly introduced into the

combustion zone as effective de-NOx agents. Based on

these research results and literature data, the following

conclusions are made:

The excess air ratio (k) strongly influences the efficiency

of NO reduction in the presence of iron. This influence is

caused by the creation of preferential conditions for NO

reduction on the iron surface.

A correction factor that accounts for the influence of

oxygen on de-NOx efficiency has been proposed. The co-

efficient is expressed by the equation krNO–O2 = krNOexp(-

tz/1.58). The exponential form has been adapted from the

catalyst decay law. This coefficient can be used for mod-

elling NO reduction in the presence of iron and oxygen as

well as for estimating the de-NOx efficiency when iron is

introduced into an oxygen-rich combustion zone.

Low-alloy steels waste can be used as an efficient de-

NOx agent. The tests (performed using bearing steel sam-

ples) show that NOx can be effectively reduced in the

presence of this agent; however, the alloy compounds

inhibited the reduction of NOx.

Based on literature data and on the results provided in

this research, the application of iron in fluidized-bed, pul-

verized and grate combustors is sensible and worth con-

sideration. The most preferable conditions for obtaining

high efficiency are the use of iron or low-alloy steel waste

in fuel-rich combustion zones. However, a reduction of the

NOx is also possible in oxygen-rich zones if the residence

time of iron particles is sufficiently short.
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