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The Catalytic Effe ct of Vanadium on the Reactiv ity of
P e tro leum Cokes w ith NO

S. Sa lvador ,†,§ J .-M. Commandr é,† B. R. Stanmore,† and R. Gadiou*,‡

Ecole des Mines d’Albi-Carm aux, Laboratoire de Gén ie de Procéd és des S olides Divisés,
UMR CNRS 2392, Campus J arlard , route de Teillet, 81013 Albi CT cedex 09, France, and

Laboratoire de Gestion des R isques et Environnem ent, 25, rue de Chem nitz,
68200 Mulhouse, France

Pet roleum cokes are widely used in cement plan ts for energy genera t ion . Because of their very
low vola t ile conten t , the physicochemica l processes occur r ing dur ing their combust ion should be
main ly cont rolled by heterogeneous react ions. The react ivit ies of some pet roleum cokes toward
NO between 800 and 1000 °C have been character ized through exper iments in an ent ra ined
flow reactor . These carbonaceous mater ia ls exhibit very high react ivit ies toward NO. Their
capacity to reduce NO concent ra t ion in the sur rounding gas is sign ifican t , so tha t th is react ion
can have a significan t impact in terms of NO emissions resu lt ing from their combust ion . The
influence of sur face area and of the heavy meta l conten t on sur face react ivity was tested. As it
was the case for carbon-oxygen react ion , the sur face measured by mercury porosimet ry seems
to be a good parameter to ca lcu la te sur face react ion ra te. No correla t ion was found between
ca lcium or iron conten t and NO-carbon react ion ra te. As for the react ion of pet roleum coke with
oxygen, vanadium appears to have a ca ta lyt ic effect on the reduct ion react ion of NO with carbon.

1. In troduction

Pet roleum coke, a residue of the pet roleum refin ing
indust ry, is used today in la rge quant it ies as a source
of energy. This solid fuel has the advantage of being
easy to gr ind, of conta in ing a high ca lor ific va lue
(between 32.5 and 34.5 MJ kg-1), and of being cheap in
the market place. For cement plant precalciner applica-
t ions, it is ground to approximately 50% < 90 µm, and
used as a coa l replacement fuel. It has a lso been used
in flu idized bed combustors, genera lly co-fired with
coa l.1,2 The previous years of u t iliza t ion have ident ified
a number of specificit ies in their ut ilizat ion, par t icular ly
in terms of process cont rol and of pollu tan t format ion .
Very lit t le lit era ture has been devoted to these fuels,
making it difficu lt to in terpret the differences observed
in their behavior as compared with coa l.
Because of the low vola t ile mat ter content of th is type

of fuel, the impor tance of heterogeneous react ions
should be enhanced both for the oxida t ion of the
carbonaceous material or for the formation of pollutants.
The wide var ia t ion of react ivit ies of pet roleum cokes
toward oxygen has a lready been demonst ra ted in a
previous paper;3 it has been shown that these var ia t ions

can be correla ted with the cata lyt ic effects of vanadium.
The emissions of n it rogen oxides a t the exhaust of a
combustor are the resu lt of a ba lance between the
format ion of NO and it s reduct ion by homogeneous and
heterogeneous react ions. Therefore, the heterogeneous
reduct ion of NO on pet roleum coke is expected to influ-
ence the nit rogen oxide level in the exhaust , and the
determina t ion of it s react ivity toward NO is of in terest .
The reduct ion of nit rogen monoxide by different sor ts

of carbonaceous solids has been the aim of many studies
since the 1980’s, because th is phenomenon is impor tant
in flu idized bed combust ion .4 Despite th is la rge amount
of published mater ia l, numerous uncer ta in t ies st ill
remain. The mechanism of the react ion itself is not fully
understood a lthough many at tempts have been pre-
sented.5,6 Because of this lack of established mechanism,
most au thors have t r ied to fit their exper imenta l da ta
with globa l kinet ic laws. But , as it has been shown by
Aarna and Suuberg in their review,7 la rge var ia t ions
are observed between published da ta , whatever the
tempera ture.
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To expla in these differences, the chemica l st ructure
and the textura l proper t ies of the solid are the most
often invest igated parameters. Rodriguez-Mirasol et a l.8
studied the influence of the rank of the paren t coa l on
the react ivity of the char toward NO in a small sca le
fixed bed. He observed tha t lign ite chars are more
react ive than chars obta ined from high rank coa ls; the
graphit ic st ructure of the char is therefore an important
parameter in the determina t ion of the react ivity. A
study by Zevenhoven and Hupa9 on a la rger number of
chars led to the same conclusion . Never theless, these
resu lt s may be main ly a consequence of the differences
in texture and chemica l composit ion of the samples. A
more precise study of th is poin t has been made by
Gulyur t lu et a l. who used char prepared a t differen ts
tempera tures from the same raw coa l.10 The authors
observed tha t the higher the prepara t ion tempera ture,
the more react ive the sample is. This resu lt could be
expla ined by an increase of surface area and also by the
graphit iza t ion of the carbon st ructure.
To take in to account the influence of the texture of

the samples, most au thors ca lcu la ted the specific reac-
t ion ra te by dividing the globa l ra te of react ion by a
sur face area . This last parameter is either the CO2
adsorpt ion sur face or the N2 adsorpt ion sur face com-
puted by the BET equat ion . Shimizu used the former
sur face and found a constan t va lue of the specific
react ion ra te for n ine samples which had sur faces
ranging between 250 and 900 m2/g.11 Illian-Gomez et
a l.12 observed a lso a linear cor rela t ion between the
react ion ra te of carbon samples a t 873 K and the BET
surface area . Never theless, other studies showed tha t
the specific react ion ra te presen ts la rge var ia t ions as a
funct ion of the chemical composit ion of the carbonaceous
samples.
With an exper imenta l setup simila r to Rodr iguez-

Mirasol, Chan et a l.5 examined the influence of minera l
mat ter , and observed tha t the deminera liza t ion of a
lignite char leads to a decrease in it s react ivity with NO
by an order of magnitude. As for the carbon-oxygen
react ion , many elements can have a ca ta lyt ic effect on
the NO-char and the N2O-char react ions. Chan et a l.5
and Zevenhoven and Hupa9 observed tha t the ca lcium
conten t of the most react ive char , i.e., the lign ite char ,
was h igh . Illan-Gomez et a l. studied the influence of
minera l mat ter on the ra te of NO reduct ion over chars.
They observed tha t whatever the tempera ture, the
addit ion of a meta l such as Fe, Cu, or Ni decreases the
act iva t ion energy of the react ion .13,14 The ca ta lyt ic
act ivity of potassium and calcium was also observed.15,16

Some authors t r ied to remove the minera l mat ter of
chars in order to quant ify the decrease in the react ion
rate.17-19 The main problem is that the demineralizat ion
is never complete, so tha t a ca ta lyt ic act ivity remains;
another problem is tha t the prepara t ion of the sample
changes the textura l proper t ies of the carbonaceous
solid. Despite these difficu lt ies, a decrease of the ra te
of the reduct ion of NO on the char surface was observed
in a ll cases.
In th is work, we have character ized the kinet ics of

the react ion of NO reduct ion on the char sur face of a
number of pet roleum cokes between 800 and 1000 °C.
This temperature range is representat ive either for FBC
combust ion of pet roleum coke or for the preca lciner of
cement plants. As we will demonstrate, this react ion has
a sign ifican t impact on the globa l emissions of NO
result ing from the combust ion of the petcokes.

2. Experimental Section

2.1. Experimental Se tup. To character ize the react ion
kinet ics in condit ions close to those of a flu idized bed or of an
ent ra ined flow such as a cement plan t preca lciner , a set of
exper iments was car r ied out in a labora tory sca le en t ra ined
flow reactor (EFR). Although many differen t exper imenta l
devices may be used to obtain heterogeneous react ions kinet ics
such as a thermogravimet r ic appara tus or fixed beds,6,8,20 the
EFR has been widely used because it a llows the dispersion of
par t icles in a gas flow. Therefore the diffusion limita t ions
observed in fixed beds can be avoided. Another advantage is
tha t h igh tempera tures may be reached.21,22
The reactor design has a lready been deta iled elsewhere.3,23

The appara tus shown in Figure 1 consist s of an 80 mm i.d.
and 1 m long isothermal fused silica reactor fed with an
elect r ica lly prehea ted gas flow. A st ream of powdered fuel
par t icles was in jected through a water -cooled feeding probe.
Care was taken to obta in a good dispersion of the par t icles on
a cross sect ion of the reactor by placing a dispersion dome 1
mm downst ream from the t ip of the feeding probe.
The gas was sampled after a cont rolled residence t ime

through a water -cooled nit rogen-quenched probe. It was then
ana lyzed; NO, CO, and CO2 were quant ified by on-line NDIR
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ana lyzers, and gaseous hydrocarbons were measured with a
flame ioniza t ion ana lyzer .
2.2. Sample s Characterization . Eight samples were used

in th is work, six pet roleum cokes, a bituminous coa l and an
act iva ted carbon . The petcokes used in th is study were
sampled a t differen t indust r ia l sites; no da ta concern ing their
or igin was available. Table 1 gives the results of the proximate
and ult imate ana lyses. They show very simila r composit ions
in terms of the percentages of C and H. As expected for heavy
pet roleum fuels, the na tura l su lfur conten ts a re h igh , and
range between 4% and 7.5%. The fuel n it rogen concent ra t ions
are simila r for a ll of the petcokes. The proximate ana lysis
indica tes low vola t ile mat ter and low ash conten t . The a im of
th is work was to ext ract kinet ic da ta for a number of petcokes
and to study the influence of the na ture of the sample. Then ,
a ll the chars were prepared at the same temperature and their
react ivity was studied as a funct ion of tempera ture. The chars
were obta ined by pyrolyzing the fuel samples in the EFR at

900 °C. The bituminous coa l (Ivan Coal) was used as a
reference to a classica l fuel, and the act iva ted carbon (AC) was
reta ined as a high BET area carbon for considera t ions of
react ive sur face, as discussed fur ther . The ana lyses of these
two fuels a re a lso given in Table 1.
Pr ior to a ll ana lysis and exper iments, a ll the fuels were

ground to less than 200 µm, dr ied, and the fract ion 30-100
µm was selected by pneumat ic sieving. Par t icles of less than
30 µm were removed to enable regula r feeding of the fuel
dur ing EFR exper iments.
To obta in a good character iza t ion of the texture of the char

samples, the surface areas were measured using two methods:
• nit rogen adsorpt ion a t 77 K with the BET equat ion ,
• mercury porosimet ry to quant ify the sur face area of the

mesopores and macropores of the par t icles. This method was
used to measure the sur face area of pores la rger than 20 nm
(Hg20).
The sur face Hg20 was here der ived from mercury porosim-

et ry test s, using the standard pore model proposed by Sat ter -
field,27 in which the pore diameter is ca lcu la ted from the
porosity ϵ, the par t icle density Fp, and the pore sur face area S
as follows:26

The adsorpt ion of CO2 a t 293 K also a llows the determina-
t ion of a sur face area with the help of models such as the
Dubin in-Polanyi equa t ion . The problem is tha t in many
exper iments, the access of the gaseous reactan t to micropores
is difficu lt . As a result , th is method was not used in th is work.
The porosity was obta ined by helium pycnometry. Table 1
presents the result s of th is character iza t ion . The values of the
sur face areas of the petcokes are very low compared, for
instance, to tha t of the coal, which typica lly exhibit s BET area
of severa l tens or hundreds of m2 g-1. It should be noted tha t
the petcoke samples exhibit lower sur face area than many
samples used in previously published studies.5,8,11
The concent ra t ions of 7 elements known for their ca ta lyt ic

act ivity in carbon react ions were analyzed: vanadium, copper ,
molybdenum, iron , potassium, ca lcium, and manganese; the
resu lt s a re repor ted in Table 2. As in heavy fuel oils, la rge
amounts of vanadium are found. This element is presen t in
quant it ies as large as 0.26% of the dry mass in Asland petcoke.
The other meta ls a re much less concent ra ted, apar t from iron
in St Constan t (0.17%) and in Lily (0.061%).
2.3. Reaction of Chars w ith NO in the EFR. The

react ivity toward NO of chars has been determined from EFR
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Table 1. Ultimate and Proximate Analys is and Low er Calorific Value of the Sample s a

ult imate ana lysis (% raw) proximate ana lysis (% raw) sur face ana lysis
sample C H O S N VM ash LCV (kJ /g) BET (m2/g) Hg20 (m2/g) ϵ

petcoke Lily 87.8 3.51 1.1 7.47 1.61 10.5 0.33 34.45 4.5 1.77 0.57
petcoke Havre CDP 87.9 3.51 1.1 7.08 1.51 10.1 0.38 34.35 10.0 2.20 0.57
petcoke Asland 89.4 3.60 4.02 1.88 10.1 0.47 34.50 5.3 1.82 0.59
petcoke Villauengas 88.4 3.70 6.16 1.56 11.0 0.12 34.35 6.2 2.00 0.65
petcoke St Constan t 88.5 1.94 6.00 1.63 5.2 0.50 32.50 6.3 1.33 0.54
petcoke Niebla 85.8 3.50 5.85 1.70 11.1 3.35 33.40 4.8 1.80 0.66
coa l Ivan 67.0 4.54 11.3 0.24 1.85 30.7 13.23 25.95 64.0 8.30 0.73
act iva ted carbon 85.9 0.60 0.50 0.11 2.70 890.0 12.89 0.78

a The BET, the Hg20 sur face area , and the porosity ϵ are those of the chars.

Figure 1. Entra ined flow reactor : (1) Conveyor belt /vibra t ing
feeder/ejector ; (2) pneumatic transport ; (3) electr ical preheater ;
(4) flow meters; (5) water -cooled feeding probe; (6) dispersion
dome; (7) th ree-zone elect r ica l fu rnace; (8) 80 mm i.d.
quar tz tube reactor ; (9) cyclone collector ; (10) exhaust fan; (11)
water -cooled nit rogen-quenched sampling probe; (12) par t icle
collector (filter ); (13) sampling pump; (14) gas condit ioner ; (15)
gas ana lyzers (infra red/paramagnet ic); M, mass flow meters
and cont rollers; N2, n it rogen; C.A., compressed a ir ; W, water
(probes cooling).
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exper iments. The chars were previously prepared by passing
the fuels in 4.16% O2 in nit rogen through the EFR at 900 °C.
The exper iments to character ize the chars react ivit ies

toward NO were car r ied out a t th ree tempera turess800, 900,
and 1000 °C, so tha t an act iva t ion energy can be determined.
The par t icles feed flowra te was 1.5 g/min . The gas feed flow
was a mixture of 955 ppm of NO in nit rogen , and the flow
ra te was 10 L/min (NTP). Under these exper imenta l condi-
t ions, the residence t ime ranged between 3.25 and 3.6 s,
depending on tempera ture. If we assume a homogeneous
dispersion of the par t icles in the volume of the reactor , the
solid concent ra t ions in the tubular reactor are equal to 38, 35,
and 32 g/m3 for exper iments a t 800, 900, and 1000 °C,
respect ively.
We report in Table 3 the NO reduct ion yield for the different

samples as a funct ion of tempera ture. The decrease of NO
concent ra t ion between in ject ion and the bot tom of the reactor
vary between 11 ppmv for Lily petcoke char a t 800 °C and
920 ppmv for the coal char a t 1000 °C. It is obvious from these
resu lt s tha t the quant ity of NO tha t can be reduced on
petroleum coke, in the presence of an NO concentrat ion similar
to tha t in an indust r ia l furnace, is very la rge. In agreement
with previous studies in th is tempera ture range, the influence
of tempera ture is impor tan t . For example, Chan et a l.5
repor ted act iva t ion energies la rger than 200 kJ /mol for
graphite and char samples.
For a ll exper iments, the concent ra t ion of hydrocarbons a t

the exhaust of the reactor was below 20 ppmv. Small amounts
of CO were detected which could be rela ted main ly to the
react ion 2NO + 2C f 2CO + N2. In most cases, the CO
measured was higher than the NO consumed; the excess of
CO ranged between 0 and 500 ppmv for a ll exper iments. This
excess can be a t t r ibu ted to the desorpt ion of CO from the
oxygen adsorbed on the char .
There have been numerous studies in which the enhance-

ment of the NO reduct ion ra te by CO was repor ted.5,18 This
leads to difficu lt ies in the kinet ic in terpreta t ion of the exper i-
menta l resu lt s since CO is a product and a reactan t .7 Two
explana t ions have been presented to expla in th is behavior :

• the st r ipping of sur face oxides by CO through the react ion
CO + C(O) f CO2 + C*. This process can be significan t a t
low temperature when the desorpt ion of surface oxides is slow,

• the ca ta lysis of the react ion NO + CO f 0.5N2 + CO2 by
var ious substances such as the char it self.
It must be not iced tha t , in other studies, it has been

observed tha t the addit ion of low concent ra t ions of CO (i.e.,
below 700 ppmv) does not lead to an increase of the char-NO
react ion ra te.4 The order of the react ion with respect to CO is

a lso not known. The study of th is complex phenomenon was
outside the scope of th is work, and it was decided to ana lyze
the exper imenta l resu lt s in a classica l way with a single fir st -
order kinet ic law.
The concent ra t ion of CO2 was not sign ifican t . This is

consisten t with previously published studies in which it has
been shown tha t the CO/CO2 ra t io is very high in th is
tempera ture range.7 The low amount of carbon oxides and
hydrocarbons shows also tha t there is no significan t fur ther
devola t iliza t ion of the chars dur ing the exper iments in the
EFR.
As expected, the coa l char and the act iva ted carbon lead to

the highest react ion yield; th is can be rela ted to the high
sur face areas of these two samples. The elementa l and
proximate ana lyses of the six petcokes are simila r , so tha t one
could expect to observe the influence of the texture of the
samples. Among the pet roleum coke samples, Havre CDP,
which exhibit s the highest sur face area , does not lead to the
highest reduct ion yield. Therefore, other parameters such as
ca ta lyt ic elements must influence the react ivity.

3. Discuss ion

The ra te constan ts were determined by fit t ing the
exper imenta l resu lt s with those from a model. As
poin ted out by Aarna and Suuberg in their review,7
many published resu lt s use the mass of NO divided per
mass of char per unit t ime per unit pressure of NO to
define their ra te constant . In th is work we use a similar
defin it ion for the chemica l react ion ra te constan ts, bu t
we take in to account the sur face area of the samples.
Therefore, the react ion ra te was expressed as follows:

with

where [NO] is the molar concent ra t ion of NO in the
gas and Cc is the concentrat ion of carbonaceous mater ia l
in the gas. ηNO is the effect iveness factor , as ca lcu la ted
from the Thiele modulus for a react ion order equa l to
1. Some authors have observed react ion orders toward
NO which range between 0.2 and 0.8 for th is reduct ion
react ion .8,28 Never theless, most studies used a react ion
order of 1, whatever the exper imenta l setup used to
obta in the resu lt s.20,22
To fit exper imenta l da ta , a mass ba lance was done

between the entry and the exhaust of the entra ined flow
reactor . The main assumpt ions of th is model a re the
following:
• the zone close to the axis is a plug flow reactor ,
• the dispersion of the par t icles in the gas is homo-

geneous,
• the par t icles velocity is equa l to the gas velocity.
The deta ils of the ca lcu la t ions are given elsewhere.26

An itera t ive computa t ion was used to obta in the ef-
fect iveness factor ηNO and the Arrhenius parameters for
each sample.
The plots in Figure 2 and Figure 3 a llow the com-

par ison between the react ivit ies of the different petcoke
chars and tha t of the coal char . Shimizu et a l. were able
to find a correla t ion between CO2 surface area and NO-

(28) Schuler , J .; Baumann H.; Klein , J . Kinet ics of NO reduct ion
by coa l char . Conf. (In t.) Coal S ci. 1987, 857-860.

Table 2. Analys is of Five Metals , K, and Ca in the
P e tcoke s (ppm raw )

sample V Cu Mo Fe K Mn Ca
Lily 507 9.1 7.0 615 45 5.1 220
Havre CDP 819 6 180
Asland 2570 1.9 1.4 93 10 0.5 20
Villauengas 1390 3.8 17.3 20 17 2.6 100
St Constan t 899 6.1 26.3 1740 15 17.1 150
Niebla 1830 3.1 16.6 381 57 6.1 2190

Table 3. Reduction Yie lds of NO by the Diffe ren t Chars
during EFR Experiments (in mol %)a

sample 800 °C 900 °C 1000 °C
petcoke Lily 1.2 15.7 59.9
petcoke Havre CDP 6.3 15.2 58.8
petcoke Asland 11.1 35.0 74.7
petcoke Villauengas 23.0 42.4 77.4
petcoke St Constan t 3.8 18.4 63.4
petcoke Niebla 9.4 42.4 74.6
coa l Ivan 57.6 84.7 96.3
act iva ted carbon 27.2 44.8 69.1
a The in it ia l NO concent ra t ion was 955 ppmv.

dm NO

dt ) -k m cS spηNOPNO

k ) A e(-E /RT )



char react ivity,11 bu t th is was not possible in some
others studies.8 Aarna and Suuberg7 have proposed a
synthesis of the react ion ra tes, specified on BET areas,
der ived by a number of au thors. Their cor rela t ion was
conver ted to the same unit s as the ones used in th is
work, and plot ted in Figures 2 and 3. The spread in the
react ion ra tes is much more impor tan t in Figure 2, on
BET area base, than in Figure 3, which was plot ted on
Hg20 base.
Radovic et a l.24 expressed as ear ly as 1983 tha t BET

area is an inadequa te basis for the expression of
react ivity. Aarna and Suuberg25 showed that micropores
hardly par t icipa te in the react ion between oxygen and
carbon . In a recent work by Salvador et a l.,3 it was
shown tha t the sca t ter in the react ivit ies of carbons of
var ious forms was much smaller when the sur face of
the pores la rger than 20 nm (Hg20) was used to express
the react ive sur face, instead of the tota l pore sur face.
This tends to confirm tha t micropores smaller than 20
nm do not par t icipa te in the react ion . A study on the
react ivity of carbons issu ing from differen t or igins with
NO lead Commandre et a l.26 to the same conclusion .
It appears to be the case tha t excluding the sur face

area of the small pores (i.e., with diameters lower than
20 nm) from the react ive sur face reconciles the da ta
from various forms of carbon; and thus Hg20 surface area
is likely to be a bet ter indica tor of the rea l react ive

surface than BET. We have already repor ted th is result
for carbon oxidat ion in a previous work.3 Petcokes again
exhibit very high react ivit ies as compared with resu lt s
from the litera ture.7
Most au thors have observed tha t the act iva t ion

energy increases in va lue a t tempera tures between 800
and 1000 K. Although there are la rge var ia t ions in the
measured act iva t ion energies, the va lues genera lly
measured change from 75 kJ /mol below 950 K to 180
kJ /mol above th is tempera ture.5,20,29 The low act iva t ion
energy observed a t low tempera ture has been rela ted
to the limita t ion by the desorpt ion of react ion products;
a limita t ion which disappears as the tempera ture
increases. The ra te of the high tempera ture react ion is
therefore controlled by the dissociat ive adsorpt ion of NO
on the carbon surface. As shown in Table 4, we observed
la rge var ia t ions of the act iva t ion energies of the differ -
en t samples tested in th is study, as the va lues obta ined
with the six petcokes range from 115 to 240 kJ /mol.
These va lues are in good agreement with previously
published da ta . It must be not iced tha t the three
samples which lead to act iva t ions energies close to 235
kJ /mol are the ones which have a low vanadium content .
This va lue is in the highest range of act iva t ion energies
found in the litera ture,5,15,29 and may be rela ted to the
non-ca ta lyzed react ion of NO with carbon .
The cata lyt ic effect of meta ls on the react ion of C with

NO can be est imated from Figures 4 and 5 where the
metal concentrat ion was plot ted versus the react ion rate
a t 1200 K, using Hg20 as the area base. F igure 5 shows
tha t a clear cor rela t ion appears between the vanadium
conten t of the petcokes and react ivity toward NO. The
correla t ion factor for the linear least -squares est imat ion
is r2 ) 0.72. This shows tha t vanadium can have a
ca ta lyt ic effect even in the case of a rapid react ion . The
ra t io between the react ion ra te of the more react ive
petcoke and tha t of the less react ive one is 3.5. The two
other elements which are presented in th is figure are
iron and ca lcium; it can be observed tha t there is no
clear correla t ion between react ion ra te and the concen-
t ra t ions of these two elements. As poin ted out in the
In t roduct ion , Ca has often been presented as an act ive
ca ta lyst for reduct ion react ions.9,17,19 It must be not iced
tha t the concent ra t ion of Ca in petcoke is lower than
tha t of the char samples used in most studies. The
concentra t ion of iron in petcoke is high and an influence
of th is meta l on the NO-har react ion ra te could be
expected.30 Never theless, th is ca ta lyt ic act ivity of iron

(29) Furusawa , T.; Tsunoda , M.; Tsu jimura , M.; Adsch ir i, T.
Nit r ic oxide reduct ion by char and carbon monoxide. Fuel 1985, 64
(9), 1306-1309.
(30) Allen , D.; Hayhurst , A. N. FBC Technology and the Environ-

m ental Challenge; Adam Hilger : Br istol, U.K., 1991.

Figure 2. Arrhenius represen ta t ion for the react ion ra te of
carbon toward NO, specified on BET area .

Figure 3. Arrhenius represen ta t ion for the react ion ra te of
carbon toward NO, specified on Hg20 a rea .

Table 4. Activation Energie s and Effe ctivene ss Factor
ηNO for NO Reduction (computed w ith Hg20 surface area)

sample
act iva t ion energy

(kJ /mol)
effect iveness
factor (-)

petcoke Lily 240 0.928-0.999
petcoke Havre CDP 230 0.936-0.999
petcoke Asland 185 0.883-0.994
petcoke Villauengas 115 0.940-0.990
petcoke St Constan t 235 0.902-0.998
petcoke Niebla 145 0.944-0.995
coa l Ivan 85 0.879-0.968
act iva ted carbon 115 0.992-0.998



was not observed in some other studies,9 and Illian-
Gomez et a l.13 observed a high act ivity of Fe only a t low
tempera ture (i.e., below 700 K).
F igure 5 presents the four meta ls which are present

in low concent ra t ion in pet roleum cokes. Although
potassium has often been found as an act ive element
whatever the tempera ture,15 it is obvious tha t it s low
concent ra t ion leads to a negligible influence on char
react ivity compared to tha t of vanadium. The same
explanat ion can be applied for copper , molybdenum, and
manganese.

The ca lcu la t ion of the par t icle-rela ted effect iveness
factor (following the model of Commandre et a l.26) leads
to values between 0.7 and 1 if BET surface area is used.
As it is presented in Table 4, if Hg20 surface area is used,
ηNO is above 0.88 for a ll the samples whatever the
exper imenta l tempera ture. This shows tha t NO mass
t ransfer in the porous st ructure of the chars does not
cont rol the react ion yield. This expla ins why the ca ta -
lyt ic effect of vanadium on the react ion is clear ly evident
here. This was not the case for the react ion of C with
O2 from air dur ing our TG exper iments, where oxygen
t ransfer was apparent ly limit ing the combust ion veloc-
ity.3

4. Conclu s ion

A study of the react ion of NO on pet roleum cokes has
been car r ied out in an ent ra ined flow reactor . It was
observed that petcokes are very react ive forms of carbon
in the heterogeneous react ion of carbon with NO,
resu lt ing in NO concent ra t ion deplet ions of hundreds
of ppmv after a residence t ime of less than 1.5 s a t
tempera tures in the range 800-1000 °C.
For the heterogeneous react ion considered, we have

shown tha t excluding the sur face of the pores smaller
than severa l tens of nanometers from the tota l pore
sur face lead to more uniform values for the react ion
ra tes of chars from differen t or igins. This tends to
confirm the assumpt ion that small pores do not par t ici-
pa te in these heterogeneous react ions. We th ink tha t
the sur face area of the pores la rger than 20 nm which
is ca lcu la ted from mercury porosimet ry measurements
is a bet ter est imate of the react ive surface than the tota l
pore area determined by classica l BET test s or by CO2
adsorpt ion exper iments.
A ra t io of 3.5 is indica ted between the react ion ra tes

a t 1200 K of the more react ive and the less react ive
petcoke chars. Seven elements (vanadium, copper ,
molybdenum, iron, potassium, calcium, and manganese)
which are known as ca ta lyst s for th is sor t of react ion
were ana lyzed to expla in the differen t react ivit ies of
petcokes. Although petroleum cokes are low-ash-content
fuels, the ana lysis of these seven elements indica ted
vanadium conten ts as h igh as 0.26%. Among these
elements, vanadium appears to be responsible for the
high var ia t ion of react ivit ies which are observed for the
petcoke chars, and a clear cor rela t ion could be found
between the vanadium conten t of the sample and it s
react ivity toward NO.

Figure 4. V, Fe, and Ca conten t of the petcokes versus their
react ion ra te toward NO at 1200 K. The line is a linear
cor rela t ion for vanadium.

Figure 5. Trace meta ls conten t of the petcokes versus their
react ion ra te toward NO at 1200 K.


