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Abstract

The reduction of nitrogen oxide with ammonia was studied using carbon catalysts with chemically modified surfaces. Carbon samples with
different surface chemistry were obtained from commercial activated carbon D43/1 (CarboTech, Essen, Germany) by chemical modification
involving oxidation with conc. nitric acid (DOX) (i), high temperature treatmert@00 K) under vacuum (DHT) (ii) or in ammonia (DHTN,

DOxN) (iii). Additionally, a portion of the DOx sample was promoted with iron(lll) ions (DOxFe). The catalytic tests were performed in

a microreactor at a temperature range of 413-573 K. The carbon sample annealed under vacuum (DHT) showed the lowest activity. The
formation of surface acidic surface oxides by nitric acid treatment (DOx) enhanced the catalytic activity only slightly. However, as can
be expected, subsequent promotion of the DOx sample with iron(lll) ions increased drastically its catalytic activity. However, this was
accompanied by some loss of selectivity, i.e. formation gdMNs side product. This effect can be avoided using ammonia-treated carbons
which demonstrated reasonable activity with simultaneous high selectivity. The most active and selective among them was the sample that
was first oxidized with nitric acid and then heated in an ammonia stream (DOxN). A correlation between catalytic activity and surface
nitrogen content was observed. Surface nitrogen species seem to play an important role in catalytic selective reduction of nitrogen oxide
with ammonia, possibly facilitating N Oformation (a reaction intermediate) as a result of easier chemisorption of oxygen and nitrogen
oxide.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ence of other hetero-atoms in the studied carbon catalysts
[4,15]. Therefore, to avoid difficulties in the interpretation
All literature studies unanimously show that the catalytic of the obtained results, it seems necessary to study the role
activity of active carbons for NO conversion increases with of the surface chemistry, using samples with different chem-
the oxygen concentration on the carbon surfecel 2] It ical properties but of the same origin and with identical or
is currently assumed that surface functional groups contain-similar porous structure.
ing oxygen change the interaction between the carbon sur- Some reports indicate that incorporation of nitrogen
face and the reactants through variation of adsorption andinto the carbon structures enhances the SCR activity
reaction characteristiqd—14]. However, there are still sev-  [3,6,9—11,14] However, the explicit role of the incorpo-
eral unanswered questions concerning the effect of surfacerated nitrogen is not entirely clef4,6]. Thus the effect of
chemistry because of the complex influence of additional surface nitrogen species on the catalytic behavior of acti-
variables such as the physical characteristics (e.g. poros-vated carbons in the SCR reaction requires studies in more
ity, electronic properties, crystallographic structure) or pres- detail. In this work, the results of catalytic tests for carbon
samples containing various amounts of different surface ni-
« Corresponding author. Tek+48-56-611-4546: trogen and/or oxygen function.alities but'vyith.similar porous
fax: +48-56-654-2477. structure, obtained by appreciable modification of activated
E-mail addressgszym@chem.uni.torun.pl (G.S. Szynski). carbon D43/1 are reported.
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Table 1

Structural parameters obtained by the DFT method for the modified activated c4tiédns

Modified Mesopore surface Macropore surface Specific surface Micropore volume, Mesopore volume, Total pore volume,

carbon area,Sn, (m?/g)  area,Sn, (M?/g) area,Sn, (M?/g)  Vmic (cmP/g) Vines (cm®/g) Viot (cmP/g)

DHT 28 5 897 0.356 0.052 0.408

DHTN 31 4 883 0.346 0.042 0.389

DOx 20 4 798 0.335 0.026 0.361

DOxN 28 0 924 0.360 0.033 0.395

DOxFe 20 4 739 0.314 0.027 0.341

2. Experimental locity: 100 mI mirrt, mass of catalyst: 400 mg, gas pressure:
o o 1bar, gas composition: 800 ppm NO and §B% O, and

2.1. Carbon modification and characterization the rest helium. Educts and/or products (NGQ\ CO)

were analyzed with a NDIR analyzer (Hartmann and Braun)
Four samples of de-ashed and chemically modified com- on line at steady state.

mercial activated carbon D43/1 (CarboTech, Essen, Ger-

many) were studied: annealed in vacuum at 1023 K for 3h

(DHT sample), oxidized with concentrated nitric acid at 3, Results and discussion

353K for 3h (DOx sample), as well as DHT and DOx car-

bons heated in ammonia at 1173 K for 2h (DHTN, DOXN) 3.1. Characterization of carbon Cata|ysts

Additionally, a portion of the DOx sample was promoted

with iron(lll) ions by ion-exchange with 0.05M Fe(N§2 All the modified carbons possess a well-developed, nearly

solution for 48 h. All prepared samples were stored in ambi- the same porous structure, as described beftabl¢ J)

entair. The details of the modification of the studied carbons, [16]. Only in the case of the oxidized carbon (DOx) a small

as well as their physicochemical characteristics (FTIR, XPS, decrease in micro- and mesoporosity was observed. This is

acid—base properties and porous texture) are given elsewhergelieved to be a consequence of the fixation of a part of sur-

[15-18] face oxygen complexes at the entrance of the pores which
In addition, the surface chemistry of the investigated increases their constrictiofi5,17} The presence of such

carbons was characterized by temperature-programmedunctionalities narrows pore entrances or even may block

desorption (TPD-QMS) of decomposition products. The them. After annealing in ammonia (DOxN), the restitution

TPD-QMS experiments were carried out using a Netzsch of the lost porosity occurred due to the removal of the men-

STA409C apparatus equipped with a quadrupole masstioned groupg15]. The subsequent promotion of the DOXx

spectrometer. The TPD-QMS technique was also applied sample with Fe(lll) ions by ion-exchange with nitrate solu-

to determine the acidic properties of the catalysts by per- tion decreased the microporosity further.

forming thermal desorption of ammonia from the carbon  The oxidation enhances acidic properties, whereas an-

samples preliminary treated with ammonia. The details of nealing at high temperatures in ammonia (DHTN, DOxN)

TPD experiments are given elsewh¢té—-20] enhanced the basic properties of carbons at the expense of
their acidic propertiesTable 9. Our previous investigations
2.2. Catalytic tests [15,17]showed that the acidic properties of the investigated

carbons resulted from the presence of carboxylic, phenolic

Activity and selectivity in the SCR of NO with Ntiwere and carbonyl structures in different chemical environments,
measured in a fixed-bed microreactor over a temperaturewhereas the basic properties originate from the presence
range 413-573 K under the following conditions—gas ve- of such oxygen functionalities, as pyrone structures or

Table 2
Acid—base properties of the modified carbghs,16]
Carbon NH?2 (x10°a.u.) Concentratidh(meq/g)
Acidic groups Basic sites
Total —COOH —-COO- >C-OH >0
DHT 1.63 0.223 0 0.01 0.124 0.089 0.420
DHTN 1.07 0.317 0 0.025 0.075 0.217 0.632
DOx 9.14 2.054 0.725 0.382 0.556 0.391 0.131
DOxN - 0.357 0 0.04 0.068 0.213 0.722

a Amount of chemisorbed N¥ifrom TPAD measurements (peak area).
b The results of the Boehm titration.
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Table 3 During thermal decomposition of surface oxygen contain-
Chemical surface composition (at.%) of the modified carbons obtained ing groups CQis produced from carboxylic acid at low tem-
by XPS, disregarding hydroge5,18] peratures, and from anhydrides, lactones or lactols at higher

Carbon  Surface concentration (at.%) temperatures; CO results from phenols, ethers and carbonyls
c o N Fe olC N/C  OIN (and quinones). Carboxylic anhydrides give rise to both a
CO and a CQ peak[17]. The CQ desorption profile of
DHT 97.24 230 046 - 0.024 0005 5000 . - b h WO broad lapDi ks located
DHTN 9561 173 266 — 0018 0027 0650 e DOx carbon shows two broad overlapping peaks locate
DOX 9008 92 072 - 0102 0.008 12777 atabout 553 and 680K. The former peak is tentatively as-
DOXN 9426 135 439 - 0.014 0.047 0308 signed to carboxyl groups, whereas the latter to anhydrides,

DOxFe 54.48 3550 082 920 0.652 0.015 43293 |[actones or lactol§l?7]. The CO desorption profile of DOx
shows a very broad peak with the maximum at about 950 K
. .. and small badly resolved peaks at 550 and 680K, respec-
molecularly adsorbed oxygen in the form of superoxide . ) X !
. _ . . . tively. At this temperature nitrogen oxide also evolves owing
ions O, as well as nitrogen containing groups. In addi- » . )
) . co ; to the decomposition of surface nitro groups formed during
tion, carbon surfaces also contained basic sites which are . . ;

o : nitric acid treatmenf17,25]
thought to be oxygen-free Lewis sites located at regions .
rich in 1 electrons within the basal plangs]. For all the The performed TPAD measurements reveal that ammonia

' chemisorbed on the investigated carbdrig(2). The high-

investigated carbons the basicity increased with decreasingest amounts of ammonia was chemisorbed on the oxidized
O/C and O/N ratio Tables 2 and B

. carbon DOx and desorption was completed below about
The N 1s spectra reveal the presence of several different . . .
. ! ; . L 800 K. There are three overlapping peaks with maxima at
nitrogen species. The nitrogen functionalities in high temper- .
: Cs ca. 413, 560 and 693K, respectively. The latter two peaks
ature carbonsi(> 1000 K) are attributed to pyridinic nitro- appear at the same temperature as the peaks adile
gen located at the edges of graphene structures (N-6y BE PP b P 2

3985eV) and to nitrogen incorporated in these structures, a53|gr_1ed to carboxyh_c structures. This indicates tha_at part O_f
replacing a carbon atom and thereby becoming more c)Si_chem|sorbed ammonia exists in the form of ammonium car
ep 9 o . y ming P boxylates which is in good agreement with earlier IR exper-
tively charged resulting in a shift to higher binding energies . . : . -
(quaternary nitrogen, N-Q, BE 4015eV) [15,21-23] In iments concerning ammonia adsorption on oxidized carbons
quat Y gen, ' ; S . [25]. However, the presence of the most pronounced peak at
addition, due to the exposure to either air or nitric acid, the o - .
chars were oxidized and some pyridones (BB0Q5 eV) 413K reveals that the majority of ammonia is chemisorbed

- . > Y ; p ' on the carbon surface more weakly. Possibly, as in the case
pyridine N-oxides as well as nitrogen oxides or nitro struc- S . ) o
tures (BE~ 403—404 eV) were also present (N-Xpble 4 of acidic catalysts like zeolitd26], the most acidic groups

P act as primary adsorption centers on which other ammonia

[14,15,21-23] The more pronounced basic properties of .
) .molecules are associated through hydrogen bonds. In the
ammonia-treated carbons result from the presence of addi- .
case of annealed carbons, the amount of chemisorbed am-

tional basic groups like pyridinic structures at the edges of monia was considerably loweTdble 2, in good agreement
graphene structures (N-6)dbles 2 and ¥ It may be there- with lower acidity for DHT. However, similarly as for the

fore concluded that, for annealed carbons, the higher nitro- DOX sample, some ammonia is retained up to 800K
gen content (especially, in the pyridinic form (N-6)), the ' '
higher the basicity.

The TPD results showed considerable amounts of decom-
position products (e.g. CO, GOH,0O and NO) for DOx
carbon, whereas only traces of such products were recordec{iO
for samples annealed in vacuuiiid. 1). The treatment in
NH3 also led to a decrease of these products. According to
Jansen and van Bekkum the nitrogen functionalities are sta-
ble up to 1200 K[24].

3.2. Catalytic activity

The modified carbons promote selective catalytic reduc-
n (SCR) of NO with NH to nitrogen and water. Traces
of N2O were observed only at higher temperatures, for the
DHTN sample Fig. 4). The carbon sample annealed under
vacuum (DHT) showed the lowest SCR activibid. 3). The
formation of surface acidic oxides by nitric acid treatment
enhanced the catalytic activity only slightly (DOx). Similarly

gaist,)tlsbﬁtion of nitrogen functional groups of the modified carbons deter- as_ O_bserved before for carbon Cat"_ilymg'ZS] and Othe'_’

mined from deconvolution of XP N 1s specift5,18] acidic SCR catalysts, such as zeolites or molecular sieves

Carbon Functional group distibution (%) [30,31] the promotipp of the .DOx sample with Feions

enhanced SCR activity drastically, and the DOxFe sample

N-6 N-5 N-Q N-X became the most active catalysFig. 3). However,

DHT 25.6 35.1 25.2 14.1 this high activity is accompanied by some decrease in

DHTN 31.8 46.6 15.6 5.9 selectivity—NO appeared as a side produEig. 4). The

DOx 20.8 34.0 30.9 14.4 ammonia-treated carbons DHTN and DOxN demonstrated

DOXN 42.9 37.9 13.1 6.2 high selectivity and reasonable activity. The sample first

DOxFe 21.2 45.8 20.7 12.4

oxidized with nitric acid and then heated in an ammonia
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Fig. 2. TPAD spectra of the catalysts studied.

stream (DOXxN) showed activity and selectivity higher than sorption of ammonia and nitrogen oxide occurs on adjacent
DHT and DOXx. acidic and basic surface oxides resulting in the formation

A weak maximum in NO conversion was observed for of NH4" ions and NQ-like species, respectively. Then the
the oxidized sample (DOx) and its ion-exchanged form adsorbed species react to produce water and nitrogen. This
(DOxFe) at ca. 493K. The samples heated both in vac- mechanism is also supported by the latest results obtained
uum and ammonia exhibited at weak minimum at ca. by Teng et al[7,8]. They postulate that surface carboxylic
453 K. Such contradictory effects depending on differ- and/or phenolic groups play the role of catalytically active
ent modification were also reported by other researchersacidic sites while the basic sites are pyrone-like structures.
[1,4-6,9,10,14,27,28T he existence of the above mentioned  The observed maximum at 493 K in NO conversion for the
minimum was also reported earlier by other researchers foroxidized sample (DOx) and its ion-exchanged form (DOxFe)
various carbon§l,4-6,9,10,14,27—-29] (Fig. 3 as well as the lower catalytic activity of the DOx

It is currently assumed that the SCR reaction of nitrogen sample in catalytic tests performed in cooling mode rather
oxide with ammonia over carbon catalysts in the presence ofthan in rising temperature modgig. 5) can be explained by
oxygen occurs according to the mechanism which was first a partial decomposition of catalytically active surface oxides
proposed by Mochida et al12]. They concluded that ad-  during the reaction at higher temperatures. The temperature
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Fig. 3. Activity of the modified carbons in SCR of NO with ammonia.

of maximum catalytic activity corresponds to the maximum It must be observed, however, that catalytic activity of the
temperature of the first peak on the £€€volution curve and  oxidized sample (DOx) was only slightly higher than for
the second peak on theB evolution curve which are usu- the sample heated in vacuum (DHT), in spite of the high
ally assigned to decomposition of single carboxylic groups surface oxides concentration. This suggests that either some
or dehydration of two adjacent carboxylic groups, respec- catalytically active sites may be formed on the surface of the
tively [17]. This supports previous statements of Teng et al. DHT carbon during the reaction as a result of oxidation with
[7,8] that these groups are one of the active sites responsibleoxygen and/or the SCR reaction requires additionally the
for the catalytic activity of the oxidized carbon (DOx) and presence of other active sites which are probably responsible
explains the lowest catalytic activity of the sample annealed for NO oxidation to NQ-like species.

under vacuum (DHT) in which only traces of G evolved For all annealed carbons a correlation between the degree
gases during TPD experiments were obser¥ed. (1). of NO conversion and carbon basicity was observed in the
80
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— 60
E
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Fig. 4. NbO production of the studied catalysts.
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Fig. 5. NO conversion for the studied catalysts in SCR process carried out over a cycle of increasing (up)/decreasing (down) temperature.

whole studied temperature range. An increase in carbon ba-some acidic sites capable of strong chemisorption of am-
sicity enhances NO conversion. As stated above the highermonia Fig. 2). This can explain the lack of NO removal
the nitrogen content, especially in the pyridinic form (N-6), dependence on ammonia concentration, observed by Huang
the higher the basicityl@bles 2 and ¥ Similar effects of ni- et al. for other nitrogen-containing carbojigl]. Therefore
trogen content on carbon basicity and SCR activity were ob- it is reasonable to assume that NO removal over nitrogen-
served also by Huang and Teng for other nitrogen-containing containing carbons occurs in the same way as for other
carbongq14]. carbons. Thus, the higher SCR activity of the ammonia-

Pyridinic nitrogen due to its basic nature should have treated carbons can be explained by a more facile NO
affinity towards weakly acidic molecules like NO. The formation due to easier chemisorption of oxygen and NO.
presence of nitrogen in the carbon matrix was reported The presence of the minimum in NO conversion for the
to enhance adsorption of N@4,32,33] The increased annealed carbons (DHT, DHTN and DOxN) in the temper-
adsorption for higher nitrogen content may be associatedature range 413-493K is commonly ascribed to the exis-
with an electron transfer from the carbon surface to the tence of two different reduction mechanisms for low and
NO molecules[38]. Stéhr et al. found that the ammonia high temperature§l,4—6,8-10,14] Thus, at low tempera-
treatment of the carbon surface facilitated chemisorption of tures, carbons act as a concentrating medium for reactant
molecular oxygeri34]. According to them when nitrogen species (NO and N&J instead of being a true catalyst, and
atoms were substituted for carbon atoms within the grapheneas a consequence, the initial decrease in NO conversion
layers, the extra electrons tended to be delocalized andwith temperature is due to a decreased adsorption degree as
could be easily transferred to the adsorbed species formingtemperature increases. At higher temperatures, chemisorp-
reactive surface intermediates. This was also supported bytion of reactant species takes over physical adsorption
the results of quantum chemical calculation conducted by and carbon acts as a true catalyst in the SCR reaction
Strelko et al[35]. [1,4-6,8-10,14]In this sense, it is expected that nitrogen

The latest IR and TPD investigations of NO oxidation species incorporated in carbon matrix act as adsorption sites
on various carbon materials indicate that NO is oxidized at low temperatures<{473K) and as catalytic active sites
to NO,-like species by chemisorbed oxyg§l3,36] The at high temperatures (473-573 K). Previous studies showed
chemisorbed oxygen species can be ascribed to ion-radicathat the NH adsorption on carbon surface is an important
surface compound®5,36] or superoxo ions & [34]. step affecting the rate of catalytic reduction of {43-6,12]

It has been established for various carbon materials thatConsequently, the larger amount of NO adsorbed at low
the catalytic reduction of NO by N¢was controlled by two  temperatures due to higher basic sites concentration would
consecutive steps: the strong adsorption ofsNi active possibly retard the process of NHadsorption on active
sites, followed by the addition of NO or NOn the neigh- sites, leading to the decrease in NO reduction rate with NO
borhood of C(NH) complexeqd4,6-12] concentration at low temperatures.

The performed TPAD measurements indicate that even The more facile formation of N@can be also responsi-
ammonia-treated carbons have, beside basic sites, alsdle for the drastic increase of SCR activity of the oxidized
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sample after promotion with iron(lll) ions. According to
the literature data the improvement of the SCR activity for
Fe*t-containing zeolites and molecular sieves is related to
the formation of NQ by oxidation of NO on F&" sites

by O, [29-31,37] For such catalysts active forms of ad-
sorbed diatomic oxygen are present as superoxide igns O
or peroxo group$37—-39] The interaction of such species
with NO, results in NG formation[30-31,36] During the
SCR reaction, gaseous NHnolecules are adsorbed onto
the Brgnsted acid sites to form NH ions, and then the
formed molecules of N@react with adjacent Nk~ ions

to produce N and HO [30-31] NO oxidation to NQ is
probably the rate-determining step for SCR reaction on such
catalystd31]. The same shape of catalytic activity curve for
the DOxFe sample as well as for the DOx carbBigy(2), in
spite of very different activity, may support above suggestion

G.S. Szymaski et al./Catalysis Today 90 (2004) 51-59

effect of easier molecular oxygen activation on introduced
iron specie§29-31,37]

It is commonly assumed that porosity also plays an im-
portant role, especially at low reaction temperatures; thus
the controversy reported in the literatyBe-4,6,9,10]about
the role of nitrogen functionalities in the SCR reaction may
result from very different porous structures in the carbon
materials applied. Most probably, the overall activity behav-
ior of the carbon catalysts is comprised of a combination of
several factors like porosity, surface chemistry (e.g. oxygen
and nitrogen functionalities) and interaction of oxygen with
the carbon.
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