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Several metal-doped activated carbons (Fe, Co, Ni, V, Mn, Cu and Ce) were prepared and characterized.
The results of N, adsorption-desorption, X-ray diffraction, and X-ray photoelectron spectroscopy indi-
cated that some metals (Cu and Fe) were partly reduced by carbon during preparation. Activity tests for
the removal of SO, and the selective catalytic reduction of NO with ammonia were carried out. Due to
different physicochemical properties, different pathways for the SO, removal had been put out, i.e., cat-
alytic oxidation, direct reaction and adsorption. This classification depended on the standard reduction
potentials of metal redox pairs. Samples impregnated with V, Ce and Cu showed good activity for NO
reduction by NH3, which was also ascribed to the reduction potential values of metal redox pairs. Ce
seemed to be a promising alternative to V due to the higher activity in NO reduction and the nontoxic
property. A metal cation which could easily convert between the two valences seemed to be crucial to

the good performance of both SO, and NO removal, just like V and Cu.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Activated carbons are industrially applied in many processes
either as catalyst or as adsorbent. Among these processes, carbon-
based flue gas cleaning attracts worldwide interest. The first
technique for dry NO and SO, removal using activated carbons was
developed in the 1960s by Bergbau and commercialized by Mitsui-
Bergbau Forschung [1]. However, in this process carbons should
be applied at low space velocity because of their low activities for
NO and SO, removal. An enhancement of this activity is required
through a proper modification of the carbon characteristics and use
of additives [2]. The SO, removal activity enhancement for various
carbons by incorporated oxides of V [3-5], Fe [4,6,7], Co [4,5], Ni
[4,5], Mn [4,5] and Cu [8] has been reported. Meanwhile, NO reduc-
tion over carbon-based catalysts doped with oxides of V[9-11], Mn
[11-13], Fe [11,14,15], Cu[14,16] and Ni [11] has been studied and
promising results have been obtained.

Also, there have been attempts to relate the removal per-
formance to physicochemical characteristics of the metal-doped
carbons. As for SO, removal, Lopez proposed that copper oxides
had a catalytic effect toward the transformation of SO, into other
species [17]. Liu revealed that Fe,03 reacted with SO, resulting in
the formation of H,SO4 and Fe,(S04)3 [7]. Liu also suggested that
V,05 chemically absorbed SO, to form a VOSOy4-like intermediate
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[3]. Li and Henrich gave the evidence of associative SO, adsorption
on NiO by XPS [18]. When studying the connection between metal
oxides and NOx removal, there were similar opinions that metal
oxides drastically enhanced activities. As suggested by Bandosz,
cerium (III) can get oxidized by NO,, bind nitrogen as Ce(NO3)4
and then further oxidize the carbon surface [19].

However, it is difficult to compare results from different studies,
due to varying preparation procedures and testing conditions. So it
is necessary that all the carbons are doped with equivalent amount
of oxides by the same method and exposed to the reaction gas for
equal time as well as at the same temperature. It is thus possible
to compare the effect of metal oxides on the NO and SO, removal
activities over carbons.

The main objective of this work is to try to advance in the
understanding of physicochemical properties of the metal-doped
activated carbons and clarify the effect of different metal oxides on
the SO, and NO removal under the same conditions. Based on these
results, the promising metal will be selected for the removal of SO,
and NO.

2. Experiment
2.1. Carbon sample preparation

An activated carbon (AC) was obtained from Tangshan Huaneng
Technology Carbon Company, which was derived from the mix-
ture of coal and coconut shell. The active metals in this study were
Fe, Co, Ni, V, Mn, Cu and Ce. The deposition of the metal oxides
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Table 1
Elemental and proximate analyses of AC.

59

Material Elemental analysis [wt.%] Proximate analysis [wt.%]
C H 0? N S Moisture Ash Volatile Fixed carbon
AC 73.44 0.76 5.06 0.62 0.37 10.51 9.24 5.12 75.13
2 By difference.
Table 3

was achieved by impregnating the carbon with an aqueous metal
oxide precursor solution, denoted as incipient wetness impreg-
nation. Metal nitrate salts were preferably used as precursors to
make the different samples as equivalent as possible. However, in
the case of vanadium, ammonium metavanadate was dissolved in
oxalicacid. The concentrations of the precursor solutions were cho-
sen so that the impregnation could be preformed by adding equal
volume of solutions to 5 g AC. At last, 1.11 mmol/g AC of metals, cor-
responding to 3 wt.% Ce, were added to the carbon. Subsequently,
the water evaporated by heating the samples to about 50°C in a
vacuum drying oven for 24 h. The samples were then calcined at
800°C for 15 min in inert atmosphere, as suggested by Davini [4].
Finally, the samples were denoted as X-AC, where X indicated the
metal used and AC was the activated carbon (Table 1).

2.2. Activity tests of samples

SO, and NO removal tests were performed in an experimental
installation built for this purpose. Two different feed gas com-
positions were used, i.e., feedso, (SO +02 +Hy0+N3) and feedno
(NO+NH3 +0; +Ar), as presented in Table 2. In all runs, the flow
rate was maintained at 0.4L/min, and 1g sample (particle size,
30-60 mesh) was placed above a quartz wool layer in the mid-
dle of the reactor. In the SO, removal tests, feedso, gas mixtures
were passed for 2h through the reactor, which held the tem-
perature constant at 150°C. The amount of SO, retained by the
carbons was determined by the integration of the breakthrough
SO, curve [20]. After the adsorption step, the desorption step was
carried out. This involved inserting the reactor into an oven already
heated at 360 °C and flowing nitrogen (50 ml/min for 1 h). The des-
orbed gas flowed through the scrubbing bottle, which contained
250 ml hydrogen peroxide (5vol.%), after a procedure reported in
literature [6]. The sulfuric acid, obtained by the oxidation of the
desorbed SO,, was then detected by an ion chromatography (after
diluted).

In the NO removal tests, the samples were first exposed to feedno
gas mixtures at 100 °C until a stable concentration level of the outlet
gas was achieved. And then, the temperature was raised by 20°C
to the next temperature level until 200°C.

2.3. Characterization of samples

Nitrogen adsorption-desorption isotherms were measured on a
Quantachrome Autosorb-1-C at 77 K. Total surface area was deter-
mined using the Brunauer-Emmett-Teller (BET) equation. The
micropore width and micropore volume were calculated by apply-
ing the Dubinin-Radushkevich (DR) equation.

Proximate analysis of the as-received activated carbon was per-
formed according to GB/T 212-2001 standard for coal and ultimate
analysis was carried out in a LECO CHNS 932. Pertinent results are
shown in Table 1. In order to identify the mineral components in

Textural characterization of the samples.

Sample BET surface area DR micropore volume DR micropore width
(m?/g) (ml/g) (nm)
AC 702 0.36 1.0
Fe-AC 621 0.32 1.1
Co-AC 824 0.42 1.2
Ni-AC 802 0.41 1.1
V-AC 789 0.40 1.1
Mn-AC 708 0.36 1.1
Cu-AC 730 0.37 1.2
Ce-AC 607 0.31 1.1

the sample, the ash was analyzed by X-ray fluorescence (XRF) in a
Rigaku-ZSX100e.

Powder X-ray diffraction (XRD) patterns were collected with
X'Pert PRO diffractometer using Cu Ko radiation source. A continu-
ous mode was used to collect data from 10° to 90° of 26 at a scanning
speed of 10°/min.

X-ray photoelectron spectroscopy (XPS) was used to study the
chemical composition of the carbon surface. Photoelectron spectra
were recorded with a VG ESCALAB MARK Il electron spectrometer
equipped with an MgKa X-ray source (hv=1253.6eV) and a hemi-
spherical electron analyzer operating at a constant pass energy
(50eV). Accurate (£0.1 eV) binding energies were determined with
respect to the position of the Cls peak at 284.5eV. According to
the literature [21], the peaks were deconvoluted after subtraction
of the Shirley background by using a sum of Lorentzian/Gaussian
functions, fixing the width at half height equal to 2 eV.

3. Results and discussion
3.1. Textural characterization

The textural characterization of the samples is presented in
Table 3.1t can be seen that both the BET surface area and micropore
volume increased after the deposition of the metal oxides except
the samples Fe-AC and Ce-AC. The increase in porosity could be
attributed to the decomposition of the oxygen functional groups
during the calcinations under 800°C, such as carboxylic acids
(which decomposed at 140°C), lactones (decomposing between
200 and 600°C), carboxylic anhydrides (decomposing at 675 and
740°C), and carbonyls, ether and quinines (decomposing at 750°C)
[19]. Moreover, the reduction of metal species (see below) can also
produce an increase in porosity due to carbon gasification. How-
ever, the adsorption of metals on the external surface and the
aggregation of particles to form large crystals on heat treatment
may result in the significant decrease of micropores, especially in
the case of Fe-AC and Ce-AC [22,23]. The increase of micropore
width for all metal doped samples verified this deduction.

Table 2

Compositions of the feed gas.
Feed gas abbreviation [NO] (ppm) [SO,] (ppm) [NH3] (ppm) [02] (%) [H20] (%)
feedso, 450 1000 500 5 8
feedNo 65
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Table 4

Ash composition analysis of AC by XRF?.
Compound %
Na,0 3.61
MgO 7.86
Al 05 21.6
Si0, 339
Fe,03 10.8
SO3 6.36
Ca0 123
K;0 1.07
Others 2.5

2 Others: BaO, P,0s, TiO,, SrO, MnO.
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Fig. 1. X-ray diffraction patterns of different samples.

3.2. Bulk chemistry characterization by XRF and XRD

The ash composition of the as-received activated carbon
obtained by XRF is shown in Table 4. The main oxides present in the
ash were silica, alumina, iron oxides and calcium oxides, which cor-
responded to their main mineral phases (quartz, clays, pyrite and
gypsum) [24]. The ash also contained small percentages of alkali
and alkali-earth metal oxides, as well as titanium oxides.

Fig. 1 shows the XRD patterns of different samples. All of the
samples, with or without metal oxides in the matrix, exhibited
two broad bands around 26 =24° and 43°, corresponding to amor-
phous carbon structure [25,26]. Together with these bands, the
XRD diffraction peaks corresponding to SiO, (at 26=20.8°, 26.6°,

Table 6
Deconvolution of metal 2p core-level spectra before and after SO, removal.

Table 5
Monolayer dispersion capacity based on the model of close monolayer dispersion
(mmol/702.2 m? (surface area of 1g AC support)).

Fezog 11.44
CoO 1717
NiO 17.17
CeOy 8.59
V,05 6.87
MnO 17.17
CuO 17.17

36.5° 39.4°, 50.0° and 59.9°) also appeared. The above results are
in agreement with the XRF findings, which indicate that the SiO, is
the major mineral components in the samples, derived from the as-
received AC, as shown in Table 4. The mean particle size of SiO, was
about 57 nm. This particle size was calculated from Scherer’s equa-
tion applied to the half-height of the maximum intensity diffraction
peak [26]. For sample V-AC, a strong diffraction peak at 26=25.3°
was observed. Due to its high intensity and the narrow band width,
phase identified was V013, suggesting a poor dispersion of metal
oxide particles on the V-AC sample. The similar phenomenon was
also observed on the sample Ce-AC (peaks corresponding to CeO,
at 260 =28.5°,47.4° and 56.2°). However, the other samples impreg-
nated with different metals did not show any diffraction peak
corresponding to the metal oxide phase, implying that these phases
are well dispersed on the carbon matrix.

The possible reasons for the poor dispersion of V and Ce on the
activated carbon were as follows: First, for an oxide dispersed on a
support, there is a monolayer dispersion capacity. When its load-
ing is lower than the capacity, the oxide will be in a monolayer
state. While its loading exceeds the capacity, the surplus oxide will
remain as crystalline phase in the system together with its mono-
layer phase and may be detected by XRD. According to the literature
[27], the monolayer capacities were calculated for all metals used,
as shown in Table 5. 1.11 mmol/g AC of metal was added to the
carbon, below the values calculated. However, this method is an
approximate theory calculation, that is to say, the crystal may still
form even the actual loading is below the calculated monolayer
dispersion capacity. For the metals investigated, Ce and V had the
lower monolayer dispersion capacities. It may be the reason for the
poor dispersion of V and Ce on the activated carbon.

Moreover, as suggested by Baxter, vanadia species may have sig-
nificant mobility on TiO, or other oxide surfaces [28]. At relatively
high vanadia concentrations, it may become easier for the vana-
dia species to agglomerate. It indicates that the same phenomenon
may also occur on carbon surface.

Sample 2ps3p; binding energy (eV) Interpretation
Before reaction After SO, removal Before reaction Reference After SO, removal Reference
Fe-AC 708.4 710.6 FeO [29] Fe,05 [29]
709.6 712.4 FeO [29] FeSO4/Fes(S04)3 [33]
711.2 714.1 Fe,053 [29] FeSO4/Fe(S04)s [33]
Co-AC 7796 7814 Co0 [32] Co0/Co(OH), [31]
781.9 784.1 C00/Co(OH), [31] C0S04 [5]
787 787.4 C00/Co(OH), [31] C00/Co(OH), [31]
Ni-AC 855.3 856.7 Ni(OH)/NiO [33] NiO [33]
860.6 861.4 NiO [30] NiO [30]
V-AC 5173 517.1 V,05 [32,34] V,0s [32,34]
Mn-AC 641.5 642.7 MnO [33] MnSO,4 [33]
Cu-AC 931.8 934.6 Cu,0 [33] Cuo [33]
9334 936.9 Cu0o [32] CuSO4 [33]
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Table 7
Binding energy values (eV) of Ce 3d components, full-width at half maximum
(FWHM) values, and Ce3*/Cey,, atomic ratio before and after SO, removal.

Peak  Position(eV) FWHM (eV)  Ce3*/Cer?(at.%)
Before reaction  After SO, removal

\% 882.2 2.8 0.08 0.30

U 900.7 2.6

%4 888.6 6.4

u” 907.2 6.8

v 898.0 29

u” 916.15 2.9

\4 884.4 2.1

U 903.9 1.8

2 Ce3*[Ceyor = Ce3*[(Ce*t +Ce3*).

3.3. Surface chemistry characterization by XPS

XPS tests for the different carbons were carried out, recording
the N1s, C1s, metal 2p or 3d (Ce) core-level spectra. No significant
peak was found for the N1s spectra, indicated that all the nitrates
were totally decomposed during the preparation.

Results of the XPS studies of the metal core-level spectra are
shown in Fig. 2. The deconvolutions of metal core-level spectra are
compiled in Tables 6 and 7.

Fe 2p;;, spectrum comprised the peaks at 711.2eV (49%),
709.6eV (30%) and 708.4eV (21%). The binding energy (BE) value
of the first peak (711.2eV) was in the range of literature data
for Fe3* (710.8-711.8eV); the last two (709.6 and 708.4eV)
might be ascribed to a reduced chemical form of iron like Fe2*
(708.7-707.1eV) [29]. Thus, iron ions in the sample could be
reduced by carbon during the calcinations at 800 °C.

The XPS pattern of the Co 2p3), region was qualitatively very
similar to that reported elsewhere [30]. The first component of the
Co2p3, regionat 781.9 eV and a typical satellite feature detected at
around 787 eV (785.2 eV) suggested a Co(II) oxide/hydroxide com-
position [31]. The second component at 779.6 eV could be due to
CoO, reported to have BE values between 779.5 and 780eV [32].

The Ni 2ps3), region had two components at 855.3 and 860.6 V.
The first component at 855.3 eV could be due to either Ni(OH),,
which had a BE between 855.3 and 856.6 eV, or NiO, with a BE in
the range of 853.5-857.2 eV [33]. The other component at higher
BE corresponded to a satellite of the main peak characteristic of a
Ni(II)-0 bond [30].

The Cu 2psj, region was composed of two components at
933.4eV (30%) and 931.8 eV (70%). The BE of Cu 2ps3), in copper(ll)
oxide was 933.6 eV [32]. Therefore, in our case the component peak
at 933.4 eV was more likely due to copper oxide. The second com-
ponentat931.8 eV could correspond to the Cu, 0, BE value 0f 932 eV
[33], due to the reduction of copper(Il) precursor by carbon, as in
the case of the Fe3* ions. The same phenomenon was also observed
by Pasel et al. [14].

The Mn 2p3, region consisted of one peak at 641.5eV, which
compared to 640.4-642.5 eV for MnO [33], verified Mn(NO3 ), was
totally decomposed.

The binding energy of V 2p3; was 517.3 eV, indicating that vana-
dium is in oxidation state +5 in the sample [32,34]. The oxidation
of precursor could be considered to be caused by the addition of
oxalic acid, which served as oxidant during the sample prepara-
tion. However, due to the absence of the oxidant, other metals kept
the initial state or even were reduced by carbon, like Fe and Cu.

The oxidation states of surface cerium species on sample Ce-
AC was characterized by XPS analysis. The Ce 3d XPS spectra of Ce
(IV) could be resolved into six features. If some Ce (III) species were
present, then two more peaks and the corresponding satellites were
added [35]. The curve was fitted with eight peaks, corresponding
to four pairs of spin-orbit doublets, following the procedure devel-

T T T T T T T
706 708 710 712 714 716 776 780 784 788 792
Binding energy(eV) Binding energy(eV)

T T T T T T
868 928 930 932 934 936 938
Binding energy(eV)

T T T T T
848 852 856 860 864
Binding energy(eV)

T T T T T
870 880 890 900 910 920

Binding energy(eV)

Fig. 2. Curve-fitted metal 2ps; or 3d (Ce) core-level spectra for the different metal-
doped activated carbons. Fe-AC (a), Co-AC (b), Ni-AC (c), Cu-AC (d), and Ce-AC (e)
(1. before reaction; 2. after SO, removal tests).

oped by Larachi etal.[36]. Therelative percentage of the two cerium
species was obtained by the intensity of the Ce 3ds;, components
relative to Ce** (V, V”, V") and to Ce3* (V') [37]. The experimental
and fitted Ce 3d spectra of sample Ce-AC are shown in Table 7 and
Fig. 2. The major amounts of Ce(IV) suggested that the Ce(NO3)3
precursor decomposed into CeO, in inert atmosphere. However,
the minor amounts of Ce(Ill) might be due to the transfer of elec-
trons from the activated carbon basal planes to the metal oxide,
according to the literature [38].

3.4. SO, removal tests

The SO, removal characteristics of the samples were tested
using feed gas mixture feedso, (containing SO, O, and H0) in the
fixed bed reactor. The results are summarized in Fig. 3. Of the met-
als studied, vanadium seemed to be the one which most favors SO,
sorption onto the carbon matrix, up to 65 mg/g, while less marked
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Fig. 3. SO, adsorption on metal-doped activated carbons from feedso, gas mixtures
versus the adsorption time.

SO, sorption were detectable on carbons doped with other met-
als. Meanwhile, samples Fe-AC, Co-AC and Ni-AC exactly showed
the similar adsorption characteristics due to their similar chemistry
performance. The SO, capacity results showed an increase accord-
ing to the sequence Ni-AC < Co-AC < Fe-AC. Raymundo-Pifiero et al.
suggested that micropores not only act as adsorption sites and
contain the active sites for SO, oxidation, but also the adsorption
potential in micropores may favour the oxidation reaction [39].
However, the surface area and micropore volume had an order
of Fe-AC <Ni-AC < Co-AC. This indicates that the textural property
has insignificant effect on the adsorption capacity of adsorbent.
This point was confirmed by the investigation results of Davini
[40], Carrascomarin et al. [41], Lizzio et al. [42], and Lee et al.
[23].

Fig. 4 presents S 2p spectra taken from samples after its interac-
tion with sulfur dioxide. To analyze these spectra in more detail
and to apply literature data for comparison, we deconvoluted
the S 2p lines into two components. Each S 2p peak consists of
a doublet (denoted 3/2 and 1/2 for electron spin) in a ratio of
2:1 with a separation of 1.2eV. The most intense S 2p3, signals
appeared in a range of 168.5-169 eV for all samples, which were
characteristics of sulfate types (+6) [33]. Moreover, the general
trend of increasing binding energy was observed after the metal
impregnation, indicating an increase in the oxidation state of sul-
fur according to Urban et al. [43]. This phenomenon suggests the
enhancement of SO, removal by metal is due to the oxidation of
SO,.

The chemical state of metal was also investigated after the SO,
removal, as shown in Fig. 2, Tables 6 and 7. The Fe 2ps , line was also
divided into three peaks. The first peak, characteristic of the Fe(III)
oxidation state, was located at 710.6 eV (48%). The other two peaks,
characteristics of ferric sulfate or ferrous sulfate, were located at
712.4eV (34%) and 714.1eV (18%) [33].

The two components of Co 2p3, region (781.4 and 787.4eV)
were similar with the unreacted counterparts, while a peak at
784.1 eV was higher than the counterpart at 779.6 eV. This may
lead to a conclusion that active material is present as CoSQOy, as
suggested by Klinik and Grzybek [5].

A small change was registered for Ni 2ps, spectrum. Two peaks,
located at 856.7 and 861.4 eV, were due to NiO and a satellite of the
main peak, respectively, indicating no or only negligible reaction
takes place over metal surface.

The binding energy of V 2p3;, peak was 517.1eV. A lower
binding energy indicates an increase reduction state of V. The

Intensity(a.u.)

T T T T
168 170 172
Binding energy(eV)

T
166
Fig. 4. The S 2p photoemission spectra recorded after the SO, removal tests.

change state of transition metal could play an important role in
SO, removal.

For the reacted sample Mn-AC, a peak at 642.7 eV for the Mn
2p3), region was observed, which was the characteristic of MnSO4
[33].

The Cu 2p3y; line of reacted sample was also divided into two
peaks. The binding energy value of the first peak (934.6eV) was
close to the literature data for CuO (932.7-934.2 eV), and the other
(936.9eV) might be ascribed to CuSO4 (934.9-936eV) [33]. The
oxidation of metal was due to the SO, removal. As suggested by
Bandosz, copper has the high propensity to form sulfates in the
presence of oxygen [22].

For reacted Ce-AC, a significant increase of Ce3*/Ceyr was
observed, indicating that part of Ce was reduced during the reac-
tion. The electrons may come from the oxidized activated carbon.

80 1.5
I adsorption®

[_ldesorption” T

0.9

0.6

amount of SO,(mg/g C)

0.3

Ratio of desorption to adsorption SO,

0.0

AC V-AC Cu-AC Mn-AC Ce-AC Fe-AC Co-AC Ni-AC

Fig. 5. Comparison between the recovered SO, and retained SO, after regeneration
by thermal treatment under inert atmosphere. The higher amount of recovered SO,
compared to retained SO, is due to the difference of detection methods. (a) Detected
by a gas analyser and (b) detected by an ion chromatography.
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Fig. 6. Scheme showing proposed pathways for the oxidation of SO, onto metal-doped carbon in the presence of oxygen and water vapor: (A) catalyzed oxidation by carbon
matrix; (B) catalyzed oxidation by metal oxide; (C) direct reaction with H,0 and SOs.

In order to check the SO, recovery from the saturated samples, recovered from the saturated AC during regeneration at 360°C. In
a comparison between the amount of the retained SO, and those contrast, samples Co-AC, Ce-AC, Mn-AC and Cu-AC had lower ratio
recovered during regeneration of different samplesis given in Fig. 5. of recovered SO, to retained SO,, which were below 50%. These
It can be observed that the retained SO, was completely recov- facts indicate that due to the different chemical properties of metal

ered for the samples Fe-AC, Ni-AC and V-AC. About 80% SO, was oxides, the retained SO, converts into a variety of sulfur-containing
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Table 8

Standard reduction potentials [46].
Redox couple Half-reaction E(V)
0,/0, HO, +H* +e < H,0; 1.495
50427 /SO, S04%~ +4H +2e <> H,S03 +H,0 0.172
NO/N; 2NO +4H" 4e <+ N, 2H,0 1.678
N, /NH3 N, +6H* 6e <> 2NHj3 0.057
Fe3* [Fe?* Fe3* +e « Fe?* 0.777
Co?*/Co Co?* +2e «Co -0.28
Ni%* /Ni Ni%* +2e < Ni -0.257
Ce**[Ce3* Ce** +e« Ce3* 1.61
Vo VA V,05 +6H" +2e < 2V0?* +3H,0 0.958
Mn?*/Mn Mn2* +2e <> Mn -1.185
Cu?*/Cu Cu?* +2e « Cu 0.3419

complexes, a part of which are hardly recovered in the form of SO,
at 360°Cin an inert atmosphere.

Zawadzki [44] pointed out that the superoxide ions played an
important role in the catalytic oxidation of aqueous sulfur dioxide
solution by O,. Based on his theory, possible pathways for the oxi-
dation of SO, onto metal-doped carbons in the presence of oxygen
and water vapor had been put out, as shown in Fig. 6.

The occurrence of the pathway (B) depended on the potential
differences between the metal redox couple and 0,/O,~ couple
as well as S0427/S0O,. According to the results of XPS, the metal
redox couples were identified and their reduction potentials are
listed in Table 8. For sample V-AC, since Liu [3] suggested that V,05
chemically absorbed SO, to form a VOSO4-like intermediate, the
redox pair (V>*/V4") was thought to be present in the reaction. For
sample Cu-AC, although the presence of Cu,0 was confirmed by
XPS results, Cu, O was easily oxidized to CuO in the presence of O,
or NO [45]. The redox pair (Cu?*/Cu) was identified.

Based on Table 8, the different pathways of metal-doped car-
bons were clarified. The reduction potential of O, to O, is 1.495V,
indicating that the reduction of O, is a feasible reaction over all
the metals except Ce. However, the oxidation of SO, takes places
only over the V, Fe, Cu and Ce, since the potential of SO42~ to SO,
is 0.172 V. As a result, for sample V-AC, Fe-AC and Cu-AC, the path-
way (B) seemed to be prevalent. For other samples except Ni-AC, the
enhancement of SO, removal property might be due to the pathway
(C). However, a part of copper oxides was involved in the pathway
(C), resulting in a low ratio of recovered SO, to retained SO,, as
shown in Fig. 5. It was interesting to find that the retained SO, was
completely recovered for Ni-AC, although Ni might not be involved
in the catalytic oxidation of SO,. Li and Henrich gave the evidence
of the adsorption of SO, on NiO by XPS, and the species was pre-

sumably associative SO, [18]. This gave areasonable interpretation,
i.e., the presence of NiO on the surface of carbon only enhanced the
adsorption of SO;. So the pathway (A) might be the main route over
the surface of sample Ni-AC.

3.5. NO removal tests

The selective catalytic reduction (SCR) of NO was tested using
feed gas mixture feedyo (containing NO, NH3 and O,) in the reac-
tor. The results are summarized in Fig. 7, where the NO conversion
is plotted as one bar for each sample at each temperature level.
At higher temperatures sample Cu-AC showed considerably higher
activity compared to the other samples. However, at the lowest
temperature, the V-AC showed the highest activity. The activity
of Ce-AC remained high in the whole temperature range investi-
gated by this study. It was interesting to find that the activity of
samples AC, Fe-AC and Ni-AC varied according to the same trend.
Meanwhile, samples containing Co and Mn showed negative NO
reduction.

NO conversion [%]

Fig. 7. NO conversion for the samples with feedno gas mixtures. Negative values are
not presented.

To ascertain the effect of doped metals in the activity, the kinetic
rate constants per metal weight (k;;) were calculated. For oxygen
partial pressures over 1atm%, the SCR reaction can be considered
to be approximately first order with respect to NO and zero order
with respect to NHs. Under these conditions the apparent rate
constant (k) and the NO conversion (X) are related as follows
[47],(1)km = —[NOF% In(1 — X),where Fy is the molar NO feed rate

(mol/s), [NO]g is the molar NO concentration at the inlet (mol/cm?3),
and W is the weight of metal loaded. To eliminate the effect of
carbon, the NO conversion was corrected for the support (by the
subtraction of the conversion of AC from the corresponding values
for the impregnated samples), and negative values are not involved.

Fig. 8 shows the Arrhenius plot, i.e., In k;; vs. 1/T. From the curves
of samples Ce-AC, V-AC and Cu-AC, the apparent activation ener-
gies (Eq) and pre-exponential factors (kg) were calculated. These
are reported in Table 9. The lower activation energy of sample V-
AC coincided with the higher activity at lower temperatures, while
sample Cu-AC with higher activation energy showed the activity
at higher temperatures, as can be seen in Fig. 7. As for samples
Fe-AC and Ni-AC, the increase of temperature led to a decrease of
the kinetic rate constant, and negative activation energies were
obtained. This indicates that the process of NO adsorption rather

~F 27
£
—a— Fe-AC
04 —o— Ni-AC
—A— Ce-AC
—v— V-AC
Cu-AC
-2 T T T T T T T T T T T T T
0.0021 0.0022 0.0023 0.0024 0.0025 0.0026 0.0027

1/Temperature[K]

Fig. 8. Arrhenius plot (In kp, vs. 1/T) for the samples.
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Table 9
Parameters of Arrhenius equation.
Sample
Ce-AC V-AC Cu-AC
Eq (kJmol-1) 14.73 3.84 68.20
ko (ces™1g1) 2.175x 103 1.512 x 10? 6.166 x 10°

than the catalytic one takes place on the surface of metal oxides in
the temperature range of the experiments. This proposal was con-
firmed by Davini. He prepared the activated carbons impregnated
with certainiron derivatives, and found these carbons showed good
NO sorbent characteristic [6]. This finding could be used to account
for the reason why the increase of temperature led to the decrease
of NO conversion with respect to samples Fe-AC and Ni-AC, as well
as AC, as shown in Fig. 7.

Based on these findings, the effect of metal on the NO removal
could also be divided into three ways. First, metal catalyzed reduc-
tion of NO. The reduction potential of NO to N5 is 1.678 V and N, to
NHs is 0.057 V. Whether the catalytic reduction of NO is a feasible
reaction over metal depends on the potential values of metal redox
pairs. Their values should range from 0.057 to 1.678 V. Accordingly,
Fe, Ce,V and Cu are candidates, as shown in Table 8. However, Fe-AC
showed negative activation energy, and a higher reaction tempera-
ture might be needed. So the effect of Ce, V and Cu could be ascribed
to catalytic reduction. Second, metal enhanced the adsorption of
NO onto the carbon matrix. The effect of Ni-AC and Fe-AC could
be ascribed to this type. As found in literature [11], NO chemisorp-
tion on the Ni-based catalyst led to the formation of highly stable
NO complexes. With the increase of temperature, the effect would
be lessened. Last, metal showed negative effect, like Mn and Co,
due to the formation of NO from the NH3 oxidation reaction, which
competed with the SCR reaction. The same phenomena were also
observed by Wallin et al. [48] and Marban et al. [12], respectively. In
more detail, Marban concluded that MnO was a non-reactive oxide
for the SCR reaction. Since Mn was present on the carbon surface
in the form of MnO, as shown in the XPS results, the negative effect
was not surprising.

In order to further investigate the specific activities of carbons
impregnated with different metal oxides, the turnover frequencies
were calculated assuming a first-order reaction rate [Eq. (2)] [47].
The turnover is defined as the number of moles of NO converted
per mole of metal atom per minute.

F
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Fig. 9. TOF values of the samples versus the reaction temperatures.

where Fy is the molar NO feed rate (mol/min), M is the moles of
metals, and X is the conversion. The TOF values in the temperature
range of the experiments are displayed in Fig. 9. It can be observed
that the results coincide with the data of Figs. 7 and 8. Compared
with V-AC, abetter NO removal activity of Ce-AC in the temperature
range of 100-200 °C was found. Since the vanadia catalyst is toxic,
the Ce-containing catalyst seems to be a promising alternative.

4. Conclusion

Several metal oxides supported on an activated carbon
using incipient wetness impregnation method were prepared.
The impregnation of metal precursors followed by calcinations
increased the specific surface as well as micropore volume for most
of samples except Fe-AC and Ce-AC. XRD results showed that most
metal oxides were well dispersed on the carbon matrix except V
and Ce, due to particle aggregation upon heat treatment. XPS exper-
iments were conducted to investigate the chemical state of metal
on the carbon surface. Results showed that some metals (Cu and
Fe) were partly reduced by carbon during preparation.

Based on different physicochemical properties, metal involved
pathways for the SO, removal had been put out, i.e., catalytic oxida-
tion, direct reaction and adsorption. This classification depended on
the standard reduction potential values of metal redox pairs, which
were identified by XPS results. The SO, removal tests revealed that
the catalytic oxidation effect of the metal was crucial for SO, elimi-
nation. Of the metal oxides tested, V, Fe and Cu containing samples
showed the better SO, removal performance due to their catalytic
properties.

The SCR activity of the samples was tested using feed gas mix-
ture feedno (containing NO, NH3 and O,) in the same reactor.
Samples impregnated with V, Ce and Cu showed good activity for
NOreduction by NH3, whereas the deposition of Fe and Ni enhanced
the adsorption of NO rather than reduction ability. Samples con-
taining Co and Mn showed negative effect of NO removal. The
different performances were also ascribed to the standard reduc-
tion potential values of metal redox pairs. A metal cation which
could easily convert between the two valences seemed to be crucial
to the good performance of SO, and NO removal, just like V and Cu.
Of the metals investigated, Ce seemed to be a promising alternative
to V due to the higher activity and the nontoxic property.
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