Available online at www.sciencedirect.com

SCIENCE@DIRECT@ JOURNAL OF
CATALYSIS

B G
ELSEVIER Journal of Catalysis 224 (2004) 36—41
www.elsevier.com/locate/jcat

Simultaneous removal of S@nd NQ, from flue gas using a CuO/AD3
catalyst sorbent
|. Deactivation of SCR activity by Sgat low temperatures

Guoyong Xie, Zhenyu Liu,Zhenping Zhu, Qingya Liu, Jun Ge, and Zhanggeng Huang

State Key Laboratory of Coal Conversion, Institute of Coal Chemistrinedle Academy of Sciences, Taig, Shanxi 030001, People’s Republic of iéhi
Received 30 October 2003; revised 30 January 2004; accepted 10 February 2004

Abstract

Deactivating effect of S@on selective catalytic reduction of NO by NHver a CuO/AyO3 catalyst sorbent was examined in a fixed-
bed reactor. Transient experiment, DRIFT, elemental analysis, temperature-programmed techniques, and physical adsorption were used
evaluate the deactivation mechanism. Results show thag&satly deactivates SCR activity of CuOA&)3 catalyst sorbent at temperatures
of 200—-300°C, and the deactivation is dependent on reaction temperature. The deactivating agents are ammonium sulfate salt and coppée
sulfate, formed during the reaction of NO—kHD>,—H>O in the presence of SOAmmonium sulfate salt reduces the SCR reaction through
pore filling and/omplugging, but can be removed beat treatment at around 490. Copper sulfate deactivates the SCR either by pore filling
and/or plugging or by its low SCR activity compared to CuO at low temperatures. Copper sulfate decomposes at temperatures greater tha
660°C but can be converted back to CuO in jlat about 400C.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction below 300°C. However, few studies have been made on the
detailed mechanism of this dual $@ffect.
Elimination of SQ and NQ. emitted from stationary The deactivation effect of SOon NO, removal was

sources is important. Various processes have been developediso found for other SCR catalysts such g®¥/TiO> [9],
for the purpose [1]. Among them, CuO/D3 catalyst sor- MnO,/Al203 [10], V20s/Al203 [11], CuO/AC [12], VLOs/
bents have received much attention due to its capability of AC [13,14], and CuHM [15]. Clearly, surface property
simultaneous removal of SGand NQ. from flue gases be-  change of the support and/or chemical transformation of
cause (i) they readily adsorb $@ the presence of Hto active sites are important in the determination of N@-
form CuSQ in a wide range of temperatures [2,3], (i) they moval activity at different temperatures. In the case of
are relatively easy to be regenerated under reducing condi-v,0s/Al,03 [11], formation of aluminum sulfate during
tions [4,5], and (iii) copper compounds (CuO and CupO  SCR reaction in the presence of S&duces surface area
are active for selective catalytic reduction (SCR) of NO of the catalyst sorbents, which results in severe deactiva-
N2 with NH3 as a reducing agent [6,7]. tion of SCR activity. Ammonium (bi)sulfate was also found
Research works in the literature on sulfation, regenera- tg form and accumulate on the surface ofO4/TiO, [9],
tion, and effect of S@on NO, removal of CuO/A$Os cat- V-0s5/AC [13,14], and CuHM [15] at temperatures below
alyst sorbents showed that $@as very different effects on  2gp°c and strongly deactivate SCR activity due to pore
NO, removal in different temperature ranges [6-8]. Specif- fijlling and/or plugging. Additnally, it was reported that
ically, it promotes SCR activity in the temperature range of chemical transfanation of MnO to MnSQ was the main
350-450C, but reduces the SCR activity at temperatures yeason for deactivation of SCR over M@0 [10].
The purpose of this work is to systematically study the
* Corresponding author. Fax: +86-351-4050320. deactivation of a CuO/AlO3 catalyst sorbent by S{at the
E-mail addresszyl@public.ty.sx.cn (Z. Liu). temperature range of 200—300 and to evaluate the deacti-
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vation mechanism. Transient expeent, diffuse reflectance
infrared Fourier transform (DRIFT), XRD, elemental analy-
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2.3. Characterization of the catalyst sorbent

sis, temperature-programmed techniques, and physical ad2,3.1. Diffuse reflectance infrared Fourier transform

sorption are used. With the deaettion mechanism gained,
the relevant regenerativeeitments of the deactivated cata-
lyst sorbent are discussed.

2. Experimental
2.1. Preparation of CuO/AD3

The CuO/AbOs catalyst sorbent was prepared by pore
volume impregnation of purg-Al 03 pellets (30—40 mesh,
BET surface area of 18551, Fushun Petrochemical Co.)
with an aqueous solution of copper(ll) nitrate. After drying
at 50°C for 8 h and 120C for 5 h, the pellets were cal-
cined at 400C for 8 h in a muffle furnace. The calcined
catalyst sorbent contains 8.0 wt% of Cu, which is confirmed
by ICP analysis and is termed Cu8 in the text. The Cu8 cat-
alyst sorbent shows a BET surface area of 14%@n and
no crystalline materials in XB except the alumina support.

(DRIFT) analysis

DRIFT spectra were collected using an infrared spec-
trometer (Equinox55, Bruker, Germany), equipped with KBr
optics and a MCT D316 detector which works at the liquid-
nitrogen temperature (77 K). Ex situ treated samples were
ground into powder and placed inside a diffuse reflectance
cell without packing or dilution. All spectra were obtained
by accumulating 100 scans at a resolution of 4¢m

2.3.2. Surface area and pore structure analysis

The textural properties of the catalyst sorbent were mea-
sured through nitrogen adsorption at the liquid-nitrogen tem-
perature (77 K) (ASAP2000, Miomeritics, USA). Before
the measurements, the sample was degassed &C1&0
12 h. The total surface area was evaluated by the BET
method.

2.3.3. Elemental analysis
Sulfur, nitrogen, and hydrogen analyses of the catalyst

Two sulfated Cu8 catalyst sorbents were also prepared. Onesorbents were conducted on a Vario EL from Elementar

was saturated in a stream containing 1600 ppmp, 8Q0l%
H»0, 5.5 vol% @, and balance Ar at 25C and termed

Analysensysteme GmbH Germany.

Cu8(250S); another one was saturated in a stream contain2.3.4. Temperature-programmed decomposition (TPDC)

ing 620 ppm NO, 620 ppm N 1600 ppm SQ, 3 vol%
H»0, 5.5 vol% Q, and balance Ar at 250 and termed
Cu8(250SN). Cu8(250S) repreds a composition after SO
removal and Cu8(250SN) after simultaneous%0d NO
removal.

2.2. Activity measurements

Effect of SGQ on SCR activity of the catalyst sorbents
was studied in a fixed-bed quartz reactor (16 mm i.d.). The
catalyst sorbent was placéeétween two quartz wool plugs
held in the reactor, which was heated by a vertical electri-

TPDC was carried out in Ar on a thermogravimetric an-
alyzer (TGA92 thermoanalyzer, SETARAM, France) with a
continuous analysis of product stream by an on-line mass-
guadrupole detector (@miStar 200, Blazers).

2.3.5. Temperature-programmed reduction (TPR)

The redox property of the fresh and sulfated Cu8 was
studied by H-TPR on the same thermogravimetric analyzer
equipped with the same mass-quadrupole detector. In the ex-
periment, 30 mg of samelwas pretreated at 40C in a
flow of Ar for 1 h to remove adsorbed species. After the
sample was cooled down to room temperature in Ar, TPR

cal furnace. A thermocouple was inserted inside the reactorwas carried out up to 80 in a flow of 5 vol% H/Ar

for actual temperature maagment. A simulated flue gas
(620 ppm NO, 620 ppm N§J 3 vol% H,0, 5.5 vol% Q, and
balance Ar) flowed through theactor. The catalyst sorbent
in the reactor was preheated in Ar (460 ml mthat 400°C

for 1 h and then was cooled down to a lower temperature be-

tween 200 to 300C. The feed of the reactor was switched to
the simulated flue gas for actiy measurement. The catalyst

(40 mimin~1) at a rate of 10C min—. The weight change

of the sample with time was recorded on a personal com-
puter. The hydrogen consumption was monitored on-line by
the mass-quadrupole detector.

3. Resultsand discussion

sorbents were kept at the temperature until a stable NO con-

version region was reached. Subsequently, 1600 ppm SO

3.1. Effect of S@on SCR activity

was added to the feed to replace the same volume of Ar and

hence to maintain the initial concentrations of NO, \ Eind

O2. The concentrations of NO, NQSQO,, and Q at the in-

let and outlet of the reactor were simultaneously monitored
online by a flue gas analyzer (KM9006 Quintox, Kane in-
ternational Limited) equipped with NO, NOSQ,, and G
Sensors.

Fig. 1 shows the effect of S0on the SCR activity (ex-
pressed as a fraction of NO conversion at steady state) of
Cu8 at temperatures of 200-30D and a space velocity
(GHSV) of 14000 Lkgth=1. In the absence or presence
of SO, the catalytic activity increases monotonously with
increasing temperature. NO conversions in the presence of
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Fig. 1. Effects of SQ on the SCR activity of Cu8 catalyst sorbent as
a function of temperature. Reaction conditions: 620 ppm NO, 620 ppm
NH3, 1600 ppm S@ (when used), 4.3 vol% & 3 vol% HO, GHSV of
14000 Lkg 1 h—1.

SO, are much lower than those in the absence of 80
cept at 300C. This indicates that SfOgreatly deactivates
the SCR activity of the CuO/ADs catalyst sorbent at tem-
peratures below 30TC.

To investigate the dedeation mechanism by Son
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level of 52%. When S@is cut off from the feedstream (sec-
tion c), NO conversion resers little, suggeing that the
deactivation is irreversiblenlsection d, all of the reactants,
such as NO, NH, and @, are removed from the feedstream,
leaving only Ar to purge the catalyst sorbent surface. After
30 min, temperature-programmed desorption (TPD) is per-
formed from 250 to 500C at a heating rate of 8C min—1

in an Ar stream of 460 mImint. During the TPD, a large
amount of SQ is released starting at about 330 and peak-

ing at 415°C. After the TPD, the catalyst sorbent is cooled
to the reaction temperature of 250, and NO, NH, and

Oy are resumed in the feed (section €) at the same flow rate
as that in section a. During thprocess, the catalytic activ-
ity recovers as indicated by the increase in NO conversion
from 52% to 72%. However, the steady-state NO conver-
sion of 72% is much lower than that in section a, 92%.
In section f, the catalyst sorbent goes through a reductive
treatment with 5% NRB/Ar at 400°C for 1 h and then the
conditions of section e are repeated in section g. The NO
conversion of the NgHreated catalyst sorbent recovers to
that of the fresh sample, showing that the deactivation can
be completely removed by the reduction process withsNH
These experimental results clearly indicate thap SQnif-
icantly deactivates the CuO/AD3 catalyst sorbent for the
reaction of NO-NH-0O,—H,0 at 25C°C and that the deac-
tivation may result from the changes in catalyst form and/or
structure other than from the gas-phase Sthmparisons of

the SCR activity, a transient experiment, consisting of seven NO conversions in sections a, ¢, e, and g show that there are
consecutive parts, as shown in Fig. 2, was carried out. At the at least two kinds of sulfur compounds formed during the re-

first stage (section a), at 283G, NO conversionis about 92%
under the employed conditions. Upon admission of 81

the feedstream (section b), Nénversion decreases with
time on stream. When SQopen symbols) breakthrough be-

action of NO—-NH—-0O,—H20 in the presence of SQwhich
deactivates the catalyst sortteOne is thermally decompos-
able at around 400C, and another one is thermally stable
up to 500°C but removable by Nglat 400°C. However,

gins at about 270 min, NO conversion decreases to a stableone may also propose that there is only one sulfur compound
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Fig. 2. Effect of S@ on SCR activity of Cu8 catalyst sorbent. (a) NO-pHD,—H,0 reaction at 250C; (b) with 1600 ppm Sg; (c) without SG in
the feed; (d) Ar purge and then TPD from 250 to 8@) (e) cooling from 500 to 250C and then NO-NB-O,—H>0 reaction; (f) 1 h at 400C in 5%
NH3/Ar; (g) NO-NH3—O,—H,O reaction at 250C. The initial reaction conditions: 620 ppm NO, 620 ppm §\HK.3 vol% &, 3 vol% HyO, GHSV of

14000 Lkg 1 h1,
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104 Table 1
] Elemental analysis results of Cu8 catalyst sorbent after different treatments
~ 8 Sample S (wt%) N (Wt%) H (wt%)
=
G Cu8(250S) 52 0 Q98
2 6l Cu8(250SN) 1 101 117
=
=
2 4] 8 D
£ 1 [2B-11
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Fig. 3. DRIFT spectra of Cu8, Cu8(250S), and Cu8(250SN). é -
}15) .
. . =] Cu8(250SN)
formed in the presence of $SOwvhich undergoes a two-stage T
decomposition, one occurs thermally at 200 and another ] ' ' ' A
one occurs at 400C in NH3. But the results presented below
show that this is not the case for the catalyst sorbent studied g
here 1 Cu8(2508)
o 200 400 600 800 1000
3.2. Catalyst-sorbent characterization N
Temperature ( C)
3.2.1. DRIFT analysis Fig. 4. TPDC patterns of (A) Cu8(250S), (B) Cu8(250SN), (C) 4SO/

It is important to identify the actual form of the deactivat- Cu8, and (D) NHHSO,/Cus8. Conditions: Ar of 50 ml mint, heating rate
ing agents on the catalyst sorbent to understand the mechof 10°Cmin~*.
anism of SCR deactivation by $SOFig. 3 shows DRIFT
analyses of the catalysbrbent deactivated at 23C in si- 3.2.2. Temperature-programmed decomposition (TPDC)
multaneous S@and NO removal (Cu8(250SN)) and in 80O The TPDC curve of the deactivated catalyst sorbent
removal (Cu8(250S)), as well as the catalyst sorbent itself (Cu8(250SN)) is shown in Fig. 4B. Two major $@lease
(Cu8). Due to the strong absorption of skeletal vibrations of peaks are observed in the temperature ranges of 390-500
the alumina support in frequencies below 1000 ¢pspec- and 660-810C, which can be attributed to the decomposi-
tra in the range of 1000-4000 cthis only shown in the tion of sulfate species formed during the SCR reaction in the
figure. Cu8(250S) exhibits a band at 1188 ¢mwhich may presence of S@ A review of the decomposition tempera-
be attributed to the vibration of surface sulfate. The litera- tures of possible sulfate compounds formed in the catalytic
ture [16] indicates that S{3~ ion shows two infrared peaks  system shows that the low-temperature;3€lease fits the
at 1104 1) and 613 (), and when S@~ is bound to the decomposition of ammonium sulfate salt. The literature [9,
catalyst-sorbent surface, the symmetry may be lowered to13-15] reported strong deactivation by S8 temperatures
eitherCs, or C2, and thev; may split into two peaks. The  below 280 C for a variety of SCR catalysts and attributed
band at 1188 cm! may result from thes splitting. Com- the deactivating agents to ammonium sulfate salt such as
pared to Cu8(250S), the spectra of Cu8(250SN) also exhibits(NH4)2SO4 and NH;HSOy, which decompose at tempera-
a similar band at 1188 cmt, but with a stronger intensity  tures of 250-450C. TPDC of (NH;)2SOs and NHHSOy
than that of Cu8(250S). In addition, it also shows two more impregnated on Cu8, presented in Fig. 4C ((\4$O4/Cu8)
bands at 1435 and 3254 ¢t The band at 1435 crt is and Fig. 4D (NHHSQ4/Cu8), show SQ@releases in the tem-
due to the asymmetric bending vibration of NHspecies, perature range of 390-57C, which is a little wider toward
whereas the band at 3254 this assigned to the corre- the high-temperature side than the S@lease in Fig. 4B
sponding N-H stretching vibration of NF ions [17,18]. for Cu8(250SN). This indicates that the ammonium sulfate
These indicate that ammonium sulfate salt is deposited onsalt formed on this catalyst sorbent are likely to be in the
Cu8(250SN). The spectrum of Cu8 shows the absence of ei-form of NHzHSO4 and/or (NH,)2S0O4. The wider temper-
ther SQ2~ or NHsT. These observation are supported by ature range of curves C and D may result from the higher
elemental analysis shown in Table 1, where sulfur and hy- ammonium sulfate loadings than that in curve B. The SO
drogen contents in Cu8(250SN) are higher than those inrelease at temperatures of 660—8C0may result from de-
Cu8(250S), and nitrogen presents only in Cu8(250SN). composition of copper sulfate, as supported by the TPDC
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curve of Cu8(250S) in Fig. 4A, since the sample Cu8(250S) Table 2
contains only copper sulfate and aluminum sulfate [19,20], Surface area and pore structure of Cu8 catalyst sorbent after different treat-
and the decomposition temperatures of pure copper sulfate™ents

and aluminum sulfate are around 750 and 92(21,22], Sample BET surface area Pore volume
respectively. (m?g™h) (emgh)
cu8 1496 0.23
3.2.3. Characterization in surface properties Cug(250S) 18 018
Table 2 presents surface area and pore volume data of th CU8(250SN) 4 014
, , € u8(250SN500H) 118 0.16
catalyst sorbent after different treatments. Sulfation of the cyg250sNn400R) 148 022

catalyst sorbent at 25@ (Cu8(250S)) results in a decrease
in both surface area and pore volume, from 149%gmt . . . ;

and0.23crig1t0116.8nf g~ and 0.18 crAig—1, respec- S 084 A
tively. This suggests that the conversion of CuO to CyuSO i:/

fills some of the pores in the catalyst sorbent. The reac- SQ 0.6

tion of NO + Oz 4+ NH3 + SO, at 250°C (Cu8(250SN)) £ l

further reduces the surface area and pore volume of the cat- £ %* 7 ®

alyst sorbentto 77.1 fg~1 and 0.14 crAig™ 1, respectively. <,

This suggests that the formation of ammonium sulfate salt =021 (a)

on the catalyst sorbent also fills and plugs some of the pores 0.0 |

of the catalyst sorbent. The heat treatment at*8Dh Ar 1.00 ~ B
for 1 h (Cu8(250SN500H)) increases the surface area and _ ()

pore volume to the value of the sulfated sample (Cu8(250S)), & 0.96

which suggests that 50€ is high enough for the complete é

decomposition of ammonium sulfate salt. The treatment in £ 0.92

5% NHs/Ar at 400°C (Cu8(250SN400R)) increases the sur- 5 1 (b)

face area and pore volume further to the values of the fresh & 0.88

sample, which suggests that the Ntreatment is capable to

convert the CuS@back to CuO and to remove the ammo- 0.84

100 200 300 400 500 600

nium sulfate salt. These results along with those presented
Temperature (°C)

earlier, especially those in Fig. 2, indicate that the deacti-
vation behavior of the catalyst sorbent by 5@ closely Fig. 5. H-TPR profiles of (a) Cu8 and (b) sulfated Cu8. (A) MS spectrum
associated with the reduction in surface area and pore vol-of H, consumption; (B) TG data.

ume due to the formation of sulfate compounds, ammonium

sulfate salt, and CuSQ It should be pointed out at this  weight loss of the samples (Fig. 5B). These data point to a
stage that Fig. 2 shows that the deactivation caused by themajor decrease in oxidation ability of the CuOs@k cat-
formation of sulfate compounds has limits, such as in sec- alyst sorbent by sulfation, indicating that the reduced SCR
tion b where the decrease in NO conversion stops when SO reactivity by sulfation may also be due to chemical transfor-
breakthrough begins. It is understandable that Cu@il mation of the active site from CuO to Cu$O

not form if there is no CuO available on the catalyst sorbent.

However, the system always contains Nahd SQ due to

the constant feeding. This indicates that stopped formation4. Conclusions

of ammonium sulfate salt is resulted from the stopped for-

mation of SQ. This may further indicate that the formation SO, deactivates the SCR activity of CuO/83 catalyst

of SOz from S is catalyzed by CuO, and the conversion sorbent at temperatures of 200—3@ The main deactivat-

of CuO to CuSQ terminates the oxidation of SQo SG;s. ing substances are ammonium sulfate salt and copper sul-
fate, formed during the reaction of NO-NHO,—H,O in
3.2.4. Temperature-programmed reduction in (H>-TPR) the presence of SOAmmonium sulfate salt deactivates the

It is worth pointing out that activation of adsorbed ammo- SCR through pore filling and/or plugging, but it decomposes
nia is a key step for SCR, which is directly related to redox at around 400C. Copper sulfate deactivates the SCR by ei-
property of the catalyst sorbent,HPR, as shownin Fig. 5,  ther pore filling and/or plugging or by its low SCR activity
was performed to evaluate redox property change of the compared to CuO. Copper sulfate decomposes at tempera-
CuO/Al;0s catalyst sorbent through sulfation. The Ebn-  tures greater than 66 but can be converted back to CuO
sumption peaks in the figure may reflect the oxidation ability in 5 vol% NHs/Ar at about 400C. CuO may have catalytic
of the catalyst sorbents to converi td HoO. The maximum activity to catalyze the oxidation of SQo SG;, which ini-

H> consumption occurs at about 200 for Cu8 and 320C tiates the formation of sulfate compounds, but Cy®@y
for sulfated Cu8 (Fig. 5A), which corresponds to obvious not have this catalytic activity.
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