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ABSTRACT

A novel low temperature selective catalytic reduction (SCR) denitration catalyst (1/2SFA) was developed by
hydrothermal method in the work and used for NH5-SCR reaction. The results show the developed SFA catalyst has
excellent catalytic activity for SCR of NO with NH3, the NO conversion is up to 96.4% at 200°C, Furthermore, it has
good catalyst activity at low temperature (<160°C), wide optimum reaction windows (160-280°C, the NO
conversion >90%), and high resisted-poison ability to SO,. The catalyst was characterized by Scanning electron
microscope (SEM), N, adsorption, X-ray diffraction (XRD) and Fourier transforminfrared reflectance spectroscopy
(FTIR). Besides, the possible reaction mechanism was also involved. It shows that there are existence of interactions
between SO, and y-Fe,O; on the surface of attapulgite. The y-Fe,0O3 can restrain the growth of ShO, crystal. And
0, can improve the dispersions of y-Fe,O5 particles to form smaller crystal or amorphous particles. In addition,
0, can enhance the ability of catalyst to resist SO, poisoning.

Key words. Stannic and iron bimetal oxidesttapulgite selective catalytic reductiondenitration catalysts
hydrothermal method.

INTRODUCTION

Nitrogen oxides (N¢) mainly come from coal-fired flue gas and auton®leixhaust, which causing photochemical
smog, acid rain, ozone depletion and greenhousetsffTherefore, it is the high time for us to r@Elemissions of
these harmful compounds. The selective catalyttuecgon (SCR) is known as one of the most efficient
technologies for eliminating Ndrom mobile vehicles and stationary power souftgs

As well known, iron oxide has well NNECR NQ performance, and remarkablg@®durability at high temperature
about 300-50%C. Such as, Ma et al. [2] reported the Fe-BEA gatgirepared by liquid ion exchange method could
gain about 100% NQconversion at 350-500. Qi et al. [3] reported the Fe/ZSM-5 catalyst\wwhmver 90% NO
conversion at range of 350 to 500 And after pretreatment in 10%® at 700C, the Fe/ZSM-5 still exhibits high
activities at temperature higher than 200 Others mentioned that Fe-ZSM-5 [4] shown a maximNQ,
conversion exceeding 90% at 400-850n the feed gases with 2%06L

However, the high-temperature SCR technology reguaatalysts have the ability to inherit the tayi@f high
sulphur and dust [5]. On the contrary, in the l@mperature SCR technology, the catalyst is locaifber
desulfurizer and dust controller extraction. Heritepesn't need high toxicity-resisted ability @flphur and dust.
Moreover, the active metal in low-temperature S@Rilyst can't be easily aggregated together, wbarses it has
high stability. Thus, the low-temperature SCR texdbgy nowadays gets more and more attention. Masgarches
were devoted themselves to doing this work and Hiewed that adding additives is one effective waynprove
the low-temperature SCR performance of iron-bassadlysts. Such as, Cu-Fe/ZSM-5 catalysts [6,7]) tianate
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catalyst [8], Mn-FeQ Fe-Mn/TiQ, Fe-Mn/USY catalysts [9-11], Fe-Ce-Mn/ZSM-5, Fe-Qdn/Ti catalysts
[12,13].

According to my knowledge, there were no literasureported Sn-Fe catalysts using inN&CR. More important
is that many reports demonstrate Sn could impro@®& erformance. Zhiming Liu found Sp@l,0O; catalysts
reveal significant performance for selective cdtalyeduction of NQ with propene [14]. Huazhen Chang found
that SnQ modified MnQ-CeG, catalyst can improve the SCR performance and @ehte resistance to $[5].
Besides, Xiaoliang Li found there was the syneigistfect between SnOand CeQ® in the CeSnO, catalyst,
which result in the better catalytic performanceaibroad temperature range from %Q@o 400C for NH;-SCR
[16].

In this work, we used attapulgite (ATP) as suppdte to its large surface area, excellent actigitg chemical
adsorption property and low cost [17,18], to prephe SFA catalysts, and investigated their catapdgrformances
for the NO removal during the simulated flue gasider to discover the effect of Sn in MEHCR of SFA catalyst.
All the samples were characterized by a serieshafacterization methods, such as Scanning eleatioroscope
(SEM), N, adsorption, X-ray diffraction (XRD) and Fourieatisform infrared spectrum (FTIR).

EXPERIMENTAL SECTION

1.1 Materialsand Chemicals

The raw ATP was provided by Nanjing University #ijCo. Ltd. (Jiangsu, China). SnGH0, Fe(NQ)s- 9H,0,
citric acid monohydrate and anhydrous ethanol vperehased from China Chemical Reagent Co. Ltd., uessdi
without further purification.

1.2 Synthesis of SFA Catalysts

1.2.1 Preparation of ATP

After calcining at 308C for 2 h, the raw ATP was treated in 3M aceticddanlutions at 8 for 4 h under reflux
and magnetic string and impregnated for 20 h. Thevas washed with distilled water to pH = 7 amiéd at 105C
overnight. Finally, ATP was obtained after grinding

1.2.2 Synthesis of SFA catalysts

The SFA catalysts were prepared by conventionatdigdrmal method. In the typical process, 3 g ofPAWas
dispersed in 40mL ethanol solution at ultrason&pdision (45 kHz) for 20 min. Afterward, the cantanass of
SnCl,- 4H,0, 6mmol Fe(N@);-9H,0 and 1 g citric acid were added into the solutigti stirring until formed sol.
The solution was transferred into a Teflon-Lineardess steel autoclave, sealed, and maintain28E&€ for 12 h,
and subsequently cooled in ambient environmenbtonr temperature. The precipitate was filtered, weshith
deionized water and absolute ethanol for threedjmad dried in vacuum at € for 10 h. The catalysts were
gained finally by calcining at 468G in air in a muffle furnace. The catalysts weraated as aSFA, where a is the
molar of Sn/Fe (a=1/3, 1/2, 2/3,), S, F and A amebehalf of Sn@ y-Fe,0; and ATP, respectively. The SA
(SNG/ATP) and FA (FgOs/ATP) are the reference samples prepared withahmeeanethod.

1.3 Characterization
All the samples were characterized via Scanningtrele microscopy (SEM), X-ray diffraction (XRD), HR
spectra and Nadsorption.

SEM was performed on a scanning electron microsd¢dpleQUANTA200 operating at 3.00 kV to observe the
morphology of the catalysts.

The powder X-ray diffraction datum were collectedaRigaku D/MAX-2500PC diffractometer operatedi@tkV
and 40mA with nickel-filtered Cu &radiation { = 1.5406 A). The data was collected in tifler@nge 5-80° with a
step size of 0.02° and scan rate of 4°in

FT-IR spectra were recorded by a Nicolet 460 spewtter using the KBr powder technique with diffusiectance
sampling accessory at a resolution of 4'ahroom temperature.

N, adsorption isotherms of the catalytic materialsemmeasured on an ASAP 2010 Micrometritics. Thalgst
surface area and micropore volume were determir@d the adsorption branch of the isotherms by apglshe
BET equation and the t-plot formalism, respectivélyior to the nitrogen adsorption at -2@0the samples were
outgassed at 400 in vacuum overnight.
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1.4 NH;3-SCR Activity Test

The SCR of NO using Nas reluctant was carried out betweefiG8@nd 286C at atmospheric pressure with a
quartz tubular down flow reactor (inner diametem®mnThe catalyst powder (1.25mt500 mg, particle size < 180
pm) was placed in the reactor. The mixed gasesistorgs of NO (600ppm), NE (600ppm), @ (3 vol. %), 0 or
200ppm S@and N [19], were firstly pre-heated in a gas mixer anentadded into the reactor. The content of the
outlet gases was online analyzed and monitorethdytue Gas Analyzer (Vario Plus, German MRU Lt@ihe gas
hourly space velocity (GHSV) is 32,003 hnd the NO conversion is calculated as followg:[20

NO, conversion(%) = M[N;]([)NO—]‘ x100

where NQ is the sum of the NO and N@oncentrations. The maximum standard deviatioN@f conversion and
N, selectivity are £1%.

The flow chart of catalyst NHSCR activity test is shown in the Fig. 1. There #iree sections are plenum section
(left), reaction section (middle) and analysis isgcfright), respectively.
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Fig. 1 theflow chart of catalytic NH3-SCR activity test
RESULTSAND DISCUSSION

2.1 Catalyst Characterization

X-ray patterns of all the samples are shown in BigThe diffraction peaks in Fig. 2a at thé & 8.5°, 13.7°,
19.7°and 27.3° are indexed to the (110), (200)0)X0&400) lattice planes of ATP [21], which are doagreement
with the reported ATP results (JCPDS No. 021-0938]. Furthermore, the characteristic reflections ATP are
observed in all of the samples (Figs. 2b-f), wisakygests that the structure of ATP is maintainetirart destroyed
by the modification process. When the iron wasoihticed into ATP, the characteristic diffraction keafy-Fe,03;
appeared at@30.53°, 35.48°, 57.34°, 63.02°, indexed to the0j22331), (233), (440) lattice planeswfe0;
(Fig. 2b). The result indicatesFe,0Os is formed in FA (FgOs/ATP). Further impregnating tin into FA (Figs. 2¢-e
or ATP (Fig. 2f), the characteristic diffractiongdes of SnQ@ at 2=26.57° (110), 33.86° (101), 51.77° (211) were
observed, which demonstrates the formation of S@arefully observing, it was found with the incsaey amounts
of SnQ, the characteristic reflection peaksyeFe0O; will become weaker and weaker (Figs. 2c-d) ungianty
disappear in 2/3 SFA (Fig. 2e).While the peaks nOSin SFA catalysts don’t change largely, only haghsl
increased. However, when there isyabe,O; (SA, Fig. 2f), the diffraction peaks of Sp@re changed significantly
both in intensity and width. Its intensity incredasge and its width become very narrow. The rasinidicate that
there are existence of some interactions betweefs8@) and Fe {-F&0;). They-Fe,0; can retard the growth of
SnG crystal. And Sn@ can improve the dispersions pfFe0; particles to form smaller crystal or amorphous
particles [23], which would be in favor of NFBCR to NO.
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Fig. 2 the XRD patterns of all the samples

Their porous structures were investigated by adisorption and desorption measurement. Fig.3 é&r tN,
adsorption-desorption isotherms diagram, which shthat all the samples are characteristic of typésbtherms
with type H; hysteresis loops, indicating the formation of nmEsous [24]. Fig.4 is their typical BJH pore size
distribution patterns. It can be seen that mesamosxist in all the samples. ATP (A) has hieraralycorganized
porous size distributions with two small narrow @aizes at 1.81 and 4.06 nm and two large shoplder sizes
centered at 15.94 and 27.04 nm. After impregnatibiy-Fe,0; into ATP (FA), the large shoulder pore sizes
disappear, and many new small pore sizes betw@&nahd 20.50 nm appear. Further introduction of Snf® FA
(SFA), these small pore sizes become more condimir@nd uniform with increasing molar amount ofnWhen
the molar ratio of Sn/Fe is up to 1/2, the smaliepgizes (1/2SFA) are centralized at 3.78 nm. Ngntlkeére is only
one small pore size between 2.0 to 14.0 nm centar&d78 nm. However, further increase of the moddio of
Sn/Fe into 2/3 (2/13SFA), several weak shoulder pires centered at 10.53, 16.20 and 22.65 nm ajpesiade the
small pore size at 3.78 nm. When there is only SnQhe ATP (SA), beside the shoulder peak at 1@us3and
small pore size at 3.78 nm, several other weak piaes appear, such as 8.61, 5.51 and 2.21 nmthergeith the
results of XRD, they indicated that after impregoatof y-Fe,0; into ATP (FA), they-Fe,0; crystals were formed
in the surface of ATP and covered or blocked pdarectire of ATP and formed some new pore structimegs
themselves. Because Sn€an improve the dispersionsefe0; particles, when continually introduced Sniéto
FA, the pore size was becoming more concentratiwh uiform until the molar ratio of Sn/Fe was upli2.
Although y-F&05 can retard the growth of SpQafter the molar ratio of Sn/Fe got to 2/3, théOgnrystal had a
certain degree of growth and formed some very vwesks by themselves. When there is only SmOATP, SnQ
crystal grown up quickly without retardationyefe,0; and several other pores appear.
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Fig. 4 the pore diameter distribution patternsof all the samples

The presumption is confirmed by the textural prtipsrin Table 1 and SEM in Fig. 5. In Table 1, doeoverage
and blocking ofy-Fe,0;, the BET special surface area and pore volumelecesased significantly from 171.0°m
g, 0.55 cnig (ATP) to 133.1 rhg'and 0.36 criig (FA) respectively, after impregnation p#e0; into ATP.
Because of the dispersions of Sri@y-Fe0;, they-Fe,0; crystal or particles become more small and uniforire
BET special surface area and pore volume shouiddseased gradually, like the results in Table 1.

Table1 BET surface area and pore structureresults of all the samples

Catalyst Surface Area’y  Pore Volume crilg  Pore Diameter Dv(d) nm

ATP 171.0 0.55 13.44
FA 133.1 0.36 10.68
1/3SFA 127.6 0.41 12.99
1/2SFA 138.7 0.42 11.72
2/3SFA 144.4 0.43 10.96
SA 165.3 0.45 9.58

More detail observation can be seen in SEM. Fopicl samples are checked by SEM (shown in Fidgt®an be
seen in Fig. 5a that ATP is a uniform stick stroetwith smooth surface, which is favorable for aite between

the coating and the substrate. But after impregnadfy-Fe,O; into ATP (FA), the ATP stick structure is hardty t
observe, many big irregular particlesKe,Os) appear on the surface of ATP (Fig.5b), and thegirlar particles
(y-Fe0s) aggregate together, which may cause the BET ajpgaiface and pore volume decrease enormously and
form some new pores by the aggregated partigé®/0s). However, after a certain amount of Sri®introduced

into FA (1/2SFA), the aggregated particles disapp&&P stick structure is clearly observed, andldseled metal
oxides are uniformly dispersed on the surfaces B AFig.5c¢), which are consistent with the resoff8ET (the

BET special surface and pore volume increase anel giges get more uniform). When there is only Sa@the

surface of ATP (SA, Fig.5d), there appear many kirrebular particles on or around the surface @PAresulting
in formation of some new pores by the small irraglarticles.

00 nm

Mag= 100.00KX  SignalA=InLens  WD=46mm EHT= 500KV
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Fig. 5the SEM images of four the samples, (a) ATP, (b) FA, (c) /2SFA and (d) SA

2.2. Catalytic Activity

2.2.1. The NH-SCR Activity

The NO conversions over various catalysts withed@ht Sn/Fe molar ratios are shown in Fig.6. Tkeltg indicate
that the Sn/Fe molar ratio has a great influencéherNO conversion. FA/{F&O4/ATP) catalyst has good activity
at 200C with 95.7% NO conversion. However, it has veryroa reaction window. Once the reaction temperature
is high or below than 20Q, the catalytic activity (NO conversion) decreageiekly, especially at low temperature.
The result indicates that the individual active ahetFe,0; on ATP has poor catalytic stability of M$CR to NO,
especially at low temperature. However, when SisGntroduced into FA, the phenomena have changked.SFA
catalyst has wide optimum reactive active window higher catalyst activity at low temperature (<0 The 1/3
SFA has optimum SCR activity between 160 and’@4®ith highest NO conversion (94.3%) closed to thfafFA,
and has better catalyst activity at other tempeeata 166C or >240C). The result indicates Sa@an activate the
low temperature SCR activity gtFe,0; and stabilize the optimum SCR activity. When thelanratio of Sn/Fe
increases to 1/2, the SCR performance of catadyséquentially enhanced. The 1/2 SFA has supe@& &ctivity

in the whole reaction temperature realm in all ¢aéalysts. The reaction activity window is enlargetb 160 to
28(°C, and the optimum NO conversion of 1/2SFA is highan that of FA, up to 96.4 % at temperature eanfy
200 to 246C. However, further increasing the molar ratio offF® up to 2/3, the phenomena have changed.
Although the catalyst (2/3SFA or SA) has large tieacwindows, the catalyst activity is declinedrsfgcantly. The
optimum NO conversion is just only 79.8 % (quitevés than 95.7% NO conversion of FA). Its catalydiaty is
similar to that of SA (Sn@ATP), indicating that most of the main active nhegfae,O; is more possibly covered by
the auxiliary reagent SnpOThe results are agreement with the results of XRD BET. When the molar ratio of
Sn/Fe is below 1/2, SnQs improving dispersion of-Fe,0; on the catalyst to form smallesFe,0; particles and
itself is not so big to cover the active metdte,0; (They-Fe0; diffraction peaks can be found in XRD patterns of
1/2SFA in Fig.2 and there is no big pore size sieupeak formed by Sn@n Fig.4). Since the total molar amount
of exposed-Fe0; on the catalyst is constant, smalfdFe,Os is, stronger the catalyst activity is, lower teaction
energy barrier is. Hence, it has higher activitjoat temperature (< 16Q). Moreover, the interaction of Sp@nd
v-F&0s inhibits the aggregation afFe,0O; particles and stabilizes the catalyst activitywdwger, when the molar
ratio of Sn/Fe is up to 2/3, Sa@ill be possible to cover the so small active metbe,Os (it is hard to findy-Fe03
diffraction peaks in XRD patterns of Fig.2 and sdarger shoulder peaks formed by Sr&ppear in Fig.4), leading
the catalyst activity of 2/3SFA is similar to tldtSA (SNQ/ATP).

In order to further investigate and understandititeraction between Sp@ndy-Fe,0s, three FT-IR experiments,
v-F&0; (FA without ATP), SnQ(SA without ATP) andy-Fe,0s/SnQ, (1/2SFA without ATP ), were carried out.
The result is shown in Fig.7. It can be seen tiiaha samples appear the absorption peaks at 8481630 cri,
which are attributed to the stretching vibratiorfsQiH groups in the hydroxide structure as well aysically
adsorbed water. Since the three samples are ptepadecalcined in the same conditions, the intEssdr areas of
the bands are connected with the special surfa &arger special surface area is, easier the vgate adsorb on
the catalyst, stronger the bands is [25]. Fromath@ve results, Sng&an improve the dispersion pfe,0; on ATP.
Hence, the intensities of the bandsydte,0s/ SnQ are larger than that ofFe0Os. The characteristic peaks of
y-Fe0; and Sn@ appear in the fingerprint region at 400-1100"¢the inset picture in Fig. 7). FqrFe,0;, the
bands at 538 and 466 ¢nare due to the stretching vibration of Fe-O [ZH)e characteristic IR spectra of SnO
appear at 619 and 1041¢ni27, 28]. However, in thg-Fe04/Sn0, the conditions changed. The characteristic
peaks ofy-Fe,0; get blue shift from 538, 466 c¢hto 542, 473 cm, respectively. While, the characteristic peak of
SnG, at 619 crit has red shifted to 581 ¢émin addition, all the characteristic peaks becaewy weak and board.
These results demonstrate that there are interscbetween SnOandy-Fe0O; [29, 30], which can confirm the
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hypotheses from the XRD, SEM and BET conclusionweher, the detail interaction mechanism of Sradd
v-F&0; is not understood now, many works are underway.
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2.2.2. Effect of SQon SCR Activity

In order to further understand the effect of reactondition (S@ and Sn@ on activity of the catalyst. Two kinds
of SO, concentration (Oppm and 200ppm) are designedemtrk and the corresponding results (NO convejsion
are shown in Fig.8. It can be seen that in theradesef SQ the catalyst activity is as follows: 1/2SFA>FA>She
same with the above result. But after introductér50O, into the reaction system, the catalyst activityjisckly
declined and then stabilized at certain level. @eelined degree of catalyst activity is as folloWw&>1/2SFA>SA,
the final stable catalyst activity in presence 65 &tmosphere is 1/2SFA>SA>FA. The results suggest3k) can
poison partly the 1/2SFA catalyst activity of BMBCR. This is an advantage of the low temperatir&@R
technology in industry, whose catalyst is playeraflust and sulfur extraction. In addition, theules show that
SnG has high sulfur tolerance ability compared withe,Os.

2.3.FTIR Analysis

In order to investigate the mechanism of well suthlerance of Sng the FTIR studies were carried out in our
experiment with the spent catalysts, which wereosgg in catalytic reaction gases with,%® not at 208C for 60
minutes, respectively, and the FTIR spectra arevehio Fig.9 (a: without S§ b: with SQ). The feed reaction
gases contains 600ppm NO, 600ppmsN3ivol. % Q, 0 or 200ppm S@and balanced gas;N

In Fig.9a, the obvious and strong adsorption peaes attributed to vibration adsorption peaks of gitadly
adsorbed water or supporter ATP (3417, 1656, 1680, and 500 cif) [24, 31, 32]. However, there is still
existence of some weak peaks at range of 1230-&660 which are attributed to vibration of adsorbedatjen
species, such as nitrite (1232 Bnand monodentate (1550 ¢ bidentate (1329 ¢ and bridge nitrate (1613
cm’?) [33-36]. Besides, the band at 1202 timascribed to coordinated Nidn Lewis acid sites [33, 34, 37], but the
band at 1414 cthassigned to the free of NHon Brgnsted acid sites [34] was not obviously. Téralts indicate
that the mechanism of our N¥SCR of NO reaction is similar with the MO mechanism [38, 39]. Firstly, NHk
adsorbed in the Lewis acid sites. Along with reducbf catalyst, the NHlis activated into -NK(Eqg. (1)). Then, the
activation of -NH interacts with NO to formation of intermediateragamine (Eqg. (2)). Finally, intermediate
nitrosamine decomposes intg Bnd HO (Eq. (3)) as well as oxidation of catalyst (E4))(and condensation of
OH (Eg. (5)). The possible reaction mechanism is shiow#ch. 1.

NH,+M™ +0* - M®P*-NH,+OH" ®
M ®P*-NH, +NO - M ™" -NH,NO )
M OH*-NH,NO - M ™" +N, +H,0 €)
2M " +1/20, - 2M™ +0* (4)
20H™ - H,0+0* (5

Sch. 1 Possible reaction mechanism ofN#CR of NO

Vyi
L4

1404

(a2}
—
(]
| T A Without SO,
120 v
g 100- j
B 80+
T
@
N 60
40
] —Fa
204 —SA
1/2SFA
O ] v Ilﬂl v ] ] ] ] v ]

T T T T —T
4000 3500 2000 1750 1500 1250 1000 750 500 250

Wavenumber (cm'l)

288



Qi Xu et al J. Chem. Pharm. Res,, 2014, 6(10):281-290

Vyi
7/

1404
b with so,

1204

o
S
—

100+

% Reflectance
3
1

—FA
204 —3A
12SFA

0 ——— T
4000 3500 2000 1750 1500 1250 1000 750 500 250

Wavenumber (cm'l)
Fig. 9the FTIR spectra of spent catalysts (a) in presence of SO,or not (b)

Fig.9b is the FT-IR spectra of the spent catalysten SQ. Similarly with the Fig. 9a, most of the obviousda
strong adsorption peaks are attributed to vibragidsorption peaks of supporter ATP or physicallyocaded water.
However, suffered from S{poison, it emerges some new absorption peakseogpbint catalysts. The band at 1380
cm’ is attributed to asymmetric vibration mode of O€8=which is typical organic sulfate species witlvalent
S=0 double bands [40]. The bands at 1142 and 62% amm attributed to the free inorganic 3Q41], which
implies the formation of ammonium sulfate, whichymae reason of SOpoison to catalyst. The formation of
ammonium sulfate will be possible to block the psiee and occupy or cover the active site leadimegNH-SCR
activity of catalyst decrease. For the FA catathisse absorption peaks (1380, 1142 and 62% @an be clearly
observed. But they are not clear on SA and 1/2SH&. results indicate that Sp@an inhibit the reaction of NH
and SQ to formation of (NH),SO, to decrease the poison of SO

CONCLUSION

A novel low temperature SCR catalyst (1/2SFA) igsadeped in the work and used to MHCR NO reaction. The
results show the developed SFA catalyst has extetlatalytic activity for SCR of NO with N4ithe best NO
conversion is up to 96.4 % at 200 Furthermore, it also has good catalyst actigityow temperature (<160),
wide optimum reaction windows (160-280), and high resisted-poison ability to SO'he possible reaction
mechanism is involved in the work. It shows thagréhare some interactions between Safdy-Fe0; of the
catalyst. The-Fe,0; can restrain the growth of Sp@rystal. Sn@ can improve the dispersionsefFe,0O; particles

to form smaller crystal or amorphous particles. ies, Sn@ can enhance the ability of catalyst to resist SO
poisoning.
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