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structure, high crystallinity, and large specific surface area. Temperature-programmed desorption

of ammonia and H: temperature-programmed reduction indicates that the Fe/Ti-ZSM-5 zeolite is
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strongly acidic and has superior redox properties. More importantly, compared with conventional
ZSM-5 zeolite, Fe/Ti-ZSM-5 performs well, resulting in an increase in yield of 0.21% propylene and
0.33% total light olefins in the catalytic cracking of Canadian LGO (light gas oil). These results sug-
gest that the presence of Fe and Ti species in ZSM-5 zeolite is favorable for enhancing light olefin
yields, which is potentially important for oil refining in the future.
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1. Introduction

Propylene production has attracted much attention because
propylene is an important industrial chemical. Currently, most
propylene is derived from steam crackers and refinery fluid
catalytic cracking (FCC) units [1-4]. Naphtha is the main raw
material in the steam crackers for propylene production, but its
limited supply constrains this cracking process. The amount of
propylene produced by the FCC process has increased with
time because of advantages in the high ratio of propylene to
ethylene and the low cost of investment and production of the
FCC process [5,6]. ZSM-5 zeolite with three-dimensional me-
dium pore sizes (10-membered rings), excellent thermal and
hydrothermal stability, and low activity for hydrogen transfer
is one of the most important additives in the FCC process for

* Corresponding author. Tel: +86-571-88273698; E-mail: fsxiao@zju.edu.cn

enhancing propylene yield [7-9].

The introduction of transition elements in ZSM-5 zeolites
results in the formation of highly efficient FCC catalyst addi-
tives [10-14]. For example, Lu et al. [15,16] reported that Fe
and Cr et al. in ZSM-5 zeolite could improve propylene and eth-
ylene yields in the catalytic cracking of isobutene. Maia et al.
[17,18] reported that the introduction of Ni in ZSM-5 by im-
pregnation and ion-exchange methods enhanced the light olefin
yield effectively. Li and Hao et al. [19,20] reported that the im-
pregnation of Fe and Ti into ZSM-5 zeolite was favorable for
increasing propylene and ethylene yields. However, the intro-
duction of transition elements into ZSM-5 in these conventional
ways is often complex and pure chemicals are required. There-
fore, it is desirable to prepare ZSM-5 zeolites that contain tran-
sition elements from low-cost raw materials. One-pot synthesis
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of low-cost ZSM-5 zeolite is possible using transition elements
derived from natural attapulgite (ATP).

ATP, a well-known natural mineral, is a crystalline-hydrated
magnesium and aluminum silicate with composition
(OH2)4(OH)2MeSis020-4H20 (M = Al, Mg, Fe), having a unique
chain structure, high surface area, and fibrous morphology
[21-26]. It has been used in catalyst supports, nanocomposites,
and environmental absorbents [27-30]. The amorphous silica
in ATP containing only Al, Fe, and Ti metal species can be ob-
tained by acid treatment and offers an ideal raw material for
Fe/Ti-ZSM-5 zeolite synthesis.

In this work, we present a route for synthesizing the
Fe/Ti-ZSM-5 additive in FCC catalysts using treated ATP as
silica and Fe, and Ti reagents by a one-pot method. The catalyt-
ic tests show that Fe/Ti-ZSM-5 exhibits a relatively high yield of
propylene and ethylene in the catalytic cracking of Canadian
light gas oil (LGO) compared with conventional ZSM-5 zeolite.

2. Experimental
2.1. Preparation of Fe/Ti-ZSM-5

ATP obtained from Xuyi, China had a typical Si02/Mg0O/
Al203/Fe203/Ca0/K20/Naz0/Ti02/H20 composition (wt%) of
59.83/14.49/8.35/4.20/0.79/0.77/0.22/1.10/10.15. All chem-
icals were from Shanghai Chemical Reagent Co. and were used
as received without purification.

Before zeolite synthesis, ATP was pretreated with 37% HCI
solution. As a typical process, 2.0 g of ATP, 2.7 g of concentrated
HCl and 17 ml of water were added to a Teflon-lined autoclave,
followed by heating at 180 °C for 14 h. The product was filtered
and washed with deionized water until no Cl- was detected and
then dried at 120 °C for 4 h.

For the typical synthesis of Fe/Ti-ZSM-5 zeolite, 0.09 g of
NaAlOz (AR) and 4.5 g of tetrapropylammonium hydroxide
(TPAOH, 19.6 wt%) were dissolved in 15 ml of water, followed
by the addition of 1.5 g of acid-treated ATP. After stirring for 4
h, a gel was obtained and transferred into a Teflon-lined auto-
clave. After crystallization at 180 °C for 12 h, the product with
MFI zeolite structure was obtained by filtering, washing with
deionized water, and drying at 100 °C for 4 h. The sample was
calcined at 550 °C for 5 h to remove the organic templates and
was designated Fe/Ti-ZSM-5.

Conventional ZSM-5 was synthesized under the same condi-
tions as Fe/Ti-ZSM-5 using equal silica (91.8 wt%) to replace
the treated ATP. The product was designated ZSM-5-C.

As a typical procedure for the ion-exchange of sodium with
ammonium, 1.0 g of zeolite was added into 50 ml of ammonium
nitrate (AR) solution (1 mol/L) at 80 °C and stirred for 12 h.
This process was repeated twice. H-form zeolites were ob-
tained by calcination of the ion-exchanged NHa-form zeolites at
500 °C for 4 h.

2.2. Characterization

Sample composition was determined by inductively coupled
plasma (ICP) with a Perkin-Elmer plasma 40 emission spec-

trometer. Scanning electron microscopy (SEM) experiments
were performed on a Hitachi SU-1510 electron microscope.
X-ray powder diffraction (XRD) patterns were measured with a
Rigaku Ultimate VI X-ray diffractometer (40 kV, 40 mA) using
Cu Kz (A = 0.15406 nm) radiation. The catalyst acidity was
measured by the temperature-programmed desorption of
ammonia (NHs3-TPD). The catalyst (0.1 g) was pretreated at
400-650 °C in N2 flow for 1 h, followed by the adsorption of
NH3z at 100 °C for 0.5 h. After saturation, the catalyst was
purged by N2 flow for 0.5 h to remove the physically adsorbed
ammonia on the sample. NH3 desorption was carried out from
100 to 700 °C with a heating rate of 10 °C/min. The amount of
NH3s desorbed from the sample was obtained by comparing the
area under the curve with a sample containing a known
amount of NH3 using a thermal conductivity detector. Temper-
ature-programmed reduction of Hz (H2-TPR) analysis was per-
formed with a TPDT01100Series from Thermo Electron Cor-
poration. The N2 sorption isotherms at the liquid nitrogen
temperature were measured using a Micromeritics ASAP
2010M and Tristar system. UV-visible spectra were measured
using a Shimadzu UV-3100.

2.3. Catalytic tests of LGO

As a typical procedure for LGO catalyst preparation, the cat-
alyst additive (35 wt% ZSM-5, 50 wt% kaolin and 15 wt% alu-
mina binder) was shaped by spray-drying. Then, 10wt% cata-
lyst additive and 90 wt% USY were mixed to form the LGO cat-
alyst. The LGO catalyst containing Fe/Ti-ZSM-5 or ZSM-5-C was
denoted Cre/ti-zsm-s or Czsm-s-c. Before reaction, the catalyst was
treated at 800 °C for 4 h under 100% steaming. The catalyst
size distribution was 38-212 um.

Catalytic cracking data were obtained on an advanced cata-
lyst evaluation bench unit (ACE, Kayser Corp) with FCC unit
reaction conditions as follows: reaction temperature at 530 °C,
catalyst to oil mass ratio of 6.0, contact time 90 s, and catalyst
of 9.0 g. The products were detected by an online GC-MS with
instrumental error of 0.01%. The feedstock LGO was derived
from Canada oil sand, as listed in Table 1.

3. Results and discussion
3.1. Characterization results of ATP

Figure 1 shows XRD patterns of as-received and ac-

Table 1

Properties of feedstock Canadian light gas oil (LGO).

Item LGO
Density (20 °C, g/cm3) 0.8726
Viscosity (40 °C, Pa-s) 4.71
Carbon residue (wt%) 0.008
Average molecular weight (g/mol) 230

H (wt%) 12.86
C (wt%) 87.11
H/C 1.77
Saturated carbons (wt%) 69.9
Aromatics (wt%) 30.1
Resins and asphaltenes (wt%) 0
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Fig. 1. XRD patterns of natural and acid-treated ATP.
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Fig. 2. SEM images of natural (a) and acid-treated (b) ATP.

id-treated ATP. Before acid treatment, ATP exhibits a typical
crystalline structure (8.35°, 13.68°, 16.31°, 19.80°, 20.73°,
21.34°, 24.11°, 27.47°, 34.25° and 35.24°). After acid treat-
ment, the sample contains an amorphous phase, indicating that
the crystalline structure is destroyed.

Figure 2 shows SEM images of the as-received and ac-
id-treated ATP. Both samples exhibit similar fiber morphology
with approximately 30-50 nm in diameter and 1-2 um in
length.

Table 2 presents the chemical composition of ATPs. Natural
ATP contains SiO2 (59.83%), MgO (14.49%), Alz203 (8.35%),
Fe203 (4.2%), and traces of Na, K, Ca, Mn, and Ti species. The
metal cations are located between unique chains. After acid
treatment, most of the metal cations in the ATP are removed,
with resulting chemical composition of SiOz (96.4%), Al203
(0.8%), Fe203 (1.3%), and TiO2z (1.5%). These results suggest
that the acid treatment does not influence the sample mor-
phology but changes the sample elemental composition signif-
icantly.

3.2 Characterization results of Fe/Ti-ZSM-5

Table 2
Chemical composition of ATP and zeolite samples.
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Fig. 3. XRD patterns of Fe/Ti-ZSM-5 synthesized at different crystal-
lization times.

Figure 3 shows XRD patterns of Fe/Ti-ZSM-5 crystallized at
various times. Before crystallization, the sample is amorphous.
At 2 h crystallization time, a series of weak peaks appear in the
XRD pattern associated with the MFI structure. With increasing
crystallization time from 4 to 10 h, the XRD peaks at 23.03°,
23.83° and 24.28° associated with the fast crystallization of
Fe/Ti-ZSM-5 are enhanced significantly. For a crystallization
time greater than 12 h, the Fe/Ti-ZSM-5 crystallinity changes
little, suggesting complete crystallization of the sample.

Figure 4 show SEM images of the Fe/Ti-ZSM-5 crystallized
at various times. Samples in the starting gel retain their
nano-fiber morphology as natural ATP (Fig. 4(a)). Small crystal
particles (0.5-1 pm) appear in the products as the crystalliza-
tion time reaches 2 h. These small particles increase in size
(1.5-2.0 um) as the crystallization time is prolonged to 6 h.
Finally, the crystal particles are distributed mainly around 2.0
pum in diameter with full disappearance of the nano-fiber mor-
phology at a crystallization time of 14 h. Figure 4(i) and (j)
show SEM images of the ZSM-5-C synthesized from silica.
ZSM-5-C has smaller crystal particles than Fe/Ti-ZSM-5.

Table 2 presents the composition of Fe/Ti-ZSM-5 and
ZSM-5-C. Both have a similar Si/Al ratio of 14.4 and 13.2.

Figure 5 shows the N2 sorption isotherms of the ZSM-5
samples synthesized from the treated ATP (Fe/Ti-ZSM-5) and
silica (ZSM-5-C). Both exhibit a steep increase in the curve at a
relative pressure of 10-¢ < p/po< 0.01. The textural parameters
of Fe/Ti-ZSM-5 and ZSM-5-C are provided in Table 3. These
data show that the textural parameters of Fe/Ti-ZSM-5 are
consistent with ZSM-5-C synthesized by conventional methods.
These results also confirm that it is possible to synthesize
Fe/Ti-ZSM-5 from treated ATP by a one-pot method. Compared

Composition (wt%)

Sample Si0, MgO ALO; Fe;03 Ca0  Na:0+K:0  MnO TiO, Hz0
Natural ATP 59.83 14.49 835 420 0.79 0.99 0.094 11 10.15
Acid-treated ATP 96.40 — 08 13 — — — 15 —
Fe/Ti-ZSM-5 93.07 — 5.46 0.58 — — — 0.88 —
ZSM-5-C 93.93 — 6.07 — — — — — —
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Fig. 4. SEM images of Fe/Ti-ZSM-5 (a-h) and ZSM-5-C (i, j) synthesized at diffe

(g1,j)12;(h) 14 h.

with ZSM-5-C, Fe/Ti-ZSM-5 has similar Si/Al ratios, surface
area, and pore volume. The difference between them is that
Fe/Ti-ZSM-5 contains little Fe and Ti.

To the best of our knowledge, although various zeolites have
been synthesized from various natural minerals [32-34], no
report exists on the synthesis of high silica zeolite using ATP
except for the synthesis of alumina-rich zeolite A [35]. There-
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Fig. 5. N2 sorption isotherms of ZSM-5. Isotherms for sample ZSM-5-C
offset vertically by 120 cm3/g.

Table 3

Textural parameters of ZSM-5 samples.

Sample Ager Anmicro Aext Viotal Vinicro
(m?/g) (m*/g) (m*/g) (cm’/g) (cm’/g)

Fe/Ti-ZSM-5 339 260 79 0.17 0.12

ZSM-5-C 350 227 123 0.18 0.10

1510 16,0k 8 0o <75 P L1
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fore, the one-pot synthesis of Fe/Ti-ZSM-5 using ATP as feed-
stock could be important for industrial applications in the fu-
ture.

Figure 6 shows the UV-Vis spectra of natural ATP, ac-
id-treated ATP, and Fe/Ti-ZSM-5 samples. The natural ATP has
an absorption peak at 250 nm, probably because of the mutual
interference of polyatomic species (Mg, Al, Fe, Mn, and Ti). Af-
ter acid treatment, the natural ATP loses most of its metal at-
oms, providing a low absorption peak around 250 nm. Signifi-
cantly, there are two strong absorption peaks at 212 and 240
nm for Fe/Ti-ZSM-5. Generally, the peak at 212 nm is related to
the electronic transitions of four-coordinated Ti species, while
the peak at 240 nm is associated with electronic transitions of
four-coordinated Fe species in the sample. The small peak
around 325 nm is related to the existence of TiOz crystals in the
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Fig. 6. UV-Vis spectra of various samples.
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Figure 7 shows the NHs3-TPD profiles of Fe/Ti-ZSM-5 and
ZSM-5-C samples. Generally, the desorption temperatures cen-
tered around 200 and 400 °C are related to the weak and
strong acid sites respectively, while the desorption peak area
represents the acid amount in the NH3-TPD test [36]. In this
work, both samples show similar desorption peaks at 218 and
440 °C. However, ZSM-5-C has a slightly higher acid amount
than the Fe/Ti-ZSM-5 because of its small difference in Si/Al
ratio.

Figure 8 shows the H2-TPR profiles of Fe/Ti-ZSM-5 and
ZSM-5-C samples. Normally, the Fe species on ZSM-5 result in
peaks at 350 and 420 °C associated with the reduction of Fe3+
to Fe?+ and Fe?* to Fe0 respectively, while Ti species on ZSM-5
yield a peak at 670 °C associated with the reduction of TiO:
[19,20]. Interestingly, Fe/Ti-ZSM-5 shows a unique peak range
from 400 to 700 °C, which may result from the difficulty in the
reduction of Fe species in the framework and the interaction
between TiOz with surface hydroxyl groups in the sample.

3.3 Catalytic performance

Table 4 presents the product distribution in catalytic crack-
ing of Canadian LGO over catalysts containing Fe/Ti-ZSM-5 and

Table 4
Product distribution in catalytic cracking of Canadian LGO over Czsm-s.c
and Cre/izsm-s catalysts.

Catalyst additive ZSM-5-C Fe/Ti-ZSM-5
Product distribution (wt%)
Dry gas 1.84 1.88
LPG 19.85 20.12
Gasoline 42.43 42.85
LCO 29.71 28.60
Bottoms 5.04 5.46
Coke 112 1.10
Liquid yield (%) 92.01 91.56
Ethylene yield (%) 091 0.94
Propylene yield (%) 5.98 6.16
Co=+Cs=+Cy= yield (%) 12.66 12.99

ZSM-5-C additives. When ZSM-5-C was used as a catalyst addi-
tive, the Czsm-sc catalyst yielded 5.98% propylene and 12.66%
total light olefins. When Fe/Ti-ZSM-5 was used as catalyst addi-
tive, the Cre/mizsms catalyst yielded 6.16% propylene and
12.99% total light olefins. Considering that ZSM-5-C has a larg-
er BET surface area and more abundant acid sites than the
Fe/Ti-ZSM-5, higher yields of light olefins over the Cre/ri-zsm-5
catalyst than those over the Czsm-s-c catalyst should be related
to the contribution of Fe and Ti species in the Fe/Ti-ZSM-5. It is
possible that the Fe and Ti species in the catalyst improve the
catalytic redox property, which is helpful for -scission to pro-
duce light olefins. This result is in good agreement with the
reported literature [11,18-20].

4. Conclusions

Fe/Ti-ZSM-5 was synthesized successfully from acid-treated
ATP as silica and Fe, and Ti feedstock by the one-pot method.
Compared with ZSM-5-C, Fe/Ti-ZSM-5 has a similar crystallini-
ty, textural parameters, and acidity. The catalyst prepared from
the Fe/Ti-ZSM-5 additive shows a higher yield of propylene
and total light olefins in the LGO catalytic cracking test, which is
related to its unique redox property. These features could be
important for the production of propylene and light olefins in
the FCC process in future.
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PERIIEEENE; ShenZ5 200 3o 2 5t 17 ZSM-5336 4 43 11
5] NFeRITi AR N P 95 A 208 7= 2. T8 A 1
& )8 B ZSM-53 47 1A% G ) 4% 7 1 (0 20 B — M Ay

I, HAB b 22 E k). R, SR A BAR 1 5
Bl — R G R 2 R I 4 R I ZSM-5 A
AR

A (ATP) 2 — M A Mg, Al, FeMITISEHIR
SRR RN+, AR ZFRIREG M. S i R AR
RO AT AR T2 RT3 AR B 7). 378
FRURN R Ak )8 AR 2730 3 s — s AR Kb B T LAAT 25
B I i A R 4K 22 B & TR AR, ATTIAS 216 8 TR I
VR A/ B AL FeRITiVIM, XN — B G E A Fe
AT 70 3 I ZSM-53k A AL MR AL TR I ik 4

AR ST AR SR M A S SR, JE 0 TRAL B B &
A B R IRRVER 5 0 T 52 TEREVR, 76 0N A HLASEAR 751 A0 2>
BHEEE, — P A RSB Fe STiYIR IZSM-53 41 44 )
(FelTi-ZSM-5)F F F(LGO, ME=R) A ZAL s B .

2. SLWESD

2.1. FelTi-ZSM-5#EmEHI%

T (A A ) VL 5 AT S SR 4 A R A FD, 4H
Si0,/MgO/Al,05/Fe,03/Ca0/K,0/Na,0/TiO,/H,0 (Wt%)
K 59.83/14.49/8.35/4.20/0.79/0.77/0.22/1.10/10.15. J: &
AR B R 2ER A PR A H.

ATP 1§ 5, F 37%HCI 4L ¥ . ¥ 2.7 g 19 ¥ HCI
(37%) N EIL7 mIKH, FEANAN2.0 g™ Fe AT, B0 fE I
KA, 7E180 °CH R 714 h, 24 f5d i Hh g, Bt
%, AR LS E TAAAE, FEMTEL20 °CF T4 h)a, BIFE
TRALHE 5 (I ATPEE B, 5 254 0 & A Ak R AL Fe
STk

140.09 g mER R AN (AR) I 2115 mIZK H, #4134
5] J5 FE I ON4.5 g DY Py 5 S AL 42 (TPAOH, 19.6 wt%),
Ak S HE30 min, FEINIAL5 gbFE 5 (1 VB A, Bt bk4
hJ&, FEHI46 B 7 3 d 4k 5, 7180 °Caa {14 h.
ZHhUE | PRk, 120 °CT1%4 hJg, 7550 °CHERe4 L2
PR 711 BV 75 Fe/ Ti-ZSM-5FF .

S5 AR B AR A AR R, R B4
A B IR S iE NZSM-5-CFE .

¥4 1.0 g ZSM-5 43 T i i\ EI50 ml 1 mol/L ¥ i i
B iR, 180 °CAZ k12 h, A2 H W Ik, I HhE, YRk,
7£120 °CT54 h, 500 °CKxked h, BIn]fFHALZSM-5.

2.2. HBASTFIERAE

JG F o AT AR OB R A S RS T 1k (ICP), 1E
Perkin-Elmer 3300 DV/X b5 k. 14 H %% (SEM) i
Hitachi SU-1510%1. XU £ A7 (XRD)#AE K H Rigaku
Ultimate VI X-ray (40 kV, 40 mA), Cu K 52k, fE3HTH
SRR FE THEI I (NH,-TPD) I, FREC100 mght it B T
N2, LU 4N, 7E400-650 °CHcH1 h, SR G B E =ik
NS, EH AR, WAL h, 75N, H F+ %100
°C, WHZFL 2. 485, LL10 °C/minff) g Z iR 2=
700 °C, it #A5 5. H 25 FHRIE i (TPR) S 56 7E 3 [H #4
., v 7] TPDTO1100Series % i3k 47, TCD i il € & & .
N o 25233 P R B35 5% F Miicromeritics ASAP 2010M43
PHX. SZEGHT, #f 5 7E300 °CH 25 %4 FHUALFE10 h. t
R, FLATRRIEt-plotih 5. A & 58 Ah- AT WL 18 I
U 1 (UV-Vis) £ H 4 Shimadzu UV-3100%4 4% 41 7] I,
FerEA A, LLBaSO N ).
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2.3. LGOfEBLMIR

145 LGOMEAL 7B, *K535%(1K1ZSM-5. 5091 Ik +
5% AL T KG45 57, 78R A, Wi 5 A1 2 &
ZSM-5H/NERFEIR D57, LGOMEAL 7 rh-5 109% 1) ¥ b5+l
F190% H = {46 77 (USY), He i m 51 Sy ZSM-5-C B
Fe/Ti-ZSM-5, 73 7l it N Czsms.c F Crerriizsms. LA F BT A
flE AL FRIAR7E800 °C, 100% /K 75 S 26 11 T b R4 h, LIRS
R 1) SRV T, P I 0 43 ik A B RLAE 7E38-212 pm
KNI AR ROR.

LGOf# 1k 244355 B HACE (Kayser Crop), J 3 i &
“H530 °C, Ak, 751 AT SR )57 & LE 6.0, 42 il B[R] 90
s, AL ERE N9 g, PS4 A GC-MS A3 T, 77
Do A IR 22 090.01%. TR R B g K, Bk R
WL,

3. ZER5ITR

3.1 [MMiERK&Fe/Ti-ZSM-5RIELER

PILA R AR 'y o 7 FAG B 117 J5 R XRDE. Hi P
AL, AR T 4R £ 7E 8.35°, 13.68°, 16.31°, 19.80°,
20.73°, 21.34°, 24.11°, 27.47°, 34.25° Fl1 35.24° 2% b ! 3
TR MATEE, RUIY £ BA RIFN AL, &
RETAR B JS, X LTI R B O, R UTZAE A
RNTCETE. B2 MM H A 7E AL AT J5 FISEMBE J, #
st 7 Ab BT IS PR R S50 2 K BE A2 1-2 pm, BL4% 29 30-50
nMFILFGEIR. AT L, S Fof T AL BRI W A T S5 5 )
K.

TN AR T AT S e R AL K. FTRLE
H KRB Y] R A 2 SIO, (59.83%) 2H ik, (R A
H K EIIMg, AlfFe, /b & [fINa, K, Ca, MnflI Ti. X4
& JE B AL TN AR A IR S5 T B S B
Z 8], AR E AR sE t, A e i B e B Ak 3
iR 2 ZEPIRG W, &8 IR A H AT Be MM s A R
k. R, MR A BRA B, T LA R S A
f11Si0,(96.4%), LA Kz /b [l AL 05(0.8%) Fe,05(1.3%) Al
TiOx(1.5%). AT UL, i &b B BT LA IR 111 ™ A (1) ot Ak &5
o, AR )\ T A BH B A 11T e 2 25 2 R 45 4, FE Mt
BRI SR e R, (B, B TERRGMIRAELE, Rt
T2 Ak K U1 ™ A TR B 52 T A K

K3 NFelTi-ZSM-57E A A di AL ) ] T FIXRD#E. 7
oA AT, B R I ETEARAS; M dath2 h, # ah I
T 55 Y M L5 /8] (1) SRR AR U6 5 5 64-10 h, FF i 75 23.03°,
23.83°H124.28° AbATT S U PR M ik, 158 W P4 LN ) B

RGP I AR 12 W, B BT S 08 8 B2 06 B
Ak, IR R AR FE D 4 R, R B4
K471 ZSM-5 3k 11 7 1 . B4 09 A [R) A I ) )
Fe/Ti-ZSM-5SEMHIE Jv-. | I AT L, 7E7K A df A 2 117, #F
At AT SRR RE 1™ A R AT 9K AR 4R I TE SR T2 h
PUE, F=9rH o BB B B ORI /N 44 (0.5-1 pum); B
mn IS B ZE K 226 h, /N E A2 8148 K (1.5-2.0 um) A2 £,
Ak SEAE A A AN TR] 14 h, 774 o A1 AEAR 0 191 7 s R} R
o A S | M ST S UF AV N N2 NE 2/ € 17 e TR
20 umZi A5, DL S5 SRERER, DA A D SRR, Ak
Fe/Ti-ZSM-5(f) it B rhr, el T8 7 DU A 2k SR AL B A
R, B A & 75 S R K (2 h); WTAREE R )
FEVEATI SR PR FE R AR M A IR R R 4R 4R I T30, B
i AGIT [R] U RE K, GoK  £F 4R FE IR 2 T ek B 22
&, AT LR H, ZSM-5-CHE i i ki L Fe/Ti-ZSM-5/).

2 HFelTi-ZSM-5F1ZSM-5-CHI St Z 4L K. 7 LLE
H, F BIREER L (SIANFHIE, 43 7)214.450113.2. KI5
Fe/Ti-ZSM-5F1ZSM-5-C N, i Sl k. e mT L, —
BE PSR AR o SR T AL SRR 28R, 0 B RE i L
HHRIEMILFLIE S5 0. R34 H T FelTi-ZSM-5 1
ZSM-5-CILLRTAR . FLELERTH . ARELRHAN. BfL
PRARANGIALFLARAR. W DU Y, A 0 Lo R AR AL AE
FAUT oy, Bt ay I, DA™ R A A sk, SR — 20
A KT A R FelTi-ZSM-53 41 410, HrER b, i
FEURAFLAAR R 5 {8 FH Ak B A S ek U 6 1 19 ZSM-5386 1
T+, HEIN TR FeMTiY)Fh.

JRAE H 28 BT AT A RS R AR A 234 DAL
N JEURL R AT AR T 0 A B9, e e A ok LR
DAL i, A SC |l U™, e — 2D 35 BUFel Ti-ZSM-5 41 43 1
S - b S R AT VR I S S

AT R R AR R R AR, EI64A T
FARM N A TRAL B S A U B A DL KA R
Fe/Ti-ZSM-5/JUV-Visi. T LAE tH, RERHIMNHA 7E
250 nmAb A5 — W YU, 1X AT RE BT 2 Fh 4 JE (Mg, Al Fe,
Mn, Ty BTSN LT, 2RAEE, £
200-400 nm iz H B0 1 45 58 o g, X S Fe, Tih
FhérJBA x &, MIEFe/Ti-ZSM-58E 5 _EF212H1240 nm
4k HH B A U, 3 L R (Y MIF L 1 O B 4R
Ti* RIFe™ (K1 HL T RRITAS 5, — A 212 nmAb R g
VA1 Jeg Ay o A v DO AN B P L AT A RS BRIE, 240 nmA T
WL U VA S Dy it A H T DU BC A R 9 FRL AT R S BRIE . )
A1, ZFE R TE 325 nm BT BN U, GX AT R SR 1)
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PRAATIO M W U AT 5%, PR e v] AL, ZE A M1 e A
JE R BRI FelTi-ZSM-5 [ R, JEURF fl Fe RITid A
#5333 N ZSM-53h A1 431 7 (11 B 25 460 v DL DY TC 7 1)
TERAFAE, FIR A 52 LA LS AZE T A 0T
i PR 2R 2 4.

K7 J9Fe/Ti-ZSM-5F1ZSM-5-C[JNH3-TPDi:, —fi&
NN, Bt B 3 1K T 200, 200-400 LA J% 5 -F-400 °C I filt
P e Sl o - 55 e A TR T D TR v, T O A
(R4 T AR /MR e b RHIR S el B 7] L, AR
HRAE218F1440 °CHHT tH L B, {H 2t T-Fe 5 Tiv)Fh
(1) 4775 5 AR T 325 N | ZSM-5 45 #) v g A5 52, {15
Fe/Ti-ZSM-57£ i 47 Lt {f L ZSM-5-C [/ K, A 1T 5 3
Fe/Ti-ZSM-5[2 &g /).

K8 }9Fe/Ti-ZSM-5M1ZSM-5-CHE i fiH,-TPRiE . —
RN N, B—Fe i 7 51 #7E ZSM-536 1 4 10 L,
F-3501420 °C H LI J5 ik, X6 B T Fe®* 4 i J5 ol Fe?* ik
— LIk 5 yFe; BTt HAEZSM-51, HAE670 °Cih
B JFUE, 3o BT TiO, 93 JR 1920, AT LA i, ZSM-5-C
VA I JiR 0 IR, R DA A R o AT A T 50 i ) 4 )
BT {HFe/Ti-ZSM-57E400-700 °Cu [l Py #1445 B &L 11
i 50, LA 5L P SR AR AN R T B — I Fe ) Bl B T4
119200 S AT A b T 48 Fe R B Al I S, HE i
FE T, 1AL T B 2822 AN TIO 5 3 A 43 1 0 2 Thi 4 3

FRIAR ELAE R W H IR SR, e G I B R %,
3.2. FelTi-ZSM-55r F st L 1t BE

FA N FelTi-ZSM-5F1ZSM-5-C AL F5IRE i
LGOEZL S M5 . FE& W] WL, LAZSM-5-C1E Ay
INFRESE, PR R A 2 11 ™ 6 72 5.98% 112,66 %, 1Tl K
FHFelTi-ZSM-51E A A AN TR, TR 445 1 A 6 44 J 11 7 22
53 51 26.16%F112.99%, 435l #2 =i 1 0.18%410.33%. Lt
M 5, ZSM-5-CH d i RSF 5/, AR EE R TR, FE4
LA, BREEIE K, (H & Fe/Ti-ZSM-5 X 4 475 1% B A T
MBS . X BAREFE R &AM
K. XWHEAE H T TiF e MA 2] 7+ v, o] LA
Rt v AL TR I SR A I SR 1 B, A R R e S AL
il S B AR R, A B-Wi)E, sl A=A L
PRI ER B I J, AT B2 v 68 0 4 1) = 26, 5 A al SC R —
ﬁ[ll,l&—zo].

4, g

AT A N SR — 25 v LT A R HE Fel Ti-ZSM-5
Ao T, 1ZAE S B 5 L ZSM-5AH R 8L 45 &
JE L BRI FLA R ER M, (HAEME A R LGO R L
L, RIS L H L ZSM-5 T 13 1) PR A 1A 0 1k AL 1 2
e 26, X 5 AR A IR SR R B O, ARl Xt
FCCILZ 7= A s R ro 0 I e 7 6 A TR AE 1) I P 7 3L
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