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Abstract The effects of steaming and impregnation with transition metal Ni Co Cu Zn salt solution on the
catalytic performance of nano-sized HZSM-5 zeolite catalysts for the aromatization of Cs— Cq alkane mixture were
studied in a small fixed-bed reactor. The surface acidity of the modified zeolite catalysts was characterized by
NH;-TPD and Py-FT-IR and the surface acidity was correlated to the aromatization performance. The results

showed that steaming treatment at 450 C could notably increase the selectivity for aromatization over the zeolite
catalysts and less methane and ethane were produced. The impregnation of the steamed nano-sized HZSM-5 ze-
olite with copper or zinc nitrate solution significantly strengthened its resistance to coking deactivation. It was
because that steaming treatment decreased both the amount and strength of acid sites on the zeolite surface

while the impregnation with copper or zinc nitrate solution further decreased Bronsted acid sites increased Lewis
acid sites and generated active dehydrogenation sites by cooperating with Bronsted acid sites thereby made an
impact on both the activation way and the aromatization path of the alkane mixture.
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BTX ZSM-5
BTX HZSM-5
20 S . 400 450 500 550 C
80 BP  UOP 100 % 3h
LPG Cyclar =3 S400 S450 S500 S550 .
S450 CoO NiO CuO  ZnO
S450-Co  S450-Ni S450-Cu S450-
LPG Z-Forming Zn .
4
LNA > Quantachrome CHEMBET-3000
(O Cs Alpha 6 . B L
UoP Bruker EQUINOXSS5
LPG Cyclar 120 .
Cyclar T, Mettler Toledo TGA SDTA 851e
§-12 5 C min.
10 Cs BTX 1.2
C,-LPG
BTX GTA 4 0.68 g cm® 8 g g
13 99.81% L.
2005 C,-LPG Cs 1
BTX  Nano-forming Table 1 Mass fraction of feed stock for aromatization w %
10 Ttem Cs Cs C, Cs >
n-Paraffin 0.31 9.81 3.18 0.32 13.62
i-Paraffin 0.06  12.47 3.24 6.15 21.92
ZSM-5 Olefin 0.00 0.01 0.00 0.13 0.14
Naphthene ~— 11.18  40.15  11.62 1.32 64.27
Aromatics 0.00 0.02 0.02 0.01 0.05
> 11.55  62.46  18.06 7.93  100.00
C;~GCs Co~ Gy
BTX 10
Co+ mm 0.68 h !
120 3g 0.5
BTX MPa 560 C. GC-14C
OV-1 ¢ 0.2 mmXx/ 50
m  FID GC-
Cs~ Cq 7890F PLOT ALO;
7ZSM-5 $0.53 mmXx/ 50 mX3 20 um
C~
Ni Co Cu Zn Gy Cs+
BTX
1 2
1.1 2.1
ZSM-5 n Si0, n ALO; =25 HZSM-5
~30 20~50 nm
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2 HZSM-S C5 - Cs
Cs =Gy 48 h d~
Cs~G ) 98% ~ 99 % 110 h
98% S450
HZSM-5 .
S450-Zn > S450-Cu >
450 C S$450-Co > $450-Ni > S450.
HZSM-5 S450 48.61%.  Zn
54.75%  Cs, 45.25% 51.68%
14 ~ 18
. 450 C 3450
. 57.26% S450-N;i
42.74% . 450 C $450-Co $450-Cu  S450-Zn
2 HZSM-5
Cs~Cy S450
Table 2 Aromatization performance of Cs—Cgy alkane mixture CS Cg N
over nano-sized HZSM-5 zeolite steamed at different
temperatures w %
Sample S S400  S450  S500 S50 S5450-Ni Cox
X C0-Y 98.05 98.54 98.63 98.61 98.29 S450-Co Cy
9
Y A 39.65 42.92 48.601 41.64 40.27 S450-Cu CS Cg+
Y G 54.75  50.51 42.74  52.59 52.05 .
Y L 45.25 49.49 57.26 47.41 47.95 S450-Zn CS
Product distribution
H, 0.16 0.11 0.21 0.12 0.11
C 16.27 16.85 16.26 14.00 12.68
e 18.31 17.57 15.89 17.70 14.29 Cs+ 5450-Zn
Cy 1.40  1.11 0.88 1.47 1.72 S450 S450-Ni S450-Co S450-Cu
3 15.95 12.83 8.39 16.20 19.02 CS+
Cy 1.12 0.86 0.57 1.30 1.67
b S450-Zn Cs,
Cy 1.30 0.94 0.43 1.52 2.14
C; 0.24  0.24 0.11 0.28 0.42 S450  S450-Ni S450-Co
CeHg 9.59 10.55 13.85 9.96 8.86 CSJr
MePh 16.31 17.66  21.10 17.08 16.54 S450
Cg-A 9.11 9.86 9.24 9.76 10.12
Coi-A 4.64 4.85 4.42 4.84 4.75
Cs, -non-A 560 6.57 8.65 5.77 7.68 . S450-N1 H, S450
EtPh 10.72 10.44 10.20 10.27 10.09 H
m  p-Me,CeHy 67.36 67.61 67.62 67.64 67.72 . : .
0-Me,C¢Hy 21.92  21.95 22.18 22.09 22.19 S450-Ni (4
Reaction conditions WHSV=0.68 h™' m cat =3g p= G, 5450-Co S5450-Cu
0.5 MPa 6=560 C t=48h. C; C4
S — HZSM-5 the number after S means that the sample was )
steamed at the temperature C . A — aromatics G — gas 2.3
H, C,. L— Liquid Cs, . 1 HZSM-5
. 500 C
2.2 500 C

3 5450

S>5450>S450-Zn.



668 29

3 $450 Co~Cy
Table 3 Catalytic performance of S450 catalyst modified with different transition metals for aromatization of Cs—Cg alkane mixture w %
S450 S450-Ni S450-Co $450-Cu S450-Zn
Sample
48 h 110 h 48 h 110 h 48 h 110 h 48 h 110 h 48 h 146 h
X C!-C3 98.63 55.35 98.97 65.71 97.97 90.2 98.11 95.26 99.26 98.87
Y A 48.61 18.59 43.1 28.52 44.2 42.08 39.75 37.09 51.68 50.12
Y G 42.74 28.66 49.66 26.37 50.35 40.81 53.26 48.53 44.41 45.89
YL 57.26 71.34 50.34 73.63 49.65 59.19 46.74 51.47 55.59 54.11
Product distribution
H, 0.21 0.08 0.24 0.15 0.56 0.54 0.75 0.72 1.25 1.19
C 16.26 2.74 15.61 2.29 9.39 4.14 6.13 3.62 11.01 11.52
o] 15.89 3.5 20.37 3.49 15.96 7.69 9.05 7.32 13.69 13.24
Cy 0.88 3.9 1.08 2.46 1.42 2.69 2.65 2.72 1.11 1.28
3 8.39 6.13 10.39 7.43 17.7 13.72 23.62 20.33 14.54 15.16
Cy 0.57 8.22 0.86 5.39 1.7 4.87 2.97 4.38 0.92 0.99
cy 0.43 1.35 0.88 2.5 2.99 4.6 6.57 7.29 1.64 2.23
Cy 0.11 2.74 0.23 2.66 0.63 2.56 1.52 2.15 0.25 0.28
CeHpg 13.85 3.12 10.67 6.7 9.15 7.99 6.02 6.15 11.82 12.45
MePh 21.1 6.38 17.39 11.37 18.51 18.84 14.71 15.03 22.28 22.3
Cg-A 9.24 4.16 9.14 7.9 11.44 11.54 12.15 12.36 12.14 11.22
Coy-A 4.42 4.93 5.9 2.55 5.1 3.71 6.87 3.55 5.44 4.15
Cs+ -non-A 8.65 52.75 8.35 45.11 5.45 17.11 6.99 14.38 3.91 3.99
EtPh 10.2 19.62 10.34 20.02 9.01 17.01 11.72 14.26 8.62 10.53
m  p-Me,Cq Hy 67.6 75.67 67.33 67.65 68.43 67.86 66.18 65.12 68.87 67.37
0-Me,Cg Hy 22.18 4.71 22.33 12.34 22.57 15.14 21.89 20.62 22.61 22.1
Reaction conditions WHSV=0.68 h™' m cat =3 g p=0.5MPa 0=560 C.
The Ni  Co Cu and Zn after S450 mean that the sample was modified with Ni Co Cu and Zn respectively.
100 ht.
95 [
: . S450
§ 90 + 3)
5 o8t .
~ gof & : S450-Zn
S450-Cu
5 )]
70 . L I n L 1 L L L L | s s s s | s L L L
200 400 600 800 1000 4 HZSM-5
6/ °C Table 4  Analysis results of coked nano-sized HZSM-5
zeolite catalyst samples
1 HZSM-5 - - -
Fig 1 TG curves of coked nano-sized HZSM-5 Sample Loom Com et i L(’I: L(’I:
zeolite catalyst samples h % h' gh ' gh '
1 S 100h 2 $450 110h 3 S450-Zn 146 h S 100 311 0.31 1.77 0.75
The time in parentheses is the reaction time. 5400 100 31.4 0.31 1.77 0.58
S450 110 27.83 0.25 1.42 0.77
4 HZSM-5 S500 110 31.68 0.29 1.48 0.69
S550 110 32.11 0.29 1.57 0.59
S450-Ni 120 32.11 0.26 1.14 0.35
S450 : $450-Co 144 31.43 022  1.22 0.3
AC S450-Cu 168 37.32 0.22 0.15 0.22
S450-Zn 146 17.54 0.12 0.02 0.07

S450-Zn S

AC— Coking rate  m C m cat t AXCT — Decreasing
L.77 rate of X C2—CY per unit mass of coke AACT — Decreasing
h™ ! 0.75 rate of Y A per unit mass of coke.
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2.4
2 HZSM-5 1616 1452
NH;-TPD 1635 1540 1491
HZSM-5 | ‘
HZSM-5 2
<
400~450 C 220~300 C
1706 . I1650I . Il600I - I1556 - 1506 - ‘1450I 1400
o/cm’
=
g 3 HZSM-5
g Fig 3 FT-IR spectra of pyridine adsorbed on modified
nano-sized HZSM-5 zeolite catalyst samples
1 S 2 S450 3 S450-Ni 4 S450-Co
5 S450-Zn 6 S450-Cu
100‘ - IZOOI I300‘ ‘400‘ I500 60‘
6/ C
6
2 HZSM-5 NH;-TPD
Fig 2 NH;-TPD profiles of steamed nano-sized
HZSM-5 zeolite samples
1 S 2 S400 3 S450 4 S550
+ +
3 HZSM-5 GG
B 1540 em ' L 1450 H" H
em b L
S< 8450 < S450-Ni < S450-Co < S450-Zn <
$450-Cu B B S B
S $450 H,
B
. B
S500 S550
HZSM-5 B
s
Cf) C7 -3
<+
C6 ~ Cg C5 -~ Cg B (/4
B C-H G G
carbonium ion C-H
H, carbenium
ion L S450 L
G G B
B- G G G 1630~ 1600 cm ! : 19
G G 20 Zn HZSM-5
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