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Fe, Co and Cu Modified HZSM — 5 Catalysts for Online Upgrading
of Pyrolysis Vapors from Rape Straw

LI Xiaohua WANG Jiajun FAN Yongsheng LIU Sha CAI Yixi
(School of Automotive and Traffic Engineering, Jiangsu University, Zhenjiang 212013, China)

Abstract; The Fe, Co and Cu modified HZSM — 5 zeolites were prepared via impregnation method and
the modified catalysts were characterized by XRD, Py — IR and BET methods. Then online catalytic
upgrading of rape straw pyrolysis vapors was performed over the modified catalysts to investigate their
catalytic upgrading performance and anti coking performance. The results showed that loadings of Fe, Co
and Cu were well-distributed, the acid distributions on the HZSM — 5 were influenced differently by Fe,
Co and Cu, and the channels were modified with the decrease of pore volume. The bio-oil yields were
decreased with the increase of physicochemical properties after upgrading by employing the modified
HZSM —5. The yield, oxygen content, pH value, dynamic viscosity and high heating value (HHV ) of
bio-oil obtained by using Fe, Co and Cu/HZSM — 5 were 18.37% ~ 19.03% , 15.13% ~ 17.23% ,
5.05~5.12, 5.16 ~5.22 mm’/s and 34.56 ~ 36.01 MJ/kg, respectively. The refined bio-oil was
composed of a variety of organic compounds which was indicated by many kinds of chemical functional
groups, the content of hydrocarbons in refined bio-0il was increased significantly. Aromatization
performances of Fe/HZSM — 5, Co/HZSM — 5 and Zn/HZSM — 5 were improved and contents of the
polycyclic aromatic hydrocarbons ( PAHs) were obviously increased. And after catalytic upgrading by
Fe/HZSM —5 and Co/HZSM —5, the contents of the monocyclic aromatic hydrocarbons ( MAHs) were
relatively high. Resistance performances of Fe/HZSM — 5 and Co/HZSM — 5 for amorphous coke were
relatively strong, while that of Co/HZSM —5 for graphite coke was enhanced obviously.
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A TS B FF E B SR S F T KU T KL 72
0.25 ~0. 42 mm B IRFE, 7518 T4 (105 ) F
W2 b, 4 F . RHRREHERT T 4047 AT 4B 1

FIARE KON 6. 12% , JK 73 it i 73 %0 3. 69%
PR oy T g3 B0 72, 84% , [ A2 Bk i O B0k
17.35% , ke C 50l 42.22% ,H JFi 4y
Bh5.53% N JRE 48N 0.41% ,S &0 80k
0.07% ,0 JR& 450K 51.77% , AL 5 Bl
N 15.92 MJ/kg,

1.2 2% HZSM -5 f &l & R R1E

L2.1 k5 i %

He— 5 & HZSM — 5 Jiky (fif 40 L o 50) 78
SS0CHR 2 h J5 3 R 1 3 — & B /) Fe (NO,),
Co(NO, ), Cu(NO, ), ff FyE W o, £ 4 X
AP T 80C EIRBEFE 4 h, £ 58 73 1 U8 MUk I
Ja  Se R AL E T TR A P T 110°C T4 12 b, 4R
JE B T g b L S50°C R RS R 4 b, 18 5
Fe/HZSM —5 .Co/HZSM —5 .Cu/HZSM — 5 &5 T
fiti , 25 J0 2R P I PE AL 3% ida o
1.2.2 fE4R50) By R AE

K TD — 3500 A £ 5y X §f 26 i1 4 ( X-ray
diffraction, XRD ) S0k 73 -0 2E 4T Py A 72 , 48 S I
J CuKa (K A =0.154 06 nm) , 55 JE Jy 40 kV &
W R 30 mA, A O S (°)/min, 6l i
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PR 5 Fir I 5 08 B 2% 298 26 B i RS 2% 8 % 1
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infrared ) 73 Al 7€ 73 T 0 1) B BR AN L BR o3 A o HF—
JE i RE i T 1 0B B A SRR, IR R RE Y
AAGER O, 5 A RGEA % . SETE 0. 53 ~
1. 33 kPa 5 H 2 RS T A7 FHE 2 400°C &1L 2 h,
PR R IR (20°C) B A AE G B 20 B R =R T
fil 025 28 0. 53 ~ 1. 33 kPa WL MF AL IE 265 0. 5 b, 7
THIf 2 150°CBER 0.5 h, 7 [ 22 % R B35 15 150°C

o it I RS AL I % 15 5 A J A = 3 R il 32 20,53 ~
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Fig.1 Schematic diagram of vacuum pyrolysis and
catalytic upgrading system
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FE I A 2, BRI R, R )2 KA
P, AT S W % (CH,CL,) 358 57 2 B 43 25 il A
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7 RS A= A 7 R PR AR G TP B AR R 1Y
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1.4 fEAeEESTERIE
L4.1 5 A= ih o b

s ] 2= 3 19 50 2 4 0CR: 1T EA3000 BT 3R 4
PFrAil s ; A= s R L EE RN E (]
GB/T 2540—1981 Jz ASTM D —369) ;4 il A= ¥y id)
2>k PHS — 3 By pH il (=8 GB/T
111652005 ) ¢ 1 4 1 4 ) 32 30 3 1 3 O 40
BT E (2 GB/T 265—1988 J2 ASTM
D455 ) 3 H 1il 2£ H ik i & AL FAELR AT ZDHW - 56 7Y
ARG E (S 1] GB/T 213—2003)

% Thermo Nicolet iS5 %Y {# B it 728 3o 21 4p S
% ( Fourier transform infrared, FT — IR ) X} 45 il 4 ¥
AL o7 A5 b 2 R AT o3 A, 3 38 Y L D 800 ~
4000 ecm ™', 43 HEH 0.1 em ™',

K 1 A= W il A HL Y 28 B8 43 BT R ] Thermo ultra
GC ITQ1100 % < Jf Bt A ( Gas chromatograph/mass
spectroscopy, GC — MS) 4MHF AT, GC 437 4 P
@ik A TR — 5 AL B 40 AE, MR 4 30 mx
0.25 mm x0.25 pm; < A He, i & | mL/min, i
FEEREE 250°C , Zp i be oy 10 1, #E A 1 pl, MS
ORHT A B T IR E 230°C, MS fE i £ IR E
250°C, HL B U7 0 BT B 73R i B 1 70 eV, 9 4 5t
Y30 ~500m/z, FHE W] 1 s, THRFEF:40°C
R+ 2 min, DL 20°C/min /3 R F+ F 100°C, L4
10°C /min A3 % 1 % 200°C , 4445 3 min, 3% & % #
SRR 3 min'?
1.4.2  HEACT 04l B 1k RE R AL

K Thermo TGA/DSC 1 B [a] 25 # 3 Hr AL X i
FHAR [ ] [ J55 #9230 21 0 26 47 4 9 BT ( Thermo-
gravimetric analysis, TGA) , % 2t HZSM -5 {1k
P Pyl B B A R RE . URE B O 10 mg, DA
22 (50 mL/min) S A, K5I HE L 10°C/min ()
N 40°C A E] 800°C , X HH AT AT (TG) Flfk 4y
IE (DTG) 7347 .
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Fig.2 XRD patterns of HZSM — 5 and modified

HZSM -5 catalysts
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FRPEFR LA Y B IR 0, R 1 490 em ™' BRI Y
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LR NEY 557 i R o R AER, BRT
TCE A AR F L KNS TR, 6 43 - 0 R A 1)
M MR . Zead Fe o )5 9 HZSM — 5, L i@ B
SR, B R W U 55 20 Co B 5 1) HZSM —
5,L R B W, B R I WS ; 4t Cu Bt R
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Fig.3 Py —IR profiles of HZSM —5 and modified

HZSM -5 catalysts

MOk HZSM — 5 [ 3% 1 ) SRR ME S B0 3% 2
Ro B2 A[A %58 Fe Co,Cu Bt )g,3 Flik ok
TR MMM E T FimRm, MaodtEAT
HZSM — 5 AL L I8 , % 2 1 AL B B 3 T — & &
WEVE R, et HZSM — 5 M FLAS A Fridi /.
2.2 FYFEERNSH

2 UM HZSM -5 A0 42 5 )5, 4% A ™ 0 7 2R 4y

%1 HZSM -5 K HZSM -5 # Py - IR 8 xf I @R
Tab.1 Py - IR relative peak area of HZSM — 5 and
modified HZSM -5 zeolites

LIRS B BRAIX

e b LEBLR s
HZSM -5 3.75 0.10 3.65 0.03
Fe/HZSM -5 0.38 1.63 1. 06 4.29
Co/HZSM -5 0.40 1.99 1.35 4.98
Cu/HZSM -5 1.22 0.22 1.33 0.18

%2 HZSM -5 Bt HZSM -5 R EWIE 4
Tab.2 Physical properties of HZSM -5 and
modified HZSM -5 catalysts

Fe/ Co/ Cu/
5 HZSM -5
HZSM -5 HZSM -5 HZSM -5
HEmER/ (m?-g™')  233.098 283.219 312.331 288. 122
A/ (em®-g ) 0. 200 0. 198 0.162 0.197

MG 4 fros. HE4 70 ed o i fe s, <
A=) 7 ZR AR S 3G 0, WA 7 ) S A= Wy e R —
R, TEMEALIR BTt R rh , Ui B P S AL
Yy b i 48 2 R DL R % {6y CO L CO, FITH,0;
[F] B, B AN ATV BE AR 0 7 SR A B, A
CH, .C,H, .C,H, C,H, C,H, H, %" % HZSM -
5 LIRS, AR ) 77 %y 37. 68% Al AW
W%k 22.22% ;i %at Fe .Co ,Cu 2 i HZSM — 5
HEAL 52 5T 5, A TR W 7 R 0 Bl Gk 40.47% |
43.18% F11 41.49% , K il £ ¥y ol 7= 5 43 5l B
19.03% 17.52% F1 18.37% . A% 5 5% 4% & 4 &
AEARA N, 2 WA U J50RE 8 R 2 0 B A 8 e 1 —
Btk

et HZSM — 5 4k Jo h il A= 9 b 3840 R v dn
I PR. HE3 AT, B ARG  EHIEY
T B2 B0 AT, S 0 ST S A AR R B LA
AT H0RE R B 2540 s pHH 235 32 5, RIDRIRE
ALY S B ] R, A RO TR B A A R k5 2R

551
—=— [E{RR AR
501 —o— S
sl —A— AT
> —v— £
40t
& 351
E‘i 30t
25t == -
20t
150
Y HZSV—5 Pl ol aw
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flEfLRIARAE

B4 HZSM - 5 5 T BRI 47 56 0B
Fig.4 Effect of various HZSM — 5 zeolites on upgrading
products yield
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TR T S A ALY P AT R FE L
CO.CO, M H,0 pyfe e Bk , A= 9 il AR (6 W] S 42 T
o, Co/HZSM — 5 AL 4 RE 1 058, 2E W ith i 32
IME IR 36. 01 MI/kg; 5 A= W) ISl A EE , 20 48 T

9 Ay it H/C R 2 AN R B2 1) T 8, 2 T 44
fRZE P AUE Z L CO R CO, T 2B R 5 1T 4
Fe .Co.Cu Mt PEfy HZSM — 5 4L J5 , A= il H/C JEE
IRECAE P HZSM = 5 I SUAT S 7 7 JE 119 A 6
HZSM —5 Sk e, Jbt 480 RE 71 15 21 48 T 9 R i, of &
) BRAT i 7 04T BT B

®3 BHISM-5 5 FliEXEEYRBELSE
Tab.3 Physical properties of obtained bio-oils by using various HZSM — 5 zeolites

e AL LES sy
X HZSM -5 Fe/HZSM — 5 Co/HZSM -5 Cu/HZSM -5
B/ (geem ) 1.18 0.99 0.95 0.96 0.95 0. 84
pH fH 2.10 5.20 5.12 5.05 5.10
EBHFE/ (mm?-s7") 8. 85 5.11 5.18 5.22 5.16 3~8(20°C)
ELIE/ (M kg™ 28. 44 32.11 35. 10 36.01 34.56 45.50
C JRB 450/ % 63.77 71. 81 74.85 75.68 73.62 86. 58
H 543 50/ % 7.58 10. 08 9.10 9.19 9.15 13.29
O T4y 8/ % 28. 65 18. 11 16. 05 15.13 17.23 0.01
H/C BRI 1.426 1.570 1. 467 1.433 1.480 1.842
0/C FEIR L 0.337 0. 191 0.165 0.150 0.176
T2 O B 7 O 22 0 T A
2.3 BHRIEMBSHA
2.3.1 FT—IR 4 #7 “
Btk HZSM — 5 i A JIT 4585 il A= 490 3 1 20 418 | Ul
WA S s . H S RO RS AR B i 20 A0 % z t \
= Fe/HZSM-5 |

Wt %2, H. 3 R AP £r SN G S AR — 3, KW 3 Fh
EYMBIEA Z R E TR, AR L.
K T A 0 0 ) 21 A1 i 0 A L B T W e S AR R T
XF R AL 2E RN R 4 Bi R . B 4 BT I, 3 200 ~
3400 cm "' S [l A A R A UG X O T 2K B 5 AT HIL
Py O—H S (19 11 455 415 3 , 12 06 B 1T ok, 2% 11 A 4 i
Hh 5 k1 T S B 2 PIL A AR R 2 900 ~
3000 em Y[R 2 A4S W i o R 4 4 A1 C—H
PR ZN AT 1300 ~ 1475 em ™" ¥ [l P W 500 %of 7 14
MFn C—H T N i E s R A S a B2
Bk A1 51700 ~ 1900 em ™' 5 A A% 15 04 e %ot i
FEREEM MRS, FE R 1705 ~ 1725 em ™' X )i
(TR 2R B TR 1 700 ~ 1725 em ™' X R 04 R 25 ) 5k
1500 ~ 1675 cm ™" 3 [ P (9 W A i O 55 7 B B 45 4
il C =C Y 4 2 & i, [ B, A7 F 625 ~
870 m ~" JE B P A I oA e, T BB R H Y A A =
C—H Sk shsl &, EHADMmh S HREZH
F5 WAL A 5 W AE 1000 ~ 1 300 em ™" 35 [l P 14 1%
g e D) = B ol Y A dod B Tk RIS TR 2K 0 D R Tk A
ALY C—O HEM Mg e sh BT o1& . Bk, A il
A b A RS NS RS R RS S IR
[ 25 70 35 B 1R 55 2 P A B o

Co/HZSM-5

4000 3600 3200 2800 2400 2000 1600 1200 800 400
W B em™
Bl S Wt HZSM — 5 (AL BT 4525 953l i 204106 1%
Fig.5 FT — IR spectra for bio-oil obtained by using
modified HZSM — 5 catalysts

2.3.2 GC-—MS 4r#r

K GC — MS X 8 i A= it vb 5943 BLAL & ) E
FrEMEFIE M o 200t HZSM =5 figfb$ )i,
K T A s v < R T R ) T B L i
T AL 6 Fra R I, LL i S8 F A g
9 W S 2 A XS HL 2 R i A WL 2
LIy S 7/ 1 S B~ O TR 37 Ny
(Monocyclic aromatic hydrocarbons, MAHs) | £ ¥ 5
4% (Polyeyclic aromatic hydrocarbons, PAHs) Fl ig
i % ( Aliphatic hydrocarbons, AHCs) 28#) i, H
Pl 6a 1] UL, 5 4= W J5t it 4H RAH L, 280 0 O A A
RGeS B E RV ET . &
PE HZSM — 5 R 3 H 5 3 1) ok AL & 900 A Ak e 51k
BE.3 B i Pk HZSM -5 Xf PAHs f 1k % % 1 &
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Tab.4 Infrared band positions, functional group absorbance type and species for refined bio-oil
LA I 07 B/ em ™!
Fe/HZSM -5 Co/HZSM — 5 Cu/HZSM -5 B B [ R i 3 Y HE AL 22 B
AL A W3 AL A Wi AL A W3
3392.11 3377.13 3414.65 O—H f# 45 (e ES
2972.31 2964. 82 2972.34 C—H 45 KEFE (M A
2934.71 2927.12 2927.12 C—H fifi 4 Bk (HEA)
1705. 31 1705.32 1705. 31 C =0 {§ 43 REL
1645. 12 1645.19 C=C {fi4i; C=0 i AL 5 o, B-AN LN
1607. 53 1592.58 1 600. 22 O—H {1 45 M (HH)
1510. 53 1510.57 1510.76 C=C fip 45 IR
1465. 34 1457.83 1 465.33 C=C 45 ; C—H g} TRER s BE L (M)
1367.52 1367.34 1375.31 C—H 5 fify fedk (HF)
1255.42 1262.96 1262.91 C—O ff 45 T B bt i Tk
1217.82 1210. 38 1217.85 C—O fif 45 T H bt i Tk
1104.91 1104.91 1112.55 C—O fi45 B2 5 iR 2 5 IR s i
1030. 51 1011.92 1030. 54 C—O 1145 [ SRS
813.02 805. 07 813. 47 =C—H Z il B IR R
745.32 745.35 745.76 =C—H &' I AR
692. 61 692.70 692.77 =C—H Z il i B s AR R
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Fig. 6 Hydrocarbon compound and carbon number distribution of bio-oil obtained by modified HZSM —5 zeolites
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