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Experiment on Indirect Hydrogenation Upgrading of
Biomass Pyrolysis Vapors Based on NTP
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Abstract; In order to effectively improve the upgrading efficiency of biomass pyrolysis vapors,
polyethylene pyrolysis volatiles were used as indirect hydrogenation material, and indirect hydrogenation
upgrading of biomass pyrolysis vapors was conducted over HZSM — 5 and its Ru, Ti and Sn modified
versions to prepare bio-fuels. Besides, non-thermal plasma (NTP) technology was introduced to enhance
the conversion process. The effects of metal modifications on the active radicals, organic phase yields,
properties and compositions, and catalyst coking rates were explored. The results showed that under the
action of NTP, the Ru and Ti modified species enhanced the formation of active radicals and activated
more volatiles into the same radical scale, contributing to the integration of mixed vapors. Particularly,
the yield and high heating value of organic phase by using TiHZ5 reached 58. 73% and 38.73 MJ/kg,
respectively. The modification of Ru, Ti and Sn significantly increased the relative contents of aromatic
hydrocarbons in the organic phase, which were increased by 109.15% , 208.55% and 52.52%
respectively, resulting in a decrease in the effective hydrogen to carbon ratio distribution of the product.
In addition, the coking rates of Ru, Ti and Sn modified HZSM — 5 were decreased from 12. 88% to
9.44% , 4.95% and 10.91% , respectively. And Ti modification significantly improved the stability of
catalyst. In general, under the action of NTP, Ti modified HZSM — 5 had higher conversion efficiency
and higher catalytic stability.
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Experimental system for co-upgrading of
biomass and plastic pyrolysis volatiles
LA 2. RS WRIERRAY 3. MRN8 4. YR
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BB F /R4 9. WiPEH AL 10.%0BF 114 12, B
ROI3CRMRERRIN 14 (TR 1S AR 16, IR
Mt 17, R LI 18 BB B 19 kRS 20 Bk
£ 21.HER
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T30 F 0 A HLAE = 5 T % 50k AR, SR
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R H R 0. 50, B ST B R A7 96 M R, SR
I 58 I o) A 0 42 o) A Tk S 1 % 4 30 s T A
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Fh A8 AL L7 10 0 B 58 TR ) B B s R T R W
A L L2 T T AR R R A R S ]
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4331 50 mm A1 10 mm, 4585 T-HLUEAE T 220 V 52
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Ak, LA B Bt 3 6 R A 5 5 1k K e s o K AL
FE TR X b A2 1K O 30 mm, 7T i
ik FL A S A R I A, AR A R B K B 400C
AN, LA AL 2 T ) A B A S LR AR 1)
B, 7 A B OGO

RO E G, T 2 W R i s =
16. 4 kPa, 1530 H1 N BAE 1 41 AL R M #4 & 400C 1
IR H2 TR A5 43 B T s A 00 I A A 5 9 e A i
S, TR BN, 0 28 45 B T o R AT R B T R Ny
500 W i Hi s 3 30 mA L RS PR SR EE,
HEAYS IR 9 0°C (¥ BiF, [ 45 %R 3 ~5°C
F) 08 B V4 0K HEAT V3 50, BTG 6 2 36 TP T v A
PR AT R R A B S A . BT O A
W P 0 43 S F R R, 3 S YRR R A 7 % O
AR B R - A R T T AT
¥ M HZ5 RuHZ5 \TiHZ5 F1 SnHZ5 #4158 W AR 7= 4

sr5ic oy LP(0) \LP(Ru) LP(Ti) il LP(Sn) . It
b X A A 50 R AT BORE , 543 il id A HZS (s) |
RuHZ5(s) \TiHZ5 (s) 1l SnHZ5(s)

1.4 =5

K VO 2% USB4000 1 56 £F St 3% 4% i &
DH — 2000 B 5 28 52 A 6 U2 A D't o7 22 35 Ol 1%
(Optical emission spectroscopy, OES) 437 5z i H B
AP F R, 23 i L D 350 ~ 1050 nm,

K AR IR B Rk R I A T K R R A
EATT12A BTG E 53 A AR I A7 HILAH o8 3R 20 8, OF 3t
B (H/C),, M & {7 # {8 ( Higher heating value,
HHV) (17 o % Thermo Trace DSQ 1 %S AH 0% —
Ji 3% B B ( Gas chromatograph/mass spectroscopy,
GC — MS) I A HLAH 1 AL 2 21 1 R T i 6835 A
®IE A CH — 953275 TurboFlow XL Column C18 — P,
AN He(99.999% ), jii ek 1 mL/min, JE A 1R B
250°C ke & 1 L, & F IR 250°C  fL i 4k il
J¥ 0 250°C , HL B RSN BT, BB RE Y 70 eV, i
G 2 30 ~ 500 (i fif Fe ) , S 1] 1 s, ¥ 5
(ZFA WLt ) FEIR B H] 3 min, FHIEFE P :30°C £ 47
2 min, 4R J5 LA 15°C/min F+ & 100°C , F L4 10°C/min
TF & 250°C , I 78 250°C £ 4F 3 min,,

L5 EUAFRBEERILE

K H Mettler Toledo 2 %Y 4 & 43 #1 /% ( Thermo-
gravimetric analyzer, TGA ) F&4F 4 4k 57 i JJ 5 19 4%
B, AL WA K 50 mL/min, L 10°C/min
Kk BE M 40°C TH iR 2 800°C , 3T 5% #A F ( Thermo-
gravimetric, TG) £k .
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PEALT B XRD A7 55 1% a0 i 2 Pros . & 2 Al
WL, AT ) HZSM — 5 L7 737 0 (26 = 7. 96°
8.83°.23.18°.,23.99° 24. 45° ( H} A A7 5 45 i K A
Z b1 2= ( Joint Committee on Powder Diffraction
JCPDS ). Hy K AT 4 3C 4 ( Powder
diffraction file, PDF) 44 —0003) ) #) I & , {5 5P 48
AT B WA 5 JBE A AN [) R R IR

£ Ru/HZSM -5 |, ¥ %] RuO, (JCPDS: PDF
43 —1027) F1 Ru,Al, (JCPDS: PDF 19 —0046) , & 1
ATREA i Ru 58 2880 kA 12 Ti/HZSM - 5
|, 4 #| TiO, (JCPDS.: PDF 48 — 1278 ) . Ti,0,
(JCPDS. PDF 10 —0063) #1 Ti,0,(JCPDS: PDF 09 —
0309), TfifE Sn/HZSM —5 |-, ki %] SnO, (JCPDS;
PDF 41 —1445) ,

H AR NH,— TPD i B il £ 8 47 R 1 52 1 1Y

Standards,
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Fig.2 XRD patterns of catalysts
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SRR . Ru BCPES , 55 B A W 2o b, 2= o Ak
B SRR A IRl /D 5 T R N2 G, o, AL o, P DG ZH
B, W] Ru SR Fps o s R 2 B . T ek
Zxfili Brensted [ {7 3 fn 1 S T A R R 7 Y
T, T 555 PR A7 F) J) A X 3 BE 5 [ 7R 211 °C Fff
AT HR BB G A R TR A B (o, ) L X S BR
FIIE Y Lewis B2 07 47 ' Sn BtV 5 | 55 W2 fr
ok /b, T 5 R L B, (HL AR AR B AR X . R
Sn FI Al Z [8] AT R A7 78 TiC o O &, 2 flf 55 iR 78 0%
1717 U 1] A 3tk 00 fi % 32 202 th B LAY Lewis IR iz
Sk,

x1 HEAFAHNBREEESR

Tab.1 Quantitative results of catalyst acid pmol/g
- JB ik JEE R R

a; a, a
HZ5 317(187°C) 53(414C)
RuHZ5 56(152°C) 92(375°C) 78 (403°C)
TiHZ5 42(179°C) 105(211C) 200(396°C )
SnHZ5 189(170%C ) 111(360%C)

AL T B 32 1 AL BT B WL AR 20 iR 2 W]
WL, 4 Ja ph M e B A R L 2 T AR N L A S BRI
HIRWPFR R, TE 80 & )8 1140 (5. 0% LA b)) 4%
T & m YR AR IEALE " . A B4R
T BB 25 5 5 WA R A O B R ) B A
JE AR S AR B AR R i A B . BRI
IR Sn Wy iy 50 i 5242 5 55 S R 4
o I A Y T A A 7R L 3 T AR AL A R R AR
A>T Ru RIS 22 AL B B 23 6 50 -1 AL 45 1 i
7NN = TR AR | K P2 3 AN i e
FAJE, Ru A1 Sn 2 P A T i Ak 550 A6 I8 B B, Th0 T
A A % RS FE P 8 T 7 o

x2 EAFFREMILRER

Tab.2 Surface and pore properties of catalysts

ALK

Sor/ Vorr/ S iere” Viiero” % fit e/
A 2, m’ - P-4

AL ;in] ) (gtfl: ) (e (e fﬁiﬂ“ (kI
s &) mol 1)
HZ5 437.149 0.228 324.183 0.115 0.981 26.512
RuHZ5 304.998 0.188 230.490 0.082 1.019 25.504
TiHZ5 320.313 0.186 230.226 0.082 0.911 28.555
SnHZ5 364.046 0.135 281.279 0.100 1.043 24.923

2.2 OES &R/

AN TR 4 T8 WOPE XTI R O R Y S e an 18] 3 BT
No HIEE3 AT UL, DCTT L S B 3 41 40 I B 3 A I )
R LT 431 nm LbHY RS2 E Bl CH [ H 5
2142, F 516 nm F1590 nm ALK ] C,F1 C [ fy 5,
T 486 nm H1 656 nm Lk 435 k6 I 2 H A1 H, T A
B L, T T 777 nm F0 844 nm Kb A I 3 25 6 pE O JE
T TR A LR B B MR, KR
— I 2] [ H A B 2, BEAS S 4 JE X SN ) I
il 1% Ak 1) e
4 1

juid o
o

R
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Fig.3 Effects of using different catalysts on active radicals

5 F HZ5 AL, 1 SnHZS b B i 351 % 5
RO RN K EE AR A TS . 1 Sn 4
B AR X AR E , LY R s NTP (4 B[R] 4 T4
55, ME LUAT R0 A B BN o TR e A o 3
TR AL, W55 T R 5 NTP Z 8] (1 B [R) 1
FH . Y448 RuHZS 1 TiHZS B, K 28006 v A i 5
() 2 3 2 5 B 3 . PR R O AR B 5 T AR
B I (90 A (1 ) R P Nl I R A B s 2 2 LN
MEFEE Y RSP ) O 3 fh 2, AT £ iF NTP
VS O [ pR AR BN, I 25 B 2R 9 o A A <
A ITER L0 H H R A 3G IR 02 3 TR A # g b oA L
A& W 19 W BE 0 20 A (0 s B A B AR Y s A XL
) N e A 20 COH R CH [
IEAh  NTP i fil F 23 30 SR Bl 40 Ak 1) 42 Ja , DA T il
N2 4 I8 Ak F 8 A0 R 1) sh A 3 B v, AT 2 1F
T RN EIEACE . BT Ru st A R 0
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B A AL, M2 R, TiIHZS X}k &2 R i
PE A Hr A A R A TR AR AR A
2.3 FYrERS5ELEE

et FHAS Ta) 44 A0 550 B5F 7 g 77 53 L oK SR A LA
PRACPER S T2 3 . B3R 3 W UL, Ru A Ti g Pk
P4 AH 2 N 61.43% 43 il £ W & 62.91% Al
67.76% , It ¥ & K F N 20.02% 4 5l % K =
17.82% F1 13.33% . A I, A5 HLAH 7= 5\ 49. 13%
Sy 38 E] 51.70% 1 58.73% , 3 B 4 5 &5 SR
WS A YA R A ORGSR, BT T otk
Yih 5 NTP 2 [a] %5 i B [5) 7 T, TiHZS 3R 80 T
B0 0 2 BT 0 RE . SCHR [ 23 1488 A ) 7 3R 38 5 2 A
5% 7 W BERN A ) o A i RCAE 4 BT (DL HZSM -5 g fi
R0 L e B AE WG b SRR i A6 5% b 2o B e R AR
AT, a3 58 m (H/C) |, J5URE A b LU 4R B
AP AR S AR B SE AR 4 JE B0 HE B B R NTP
FIVE LA B, e R G A SR A/ T
W P T A P P R, Sn CME K AR R RO
61.43% AL ZE 59. 10% , 1 K % 7K R M 20. 02% 3
JnZ 20.48% , 3R W] Sn S PE AP 5 NTP Z [8] 1) B[R]
VEFI#E55 , H Sn BUPE J5 IR o7 1 A2 £k 410 1 e £k 44 T

RORMAR T o X 508 G038 007 B A AL, DL 4 A AL
FH = 34 $2 T B AR

Xt AT HUAR = 0 2R A7 00 AL A, IRk — 2t
BARE(H/C) M HHV, 45 B0 3 Fin, &3
A, Ru #Ti Bt (H/C) DA 1. 28 43 3l B IR 2
121 i 1. 13, 3 B SR RN A= 49 A i /< =2 0] ) 48
A PR 5 0T A A 00T 5 7 e I S B T A o, 3K
(H/C) B B B A%, Sn otk (H/C) AN 1.28 FF
% 1,30, 8] Sn geMEY A 5 NTP 22 (0] 4 55 1) P
AR, 808 & A RS 1A R A U™
A BERWEEAE. A & B rEd SR e a i
A HHV i T gk 844 HLAH HHV 3k 21 85 8 {8
38.73 MJ/kg. Ptk , SR FH SEORE B fig 00T 28 W) Jo 44 i
AT IR AL, IF AN BE B2 =5 A3 HLAH ™ 40 11 AH X 4
T H BN A S RARN TRAERE, 4%
JEA HLAR ™ 0, TIHZ5 5 NTP P[5 7 H 2 A 54
MR TFHRICR o ) H 22 MUK RS AT 50009 B R O e 3t
PRI BEAE A4S 57. 17% F1 58. 96% WA 7= 4, {H 5]
AHEAL G 72 308 I BB AR Y L 4R (R
BERER) et HZSM — 5 i1k 412 J5 22 6 FF R OK 2 0
TRA PR, WA P2 R N 49% ~ 55% , T A HLA 72
TAUAG 36% ~39%

®3 FERARRELAEASY™E GESKEMFNEER

Tab.3 Product yields, liquid moistures and organic properties by using different catalysts

HHUAR = Yy B T
MEAET AR/ % BRSPS EHIKFE % C itk H JJi i O i (H/C) HHV/
BB/% AR RU% T (Mg )
HZ5 61.43 10.73 27.84 20.02 71.95 9.95 18. 10 1.28 34.97
RuHZ5 62.91 10. 68 26.41 17. 82 77.77 9.45 12.78 1.21 36.96
TiHZ5 67.76 10. 66 21.58 13.33 83.39 8. 85 7.76 1.13 38.73
SnHZ5 59.10 10. 72 30. 18 20. 48 73.76 10. 01 16.23 1.30 35.86
2.4 BHHHEARSH 707 CILP(0)
. o s S eol \ AP (Ru)
A HLARZH BN S E o A an 18] 4 s .l Syran
s iy . . . 500 n
A HLA A B o & A A HLY L B AR D5 & ( Light S
aliphatic hydrocarbons, LAHs ). B8 ¥} 3% &F /& a 5
& 2
(Monocyclic aromatic hydrocarbons, MAHs) Fll 22 ¥1 J7 =0 2 ,
%
Z 1% ( Polycyclic aromatic hydrocarbons, PAHs) , 3 10 I, é I
N N, N, M2, 7. 23 é 7N
PR (C4 ~ C12) FIdei (C10 ~ C22) Wy B £ o 7m O LAlls MAHs PAlls 2% C7~C9 Cl0~ C13~
\ N 2 \ AHLY C12 C18
H AT LA HHoAS I 381 1) ke S B B 4 Sl €7 ~ €9 . C10 ~ GLULpES

C12 Fi1 C13 ~C18 3 AN X4, & 4 Al WL, Ru Ti
FSn PR A S E A ALY AR XT 5 N 31.17% 43 55
W25 16.84% 12.45% F1 27. 09% i 75 75 18 1) A f
SN 23.38% 4> B TF & E 48.90% . 72. 14%
35.66% , FF W& 4% W K 109.15% . 208.55% Fi
52.52% . Forp TiHZS figfbE B3 2 19 MAHs , #f%F
Sl 64.19% . K F Ru 1 Ti gl C10 ~ C12

P 4 A LA 2B A 2 fe B o0 A
Fig.4 Composition of organic phases and carbon

number distribution of hydrocarbons

05 FEI A AR J AR 55 2 DA 2. 85% 43 531 384 T 51 35. 68 %
HIAT. T4% , 32 W] A5 Wy Jot Fi1 98 kL AR fige <R 8 5 VR
W45 . RuHZS R TiHZS Xf J5 75 J 16 45 Pk 1 g 2 %2
YT o PR VR R TR A TR U R P O A, SN T 5 PR
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£ GE S B BRAL) A R T4 i 5 # Ak i 7 b iy 2
fife AR AL ; 55 BR A6 (GRS LR A7) 98 /0 BH. 6%
TIEH M5 At # 0 Ru [ Ti B0t 4 Fh 5 NTP (1]
(B R VE T AT AR AR X — fd o NTP P [a] o] L fig 25 0
ZIR Y, P AEE 20 H R (R H AR
) RBAE OES 43 Hr 5 S v B SR i 36 o4 A i Bk &
SPERBREE AT LUA RO LR ALY 4, Ah  NTP
PRI T LK B B A D iR B R — 2 Gy
T, 4n H,0,C0 CO, #l CH, 45, X 25 /Nor F )
JEAEH AR TP A . X T TiHZS , Ti 2Pk
ol 4 A 390 R AV U8 B 1 L ) B0 3 G D 4 Ak RN, Ti
SRR 5 ONTP 2Z [ A7 75 R o 3 i i Rl VR T, X
— 7 A% 25 T oot fr g | A MR S kAL, 55 —
JiTE B A BN ER R BT B R
RE 7, AT AT RO o W B P B L R 2 W RS 5 RN
17 S B ot A Tk 790 R 37 1 37 2 A FH AR X 52 585, 9 L
Sn BUHEYI AN 5 NTP 2 [i] (4 Bp 5] 7 FH 45 89 , 5 8O0
J5 i IO B v RN AL A S AN B

AN E ) (H/C) o8 R MK S B,
AW B S PR ) (H/C) R 0.3 ~ 0.5 T 38 ) #4
FEFEI (H/C) 29k 2.0, 25240 50 FN 9 Al 34 i
PR AE SR B R R BB AR A AR G, IR A ) AR
JEAS A ALAR A X S A R TR RIS AT,
LP(0) A HLY (H/C) o3 AT AR X3 27, 48 1. 76 ~
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