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Abstract

Taking binary model mixtures of algae biomass as objects, HZSM-5 catalyst was introduced in the
hydrothermal liquefaction (HTL) process to investigate the effect of HZSM-5 dosage on the yield
and higher heating value (HHV) of bio-oil. Furthermore, the bio-oil was characterized by GC-MS.
The possible formation path of bio-oil produced from binary model mixtures HTL was presumed,
and the influence of HZSM-5 on formation pathway of bio-oil was explored. Results showed that
the addition of HZSM-5 promoted the increase of bio-oil yield and HHV for polysaccha-
rides-proteins binary model mixtures with higher protein content. The yield and HHV of liquefied
bio-oil for polysaccharides-lipids binary model mixtures were as high as 45.30% and 40.69 M]/kg
respectively when the amount of HZSM-5 was 7%. When the amount of HZSM-5 was 5%, the yield
of bio-oil was up to 50.45% for proteins-lipids binary model mixtures, and the highest bio-oil HHV
was 41.34 MJ/kg when the dosage of HZSM-5 was 3%. The introduction of HZSM-5 significantly af-
fected the interaction between binary model mixtures, such as Maillard reaction, esterification
reaction and amidation reaction.
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1. 518

AR R, S EUE SRR AR S5 AR BT G [ E A e, 15 -3 B4 A= o eV
FEA R AT AR JEREIR AR SO 2. BN A A TR TR, X E KB ERAK, AR RR
BRI R, R AR A B AR BRI R[] [2]. BESRAEMIR M E R N ERE . A
JRAESE,  HAER BB R 70 K g 2 BB AT AN R AL RS B AP IR o DA 1 BIR FU R 28 10 T ol 73
Al 2 A AR EAE R, Biller A1 Ross [31FIHI— 512 HE. 8 A BAIERBR YT R AR S sg, R
PEARIHE T AR, PG Es RS LR EIRANE, dIE TR, S R ) K AR R
i B AR 5 B AR S PR K AL B BE ML A7 AE — € I ZE R [4] . R AIR S VIR B A5l 1 i —
PR R A ZE BB A ek 7 A BT, ANITTA R S B — T B TR TR S /K BB A R 2L T A
EM.

T JEURE T LA B R S IV A L M AT W 55 S ML B, WA SRR S BE[5], T
BN B B AR AR ™ 2 . H UM 2R VR S /K B T R ZE R SON LU R 2%, Yang S5 [6]1K 45
AN E BN 2 el S YK AL RIS B AR R AR ™ 2, 45 RS P K BRAL ) Sk B 3¢
GIANE, RUIZHE - A o ANR S SERRBAT N S BT N AFAE ZE R . Bl R 2 A
HARP S ERALIERR, BEREZRAE QB TAEAR R IF HX KB B AR 547 &
FERW. Torri ZE[714E 350°C KRR FE R WFFT 1 2 BRI & 11 5 1] AR S S A I KT 2, e BILRE
SR IBEAT 2 WEANER 1 8] (0 4 2R 08 22 SR E N BIAR R, ATTTHE I 1 2510 4

B T 2 WEAE A R A EAERI AN, ZREMARSE . B A AR S TR ) B MLk e SRk G AL
I A2 R0 . XK AF [8] ¥ 5 5% 1 I FE AN SO, /ZrO, AT F Bxt 2208 — FRZK i RLR A 7K #4
WAL RERIREN, DONTEIRIE Y 220°CIY, SO.*/ZrO, MEAL ARG i T AR B AL I AR ™ ¢, 24t
TEYIMA K. Changi 55 [9]2R FH 28 T 2R AN R £ 1 PI A B Mg A7 /K ik s B8, il GC-MS 73-#r
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FLRIA I RS A IR RIS 5T, k25 A S R IR (KA 7 A R ST IR S (0 7K A 7 A0 g I B AE
Wy 5 7K PR P 2 5 2 S I 2 ST M PR B e SR 00 i

FINHEAL 2 AW ih ) 2 i RE SR ™ s S R — R O [10]. SRR AEALTIAREE, ARSI
AT EAT 50 B HEAF . ATEIAR 0 s [11] [12]. ARIIABEAL A an oy 700, A < e At i
JE A LR S 3R e AR ) N T R A AL A R [13] . e, HZSM-5 52—l 2 22 [
PRERAEALT, - HAR AR VR A FLIE S5 . Rl () B K IAERUE PEAT AL T R S5 D0 s T A2 2E 1
KB P RAT T 2 IR

BRI VA2 AR A R A ih = AN S R S B AR . KB T LA B AR — (%
B AR TRELEY) KR L8], IRDAEBIFREGIRN Tk, FERERIMAAET, BRI
7 6] AU AH LA RS /K B R 7 0 o A AN ZE Wik 2 R B ARt T R AR RO R i . DRLLE, 2B 4
HERTITREWEL, OB - HA. 20 - EE. EA - IEEEMERREY, R HOKIAL &
R 5] N HZSM-5 AL, 5% HZSM-5 I X —Juii IR S /K BB B % 707 2. Al R 4Lk
LHAAEHHV)IEEI, JEdE— PRI HZSM-5 AL 28 — e R S /K A I A2 rh A= i T
FBR AR I RE T o

2. SEWERSY
21 WA E5EH

ZSM-5 (n(Si/Al) = 38 Fl n(Si/Al) = 50), Tolgk, REM I THRAR: R, sl RiE
WENRIC THRAR: &, Hih. iR, /oiral, EZ%ERMERAERA R =5 ZR AR
S0 99.5%), T BImFESMAMRARRM. 20, EOTRIEET BN RAEVMRHARAR: i§
FACAEYIBARLY) hH h FER TR A B AR
2.2. HZSM-5 B9 &

KB A8 421 4% HZSM-5 {4k 571 . BRI 54 5.0 g f1 ZSM-5 (Si/Al = 38 B Si/Al = 50), 55 1 mol/L
) NHNO3 A% BRI L 1:20 1R 5], 7E80°CN, HiFeacH 2 h, ik, FZET/KBESRE A=Y 2 k.
HELLEPIR 2k, KIS FERTE 100°CHEA 08 24 h, T 550°C B adrdkile 6 h, HEUHTIRRFE
H.

2.3. HZSM-5 B3R{E

SR FH B s VM E A A S R &, ARAE () ATV . WE 7R B 0.1 g Kikbe Jm AL 7,

5 20 mL FHARR — FH R S VIR AR 8 TR FE I S BB VR NE 1 ho 4 IR &4 2 B O 7 B8 e B L
JETEW, P P AERA bR 2 T 11 6 R T 7 T S ARV R [ 14] o

[H*](mmol .gfl) = (Craort X Viaort — Crict X Ve )/ M @

24, KRFEILITRE

PR B L A B BT ) B K AR I RRAE & R R N R AT, DL 8°C/min F N #AGHE 2 A i 28 4% IR
R B VR, R AL T 15 mine NSRRI R EE, B =Y. g, #E S E.
Sy BIMABFNKAR o JHARTE 35°C NIk ZE T R 220 A B AE Wi (Bio-oil); ZKAHTE 60°C T 728 KBk 27K 7
BEPKIBEEFEYI(WS0s). HIEE T 110°C M EEE8]. RIEXRQ). (3). (HFG) I HiHH =)
HIF= 2,
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Yaioait = Maiooit /M reedstone X100% @
Yaesiie = M residue / M reedstock % 100% 3)
Yiusos = Musos /M reegsion X100% @)
Yere =100% — Yo o1 — Yo — Yivsos )

Hrb, K (2)~B)F5 Yaiooits Yresiquer Ywsos M Yoas 70 7AW L TR AKIEVEVIFAI AR, %,
Mio-oil+ MResigues Mwsos ! MFeedstock%%U%%ﬁi%?Hﬂ\ BRI . KU F= AN R T = g.

3. &R5ve
3.1. HZSM-5 I RIE 47

3.1.1. HZSM-5 {E{LTIM B ER B 5747
ZSM-5 A & T Iuh, BARG M BT )\ AN LI A - ZSM-5 (SiTAL = 38) LI K 7 7,

1M ZSM-5 (SI/AI=50) ML 7SR . HZSM-5 & ZSM-5 &0t 2 ki 72, Bkt Kb 2l
B H BT . RIS, BREFIRRIS AL A RR M HE AR V0T o (A0 70 S5 R R FH I e v, e
(WA HZSM-5 [ B S (B SIR . FPoRIR . S9IR) AN 1 Fiow, T LLRIL, HZSM-5 (Si/Al = 38)fE L7
(R B2 T HZSM-5 (SI/AL = S0)fE A0 R e R B o A 71) 10 2 TR 2 o 52 3R T 70 5 8 P58 R L R T R 45
Z PR R R [15] o Bl R e B 0 T iy, [ A 1 R T B AT I A 110 Ji R T e e R T 0 25 2 P8 R LU 3R THT
RN . R FECRNSRIES B, AFIRIN SR ERD .

Table 1. Total acidity of HZSM-5 catalyst
& 1. HZSM-5 LRI BEL 2

(L SIELIEN MR E(mmol-g?)
HZSM-5 (Si/Al = 38) 1.69
HZSM-5 (Si/Al = 50) 151

3.1.2. HZSM-5 L TIE S FIAR 247

PRI E[16] % AT T HZSM-5 AL E SR A TE, R AR BN BREE B 7K B Ah s g
SERRE, BRI =IRE) HZSM-5 53R A — @ I iE 1, B4 XRD RAEINA, HZSM-5 fik4sty
JUTR AR, [AHEER HZSM-5 AL B A BT 7K e e .
3.2. ZEERAYR KRBT IE
3.2.1. HZSM-5 ¥ Z¥E- B A — TiRER A9k HR LR

L 300°C 1y o S Ji B, e HR 22 M5 B 0 il 20%. 409611 80% (1) 2 4 - 2 11— TR ALIR &0 it
TR, MARFEZERELT] HZSM-5 (SI/Al = 38)iE 47 /KA SZL8,  F=4 7= SR AE P i # il A2 4k
K1 TR . 2R EN 20%M 20 - & A o BNR A /K AL B AP0 77 R AE HZSM-5 [ &N
5% A B i oK, 4 29.12%, TMAEEEAN SRR LFRATRIEAE K. IXFRP] HZSM-5 B E R 5%
R E 3 /ST R ) | NSO I A 6 g v N R T /0 e o TR N R =X 7 111 s SO = 7/ ot
{ELTE FE A 770 FH 20 7908 B B K, D 31.2 MIIKg - 5t T 2 B 2 1 40% (4 2 0 - B 3 o AR A,
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HZSM-5 [ AEZE A 7 A5 2 1 v, AEMEALTTI ] B 7900 2E W ih 7 2 3k 19.94% . X T4
R, INREAL TR DL S SEAHE L TE HE AT A T3 v, i Tk 29.54 MIlkg. X 2 HE 5 &0 80%IK)
2P - EA T IURANRE Y, HZSM-5 BN R 1A MR, AW i R s A R, [l
REJR A2 HZSM-5 (IR fe 2L Wil b (KN 70 TR B TR B 1 B AR BB K B S el b )5 48
IS, HikE 7 30.95 MIkg. Xt 2HE - B uHANREY, 2 HEATE A LD HOK IR
W= 73 AT A AE I BB AT B R0 . RS S, AV R, %2 HZSM-5 {47
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Figure 1. Product yields and HHVs of bio-o0il from HTL of polysaccharides-proteins versus the dosage of HZSM-5. Poly-
saccharides content: (a) 20%; (b) 40%; (c) 80%

B 1. %¥E - EEZITUR SRR S~ R R hAERE HZSM-5 EMEL. ZHEE 8 (a) 20%; (b) 40%;
(c) 80%

3.2.2. HZSM-5 31 2 ¥5-BE K = TR BUE Sk BB L

FERAEIRIE 220°C R, ASFAEA) HZSM-5 (Si/Al=38) 4 i in £l 22 9 - i 25 — Je I RIR A W0 i 7K PG
esege . PR R A M AVERE HZSM-5 = 28w & 2 fros . A9 7= 28 4E HZSM-5 Fl &R
T%B L B B, N 45.30%, AH M AL 1 B 2 B AR i R 2R R T B . HEN R AR PR A g
Z AR BT 3 1 22 B AR 2R R | S BE I R A, 5 BBUAE IR /N 43 0 o 3R T F B s AT A5 A= 4
TP R BEAR . AV AEE HZSM-5 &8y 7%} ik 31 % 554 40.69 MJ/kg, it & ) HZSM-5 ffi 4
WMPE T, R ZHE - 628 o AR A WK A A ) AR i e FE AN BVE AR A 3 A

a8k
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Figure 2. Product yields and HHVs of bio-oil from HTL of polysaccharides-lipids versus the dosage of HZSM-5
E 2. %8 - A TITUR SRR IRS =R L h A ER HZSM-5 BEMTK

3.2.3. HZSM-5 W ER-BEX TR EUR &4k iR LB

TERRARIRE 300°C T, KA BRI F] HZSM-5 (Si/Al = 38)¥sINE & -5 25 — o ANR-S 4 (7K
RGBS PEA R R A i U R HZSM-5 F & AR 3 oo IMNEAGTILLS , A4l P2 3R AE
AL & 5% 4R RO 5, BN HZSM-5 IS4 A0 1 10.909%, 1 A= 4903 FAE 72 Ak 70 F By
3%} e ms E 1 41.34 MI/kg
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Figure 3. Product yields and HHVs of bio-oil from HTL of proteins-lipids versus the dosage of HZSM-5
3. &R - BBETIUR SR ARG~ R R Yh A ERE HZSM-5 FEREE

3.3. ZRRBEBRAMKRARUEER

k30 BARAEAL RN BER T ey Z A AR RS, fES0E - A, 20 - ek, &P - gk
=R TR SR BB R, X HZSM-5 AL IS At BE4T T GC-MS SRAE, R T HZSM-5
X AR 2 R LR T F S A2 (5

331 ZHE-ERZTREBSWIKRRUBEREIH
I HZSM-5 HiifJa Z Bl - S F/KAGBAL IS A ) GC-MS S5 R 5T 2 vhe 20l - dE ookt
TR G VIR P HAF A S A S EAMEY. . W2k, BRI RS . £
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TS B AMEE D) L T EORRIEE, PN A A 2 /K AR AL B3 BB AR 1 A g A A ) S 2 PR TF)
RATEHAE SN Z AN HZSM-5 ARG, A=Al b A5 A S anm s . AEongs AR M W58 1 2
I TR, XU AESS U A HZSM-5 FE AN [FIRE L LR 1 SEh B S T S v 1 A= 40k )
PR, HRE SN AN R AR R AT TR A R A (6] BeAh, AR R A BRI A
T AR E FUKPIBAL EISE R4, NS FERESS EL A HZSM-5 ARG, FREESEIG & & T A
FIRERE T BE[L7]0 H TN NBRAEALTR LA 2 3] 22 3 A S PR R e SR K e A= Fey 25 18], A
TN B SN SR o7 e 2 I I i 2 22 J A R A LR A A3 IR S BT BT, I HZSM-5 (Si/AI =
38)Ji Ll HZSM-5 (Si/Al = 50) SE W] et fie i3t 1 AT HLIR R34 S B 2 A TR 2 1 I IRy A o 1) A o

Table 2. Major compositions of bio-oils from HTL of polysaccharides-proteins before and after adding HZSM-5
2 2. I\ HZSM-5 Rl %48 - EAZTiRER AWK MR SEYaMmETAE

Category

Pyrazines

Ketones

Pyrroles

Indole

Phenols

Alcohols

Amides

Compound

2,6-Dimethylpyrazine
2-Ethyl-5-Methyl-pyrazine
2,3,5-Trimethylpyrazine
2-Methylpyrazine
2-Methyl-2-cyclopenten-1-one
2,3-Dimethyl-2-cyclopentene-1-one
4,5-Dimethyl-1,3-cyclopentanedione
1-Ethyl-2,5-pyrrolidinedione
2,3,4-Trimethyl-2-cyclopenten-1-one
2-Piperidinone
3,6-Diisopropyl-2,5-piperazinedione
1-Methyl-2-Acetonitrile-1H-pyrrole
N-Ethylpyrrole
2-Ethyl-3,4,5-Trimethyl-1H-pyrrole
N-Acetylpyrrole
3-Methyl-1H-indole
3,5-Dimethoxy-acetatephenol
3,5-Dimethoxyphenol
5-Methoxy-2-(methoxymethyl)phenol
4-methylphenol
2-Amino-5-Nitrophenol
2-Ethylhexanol
3-Methoxybenzyl alcohol
N-Methylsuccinamide
Hexadecanamide
N-(2-phenylethyl)-acetamide

No catalyst
3.40

1.22
1.63
5.21
4.59

1.53
1.32

1.24
2.23
4.22
2.86
1.04
2.33
2.73
1.85

1.73
4.63
6.88

Area/%

HZSM-5 (Si/Al=38)  HZSM-5 (Si/Al = 50)
2.29 1.78
1.45 0.48
0.71 0.26
0.74 0.67
0.9 0.83
0.68
0.62 0.91
1.21 1.12
0.75 0.70
2.53 4.43
0.52 041
1.26
3.13
0.48 0.55
4.56 381
4.69
0.68 1.52

154
10.47 1.98
241 1.00
0.41 111
1.72 0.62

“—"Not detected; w(HZSM-5) = 5%; Liquefaction temperature of 300°C; Liquefaction time of 15 min.

3.3.2. ZHE-IRATRER SWIKRR BRI
TORRLIR SR BB A A= 54T GC-MS 7 #r, 45 R U0 3 . 28 - fig

EZ BN

vsge -
HR—

FIRPA A B A AR R 6-+ )RR, TEIHER, BRI, MR CEEAPRIR LB R
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BRI, X LEW) i a] WP NN B IR KRB 7 2K BB I 7= M0 R 2 LA R i
X, RIS TR BRI R . R RE M SR R 2 WA IR R 101 (B LL AT K BB, 1T 2 B K A
WAL RIS B A ik 7 AR, RSO 2R i ) sk AR b LF 7T DL [19] o Xt ml DAHEN, 72 0 &5 &
/b (SR K A A A 2 WX A ik X Dk eT DA, S R AR SR AR B Tk BeAh, R
- BE2R o RR 5 MK BB ) AR ik IR SR SR 5 R L B SR O FA AL A ik R R B SR o 5
R 2, WIYONRER T IR RRERSRI St 2 WL 2 DK i 1 RSN MR, BRIt
VESy (] P AN R T R R A e A SR R A B SR A E M MN HZSM-5 LTS, AN T AR Wi v &%
FlRE TR A LLAG], 0 HLAR BE 1 W SRR 1 R SR A2 S T PO R A S S o

Table 3. Major compositions of bio-oils from HTL of polysaccharides-lipids before and after adding HZSM-5
Fz 3. M HZSM-5 RifE %8 - BEX Z niRBUR A MK MRS EYmm = AR

Area/%
Category Compound -
No catalyst With catalyst
6-Octadecenoic acid 48.18 47.39
Fatty acids Palmitic acid 4.59 2.45
Linoleic acid 24.16 20.12
Palmitic acid ethyl ester 1.79 2.73
Esters . .

Linoleic acid ethyl ester 19.79 20.35

“—"Not detected; w(HZSM-5) = 5%; Liquefaction temperature of 220°C; Liquefaction time of 15 min.

3.33. ER-EA - TRER AWK ARLEES R

EA - JEREA T HZSM-5 f21E F KA A0 1) GC-MS &5 3R+ 4 fiox. A £ %
TA 6T )URER, Wililg, WERRSENENIBREMI A K BREYI, IR0 E R MR K Bt
P, HZSM-5 (AT IINECE T A i b S R BRI Le ), F HAEAR IR A & & R . Btk
Gb, AR EEDRPATIE], ATAA R R F KA =8, W HZSM-5 407 5 #0172
BAAEVNAER, AR TRERN . EERMERZE 11 R T KA, S =R 3 2
SRR IR PRI =4, X5 B RS K IR A R AR i = 22 85 R —B[17]. AR R S A b =
T e 218900 J0 7 1% A 0 R 1)t e S 7= ) 3 SR 28 7K A =00 I T i A B e A IR B A BT, HZSMI-5
(RN AR IE T T A B 1) A

Table 4. Major compositions of bio-oils from HTL of proteins-lipids before and after adding HZSM-5
= 4. TN HZSM-5 RIEEH - BB - niRER MK MRS EYam EEE K

Category Compound Areal %
No catalyst With catalyst

6-Octadecenoic acid 37.68 47.39
Fatty acids Palmitic acid 4.59 2.45
Linoleic acid 44.12 20.12
Ester Palmitic acid ethyl ester 1.79 2.73
Amide N,N-Dimethyloctanamide 2.49 3.13
Amine N, N, N’, N'—tetraethyl-methanediamine 3.40 1.35

3.3.4. ZRARBE MR E M BRE S
HZSM-5 fA7E T~ 20 - . 2 - I538. & - HESRRKIBAL N AR i 4 Fros. 28 - &
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I Z e RN S WILE AR TR A S A T R A IR SRR 25 W3 PR 7Kg 7o e SR A 2 1 ) 7K A = D R R AR
PIERABR N, PR Z R EENEY . HZSM-5 IS 7 SR8 8, HZSM-5 (SifAl = 50)f 41 il
{EF . HZSM-5 (Si/Al = 38)FHA K. . £ ~ g2k — oAU R S K R A1 LR 2R /K il 3=,
W2 KAV R M B, tlse N, HZSM-5 [N RE T 25 RiR 2K 8 (s fL e v . B - g
K IR ANR A VITE K PGRAG A T LUIRR KRR, e AV R A TR, dnEeAb B S FH gk
N 8L, HZSM-5 IR I 13X PR 288 s 82 R 2

(@) HO HO O
HO, A
Polysaccharides ——» ER- "
Ho Ho R y
Reducing sugar R)Nl\/j“/ CE )
Maillard Reaction | Pyrazines Indole\
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. v W
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Figure 4. Pathways of polysaccharides-proteins (a), polysaccharides-lipids (b) and proteins-lipids (c) HTL in the presence of
HZSM-5 (Red: the products promoted by HZSM-5; green: the products inhibited by HZSM-5)
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