5539 %55 3 1 g I8 % &R P Vol.39 No.3
2025 4F 6 H Energy Environmental Protection Jun., 2025

RHTT, Wbk, R, 4. ZSM-5 4T A I8 T 5 U K BOR Ak R AR TR 5T (0], e R IR 4R
47, 2025, 39(3): 186-194.

ZHU Xinyuan, ZHANG Yue, HAO Botian, et al. Upgrading Biocrude Derived from Municipal Sludge
Hydrothermal Liquefaction Catalyzed by ZSM-5[J]. Energy Environmental Protection, 2025, 39 ( 3) :
186—194.

ZSM-5 5y 10 fi A3 vl 5 JE K g 1k
B R TR 58

KRG, KM, WEE, KER, REE

(BEZLABXRF REHD A IRFR RAKHAFE TREXFIHRELLRE, BEH HL 710049)
TR A 4R TIAZ e fe T AL 6 Peik X, T 5 R = iRk 38w, FHKBWRT T
T Tk BB AL 2R 3] K F M IRIE S e A TR . Bk, IRT 5 R0 B R A B A TR AL A
T PR A B TR BRBEARIRA 5069 5, ARBCRACH AR TR IR T 50 P 69 R AU AR AR A %A
P iF M R C.HAZHRAI, N, O, S A2Ei e, 1 TEMfME, &%t —F mARFL
22, AR AR, BEER VAR 2 /% Ni F= Ru 3 ZSM-5 5~-F Ji # 4T 8Ok Ao 01 3K, 947 T BR B A= 1 84
J& 3t ZSM-5 4T iif FLiE 4 M Ae 2 @ 060 Hom MR, IR A T BOMEARAL R JE 38 T 7 R K #om At A
Wy )R e BT AR P AR, R AV, BRI AU G 09 ZSM-5 B AR R s A B
SHBF, BRI MEEGEN, AR BERS S M, SRR, ELEREERA. £
Ru/HNO,/ZSM-5 A FIAE A T, 32 i = 535 3] T 36.1%, AR R AL FL G £ 4 R, B R A-F ¥
W, BRE MR R ER D, 5 SR R AR A B R R, AR e BRI R SRR ET A
PR Ay, AR E T RS,

KR RHFGRA; MTFR; RALIE; 2HRb; ZSM-5 5T iF
FE S ES: X505 XERARIRED: A XEHS: 2097-4183(2025)03—-0186—09

Upgrading Biocrude Derived from Municipal Sludge Hydrothermal

Liquefaction Catalyzed by ZSM-5

ZHU Xinyuan, ZHANG Yue, HAO Botian, CHEN Gaocheng, XU Donghai"
(Key Laboratory of Thermo-Fluid Science & Engineering, Ministry of Education, School of Energy and Power
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Abstract: With the rapid development of global urbanization and industrialization, the yield of
municipal sludge is increasing rapidly. The lack of technologies to process large amounts of municipal
sludge in a timely manner has caused severe environmental pollution and resource waste. Therefore, the
efficient disposal and recycling of sewage sludge has become key research focuses in the fields of
energy and environment. Although hydrothermal liquefaction effectively converts sludge organics into
biocrude, the resulting oil has high nitrogen, oxygen, and sulfur contents, and low carbon-to-hydrogen
ratio, limiting its applications as a fuel. To address this issue, we investigate the upgrading of sludge-

derived biocrude using acid-modified and metal-loaded ZSM-5 zeolites to enhance fuel quality. ZSM-5
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was modified with HNO; or CH;COOH, followed by loading with 5% Ni or Ru via impregnation. Four
catalysts (Ni/HNO,/ZSM-5, Ruw/HNO,/ZSM-5, Ni/CH;COOH/ZSM-5, and Ru/CH;COOH/ZSM-5)
were characterized using SEM, BET, and XRD analyses. Biocrude upgrading experiments were
conducted at 380 °C for 3 h with 0.005 g of catalyst. Product analysis included elemental composition,
GC-MS, and FTIR. BET analysis revealed that the dealumination effect caused by acid treatment
resulted in partial pore collapse, reducing the specific surface area, pore size, and pore volume of the
catalyst. XRD analysis showed that the MFI topology of ZSM-5 was not significantly changed by acid
treatment and metal loading. The prepared catalyst was then used in the biocrude upgrading experiment,
and the results showed that Ru/HNO;/ZSM-5 achieved the highest upgraded oil yield at 36.1%, with
hydrocarbon content increasing by 24.19% and acid content decreasing by 6.49% compared to raw
biocrude. Elemental analysis showed that the carbon content increased, while nitrogen, oxygen, and
sulfur contents decreased. GC-MS revealed a significant reduction in oxygenates and nitrogenous
compounds, along with increased levels of esters and alkanes. FTIR confirmed a reduction in C=0 and
C—oO bond intensities, indicating effective deoxygenation. Notably, HNO;-modified catalysts exhibited
higher denitrogenation efficiency, whereas CH;COOH-modified catalysts enhanced desulfurization,
likely due to their distinct pore structures and acidities. This work highlights the synergistic effects of
acid type and metal selection on the catalytic performance of ZSM-5, with Ru/HNO,/ZSM-5 emerging
as the optimal catalyst due to its balanced acidity, structural stability, and efficient metal dispersion. The
upgraded oil exhibited fuel properties similar to those of biodiesel, with enhanced stability and reduced
environmental risks. Acid modification and metal loading synergistically improved the catalytic
performance of ZSM-5, offering a viable pathway for sludge-derived biofuel refinement. These findings
provide a promising strategy for refining sludge-derived biofuels and advance the understanding of
catalyst design principles for sustainable energy applications. Future research should focus on
optimizing reaction parameters and evaluating long-term catalyst stability to facilitate industrial
adoption.

Keywords: Hydrothermal liquefaction; Municipal sludge; Upgrading treatment; Biocrude; ZSM-5
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Table 2 Pore structure characteristics of catalysts before

and after acid treatment

LA 448 HRER o foom TR
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ZSM-5 333.000 2.750 0.230
Ru/HNO,/ZSM-5 179.955 2.749 0.124
Ni/HNO,/ZSM-5 195.277 2.888 0.141
Ni/CH;COOH/ZSM-5 218.016 2.821 0.154
Ru/CH;COOH/ZSM-5 195.560 2.964 0.145
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Table 3 Elemental compositions of biocrude and upgraded bio-oil
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25 FANT IR PR s B i 2] 22.73%, AH L
Y FIAR T 7.17%; BR2E 4 H 5.36%, W T
3.41%; e 5 1 5.93%, #2585 T 2.62%; 864
Y15 ol 49.32%, [EAR T 13.22%; & 24k oW &

0 14.43%, R T 7.36%. #HI Ru/HNOL/ZSM-5
Ak R0 1 B2 BT T 2R AR B T 39.75%, T
24.19%; TRZEY) i & 2.28%, 1/ T 6.49%; Fis2k
L 5.15%, $E7 T 1.84%; & ALA W & 1 ) [
% 41.40%, W/ T 21.14%. HEALEE B A= 4 I
H & A AL S WA L H,O B9 SRR, ] s 5 1t
A E A AE OB Y A P (A
Pt WL PRAT) F AL AR I, SEBER I
E ARSI

BEAb, 2ot A A2 0 s 07 (%) 42 5 3l i 2 4
JoT Fr i 4 v T R 2 ) BT W 0sl /L, 3X 5 e i Y B
FEAE R — P B R OO 0 DR T R
ZSM-5 A R R R A B R A T AR
i, AN ORI, TS5 B B 2L 5
KRB N, BRI EY & aim. i
FIGE B 5 R 2k & & ALk — P BRAL L, A
1M AR LR SR A A, X 2 38 B R SR &
SEDERSN -AEEERE, FHi, s
PR VLB = T AR AR, BRI il AR
PEw T A A SRR Y 5T
224 BRASH

T o AR L 20 I R I S A i Y B RE
H A7 o0 0, a5 R 5 s . Al LLE 78
650~900 cm ' 4b t BLAYR R 35 F 2 AL A W B ik
W, A= ) DT A I R R, v T s Ok EZEL AN n
Ru/HNO,/ZSM-5 {4k 7] 19 52 3 2H 4 o o 3 1hd F
2 PR TS A Wi v O T AL W R
A= W) JETE 950~1 300 em | AETE R B C—O i 45
Pz, XU P AAE—E A BE . M. TR kS
TAALE Y, T2t B UG 09 A i iz g (i W G
A5/, FE 1 640~1 750 em ' AbA= Wy JEIMAEAE C=0



192 - g I

A

F39EF 3 M

s ¥R s, Loin &4 BT s 45 BTy rh i) g 5 i B
JnEA s, AR AE W R R S A A PR | B TR A
A WA B e A v 8 R8s g A i A
Pt 2t 4R A B, Ru/HNOL/ZSM-5 ik 41
7E 2 800~3 000 cm ' i) C—H {1 45 415 2 06 {1 5% /&5
X F W A Wy b B B R RE A i R Y,
ZE | FrR, RwWHNO,/ZSM-5 Ak i U 48 i e 3115
F 5 Tt v A SR A W B L A 9 S AN 2
X R B I gk 2D, e 7 ) e B, R AR
L35 o8

o

RwHNO/ZsM-5 C_H 0 sy

)

2 DR IR ZH

A=l

4000 3500 3000 2500 2000 1500 1000 500
PK/em™!
B 5 EEMIMESTEE
Fig. 5 FTIR analysis spectra

3 & it

IR A S S BUIRT 75 6 11 = 3 Ak R R
R B A RGERE o SR, BRAT0 A= 9 S5 i A7 78
C.H &8, N, O, S & & mnm, AFTiz
i FIR IS, A T o S 4 I 2 fif ek — [ T 1 4 40
F-Bro AR T R R A R e 54y 1 £ 3
Ni Hl Ru 2 F 4 J@ % ZSM-5 431 2 1 T 35 Fn 45
AR 5 ), 4 L 7 2 0 D il e £ n 42 5

(1) R i BRI 171 2 4 J {d1 15 ZSM-5 0k B 6%
MG i R A, T BB gk, B3R
PEOT S IE N, S BEE B, B R A
i Ak B 3t B 1) O R 8007 45 T BB B0 AL I
a5, S BT bR AL FLAR A S ALIAR R .

(2) AR AE 53 B 45 SR 2 T 4 B Ak SR Ok
F§ ZSM-5 4T B MFI 3 $h &), H.4: )8 3 11
O3 Ao R4

(3)44 4 Fh At Ak 700 FH 1 A 9 Do 1 A £ in &
PET N, 5 AW, IR B Y ZSM-5 43 F- i

AT W i s . B S PEBE, Ru f 4k ml i3 4 1
T B AR, T2k Ni HoA 5 5 9 o AR08 o

(4) Ru/HNOy/ZSM-5 AL 5 7] LL 3R 15 36.1%
1) 35 e B2 BT ™ 23, B e in &4 Bk . Ak
Y EAEALE Y SRS DL R AT LA
Yy w0, O A ARG W Y e 2D [R]
AT, BREGEN Z, SonR EHRR
=0

A5 R 3T V5 e K BRI A i R v A 4 i
()P TP it T — Rl 2k i f Ak T vk, R TR
F14) i AL B 4 T 07 28R 2% 12 %o Ak 700 2 e ) 55 i A
P, AT R IR T T PR 2K PR A v A8 AR A R
— MBS SC . R ST i — PR STAEAR RS
P, g e BE L s N i (] 4 S B P A 4% 1R 4
A 4 o B R S e, i — 2 DA A ) S 4
T SN S AN, ZSM-5 4311 v T4k
TS I I RRlk S B0HE A R) 2R 3 , A SCk = %
PR F iy S Aa e PE R I 9E, Jo Sl B AR XA
FI I T AR MRS Pk | AR50 9 2R 35 B P A AL
8577 TH T R SEIR AR

2% 3k ( References ) :

(1] LAY, ZRBL WTTT5 R4 & 5 1A SCBEROR K H
SPRT 0], S S WEIR, 2024(1): 5-7.

JIANG Huaping, QIN Qi. Key technologies and applica-
tions for urban sludge disposal and reuse[J]. Ecology and
Resources, 2024(1): 5-7.

21 M, BheEE, ARAF, RS KIGIRS A IR

6 % PR AL R 92 IE BT (0], b W 4K HEOK 2024,
40(22): 90-96.
REN Shaohui, YAO Xuetong, YU Qiao, et al. Demonstra-
tion study on co-gasification of sewage sludge and biomass
for reclamation utilization[J]. China Water & Wastewater,
2024, 40(22): 90-96.

B XIgest, AMIE, AR, % FBEURTT5 K Hukft

Xof A Wy R R R R e SRR (9], BT RE R E R, 2024,
12(6): 627-633.
LIU Tonggui, ZHENG Peiyao, XU Donghai, et al. Impact
properties of two-stage sewage sludge hydrothermal liquefac-
tion on nitrogen in biocrude[J]. Advances in New and Renew-
able Energy, 2024, 12(6): 627-633.

[4] WEI Ya, XU Donghai, XU Mingxin, et al. Hydrothermal
liquefaction of municipal sludge and its products
applications[J]. Science of the Total Environment, 2024,
908: 168177.

[5S] HAO Botian, XU Donghai, JIANG Guanyu, et al. Chemi-
cal reactions in the hydrothermal liquefaction of biomass and

in the catalytic hydrogenation upgrading of biocrude[J].


https://doi.org/10.3969/j.issn.2095-560X.2024.06.001
https://doi.org/10.3969/j.issn.2095-560X.2024.06.001
https://doi.org/10.3969/j.issn.2095-560X.2024.06.001
https://doi.org/10.3969/j.issn.2095-560X.2024.06.001
https://doi.org/10.1016/j.scitotenv.2023.168177

AHICEE ZSM-5 I3 T AL T 75 YK AR A 4 TR 5

- 193 -

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

Green Chemistry, 2021, 23(4): 1562—-1583.

DJANDJA O S, YIN Linxin, WANG Zhicong, et al. From
wastewater treatment to resources recovery through
hydrothermal treatments of municipal sewage sludge: A crit-
ical review[J]. Process Safety and Environmental Protec-
tion, 2021, 151: 101-127.

HARISANKAR S, VINU R. Comprehensive evaluation of
municipal solid wastes and mixed feedstocks for commercial
hydrothermal liquefaction in bio-refineries[J]. Fuel, 2023,
339: 127236.

FAR A BRI Wi A 5 ) B HN ZOR ST [D].
Jemt: JEmfb IR, 2022: 2-5.

WANG Junhao. Study on fine separation of bio-oil by
cascade extraction and its hydrotreating[D]. Beijing: Beijing
University of Chemical Technology, 2022: 2-5.

CAO Sinuo, YAN Lei, YUAN Can, et al. Membrane
emulsification enhanced co-cracking fossil-based heavy oil
and bio-heavy oil[J]. Fuel, 2025, 388: 134440.

JRE IV 5% e BB ot e e Ak B A v R K 3R B 5
[71. TV AR SRR, 2022, 53(3): 23-26.

TANG Yingbiao. Experimental study on treatment of coking
oily wastewater by ceramic membrane filtration device[J].
Industrial Water & Wastewater, 2022, 53(3): 23-26.
AR, WEME, 2R, S AW SRR A il MO R
BBk (). AR TR, 2018, 52(5): 55-61.
NIU Miaomiao, YANG Jiayao, LI Shang, et al. Review
on biomass pyrolysis for bio-oil and upgrading research[J].
Biomass Chemical Engineering, 2018, 52(5): 55-61.
FRETE, BOETE, BoR e RO A i n S AR
SMINEIRSEM [J]. iR, 2024, 30(3): 21-28.
WANG Zhicong, XIE Longfei, DUAN Peigao. Hydro-
upgrading of crude algal bio-oil: Influence of external hydro-
gen sources[J]. Clean Coal Technology, 2024, 30(3) :
21-28.

ikaE, AW, SKELE, 4 ZSM-S PhfgATE R IL
fife £ A 20 o B ST SRR (0], BRI AR T, 2022, 51(5) -
1433—-1438+1444.

ZHANG Ying, JIAO Nianming, ZHANG Kailun, et al.
Research progress on modification of ZSM-5 and its catalytic
performance in cracking of light components in petroleum[J].
Applied Chemical Industry, 2022, 51(5): 1433-1438+
1444.

XU Donghai, LIN Guike, GUO Shuwei, et al. Catalytic
hydrothermal liquefaction of algae and upgrading of
biocrude: A critical review[J]. Renewable and Sustainable
Energy Reviews, 2018, 97: 103-118.

JAEF. JET NI/ZSM-5 A0 1 20 4 4 9 3t 2 A
W ARBISE [D] )73 b RTAL =S RAT24BE, 2023:
34-46.

ZHOU Xuan. Technical research on preparation of waste oil-
based bio-jet fuel by hydrogenation with Ni/ZSM-5
catalyst[D]. Guanghan: Civil Aviation Flight University of

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

China, 2023: 34-46.

k. ZSM-5 731 Bk S HoAfe A FR et 55 4 S A e
5T [D]. &3 . IEHRAE, 2022: 17.

WANG Lin. Modification of ZSM-5 zeolite and its perfor-
mance in catalytic methanol to aromatic reaction[D]. Yanji:
Yanbian University, 2022: 17.

NG, R, 2, S5 ATERRALBIX ZSM-5 431 fifi
FH 245 o SOAE R Al M BB 0 s D). 4r F AR, 2021,
35(1): 22-30.

SUN Zeping, WU Jianbing, LI Peng, et al. Effect of citric
acid modification of ZSM-5 zeolite on vapor-phase
dimethoxymethane carbonylation[J]. Journal of Molecular
Catalysis (China), 2021, 35(1): 22-30.

TR, REeN, 5K, & RS ZSM-5 fia a4l sy
HEAL SRR Tl K [0, Tl k&b s, 2021, 41(10):
109-113+118.

XU Zengyi, YU Jinpeng, LI Sen, et al. Catalytic ozona-
tion degradation of industrial wastewater by alkaline modi-
fied ZSM-5 supported metal component[J]. Industrial Water
Treatment, 2021, 41(10): 109-113+118.

Bk, iR, RN ZSM-5 S B A S R R A
AL TBOK (0], LiE2EA, 2022, 50(4): 1-7.

ZHAO Cheng, XU Zengyi, YU Jinpeng. Catalytic ozona-
tion of chemical wastewater by ZSM-5 loaded bimetallic
components[J]. Shanghai Plastics, 2022, 50(4): 1-7.
JAR. 9L ZSM-5 53 T i i Al A Uy B A ) 25 07 S
5% [D]. BUM . WK%, 2022 17-19.

ZHOU Huan. Study on catalytic pyrolysis of biomass to
aromatic over hierarchical ZSM-5 zeolite[D]. Hangzhou:
Zhejiang University, 2022: 17-19.

MR, A€, BE, 5 WSk L&k
P s A B A 9] RETRBRBE AR 7, 2025, 39(2) .
192-200.

HAO Botian, DIAO Yunfei, WEI Ya, et al. Model opti-
mization for high-yield biocrude in co-hydrothermal liquefac-
tion of municipal sludge[J]. Energy Environmental Protec-
tion, 2025, 39(2): 192-200.

/Ivit . ZSM-5 BB e HCAE HH ) PR (MITP) Sz Y
W5 [D]. L. WSS R2~, 2018: 28-29.

CHEN Xiaodi. Modification of ZSM-5 and its study onthe
reaction of methanol topropylene[D]. Shanghai: Shanghai
Jiao Tong University, 2018: 28-29.

KHK, WM, BE%E, % ik ZSM-5 40 ik
& JOE CBe A 2P BEIT [J]. ZR AL Il R 2 244,
2020, 44(5): 89-97+115+10.

SONG Yueqin, HU Wei, CHEN Xueqin, et al. Prepara-
tion of modified ZSM-5 zeolite catalyst and analysis of n
hexane catalytic cracking performance[J]. Journal of North-
east Petroleum University, 2020, 44(5): 89-97+115+10.
BRZE, Xk, WEE, % A ZSM-5 5y Tl 5
TSR SR PERE [7]. 2L TATSE, 2022(24): 64-66.
LI Zhihao, LIU Zhen, WANG Hongxing, et al. Catalytic


https://doi.org/10.1039/D0GC02893B
https://doi.org/10.1016/j.psep.2021.05.006
https://doi.org/10.1016/j.psep.2021.05.006
https://doi.org/10.1016/j.psep.2021.05.006
https://doi.org/10.1016/j.fuel.2022.127236
https://doi.org/10.1016/j.fuel.2025.134440
https://doi.org/10.3969/j.issn.1009-2455.2022.03.005
https://doi.org/10.3969/j.issn.1009-2455.2022.03.005
https://doi.org/10.3969/j.issn.1673-5854.2018.05.010
https://doi.org/10.3969/j.issn.1673-5854.2018.05.010
https://doi.org/10.3969/j.issn.1671-3206.2022.05.042
https://doi.org/10.3969/j.issn.1671-3206.2022.05.042
https://doi.org/10.1016/j.rser.2018.08.042
https://doi.org/10.1016/j.rser.2018.08.042
https://doi.org/10.3969/j.issn.1672-8114.2022.24.019

<194 - (LR N T T

F39EF 3 M

[25]

[26]

[27]

(28]

[29]

performance of acid-treated ZSM-5 molecular sieves for
dehydration of isopropanol[J]. Modern Chemical Research,
2022(24): 64-66.

WANG Yuelun, ZHAO Weihua, YAN Xu, et al. The
application of Ni and Zr modified ZSM-5 nanosheet in
upgrading of lignite pyrolysis volatiles coupling with
methanol to light aromatics[J]. Journal of Analytical and
Applied Pyrolysis, 2024, 180: 106543.

JKFE. Co. Ni T4 ZSM-5 X £ 4% F1 A R S AL 1) f f 1
RERTST [D]. FA/RER : IR/RBEINTERE, 2021: 14-15.
GUAN Xin. Catalytic performance of co and ni supported
ZSM-5 for the oxidation of styrene and toluene[D]. Harbin:
Harbin Normal University, 2021: 14-15.

SRTFAT. ZSM-5 AL R MR B s (2 FR 3 A5 e Ak B
FHIERSE [D]. R KRIFEF TR, 2021: 6-8.

GUO Yuhang. Study on the control acidic properties of
ZSM-5 catalyst for the improved step conversion of methanol
to aromatics[D]. Taiyuan: Taiyuan University of Technol-
ogy, 2021: 6-8.

BT, ARWRME, EREE HAL PENVZSM-5 XA R AT
A A REBFTT [0]. T TR, 2021, 72(5):
2626-2637.
LI Xiaoxue, NIU Xiaopo, WANG Qingfa. Study on
hydrodeoxygenation performance of hierarchical Pt-Ni/
ZSM-5 for lignin derivatives[J]. CIESC Journal, 2021,
72(5): 2626-2637.

A1 . ZSM-5 JE 525 BB A 8 CH I BB A RE AT 5T
[D]. dbst: PEAMARZAERD, 2021: 9-10.

SHI Yu. Synthesis of meso-microporous composite materials

based on ZSM-5 and their catalytic performances for

[30]

[31]

[32]

[33]

[34]

hydrodesulfurization[D].
Petroleum, Beijing, 2021: 9-10.

TR YAl ZSM-5 B B A AR Ay it U S
¢ [D]. K. RKHEKRE:, 2017: 5-6.

ZHANG Chunfei. Synthesis of hierarchical ZSM-5 and its

Beijing:  China University of

catalytic hydroconversion of vegetable oil to produce alerna-
tive fuel[D]. Tianjin: Tianjin University, 2017: 5-6.
HOR, KA, WRAE, SF ARWImEIRL S M U AL
BT SR (9] Mo A S Tl 2021, 41(2) -
130-140.
TONG Le, ZHANG Le, PAN Hui, et al. Research
progress of hydrodeoxygenation catalysts for bio-oil model
compounds[J]. Chemistry and Industry of Forest Products,
2021, 41(2): 130-140.

FHOAR. IR i B A W) K PR T B A S BT 5
[D]. 847 VTHRAR2%, 2019: 39-51.

WANG Xudong. Study on hydrothermal liquefaction and
catalytic hydrogenation of large algae biomass[D]. Zhen-
jiang: Jiangsu University, 2019: 39-51.

XEEE. B AR PIRAL T 2 AL I A DS [D]. ¥
R RF, 2019: 114-116.

LIU Chunze. The investigation of bio-oil preparation from
catalytic hydrothermal liquefaction of algae[D]. Shanghai:
East China Normal University, 2019: 114-116.

. IR K PR AL Vi SE 3R OF 5 S HLBE ST [D].
Prrg: INARKE, 2014: 84-85.

GAI Chao. A study on hydrothermal liquefaction of low-lipid
microalgae to produce bio-crude oil through experimental
investigation and mechanism Analysis[D]. Jinan: Shandong
University, 2014: 84-85.


https://doi.org/10.3969/j.issn.1672-8114.2022.24.019
https://doi.org/10.1016/j.jaap.2024.106543
https://doi.org/10.1016/j.jaap.2024.106543
https://doi.org/10.3969/j.issn.0253-2417.2021.02.017
https://doi.org/10.3969/j.issn.0253-2417.2021.02.017

	0 引　　言
	1 实验部分
	1.1 材　料
	1.2 实验流程
	1.2.1 生物原油制备
	1.2.2 生物原油催化加氢提质
	1.2.3 催化剂制备
	1.2.4 分析与检测


	2 结果与讨论
	2.1 催化剂特性
	2.1.1 催化剂表面形貌分析
	2.1.2 催化剂孔结构分析
	2.1.3 晶体物相分析

	2.2 催化加氢提质油特性分析
	2.2.1 提质油质量产率
	2.2.2 元素分析
	2.2.3 化合物组成分析
	2.2.4 官能团分析


	3 结　　论
	参考文献

