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Abstract: Fatty alcohols are important feedstocks in the chemical industry, primarily produced by the
high-pressure hydrogenation of animal and vegetable oils or their derivatives. The key challenge lies in
designing and fabricating efficient heterogeneous catalysts with high selectivity for high-pressure
hydrogenation reactions. In this work, leveraging the formation of green rust during o-FeOOH
synthesis, Cu species were loaded onto 0-FeOOH via a sedimentation precipitation method to prepare a
highly active, calcination-free catalyst for fatty ester hydrogenation. The catalyst's surface structure and
physicochemical properties were characterized using XRD, XPS, and TEM, and the synergistic effect
between Cu and Fe on the catalytic performance in the hydrogenation of methyl palmitate to fatty
alcohols was investigated. Results showed that, under in situ reduction conditions, the iron species are

converted from a-FeOOH to Fe;O,, and the copper species are converted from Cu,(OH),CO; to cu’.
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After optimization, the conversion of methyl palmitate by the 10Cu-G catalyst exceeded 99%, and the
selectivity for hexadecanol was close to 100% at 300 “C, 10 MPa H,, and a reaction time of 2 hours.
The reaction mechanism was proposed based on analysis: The highly dispersed Cu’ species on the
catalyst surface and the abundant Lewis acid centers on the Fe;O, surface synergistically participate in
the activation and conversion reactions of H, and methyl palmitate. H, dissociates into active H- on cu’,
and the C=0 bond of methyl palmitate is activated by the Lewis acid centers on the Fe;0, surface. The

formed H- attacks the activated C—0 bond and promotes the dissociation of methyl palmitate to form

hexadecanol.
Keywords: Copper-based catalyst; Fe;O,;

palmitate
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2.1.6 TEM #£A4E5 5547

Kl 6 2 10Cu-G FI & ik Ji J5 19 10Cu-G Y
TEM #l Mapping &4 . ] 6(a) F ] a-FeOOH i
B 2150 100 nm, T 24 30 nm, 4K 2B

(d)
6 (a~c)10Cu-G #(d~f) SSIEEH 10Cu-G #J TEM EF1 Mapping
Fig. 6 TEM and Mapping patterns of (a-c)10Cu-G and (d-f)10Cu-G for hydrogen reduction

22.1 AR E SRR 6 % a

ME 7 AT LB H, Cu B9 51T LA B0
A T FF TR 00 2 AL SR RN 7S BE A IR, TR B A T
TANBERIICR . TR & B 20% I, AR AR R T R
AL RS BE IR IR B T B KA, 35 5
THEN 10% M2ZEFIRE . 454 XRD #£AEL
AT LAFS Y, 7E 0-FeOOH |31 At Bl =X Bk i 4 2
g 17 7R i om0 %) 3 2 A A 3 PR 6, (HJR R
6

(e

YRR S5, TS5 SRR — 2 AR &
2rh 0.43 nm, 5 a-FeOOH( 110) /4 T [A] fF — 2
( 6(b)). #HilotZ Mapping([& 6(c) )4k 54 B4
Yy Fp7E o-FeOOH b3 BACHF, AR B 2 A 5 .
W JEJE 1 10Cu-G AL B4R 50 nm 2245 /) 7)N
R A 454, I H LB T8 T Cu’(111) & T A9 A%
2540(0.20 nm) . )55 B 9 Mapping 45
AT LU Cu WA A R AL R, i 45 - 5 XRD
RAEGR—3.
2.2 EAFEEITGD

DA AR R Y 1R A A5 B0 Ak 5 W % 25 1) xCu-
G AT HEATIGPEPEOY, 0 S5 B VAR = 9 vh 3
SR INEE oS BERIR B B ER AR IR TR o
R IEARAL AT PE VAN 1Y 3 BEAR AT AR IR R )
AL SR ICR

P 0 X TR ] A A T P 55
222 R5 BRI 8 Hvh

H L 8 AT, e IR PP TR 1Y) 5 Ak R B A S
U 1) v T A, 5 P A ) S T A AT
Fo i 2 FHY 0 4R S I A R AT Wi B I it B 1
i, TS EERCR ST R BRI, oS bRy iRy
SEYE N, B3 4 Y KN IR A B T S EE I AR
Ao FE RN R R 300 °C B, R R F R A0 AL



100 -2

80 -

60 -

40 |

AL R TR /%

20 +

0 5 10 15 20
RN/ %

(R 4eAt: 280 °C, 8 MPa H,, 2.0 h)

7 xCu-G UM E
Fig. 7 xCu-G catalyzed product distributions and

conversion rates

RIKF]T 98.2%, T SEERIMCRIAE] T 96.4%, {H
o A IR A (A T S B — 2B B AR AR S
W, SRJE NG 75t o RIS, & R R A {1
BN A AR A A e m A e, TR I
FE BRI R 320 °C BF, N EEAY IR R N
87.5% . X 15 HA 5 ‘B 5 N IR A A e B m
S A SR, LR oS b — 2 & B A
I AR

100 - gt

[ Ay
ol - /

1/

40 b

o ——©

LSRR /%

20

240 260 280 300 320
SRLREIC

(i %A+ 8 MPa H,, 2.0 h)
B8 10Cu-G U= H HmFEEHLE
Fig. 8 10Cu-G catalyzed product distributions and

conversion rates

223 BEJE N AHELE AL 8 Fh

&L 9 RT RN, Bt R P TR 0 5% AL 8 A /S B
() W R AR I A He g 185 T 8 m, ] e s 3 4 ) e
7 A, i S 8 3 I g Rl . 7EART 4 MPa H,
FMEF, wEAB WP AUEAEA TSR
IR, IAFAE— B B T Hobe ke, FBHEAR A &
FE AL 25 B ARAT R R Y I 04 5 A 3R, 34 23 X i
K B A7 A — 7 A BEVE T, 3 AT RE = IR R AR

SRS, AR W B A 25 1) A Rl AR D, B
I T H B PE In SR T RE, 7 AR B A TN
A 7R R o6 2 A B K R R AR T 7S A, i &R
A5 o d, PRI A R 1) R A AT T LA i
BHAK SR, $78 10Cu-G -7 BEry e £

100 F ZABEUED o

.,
- e - LR

80

60 -

AL SRR %

40

20

2 4

8 10

&MEGjJ/Mpa
(P Z%AF: 300 C, 2.0 h)

9 10Cu-G UMD HINFENLE
Fig.9 10Cu-G catalyzed product distributions and

conversion rates

2.2.4 B B8] AR AP AL Y % vl

P & 10 R 2 S 7 B[] ) S A A i
B e Ak 26T S B A SR AR ZE G N, (H 2 7E 0.5 h
PUG - oSBERBE KBS W g%, OB BTE] A 2.0 h
BF, B IR R 0 A AL R 3k 99% LA b, oS
PICRIB B T 98.7%, & Wk X4 E 4 s vy B[], A7
By 2 v A e R Y 1) 2 A 8 A O BE R I R
A 11T LLE Y, fE RN ot B, 2 RO I
T 250 °C W, S0 28 N Y 7 BE A IO I Y
T 5 T R, AR AR 25K SO i B 2 R, 2
(4 S TP IR BT IR . R A SRS Cu’ ] LA

100 | ATAEY)

[ BEN °« ——
o- ik o —
80 F
a\\°
= 60 F
=z
& 40 +
20 -

0 0.5 1.0 2.0
JSSEI [ /h

(B2 )% &A%+ 10 MPa H,, 300 °C)

10 10Cu-G L= LR
Fig. 10 10Cu-G catalyzed product distributions and

conversion rates



V] 0 P75, T E Cu™™. 454 H,-TPR 45
B TEAR T 200 °C B, B =Rl R 4 et ) 28 B0 T
S Cu’, fB7E 250 °C Zidq, 8 N I TR 1 A T iR
REAR, X 28 IALALA Cu” I A BEAE AL A3 i 1R Y i
VeI A, 765 T 200 °C i, a-FeOOH & ¥ #
W JFHN FesO,, Cu’ 5 Fe;0, Z 181771 U FIFE T, A
T A A5 B AR R FH e Ak 7S B TR G 7 T ek
Fef A5 b AT e & AR i RS HLER: H, 76 Cu’ A
B H-, BEAE TR H R ) C=0 %% Fe;O, 1Y Lewis {if
G AL, BB 1S AR S A C=0 sl =i &, R A
AR A R T P R 100 A 15, A B 7 T R

350 14
L —— R
300 113
250 12
o n e
£ 200
mg 10
= 150 i
Jﬁ ES
& 9
100 #
8
50
7
O -
. . . . . 6
0 50 100 150 200 250 300

FE 247 I [ /min
(B &A% 10Cu-G, 300 °C, 10 MPa H, F12.0 h)
11 RERESEREMEANXRE

Fig. 11 Reaction time vs. temperature and pressure

3 & it

A B 584 % 4 i a-FeOOH i 72 Hh (1) T 4 25
S5, R FUURDTIE R Cu YRl 1353 a-FeOOH,
il H — s A E ) A R A ] . AR
i i LA =B R A 1 T A7 A, 8 DR o Sl Ak
B, SR IE 5K Fe,O,, HIHIFHAIF N Cu’,

N AR AR, #E RO IR BE R 300 °C,
F1° 10 MPa H,, B} 8]l 2.0 h B, 10Cu-G 4 1L 7
X R AR R IR B AL SRR B T 99% LA b, XK
PP e PR FEIT 100% ., 454 H,-TPR., XPS % 5%
TIF P13 0 2 1 48 PN 1) e B R g A8 A O, 48 A
iR FF Big7E Cu-Fe #4651 - B94E AL . L 4F,
JLR I B AR TR B R, BRI T 79 S AR
o3 B WMERE, HA — 2 iy Tl A5 .

£ Z X HR ( References ) :

[1] TAMURA M, NAKAGAWA Y, TOMISHIGE K. Recent
developments of heterogeneous catalysts for hydrogenation of

carboxylic acids to their corresponding alcohols[J]. Asian

[10]

(1]

[12]

Journal of Organic Chemistry, 2020, 9(2): 126-143.

QU Ruiyang, JUNGE K, BELLER M. Hydrogenation of
carboxylic acids, esters, and related compounds over
heterogeneous catalysts: A step toward sustainable and
carbon-neutral processes[J]. Chemical Reviews, 2023,
123(3): 1103-1165.

BELOUSOV A'S, ESIPOVICH AL, KANAKOVE A, et
al. Recent advances in sustainable production and catalytic
transformations of fatty acid methyl esters[J]. Sustainable
Energy & Fuels, 2021, 5(18): 4512-4545.

ZHOU Yingdong, REMON J, JIANG Zhicheng, et al.
Tuning the selectivity of natural oils and fatty acids/esters
deoxygenation to biofuels and fatty alcohols: A review[J].
Green Energy & Environment, 2023, 8(3): 722-743.
SANCHEZ M A, TORRES G C, MAZZIERI V A, et al.
Selective hydrogenation of fatty acids and methyl esters of
fatty acids to obtain fatty alcohols—A review[J]. Journal of
Chemical Technology & Biotechnology, 2017, 92(1): 27-
42.

INEE, EIRIR, B T E AN UR R BUIR B AR X R
). EFRAZEGE, 2024, 32(8): 42-47+57.

SUN Hui, WANG Lele, YANG Lei. Current status and
future countermeasures of bio-oil and gas development in
China[J]. International Petroleum Economics, 2024,
32(8): 42-47+57.

XU, EEIE, MOKAR, 5 mRREEFEmIE S w5 LY s
i e (9] f6 Tk R, 2015, 34(8) : 3015
3018+3064.

LIU Peng, JIANG Jianchun, CHEN Shuigen, et al. Pre-
esterification in the preparation of biodiesel from waste oil
with high acid value[J]. Chemical Industry and Engineering
Progress, 2015, 34(8): 3015-3018+3064.

HE Zhe, LIN Haigiang, HE Ping, et al. Effect of boric
oxide doping on the stability and activity of a Cu-SiO, cata-
lyst for vapor-phase hydrogenation of dimethyl oxalate to
ethylene glycol[J]. Journal of Catalysis, 2011, 277(1): 54-
63.

HUANG Changliang, ZHANG Hongye, ZHAO Yanfei, et
al. Diatomite-supported Pd-M ( M=Cu, Co, Ni) bimetal
nanocatalysts for selective hydrogenation of long-chain
aliphatic esters[J]. Journal of Colloid and Interface Science,
2012, 386(1): 60-65.

THNEH. Cu-Zn FEAZEAET AR YR o i U5 i 4k
7T [D]. L. FERBT K2, 2011: 7-10.

DING Lili. Study on hydrogenation of dodecanol under mid-
pressure catalyzed by Cu-Zn[D]. Shanghai: East China
University of Science and Technology, 2011: 7-10.
SAUDAN L A, SAUDAN C M, DEBIEUX C, et al.
Dihydrogen reduction of carboxylic esters to alcohols under
the catalysis of homogeneous ruthenium complexes: High
efficiency and unprecedented chemoselectivity[J]. Ange-
wandte Chemie (International Ed), 2007, 46(39): 7473-
7476.

FILONENKO G A, AGUILAMIJB, SCHULPEN EN, et
al. Bis-N-heterocyclic carbene aminopincer ligands enable
high activity in Ru-catalyzed ester hydrogenation[J]. Journal
of the American Chemical Society, 2015, 137(24): 7620-


https://doi.org/10.1002/ajoc.201900667
https://doi.org/10.1002/ajoc.201900667
https://doi.org/10.1021/acs.chemrev.2c00550
https://doi.org/10.3969/j.issn.1004-7298.2024.08.006
https://doi.org/10.3969/j.issn.1004-7298.2024.08.006
https://doi.org/10.1016/j.jcat.2010.10.010
https://doi.org/10.1016/j.jcis.2012.07.032
https://doi.org/10.1002/anie.200701015
https://doi.org/10.1002/anie.200701015
https://doi.org/10.1002/anie.200701015
https://doi.org/10.1002/anie.200701015
https://doi.org/10.1002/anie.200701015
https://doi.org/10.1002/anie.200701015
https://doi.org/10.1021/jacs.5b04237
https://doi.org/10.1021/jacs.5b04237

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

7623.

AZOUZI K, PEDUSSAUT L, POINTIS R, et al. Hydro-
genation of carboxylic esters catalyzed by phosphine-free bis-
N-heterocyclic carbene
Organometallics, 2023, 42(14): 1832-1838.

XU Shuling, WEI Fang, XIE Ya, et al. Localisation of

C=C Bond and absolute quantification of unsaturated Fatty

manganese complexes[J].

Acids in Vegetable Oils based on photochemical derivatisa-
tion reaction coupled with mass spectrometry[J]. Interna-
tional Journal of Food Science & Technology, 2020,
55(7): 2883-2892.

WANG Yue, SHEN Yongli, ZHAO Yujun, et al. Insight
into the balancing effect of active Cu species for hydrogena-
tion of carbon—oxygen bonds[J]. ACS Catalysis, 2015,
5(10): 6200-6208.

LIU Yanting, DING Jian, YANG Jieyong, et al. Stabiliza-
tion of copper catalysts for hydrogenation of dimethyl oxalate
by deposition of Ag clusters on Cu nanoparticles[J]. Cataly-
sis Communications, 2017, 98: 43-46.

ZHANG Yong, CHEN Chun, GONG Wanbing, et al.
One-pot redox synthesis of Pt/Fe;O, catalyst for efficiently
chemoselective hydrogenation of cinnamaldehyde[J]. RSC
Advances, 2017, 7(34): 21107-21113.

KANDEL K, CHAUDHARY U, NELSON N C, et al.
Synergistic interaction between oxides of copper and iron for
production of fatty alcohols from fatty acids[J]. ACS Cataly-
sis, 2015, 5(11): 6719-6723.

HE Limin, LI Xiaoru, LIN Weiwei, et al. The selective
hydrogenation of ethyl stearate to stearyl alcohol over Cu/Fe
bimetallic catalysts[J]. Journal of Molecular Catalysis A:
Chemical, 2014, 392: 143-149.

PANDYA P B, JOSHI H H, KULKARNI R G. Magnetic
and structural properties of CuFe,O, prepared by the co-
precipitation method[J]. Journal of Materials Science
Letters, 1991, 10(8): 474-476.

CAO Yanning, HU Xiaoli, LIN Xubin, et al. Low-temper-
ature desulfurization on iron oxide hydroxides: Influence of
precipitation pH on structure and performance[J]. Industrial &
Engineering Chemistry Research, 2015, 54(9) : 2419-
2424,

G, FAHMK, HEZRIE, 5F 90K a-FeOOH 1yl % K AF
- I b B A A i (9] A e Caon T
2020, 36(1): 63-69.

JIN Jian, CHENG Xianglin, BI Qinling, et al. Preparation
of nano-a-FeOOH and its catalytic performance in coal-oil
co-processing[J]. Acta Petrolei Sinica ( Petroleum Processing
Section), 2020, 36(1): 63-69.

LOYAUX LAWNICZAK S, REFAIT P, EHRHARDT J
J, et al. Trapping of Cr by formation of ferrihydrite during
the reduction of chromate ions by Fe( Il ) —Fe( Il ) hydrox-
ysalt green rusts[J]. Environmental Science & Technology,
2000, 34(3): 438-443.

RISTIC M, MUSIC S, GODEC M. Properties of y-
FeOOH, o-FeOOH and o-Fe,0; particles precipitated by

hydrolysis of Fe' ions in perchlorate containing aqueous

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

[35]

[36]

solutions[J]. Journal of Alloys and Compounds, 2006,
417(1-2): 292-299.
YU Hongyan, QU Shuang, CHEN Peiru, et al. CO,

bubble-assisted in situ construction of mesoporous Co-doped
Cu,( OH) ,CO; nanosheets as advanced electrodes towards
fast and highly efficient electrochemical reduction of nitrate
to N, in wastewater[J]. Journal of Hazardous Materials,
2022, 430: 128351.

DU Jingcheng, ZHOU Cailong, YANG Zhijie,
Conversion of solid Cu,( OH) ,CO; into HKUST-1 metal-

organic frameworks:

et al.

Toward an under-liquid superam-
phiphobic surface[J]. Surface and Coatings Technology,
2019, 363: 282-290.

WILSON D, LANGELL M A. XPS
oleylamine/oleic acid capped Fe;O, nanoparticles as a func-
2014,

analysis of

tion of temperature[J]. Applied Surface Science,
303: 6-13.
LIU Jie, LIU Yue,

Polyethyleneimine

WU Zhongbiao, et al

functionalized  protonated  titanate
nanotubes as superior carbon dioxide adsorbents[J]. Journal
of Colloid and Interface Science, 2012, 386(1): 392-397.
LI Jing, HAN Yuxi, ZHU Yihan, et al. Purification of
hydrogen from carbon monoxide for fuel cell application over
modified mesoporous CuO—-CeO, catalysts[J]. Applied Catal-
ysis B: Environmental, 2011, 108: 72-80.
YANG Xiaoxuan, TIAN Yu, MUKHERIJEE S,

Constructing oxygen vacancies via engineering heterostruc-

et al.

tured Fe;C/Fe;,O, catalysts for electrochemical ammonia
synthesis[J]. Angewandte Chemie ( International Ed) ,
2023, 62(34): €202304797.

SUN Zhiming, ZHU Rui, DING Tianle, et al. Induced
morphology orientation of a-FeOOH by kaolinite for enhanc-
ing peroxymonosulfate activation[J]. Journal of Colloid and
Interface Science, 2022, 626: 494-505.

SELVAN R K, AUGUSTIN C O, BERCHMANS L J, et
al. Combustion synthesis of CuFe,0,[J]. Materials Research
Bulletin, 2003, 38(1): 41-54.

CAO W, TANOK, PANIJS, etal XPS characterization
of xa-Fe,05—( 1—x) ZrO, for oxygen gas sensing application
[J]. Materials Chemistry and Physics, 2002, 75(1-3): 67-
70.

ZHEN Wenlong, JIAO Wenjun, WU Yugqi, et al. The role
of a metallic copper interlayer during visible photocatalytic
hydrogen generation over a Cu/Cu,0O/Cu/TiO, catalyst[J].
Catalysis Science & Technology, 2017, 7(21): 5028-
5037.

ZHANG Hongwei, TAN Huiru, JAENICKE S,

Highly efficient and robust Cu catalyst for non-oxidative

et al.

dehydrogenation of ethanol to acetaldehyde and hydrogen[J].
Journal of Catalysis, 2020, 389: 19-28.

ZHENG Xiaohai, YU Panjie, LIU Yaxin, et al. Efficient
hydrogenation of methyl palmitate to hexadecanol over Cu/m-
Zr0, catalysts: Synergistic effect of Cu species and oxygen
vacancies[J]. ACS Catalysis, 2023, 13(3): 2047-2060.


https://doi.org/10.1021/acs.organomet.3c00137
https://doi.org/10.1021/acscatal.5b01678
https://doi.org/10.1016/j.catcom.2017.05.007
https://doi.org/10.1016/j.catcom.2017.05.007
https://doi.org/10.1039/C7RA02898A
https://doi.org/10.1039/C7RA02898A
https://doi.org/10.1021/acscatal.5b01664
https://doi.org/10.1021/acscatal.5b01664
https://doi.org/10.1021/acscatal.5b01664
https://doi.org/10.1016/j.molcata.2014.05.009
https://doi.org/10.1016/j.molcata.2014.05.009
https://doi.org/10.1016/j.molcata.2014.05.009
https://doi.org/10.1007/BF00838356
https://doi.org/10.1007/BF00838356
https://doi.org/10.3969/j.issn.1001-8719.2020.01.008
https://doi.org/10.3969/j.issn.1001-8719.2020.01.008
https://doi.org/10.3969/j.issn.1001-8719.2020.01.008
https://doi.org/10.3969/j.issn.1001-8719.2020.01.008
https://doi.org/10.3969/j.issn.1001-8719.2020.01.008
https://doi.org/10.3969/j.issn.1001-8719.2020.01.008
https://doi.org/10.3969/j.issn.1001-8719.2020.01.008
https://doi.org/10.3969/j.issn.1001-8719.2020.01.008
https://doi.org/10.3969/j.issn.1001-8719.2020.01.008
https://doi.org/10.3969/j.issn.1001-8719.2020.01.008
https://doi.org/10.1016/j.jallcom.2005.09.043
https://doi.org/10.1016/j.jhazmat.2022.128351
https://doi.org/10.1016/j.surfcoat.2019.02.062
https://doi.org/10.1016/j.apsusc.2014.02.006
https://doi.org/10.1016/j.jcis.2012.07.048
https://doi.org/10.1016/j.jcis.2012.07.048
https://doi.org/10.1002/anie.202304797
https://doi.org/10.1002/anie.202304797
https://doi.org/10.1002/anie.202304797
https://doi.org/10.1002/anie.202304797
https://doi.org/10.1002/anie.202304797
https://doi.org/10.1016/j.jcis.2022.06.151
https://doi.org/10.1016/j.jcis.2022.06.151
https://doi.org/10.1016/S0025-5408(02)01004-8
https://doi.org/10.1016/S0025-5408(02)01004-8
https://doi.org/10.1016/S0254-0584(02)00032-9
https://doi.org/10.1016/j.jcat.2020.05.018
https://doi.org/10.1021/acscatal.2c06151

	0 引　　言
	1 实验方法
	1.1 试剂与仪器
	1.2 催化剂制备
	1.3 活性评价方法

	2 结果与讨论
	2.1 催化剂表征
	2.1.1 XRD表征与分析
	2.1.2 BET表征与分析
	2.1.3 H2程序升温还原表征与分析
	2.1.4 FTIR表征与分析
	2.1.5 XPS表征与分析
	2.1.6 TEM表征与分析

	2.2 催化剂活性评价
	2.2.1 铜添加量对催化性能的影响
	2.2.2 反应温度对催化性能的影响
	2.2.3 反应压力对催化性能的影响
	2.2.4 反应时间对催化性能的影响


	3 结　　论
	参考文献

