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Abstract

Activated carbon (AC), carbon nanotube (CNT), graphene (RGO) and graphite-like carbon nitride
(g-C3N4) were used as carriers to prepare Pd supported catalysts. The influence of carriers and
reaction conditions on HDO reaction was investigated by us through experiments. By preparation
of Pd-supported catalysts, we investigated the effects of four kinds of carriers on HDO reaction
experimentally. The results showed that the activity of AC and CNT was reflected when the reac-
tion temperature reached 150 - 180 degrees, and the selectivity of the cyclohexanol and cyclo-
hexane was not significantly different, indicating that the synergistic effect between the two carri-
ers and Pd was limited. However, when graphene and graphene-like carbon nitride were used as
carriers, they exhibited good activity within the range of 90 - 110 degrees, and the selectivity of
cyclohexane was significantly higher than that of cyclohexanol, especially the selectivity of
Pd/C3N4reached 85.4%, indicating the best synergistic effect with Pd.
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1. 5|8

A BRR R HIAR 3E T It R, (BRI M H 25 ™ 5. AR DA TR AR bk
AR (R e O B AR B ARBE R 1] [2]0 HROETE B 2B R ARV RE S 2008 2200 {CMEARARE,
s HATREREAEREN 10 fi5[3]. TR, AWM e A= N ABE IS TR 2RI, A KR FEAK[4],
LSRR o H DS AR S R R A, D AN AT IR R A I A S (HDO). i R, &
PERE R AL FRIBIF S0 A% O 1] R[5 ]

H AT C&RE A HDO #4577 £ 54 Rhy Pd. Ru. Pt. Ir. Fe. Co. Ni. Cu. Mo. V%48
TR AI[6]-[12] SRR A R ) B Ao PR e B SR L MR, i e £ 5@ IO 3AA,  RERE (1AL
FUE R SRR EFINA BRI . FERTH RN FUMRBRE & FLEE M K A BB, A=A
B4 1R B IR0 R T R 4 e AL 7R 12

R SCRRIRIE[S] [6] [7] [8], FRMEHRIEAED M E M T, SRR EEHIA Y, WES Tk
JEMIIRE RN, &R E S, EEAFIRE . SR NE B AR E s s, BT AR
IKEKRL) 30%, BIAELEMEASE T ATHEITBR/AKERIE, KRIRDE KGR, FIRER B InE LA d R,
S R EIKIX P, AT B RS E TR O R DRI, (AR B Tk AR T, Bk ik
FARF R, FEGEEHBEURINERIE. TRt 5iE A W E R .

FRIESCHRIRIE[13] [14], TEMER(AC), TRAVCKE (CNT)ZEmIEA RHE L MR AL B G, R vl SR8 2
HhRedl, BA @M bR B S PG e R, TR RN 7K, B AR E AR E s BRI
TR LR AR = B 2R TH RE, O H R o 4 8 S5 6 1R 20 4y B B A - A7 88 07(RGO) A2
B R - DA sp? ZRAGHTE 2H Jlirs #2852 06 B3 A ks () BB AR B, 1 SR IR T BR T o B LAt B IR R AL
AN X ZRG AL, TAR R T 10T BT 2 P pz $UE ] DU R 278 4222 8 710K n 4
(SRHERL, FmEA I RE FEACENERE, H R WA A & £ S B i . 26A
S B R (g-C3INA) s — M ALl A7 S5 075 (V- 1l — 48 v R 4544, 70 0l A =TGR AR 3-s- IR g BE A S 1) BRI
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TCRRAEAR T IR 51, —HEGK 2 A I Y i A ) 454 - g-C3NG B R AP #visE YR 2 A2 1k,
FEREIE 600°CHY AR EMEA S IFUA T B, RErESRERDRAR N IRFFERERRE . BT g-C3NG JHURR 1k 24 21 e AN
n AR LN, LT HBSRISEZAE ). SRS LL L Bronsted BRIHAEF Lewis BkIhfE, AT
PABCN—Fi 22 THRE B AL TR B A, AR H A A W ILTE AR A9 18 A & 25 480 R AR 4R

BT UL TR, Ao 5 PAE R (AC) BRIKE (CNT). £ 88 J5 (RGO A A s A E AL Bk (2-C3N4-)
AR, T Pd FUEREL AL, B SRIS S R T T 4 2B HDO SN [ R A .

AEYM R B4, AR TR T, 2800 7038 R AR T U AN EUS AR . R 2 251 T
R EE T EREY, DM & ERES MM EY, NN IZ BT 15], &
SCHIB LIS Bl S6 2R ) e T

2. SLRERSY
2.1. (B S5HF

M R 5 TE B R A (2 HEAE 7890B-5977B) iy AU AH (1 1% (ShimadzuLC-20A) {8 HLIH-AF # 21 4l i
{X(Shimadzu IR-Affinity-1). 484 - B WL 736 1 (Shimadzu UV-2550)%%

Rl A 2R B E 28 H B R 4l BraoK E (CNT)IE E 22 7ok, 465 > 95%, B4 60 nm~100
nm, KE: 5pum~15pum. £AS=ERGO)VME A EAHEMIK(g-CINA-) BN LI =4, 40 >95%.

2.2. SEWFE

MRS RIESZ
XRD. IR. GC-MS Ml a6, IR FAL R R AR PR R AR PRk
JIEZ ILSCHR[16]

AL SEIG VR SR R Al HERIRREICRRY 0.0732 g+ L7 0.0163 g, mHLH4E25 30 ml # % )k
NEE, BEREEARE R 2 ml SOBET VS TRAERTEL, AR E =R, @A 2 Mpa &/, 7E 150°C F LA 800
rpm [RFEH N 2 he

3. ZR511R
3.1. HFHLESELTIEIE

TR AR PR B R A ER b BE , BARTT LS WCHR[13] [14]; A 2806 JoA S8 IG 1 & 07152 0L
SCHR[17], g-C3N4 KF AL %, BARTTES WCHR[18]. MALFIR AR BUEH &, HARS W19,

3.1.1. EHAEHNHIESRIE

% Hummers 231l % S840 47 SR 16]. K5 500 ml fPY BN 0°CUK/KIBH, TN 92 ml iR AR
(98%), TEVKIKIEHEIRIRIRPEE 0C LA (<4 C)E, M 4 g A58; IREIE), FIN 2 g IR 5251
PibE 15 min J5, SEMEININ 12 g Bl ET (AR 0 1R3BSRI IR FE AN BRI 20°C)s WRInseHE S5, TEVK
AIEHARFE 2 hy BBV, R E T 35 CHis -FOR+FF 30 min, BEE RN T, BJE2E KT
VORYD: RADESIKEI R, 2 184 ml ZMWK, WEEIZEHET EAF] 98°C, 7£ 98°CIREF 30 min,
Breke e 1 LA, BRI AN 560 ml ZZ 1K (S0C )R TIA 30%[H i AL S8 R R 1
EERERE, FRE R, hIE, JEUTARMIEIRO0.1 MRS, HAEE LK OERE, REEEST
AR (S0C) T 24 h, BERI R, 193184 BIE(GO). 20 5% A SR A S8 M1 T XRD RAE, &5
Rl 1 R
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Figure 1. X-ray diffraction (XRD) spectra of graphite and graphite oxide
1. AEMENABHER XRD

B 1 A5, A SRAE 20 N 25.48° KA — AW AT, s oA SR SRR RS AE AT S, W AR
T ELAREE, 26 WH SZU6 BT ik Fl A0 S8 JEURH G 45 S P e« SR A BRI RSB TE 20 8 10.40°FHIL ¥ B 7 — /i
TEAE T HARBLIATHE, BOAEA S50 TS0 . IRIEARAR TS A 30 A = 2 dnsin® AT DLTH 50 HS i T 7]
PR, Horb 2o X BHRROMR K, BT FAXEE A =0.15406 nm, d 9&TEIAEE, n AN BCESTST R, ERAH
n RZFE 1, 0 RAHilEA. d A% =0349 nm, d%8LA5E = 0.850 nm. &5 RULIA RGN Z58
MEANLE REEEIT, 15317 2R RIS A BIELE .

3.1.2. g-C;N, I 5RE
HEFREL 5 g —RF N, WA, BN 34, LA 5C/min FEEFE ETHE 550°C, 1£ 550°C
THRRE 4 h, BRI AN KR g-CIN4 #EH17]. MEHarsh, 58K 2 Fx.
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Figure 2. Fourier infrared spectra of g-C5N,
2. g-C3N, BB I LTS ElE

W fAride - BEAE AR 810 em 'y 1350 em ' 3250 em NiX 3 &b, SL0AMGRE AR AE R B BT 4. 3250
em” BT IR SIS B TP T E NH AT NH2 51 1350 em™' BT AR SD RIS I 3= 2 iy ON B
AR EE R SRR, BI04 CN 43R 45 K5 810 cm ™' /& g-C3N4 HIHF{EIE
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3.2. R X EN M RERI RN
T ATV 2  BREKAE AT SRR M SR AL EA, il 7 58 5 wi% ) Pd S AL .
BRI R, HEZENER, E 110°C. 1 Mpa &/ FIRML2 h, BT T R4k 77010 4
na LA MERE, KInas Rk 1.

Table 1. Catalytic hydrodeoxygenation performance of activated carbon and carbon nanotubes supported palladium catalysts

= 1L OEMRARARE AR B ELTINEENEEE e

Gt 5 il K(g) Cata (g) S JE R BE (/L) SLHIHE (/L) (%)
1 2 0.0732 - 2.32 2.60 10.7
2 Pd/AC 0.0731 0.0163 1.78 2.60 315
3 Pd/CNT 0.0731 0.0163 1.69 2.60 35.0

B 1 AR, 2 SRR R B AL 200 10.7%, DAVETER . BRAUKRE BRI, AR
P EAL R e 3 A, A 31%.

B REE A BB A R BB B AR IR SR AR BT,  CLEAT N BAR B AL A R AR S IR AN 2
T 5ER HDO J S AL o BRI 7073 DA S8 S SR AL 4% 1 130 5 wi%o ) Pd S B R (AL 77,
£ 70°C T RFMAZII I TR PR FIPERE, SCIREs RUE 2.

Table 2. Catalytic hydrodeoxygenation performance of graphene and graphite-like carbon nitride supported palladium catalysts
2. AEBMAAERUROBBELTHNECNS LS EEE

Gt 5 il K (g) Cata (g) S JE R BE (/L) S LHIHAE (/L) (%)
1 2 0.0732 - 2.32 2.60 10.7
2 Pd /RGO 0.0731 0.0163 1.85 2.60 288
3 Pd/g-CsN, 0.0731 0.0163 1.78 2.60 31.5

BH7 2 AN, 16 7T0CHAF T, A S 5o SUA R I REA ZE AR, IRV L2
BITE 30% i 47, WL [seiidem 7 K2 3 £, 5 110°CF Pd/AC Hl PA/CNT 4k 1 1 R4k .

PLESEIGaE R IH: IR . BRAVKET . A0 SR AN 0 SRR N AR A I 7 AR A A R R B R
AP AT, A0 S8l AN A SR AR B AL 7], 76 70°C TR ILH IS M SRR . BRAKE JE
RIEAGTRITE 110°C FITEPERTE, RIS 3800 A0 0 88 AR 5 4 0 B 5] 35 R BE 4

R SEE R A AT AR, T BRI SR 1 A5 S R AL R RE I R . (R, AT
oI P DAY Y AN = R WA S N =g A T 1 o i 3R DR U S R I P e o A PSR A 2 T M s
SR

3.3. Pd SaEi BUELTRIR AL

3.3.1. REIBERFME
T 26 G N IR R AL R I . (P Pd S BN S%IPUSEHEALT, DUREY MR, +EZEN
VB, £ 1 Mpa S/ NN 2 hy BSOS JG VRO & R IR B, THE LR, SR E 3 .
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Figure 3. Effect of reaction temperature on activity of Pd supported catalyst

Bl 3. RNREXT Pd S BMEL TR AT

Bt E R, BEEIRERN TS, VUSSR 2R (A 238 B & e . X THEA657) PA/RGO
Pd/g-C3N4, HiRJEM 40CTHEE] 110°CHF, KM ALE N 11% TG N2 i =l 85% )5 V& . %f T
{4657 PA/AC F1 PA/CNT T 5, iR 40°C TR 2] 90°CHY, I AL RASUEE] 1%, 43 EM 90°C
FHE 2] 170°CHY, KBy R RE T = 2] 80%, iRk THmn, HILFRIARL,

DA UL, AN [RI B 1A (e A7) 52 03 () R MR A AR KA ) o ) T 28 0 R 2 A SR Ak
T, TEBURAR N AR B B s . 0 TR R BRPUKR T 5, W B R SR T
A BRI IS o F 2 DU AR ) e A e d =i (BN 85%, 3R XA T e il P AN e e KA BE 11
PRI, NS e R R AR 1 1 BE .

3.3.2. H, E OB

FIRFB G N R S0 AL 20 . A Pd U3 E S S% VYR AT, LRI NIRY), TEZEN
B, B2 hy XTI PA/RGO Fl Pd/g-C3N4 HUR MR FE N 110°C; St F AL PA/AC 1 PA/CNT
BURRRBER 170°C o RSLGHHNE Rk EE, THE A, 2R K 4 Fos.
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Figure 4. Effect of H, pressure on the activity of Pd supported catalysts
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FeRFEX T I
3.3.3. FHERFME

FeAE B 5 R NI (BN A 2R (52 . Pd SRR E N S%MITUSR AR, DR AR, +EZEN
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Figure 5. Effect of reaction time on activity of Pd supported catalyst
B 5. kEEHEX Pd SaE B STIE M RS20

Vs RO B, B RS RN AE K, DO S A 700 2R e A SR G 4 . FE RIS TRID 1 h,
AL IR/ N Pd/g-C3N4 > PA/RGO > PA/CNT > Pd/AC. X T PURMEALT], 24 S BLIR Ta) AR e 3]
2h 5, R A ER TG R N B e S E 86%, B P I I S R ], 8 Ak e R A AR SZ BNF ] S o

3.3.4.Pd GAFREHF I

I R K G R S i, 1 #4545 2R [\ Pd S AL ), B8R4 2R 1520 . LUREY N R,

SN, Hy H 778 4 Mpa, [ SEFIE] 2 h, X T#40 5 PA/RGO FI Pd/g-C3N4 HUJ M fE A 110°C;

X FEAL 7] PA/AC A1 PA/CNT BUS SR E AN 170°C . SN JE VI E Ry, THEHEEb R, 4557
Kl 6 Frow.

MIE 6 T LA, B Pd Sk E R s, DY 2R (e A 2 — e v, DU R4 77 1)
AL REHEAIL. 24 Pd G 0.5 wi%e Tt E 3 wivelr B, 28y ALk SRR T 24 Pd kil
3.0 W% Je, Ry IR AN AR, R RS S PR 4H o B SR — 5 BR
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Figure 6. Effect of Pd loading on the activity of Pd supported catalysts
[ 6. Pd fagk 23t Pd gk BME TR RSN

3.4. Pd T B BUELTIROHLIRIT I8

NVHRHEN 38 4 FpREALTIRIME RIHLEEL, 20 i F i KA 5T B
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Table 3. Product distribution and selectivity after each catalyst acts
3. BENTUERE~9HREE N
L
ETRs TEALF Y N IO b2
W (g/ml) AL (%) W (g/ml) R (%) W (g/ml) R (%)

1 Pd/AC 0.41 84.2 0.35 42.0 1.24 56.5

2 Pd/CNT 0.30 88.5 0.33 37.2 1.32 57.6

3 Pd/RGO 0.32 87.7 0.19 21.2 1.75 76.3

4 Pd/g-CsNy 0.31 88.1 0.11 12.5 1.96 85.4

FHE% 3 al, R EUMELFIRER N, BRI AR E 5, HR4E Pd Sk BAEL )
PERR[15], AN A s B AR 7 B

OH OH OH
iyt pIES
L
[oH] OH

Figure 7. Catalytic reaction process of Pd supported catalyst
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X AP AR 2y 7 ORI (P A I S 0 45 AR B, 4 FhEk iAot HDO S ) §E A I A F A4«
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it

2) HDO I BifPE A BORZE 7t o AR NTE AR ARG E I, SR FEAE 150°C~180°CHE Bl N 4 3%
DU Bt s T A R A g SR A I A SR BRI, 7E 90°C~110°C i il Py B R I R 473t 1

E&WE

BrEEZEE R A X ARV R RF 2T AL E S IH (20140624145413892) .

SE

[1] Vispute, T.P., ef al. (2010) Renewable Chemical Commodity Feedstocks from Integrated Catalytic Processing of Py-
rolysis Oils. Science, 330, 1222-1227. https://doi.org/10.1126/science.1194218

[2] Ma, Z.Q., et al. (2014) Selective Deoxygenation of Lignin during Catalytic Fast Pyrolysis. Catalysis Science & Tech-
nology, 4, 766-772. https://doi.org/10.1039/c3cy00704a

[31 Huber, G.W., et al. (2006) Synthesis of Transportation Fuels from Biomass: Chemistry, Catalysts, and Engineering.
Chemical Reviews, 106, 4044-4098. https://doi.org/10.1021/cr068360d

[4] M4, 2 AR R R T ERPE R, 1E92: &, 2013(2): 130-133.
[5] Jongerius, A.L., et al. (2013) Carbon Nanofiber Supported Transition-Metal Carbide Catalysts for the Hydrodeoxyge-
nation of Guaiacol. ChemCatChem, 5, 2964-2972. https://doi.org/10.1002/cctc.201300280

[6] Zhao, H.Y., et al. (2011) Hydrodeoxygenation of Guaiacol as Model Compound for Pyrolysis Oil on Transition Metal
Phosphide Hydroprocessing Catalysts. Applied Catalysis A: General, 391, 305-310.
https://doi.org/10.1016/j.apcata.2010.07.039

[7] Whiffen, V.M.L,, et al. (2012) The Influence of Citric Acid on the Synthesis and Activity of High Surface Area MoP
for the Hydrodeoxygenation of 4-Methylphenol. Applied Catalysis A: General, 419-420, 111-125.
https://doi.org/10.1016/j.apcata.2012.01.018

[8] Li, K., et al. (2011) Hydrodeoxygenation of Anisole over Silica-Supported Ni2P, MoP, and NiMoP Catalysts. Energy
Fuels, 25, 854-863. https://doi.org/10.1021/ef101258;j

[9]1 Fechete, 1., Wang, Y. and Védrine, J.C. (2012) The Past, Present and Future of Heterogeneous Catalysis. Catalysis
Today, 189, 2-27. https://doi.org/10.1016/j.cattod.2012.04.003

[10] Zhao, C., Kou, Y., Lemonidou, A.A., ef al. (2010) Highly Selective Catalytic Conversion of Phenolic Bio-Oil to Al-
kanes. Angewandte Chemie International Edition, 48, 3987-3990. https://doi.org/10.1002/anie.200900404

[11] Pham, T.T, Lobban, L.L., et al. (2009) Hydrogenation and Hydrodeoxygenation of 2-Methyl-2-Pentenal on Supported
Metal Catalysts. Journal of Catalysis, 266, 9-14. https://doi.org/10.1016/].jcat.2009.05.009

[12] Whiffen, V.M.L. and Smith, K.J. (2010) Hydrodeoxygenation of 4-Methylphenol over Unsupported MoP, MoS2, and
MoOx Catalysts. Energy Fuels, 24, 4728-4737. https://doi.org/10.1021/ef901270h

[13] Ruiz, P.E., Frederick, B.G., Sisto, W.J.D., et al. (2012) Guaiacol Hydrodeoxygenation on MoS2 Catalysts: Influence of
Activated Carbon Supports. Catalysis Communications, 27, 44-48. https://doi.org/10.1016/j.catcom.2012.06.021

DOI: 10.12677/jocr.2019.71001 9 HHL A5


https://doi.org/10.12677/jocr.2019.71001
https://doi.org/10.1126/science.1194218
https://doi.org/10.1039/c3cy00704a
https://doi.org/10.1021/cr068360d
https://doi.org/10.1002/cctc.201300280
https://doi.org/10.1016/j.apcata.2010.07.039
https://doi.org/10.1016/j.apcata.2012.01.018
https://doi.org/10.1021/ef101258j
https://doi.org/10.1016/j.cattod.2012.04.003
https://doi.org/10.1002/anie.200900404
https://doi.org/10.1016/j.jcat.2009.05.009
https://doi.org/10.1021/ef901270h
https://doi.org/10.1016/j.catcom.2012.06.021

Wt &

[14]

[15]

[16]

[17]

(18]

[19]

Ghampson, 1.T., Sepulveda, C., Garcia, R., et al. (2012) Guaiacol Transformation over Unsupported Molybde-
num-Based Nitride Catalysts. Applied Catalysis A: General, 413-414, 478-484.
https://doi.org/10.1016/j.apcata.2011.10.050

Senol, O.I., Ryymin, E.M., Viljava, T.R. and Krause, A.O.L. (2007) Reactions of Methyl Heptanoate Hydrodeoxygena-
tionon Sulphided Catalysts. Journal of Molecular Catalysis A: Chemical, 268, 1-8.
https://doi.org/10.1016/j.molcata.2006.12.006

RIRAE, Z2ilghn, AW, v, KES. AR EMELEARBER BT FHah N Aot RN, 21
14k, 2017, 31(4): 372-381.

Stankovich, S., Dikin, D.A., Piner, R.D., ef al. (2007) Synthesis of Graphene-Based Nanosheets via Chemical Reduc-
tion of Exfoliated Graphite Oxide. Carbon, 45, 1558-1565. https://doi.org/10.1016/j.carbon.2007.02.034

F3E, Bmt, KA, 5. g-CINA/ASBIGE SRS & KOG AR TERIBEFE[T]. T EIEEER, 2016, 36(3):
735-740.

PR, D, B, % BENER & Pd/C A AR o Pd AT IR AR P A P& SRR S [T]. A 224, 2008,
29(2).

Hans iXth

SRR BB 5 2

1. FTJFFAM T http:/kns.cnki.net/kns/brief/result.aspx?dbPrefix=WWJD
TR FRMEERE: [ISSN], HIAMITI ISSN: 2330-5231, EJ]#5if)
2. FTHFHIM B T http:/cnki.net/
Fofl B bRScEk AR dEN, BINSCEARAE, RIATE

PhEE S http://www.hanspub.org/Submission.aspx
HAFIMEAE: jocr@hanspub.org

DOI: 10.12677/jocr.2019.71001 10 HHL A5


https://doi.org/10.12677/jocr.2019.71001
https://doi.org/10.1016/j.apcata.2011.10.050
https://doi.org/10.1016/j.molcata.2006.12.006
https://doi.org/10.1016/j.carbon.2007.02.034
http://kns.cnki.net/kns/brief/result.aspx?dbPrefix=WWJD
http://cnki.net/
http://www.hanspub.org/Submission.aspx
mailto:jocr@hanspub.org

	The Effects of Catalyst Carrier and Reaction Conditions on the Hydrogenation Deoxidation of Bio-Oil Model Compound Phenol
	Abstract
	Keywords
	载体和反应条件对生物油模型分子苯酚的加氢去氧性能影响
	摘  要
	关键词
	1. 引言
	2. 实验部分
	2.1. 仪器与试剂
	2.2. 实验方法
	测试与表征方法


	3. 结果与讨论
	3.1. 载体的处理与催化剂制备
	3.1.1. 氧化石墨烯的制备与表征
	3.1.2. g-C3N4的制备与表征

	3.2. 不同载体对催化性能的影响
	3.3. Pd负载型催化剂条件优化
	3.3.1. 反应温度的影响
	3.3.2. H2压力的影响
	3.3.3. 时间的影响
	3.3.4. Pd负载量的影响

	3.4. Pd负载型催化剂的机理讨论

	4. 结论
	基金项目
	参考文献

