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Nitrogen-doped Carbon Materials Derived from Soybean Stalk
Catalyzing Reduction of Nitrobenzene to Aniline
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Abstract  Soybean stalk, as a renewable biomass resource with low cost and environmental friendliness,
demonstrates significant potential for high-value utilization. Through sequential treatments including pre-carboniza-
tion, hydrothermal processing, activation, and carbonization, soybean stalks were converted into nitrogen-doped
carbon materials SSC-X. By controlling preparation conditions, the porous structure, specific surface area, defect
sites, and nitrogen species configuration of SSC-X were modulated to optimize its catalytic performance in
nitrobenzene hydrogenation. The SSC-800 catalyst exhibits nitrobenzene conversion of 100% and aniline selectivity
of >99% within 0.75 h at 80 “C in cyclohexane solvent using hydrazine hydrate as reducing agent. Remarkably, the
catalyst maintains excellent recyclability with aniline yield over 99% after 8 cycles. This work achieves sustainable
utilization of agricultural waste of soybean stalks and provides a novel strategy for developing efficient, low-cost, and
environmentally friendly biomass-derived carbon-based catalysts.
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UTAESR , LAHE G A mi SR A i A5 BRI A R A SR B T — BB E R . Liu 551 LA ST A AT IR
i, I — 2 R A T R IR A B A 2 A LR R (Fe-N-PC) , & 4K LG54 A He 2R
FALAK Fe-N B850, Mk 08 0 (ORR) FE4E T 3 & H SR AL . Hou 2520l 45 T 8
FHAY 5 (D500) F1 DS00/TIO, B A AL, B8 T AW R AE AR A1 Cr (VD) AR 205 e i e Ak Ak
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Zr0,@PtA B}, FEZ IR H,EF70. 8 MPa N AL RS EER LB AU, 30 min P IEARTE 564k, Rk
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H, fhuE, VRN, B T, AR BRI B KIVEE L S KOH 4% U (BE /R EE AR5l 121, 103, 1:5)
RABSMANERXYH, DUESIE PRSI T AEARBE, AT 5393124 600, 700 F1800 °C, ik fbit
[F04 2 h, HBAb =9 535 1 mol/L 3R MRV RN 2 B FOKBNITE VR 2 b i, FEAS R T, 1S3 8 6
AR BB AR, 100 SSC-X (X AERBRAIREE , 739712 600, 700, 800 “C), VA5 Filhs Ak Ik B2 (1 A4+
10N SSP-X (X AR THBRIEEE , 235124 350, 400, 450) , JEAZ K $GR BE R 44 o SSH-X (X AR R PGREE
A3 AN 120, 150, 180), AR TEAK I b4 iy 45 hy SSK-X (X ARFRIKIFE i 5 KOH Y EE R L, 43
W11, 1:3, 1:5).
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Fig. 1 TG(a) and DTG(b) curves of soybean stalks Fig.2 XRD patterns of SSC-X
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Fig.4 SEM images of SSC-600(A), SSC-700(B) and SSC-800(C)
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Fig. 5 Nitrogen adsorption-desorption isotherms and the corresponding pore size distribution curves of
SSC-600(A, B), SSC-700(C, D) and SSC-800(E, F)
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BIRFRAE T AL . SSC-X Y BET R | ALAF LR BB TR 1. iR 1Al UL, BEAT R
IR THE . BET R IRAFSLIE B @ K, AR IEAAN A
Table 1 Physical properties of SSC-X

Sample BET surface area/(m*-g™") Pore volume/(cm®-g™") Average pore size/nm
SSC-600 590 0.32 2.20
SSC-700 696 0.38 2.18
SSC-800 1018 0.59 2.23

& 67~ H T SSC-X i Raman BI1E . AT WL, 78 1350 em™ &b 4 D H7 A FE0R 5T 10 JC 7P A Gk i 45 44
MAE 1580 em™ 20 G4 W IH & T sp* 2 Ak i) A1 Bk
AT >, D AP 5 G Ay W B 1 LU (B 1, /1, AT T G
A B ARk FF R 118 S o A R R A AR AR R B . SSC-600,
SSC-700 F1 SSC-800 H 1,/1,, HLAE 4351 4 0. 60, 0. 73
F10. 76, X B SSC-600 ) £1 88 b A2 1T i, SSC-
800 M B AL T 1 SSC-600
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AR AN g SR BE M B B4 B R T AE AL N 500 1000 1500 2000 2500 3000
FTHN . LS N IR N. Raman shiften™

£ 2 FI H T SSCX H R MR XPS AN 4 Bt Fig. 6 Raman spectra of SSC-X
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Fig.7 XPS full spectra of SSC-X(A) and N,; XPS spectra of SSC-600(B), SSC-700(C) and SSC-800(D)
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Table 2 Nitrogen content(%, atomic fraction) in SSC-X

Nitrogen species(% )

Sample N(%)

Pyridinic Pyrrolic Graphitic Oxidized
SSC-600 1.04 23 34 36 7
SSC-700 0.86 22 30 41 8
SSC-800 0.85 20 26 47 7

22 EUMEmES

& 3 W T AR R A A SR X A RN S AR 52 . S5 A A RERIESS SR T LUE
TR AL | /K ERTRLEE | T AR FH S R A b T K R £ A R R T AR RN FLBR S 4 | E A | i
B o7 2 S R A BRI TR AT IR T AR RS A U N AR . A B Ak A0 45 25 A A Tt Ak I
J&£350 °C. ZKHRIE 150 °C. /KB S TEAL RN BT it Lo 105 B AR IR 800 °C.

Table 3 Effectiveness of different catalysts for catalytic application in nitrobenzene hydrogenation reaction”

Pre-carbonization Hydrothermal Carbonization 107 TOF/
Entry Catalyst KOH Mass/g Conversion (%)
temperature/C temperature/C temperature/“C (mol-g™'+h™)
1 SSP-350 350 150 5 800 100 8
2 SSP-400 400 150 5 800 84 7
3 SSP-450 450 150 5 800 77 6
4 SSH-120 350 120 5 800 88 7
5 SSH-150 350 150 5 800 100 8
6 SSH-180 350 180 5 800 89 7
7 SSK-1:1 350 150 1 800 20 2
8 SSK-1:3 350 150 3 800 83 7
9 SSK-1:5 350 150 5 800 100 8
10 SSC-600 350 150 5 600 85 7
11 SSC-700 350 150 5 700 94 8
12 SSC-800 350 150 5 800 100 8

*Dosage of catalyst: 15 mg; nitrobenzene: 0. 5 mmol; hydrazine hydrate: 5 mmol; temperature of reaction 80 ‘C; ethanol: 4 mL; reaction
time: 4 h; the selectivities for aniline were all greater than 99 %. Turnover frequency (TOF)=moles of converted nitrobenzene/(mass of catalystx

reaction time ).

e 4 FLW T AR SN SR X A RN S N AR BOCR A s2 A . 28 1 S IR TR RS SRR T A 5 AR IRl 5%
PR, A SSC-800 J5 i 55 7R B Ak 22 B R 38 i, AT D SSC-800 7 il 5k 2 i it iz Jw i 3] 1 Ak A
(Entry 4). XF M . CRERIRCBE 3 R I 175 8¢ (Entries 2~4) , & BUS W1 50 ARV 1 25 i) 17 4
ARG, SR AR OB B IS Gz A R TP BRI A0 5 A, b S T R i Ak 5
B FH R #B A )T S 2647 (Entries 4~8). 24 10 mg SSC-800 44k 7 A 2 Al K22 5 7K 4 Bk (BE IR e ol
1:10) BYFR O Le 7 (4 mL) H, F 80 ‘CIUIV 0. 75 h, il IEZRFEIL R K 89%, ZR i () 1 M KT 99%,
TOF{E 4 5. 9x102 mol g™+ h™", MALTEPER & .

Table 4 Optimization of reaction condition for SSC-X catalysed hydrogenation of nitrobenzene”

Entry Catalyst Temperature/ C Solvent Conversion(%) 107 TOF/(mol - g™'-h™")
1 Blank 80 Cyclohexane 0 —
2 SSC-800(15 mg) 80 Acetonitrile 26 12
3 SSC-800(15 mg) 80 Ethanol 38 17
4 SSC-800(15 mg) 80 Cyclohexane 100 44
5 SSC-800(15 mg) 70 Cyclohexane 69 31
6 SSC-800(15 mg) 60 Cyclohexane 49 22
7 SSC-800(5 mg) 80 Cyclohexane 28 37
8 SSC-800(10 mg) 80 Cyclohexane 89 59

*Nitrobenzene: 0.5 mmol; hydrazine hydrate 5 mmol; solvent 4 mL; reaction time 0. 75 h, the selectivities for aniline were all greater

than 99%.
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2.3 fEHHE

A M SCHR 2 b A RN U AR LI, 25 B Ah 55 SSC-X AR AE R A Ak S 1y 1T
Mg, M T SSCHE NLH, - H,O Sy Ji 51 (8 S5 44 A0l SR R e 1) S i MLEE (Scheme 1), Fifi 5 ik
ARTREE R THET , AR A — 870 L BE BRI S B A S A A SRS NH,-H,0 PR 7456
JEMN—H # , [R]85 T 0 A S50k 5 /K& b i AU 5255 T8 0 C—N B, IR BfE7E SSC-800 i
feFr 2 5 NH, A3 N H,, I BB Y. 77 A= 4 NG H, Rl H 2 50T Bl A 28 U5 F&] BBl R
WA RS SEE AR I—NO,, T8 H ISR S G AL R R it B . B8 GAF A 1 N R0k T 483 CJRT1Y
L B3, 28 i AT B R e LA S A B8 R AR R A T il R ) R e Ak

N.H, N.H/H* N;

%%0$.

C
q.,-«../__“,f"‘
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> > . o
> JH
A\t’i\é' @ Pyridinic N
R ‘r ! 1\‘ ‘ g 'Y Pyrrolic N

\ u\ . \ I\L 'Y @ Graphitic N

Oxidized N
Scheme 1 Proposed reaction mechanism for the hydrogenation of nitrobenzene catalyzed by SSC-800
in the presence of N,H,-H,O

24 EAFINIRE LS TTEIRE

SSC-800 {77 A R AT A APt 1ok W S5 (1] 8) A 3R S8 (P 9) Bk . [ 8 i a oy
TS BEA A AL A8 SO [R] 28 AE g B 2, 2R b 2 SOV 30 min RPRHEALTIEE ARG U85 , A BER L L 3
W SN P ) AR AR R R, BT SO i B B A A 308k . AL 7] SSC-800 M 8 i , A AETR
AR AT IE 99% , I SSC-800 72— &4 . FiE . PIBER T A A HEAR AN Ui R i ) AR oA A=
HEALFH .

100+ a Il Conversion [77)Selectivity
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Fig. 8 Cycling experiments of SSC-800 catalyzing Fig. 9 Interruption experiments of SSC-800

nitrobenzene hydrogenation reaction
a. With the presence of SSC-800;
b. SSC-800 was hot filtrated after 30 min.

2.5 EUFIERERIEEE

HEALF) SSC-X WY RTBKM A ZFE Y 8 AT, TOT 4822, A7 AR , IR i i AL 700 Ay il 2 ik
a7 B, HEAL S 25 PRI AT . R SSC-800 5 [A) AR B Y HL B HEALGT BEAT 1 HEA (36 5) % SSC-800 i fk
SRR B S e B HE AT A | ISR A AT A A I, T ELAREAE AR IR T I SRR W, BRI HLAT
FHE BRI 15 .

catalyzing nitrobenzene hydrogenation

reaction
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Table 5 Comparison of SSC-X and other similar catalysts

Recycle 107 TOF/

Entry Catalyst Solvent Temperature/’C Time/h Conversion(%) Selectivity(%) Reference
times  (mol-g™'-h™")
1 SSC-800 Cyclohexane 80 0.75 100 >99 8 44.4 This work
2 RNC-600 Ethanol 80 5 100 >99.9 5 10.0 [35]
3 P-CNT,, Hexane 100 15 100 99 8 1.6 [36]
4 NACs-3g, Ethanol/Water 100 35 99.9 >99.9 8 4.6 [37]
5 Co@NCG-800  Isopropanol 100 2.5 100 99 [§ 9.8 [38]
6 0ZG-800 Ethanol 170 26 99.7 94.4 7 0.3 [39]
3 %

(laes
0.75
5

VU S AW 0 AT R JERHE 28 T AR 24t R, BT AL SRR PR i SR i R e S Ny . 3
BT FF TR AL TR | AKIIELEE . KOH F s R Ak I B S5 45 25, #9317 — R AL BRZE ¥4 e 218
PE A [ O BB 2B bR SSC-X. itk 77 SSC-800 7E /K 2 I I 57 B A L e 155770 Hh T 80 “C Rk
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