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NH,HSO, Enhanced Pyrolysis of Luffa for Synergistic Coproduction
of Furans and Nitrogendoped Carbon for Supercapacitors

Wang Lesheng Zhang Jianyuan Yang Sen Qi Ji Zhu Yaoyang Wang Tipeng
(School of New Energy, North China Electric Power University, Beijing 102206, China)

Abstract; Pyrolysis was considered as a key approach for high-value utilization of biomass; however,
conventional pyrolysis was primarily targeted at bio-oil, while biochar was regarded merely as a low-value
byproduct, which made full-component valorization of feedstocks difficult to achieve. Luffa sponge was
found to be rich in cellulose and hemicellulose, possessed well-developed pores and strong liquid
absorption capacity, and exhibited dual characteristics as both a precursor for furan compounds and a
porous carbon material. Based on this, ammonium bisulfate (NH,HSO,) was proposed as a bifunctional
reagent to enhance the selective production of furan compounds during luffa sponge pyrolysis, which was
followed by the cascading transformation of the resulting biochar into nitrogen-doped supercapacitor
carbon materials. The catalytic effects of four different salt loadings were compared, and the influences of
NH,HSO, loading ratio and pyrolysis temperature were systematically investigated. The results showed
that abundant acidic sites were provided during luffa sponge pyrolysis by the strong acidity of NH,HSO,
and its retained active component—ammonium pyrosulfate ( (NH,),S,0,)—at 350°C, which promoted
the dehydration and isomerization of sugars to generate furan compounds. Under conditions of an
NH,HSO, /luffa sponge mass ratio of 1: 1 and a pyrolysis temperature of 350°C, a furan compound
(FF + 5—MF) yield of 3. 27% was achieved. After activation, the specific surface area of the obtained
biochar was significantly increased from 511. 1 m*/g to 2009. 7 m’/g, and the nitrogen content was raised

from 0.88% to5.74% . Furthermore, the specific capacitance was improved by approximately 90. 9% to
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212.1 F/g at 1 A/g, and a capacitance retention rate of 76. 1% was obtained at 10 A/g.

Key words: luffa sponge; furan compounds; nitrogen-doped activated carbon; supercapacitor; cascade

utilization ; pyrolysis

0 3]

A T4 2 0 ST A A W L B SR A
B, 2 VB A AT R TR R L A B HE i i TR
KU MM E S EE RS ELEY, bR E
EE A 2 o (B Ay B A B — A
B R M 22, A LA BRI o S e O 4
P SN TRV A P — (e Ak L OO IR T
Ay R A R A T2 3 7 1, SR AR R AL 3 22
A 25 IR 5 -6 PP B 4- 2 SR I RS 2 4-2
W S5

TE W T IS 2 o | 4 4 25 0 2 F 2 2 1 i
B 5K MRS (FF) \5-H1SLHERE (5 - MF) [5-%
SEMERE (HMF) 25k 2600 4 W0 0 2R I, X KW
TG A AR G TEE
FHRE RO 204k T 454 % Tz Y . Rk Ak
70 DR B A TR 2 1 0 SR B K 5 BR A | e A1 ke il 2
JRAE 2T )z R M T . ZnCl, A H,SO0, 45 R
PR Z AT B8 FF A e vE el = R B2
T B WA P, N TR A A 0 R A
FHAR R

22 NS (K B % A, h TR B B 4 4
O, B 0 = G R 2 AL R A Tk e
B W B0 Ve P A R, 2 3 B FL B 25 4 15l ke e 2
(1) 588 0% 9 P S Aok HE 5 F 3 50 B A A R O 1 T Ak
JE B R LA, R A 2 LB A RTIR R,
A RTS8 L) 22 JR 4 5 25 KOH {7 Ak il £ 8 9% v 75 2%
HLME , LU AL 28 T 3k 228 F/g " LUK B A A W R A
Sy 5 AR T, R R 1] 4 181 i G o A 8 £ A 7 0
WA PR R TRV GRS AR PERE R
B BFPREN EE LS AR T (R N) B
e ] AT T B bR LB 4 L ok 3 3 T Ak 2 5 i
WEVE, AT H TF B Tk ae " L B, 2R %
L4 S TR R 1 W 5 (70 AL 5 i 5 b ) v £ 1 iR
R

S5 b, Ve B B R A v (B AL S R ek
P % RE BB, B AT G 22 B LA D 9K ST i 5
InLAWESE , ¥ i > — 500 22 F LW 1 P T A — 1A Ak 3
W5, NH,HSO, B AT 42 (bR v £ 5 LA E ki 25
SCATAE N RS R B e R . T, AR SR
NH,HSO, .(NH,),S0, .NaHSO, # (NH, ),CO, X} #
T4 30t (9 52 Wi, % 8¢ NH,HSO, 1 3k & 5 4 i i

il

JEE , B R Wk MR o 5 2% R TR A W 5 T T O R B Ak
R A e R bR, O 4 & FLAS KO0 3 4 A XPS
AEL AL~ A 50 NH, HSO, 1y 3L g fE

1 #M#EEFE

1.1 ZI@EER
22 N B AU RR X, 48 22 B F oK YRR B 22 77
TR TS R R T BORL AR /N T 60 B Y 0K 5
NH,HSO, (98% , ¥ i 147°C , 4% fif i5 BF 308°C) .
(NH,),S0, (99% , ¥ 45 280°C , 43 fift I FE 280°C) |
NaHSO0, (95% , ¥ £ 315°C) . (NH, ),CO0, (99.5% ,
15 0 S8°C, 3 iR B 58°C) W 1 g 22 UMK AR AL B
B A A PR T o B (FF,99% ) 5-H B (5 —
MF ,98% ) F A A= 0y it v vk i 25 7™ 49 2 4k 53 A 04 b
WER , IR TR K R U JR 20 (PTFE) F T ¢
AR A2 v AR
1.2 #H&E&E
A5 22 JR 25 A AT K B 24 8 3 mL/g, 2R %5 {k
FUR Tt ik f gk dh . R FP 2SS0 58 b % NH,HSO, |
(NH,),S0, .NaHSO, 5% (NH,),CO, fit i 25 mL %
W, 5 8.33 g 2Nt 1: IR A ,55C B+
J J5 4% WIiE S NHS/LS — 1 NS/LS — 1 NaHS/LS — 1
FNC/LS — 1, f 48 it 52 5 ¥ A0 W 7 ik il 2%
NH,HSO,/ 2z R4 Jm &by 1:3.1:2 . 1:1.2:1 . 3: 1
(9 BE G, R Wi NHS/LS — 1/3 | NHS/LS — 1/2
NHS/LS — 1 .NHS/LS —2 #l NHS/LS -3
NH, SO, #43fift 2 i A Xk
2NH,HSO,—(NH,),S,0, + H,0 1 (1)
3NH,HSO,—»NH, 1 +N, 1 +3S0, 1 +6H,0 1
(2)
1.3 #M@BIW
R AR [ R A 2 R AT ) A
J R A LA 10°C/min Fh 235 2 B H 5 3 g HE
() A B FHHE VL2 I A 15 min, ERFP 2 SC G 1Y
16 350°C 47 5 iR BESL g v, NHS/LS — 1 43 5| 7E 250 ,
300,350,400 ,450°C F #f# . ¥k B GC — MS
FEVEFF FN S — MF DLAR IfE & A5 508 &, 7 8 4% H
Jo R A 22 NG R A A F R R AR
AR, LR EDER 3 K,
1.4 FHEROEE5RE
L 22 4% 1 NHS/LS — 1 £ 350°C T $Afift it 15 24k
Wy R s AR il A T e . E RN B AEY



134 &k L

W% 2026 4

HE TR G, L 2°C/min Y 3% 350°C
T+ 2 800°C Hf-fH i 2 h, B 5 FH 60°C 5 B 1K Uk ik
ZrpE, 2 105°C T J5 2845 06 M ok, o Sl e 44 0
LSAC il NHSLSAC,, #fif F1 b 42 3k 72 04 77 1 3k 1)
s 22 RS — () — A=W + AR BESR + AW
Hic— (800°CI& 1k ) — 7 M e o Hevp 306 Ak B B 1) il
Yy E2 R NH,HSO, 43 fif % H 19 <& (NH, (N, S0,
H,0) (& [ F 5 20 ik i L 75 #E 10358 48, LA Bk
Bk 25 14 AT 5 1k L TRk A5 4 4

AR N, W BOW B X ( ASAP 2460,
Micromeritics , 38 [ 22 5e A A% ~ 7)) 7F 77 K R U 2 A
w14 LY 2 TH BRORT AL AR A3 A, K T T 120°C S
180 min , H v bt 2 T BURNAL 28/ FL 42 4 Y R H BET
A BIH kit 8. R IC & 43 Hr 4L (vario MACRO
cube , Elementar, 3 Jj GEE AR A F] ) 43 Hroc & A,
FHHFH X 546 W T 8% ( Escalab 250Xi, Thermo
Scientific, FE ¥k K /R Bl £ A F] ) FAE NHSLSAC
N TR WA, R A 6% - B B (L
(7890A —5975C, Agilent, ¢ $E (& 1 45 B A A1) 43
B A W0 A HLAL 4 o
1.5 BHBEASMNHESEALFENIK

W15 VS 2 B B R PTFE #4255 L 8: 101 %54y
RA,EEA 1 em x 1 em YR I H 4 TAE R,
BER TAEHR A LT PE R0 R R R R 1 mg, I
KR = AR Z , L 6 mol/L KOH 7K ¥4 W K FE
TR, 1 22 FIAR N H SR F AR 43 ) AR o LR RIS L
oo PEIRRZE(CV) MR A G N 5 ~200 mV/s,
fE I SR (GCD) L% B 1 ~ 10 A/g, i fk
“£BAHTIE (EIS) K 7E 0. 01 ~ 100 kHz 475 5% [X 1] P&
i 5 mV B &M i#E1T

2 H#RE5IHR

2.1 GIHHEMEWNKBEUESY RN ZIN

4 T 7 2RE B 5 R 22 J 4% AE 350°C T B W i 25
EY T RILE T, J5 LS i =Y rh FF 5 5 - MF
& AR D FF & AU 0. 08% |, 11 245 Wk g 25 7
YA ST R, I iR S A = e B, B
[F] £ 2 R 1Y B8 B Pk 5 %M G, PR Rb 9 R PR ER
NH,HSO, F1 NaHSO, 1938 1k %58 B 800 T 55 1R 1
9 (NH,),S0, 5558t (NH,),CO, : J5 — 3 AUf
FF P73 W% 38 2 0. 17% F1 0. 15% JLF AR 5 —
MF Az B, T 5 R 1k 3 U S 3 2 v ok e 2 B 7 R
X UE TR M TR R I A b i G VR . BR
A7 AT A R T 2 R R K SR 41 ok 4 3R AR Ak,
T 465 B2 7 5 1) ok W 2

NHS/LS — 1 fif W igg 28 B 7= R fe 5, 35 3.27%

FEH R I A 4 FF(2.69% ) f15 — MF(0.58% ) ;
ML Z T ,NaHS/LS — 1 {5 7= RAL L H— 2, 7= )
PLS=MF 3 (1.65% ), H AR 2] FF, P [F]
SBRER , R 2 ] A N S IR AT R AN TR,
NH,HSO, 7€ 350°C T B3 4 43 i , {847 vl A= 3 B
ik Lewis 5 Bronsted fRVER R R 2 (NH, ), S, 0,
(R (1)), Frgedf tim vEmaf ", T NaHSO, {& & >
Yl 5 — MF i 8% 1 BB, i 75 45 & 7= ik i 12 5
FHES T30 i — 25 0 Fr . 276 ok, NH, HSO, 3t
5 PR M 5 A Y v R R E L 2 4 Fh R e Ak 22 K
28 7 1) ) 5 Wk 2 A0 G W I S R B

®1 ARGABEERABIERBELEHTE

Tab.1 Yields of furan compounds from pyrolysis

of different salt-loaded samples %
B FF 5—MF Rt
LS 0.08 £0.01 0 0
NHS/LS -1 2.69 £0.01 0.58 +0.01 3.27 £0.02
NaHS/LS -1 0 1.65 £0.01 1.65 +£0.01
NC/LS -1 0.15 +0.01 0 0.15+0.01
NS/LS -1 0.17 £0.01 0 0.17 £0.01
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Tab.2 Yields of furan compounds from NHS/LS —1 at

different pyrolysis temperatures %
it I 5/ °C FF 5—MF it
250 1.20 +£0.02 0 1.20 +£0.02
300 1.25 +£0.02 0.47 +0.02 1.72 0. 04
350 2.69 £0.01 0.58 +0.01 3.27 £0.02
400 1.97 £0.02 0.02 £0.01 1.99 £0. 03
450 1.07 +0. 01 0 1.07 £0.01
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Tab.3 Yields of furan compounds from samples with
different NH,HSO,/loofah ratios %
B (NH,HSO, 5
FF 5 —MF Bt

LS Jif H )
NHS/LS —3(3:1)
NHS/LS -2(2:1)
NHS/LS—1(1:1)
NHS/LS —1/2(1:2)
NHS/LS —1/3(1:3)

0.40 £0.01 0.11 +£0.01 0.51 £0.02
1.49£0.02 0.12+0.01 1.61 £0.03
2.69+0.01 0.58 £0.01 3.27 +0.02
1.63 £0.02
1.30 £0.03

1.42£0.01 0.21 +£0.01
1.11 £0.02 0.19 £0.01
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Fig.1 N, adsorption-desorption isotherms and

pore size distribution curves of LSAC and NHSLSAC
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Tab.4 Pore characteristics of LSAC and NHSLSAC

Bl AL L
: BALA, MALALAE/
BER RWRY  REEY AL/
) (em’+g™") (em®-g™")
(m*+g™") (m*g™") %
LSAC 511.1 441.0 86.28 0.247 0.171
NHSLSAC 2009.7 1792.7 89.20 1.156 0. 875
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LRM T AN GIA S FEARSE A AL K20, 0 i 1k
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Tab.5 Elemental analysis and ash content of LSAC

and NHSLSAC %o
& C H 0 N S K5y
LSAC 88.30 0.83 3.66 0.88 0.17 6.16

NHSLSAC 79.90 1.27 4. 64 5.74 0.32 8.13

0 & 4t 220 315

2a %3 H T NHSLSAC fy XPS Cls %, 3 i 43
VLA 43 HE i 4 Fpad P . C—C/C=C(#)284.6€V) |
C—N (%) 285.6 eV).C—O (%) 286.5 eV) fil 0O—
C=0(#7288.8¢eV). M C—C/C=C &I



136 &k L

L

2026 4

JBTF sp” Ak A B AGER, AR T RAFAY S
L2, JF 5 N — Q XS i %k 14 $2 -/ FAH B PRI,
C—N 1 H 30000 2 B 40 2 DA A1 B 0 o b A B B
A0 A fa S0 ) 3R A X B EPUE T N1s i
o i UL AR A BB A MR T B 28, C—0 5
0—C =0 555 %0 e M A R T 3% 5 i i) 7 H A TR
R R P, I T TT R SR 4 R R 4. B N1s 3
(1l 2b) AT %0, NHSLSAC Hh & A 4 FhIRAFTE 25 L i
& (N—-6,398.20 eV) ML A (N —5,399.60 eV)  f1
A (N - Q,401.10 eV) F1 % fL A (N - X,
402.10 eV) ' X & BRI N 25.2% . 45.9% |
20.2% F18.7% ., N—5 Hl N—6 H%& 12505,
B T I R R BRI e A N - Q R B
DR FLZS , 20 RE 4R AR S F M S B A )4
ok 3 7 AR PE R B AR E 2R Y T UL X % BE A A
3 FA(N-5 N-6N-Q) &/l 90% .
Cls 5 NIs 4L R & W], NHSLSAC 3 B A7 8 fb B
ZRFNAR RS R 0 U RME 3 FLO S i A2
PERERE 2 T 45 H FE A

TR

278 280 282 284 286 288 290 292 294 296 298
#ifieleV

(a) XPS Clsj%

RE

A

B N-Q (20.2%)
N-6(2529%) § &\ N-X(87%)
\\\ ;: i //
W o
MW

302 304 306 393 400 402 404 406 408 410 412
ZEL R eV
(b) XPS N1sji
[®l 2 NHSLSAC f§ XPS Nl1s 5 Cls 431

Fig.2 XPS Nls and Cls core-level spectra of NHSLSAC
2.5 FEERHBAFMERE
CV.GCD A1 EIS U ik 45 R & /n, LSAC 5
NHSLSAC ) CV i1 £ 35 3 ~F- % #K , 7o 780 i v] 3 7k R
47 LSAC (9 CV W # T4 E , i NHSLSAC 4
R A R, M 2 AEJE , dn &l 3b
JIT R, 1 ) F 2 P UL AL 2 P e A A [ 4R L

T GCD g R =M, K 3a iR, &
W R 2 DA JZ O L AT 34 3 NHSLSAC il 8 /9
T ol ot TR A U DR O PR A G TR

0
—LSAC
~02 - —NHSLSAC
> 04
]
2 06
\
0.8 .
N
N
—1.0F N
0 100 200 300 400 500
At [Al/s
(a) GCDi4:
0.3
— LSAC
- - NHSLSAC
0.2}
% 01|
g
2 or
i&g
P 01
-02}
—03 L L L L | |
10 08 -06 04 -02 0
ER-TAY
(b) CViik

{3 LSAC 5 NHSLSAC A9 GCD ik (1 A/g) 55 CV
itk (100 mV/s)
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