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Abstract

Coking wastewater exhibits poor biodegradability and high toxicity, posing a direct threat to human

IR

YESH: XY, BREdE T, % -NPAC@AC@GR FEMLHI & M M4k e /K 0] 7K¥5 4 % kb3, 2026,
14(4): 191-201. DOI: 10.12677/wpt.2026.144020


https://www.hanspub.org/journal/wpt
https://doi.org/10.12677/wpt.2026.144020
https://doi.org/10.12677/wpt.2026.144020
https://www.hanspub.org/

XY 5%

health. This type of wastewater features complex water quality components, containing abundant
toxic pollutants such as phenols, cyanides, benzene substances and ammonia nitrogen. If discharged
directly without reaching discharge standards, it will easily lead to severe water pollution and dis-
rupt the stability of natural ecosystems. Developing efficient and feasible treatment technologies
for coking wastewater has become a key research focus for environmental researchers worldwide.
As an environmentally friendly process that produces no secondary contaminants during reac-
tions, the electro-Fenton oxidation technology has attracted in-depth investigations from numer-
ous scholars. In this study, an electro-Fenton oxidation system was constructed to treat coking
wastewater, with h-NPAC@AC@GR composite electrodes adopted as reaction electrodes. The ef-
fects of electrode area, Fe2* concentration, current density and system pH on the COD removal effi-
ciency of wastewater were systematically explored, and the cycling stability of electrodes was sim-
ultaneously evaluated. Experimental results demonstrate that the degradation efficiency of pollu-
tants continuously improves with the extension of reaction time; COD removal efficiency is posi-
tively correlated with electrode area. The optimal operating parameters are pH of 3, current density
of 25 mA/cm? and Fe2+ concentration of 0.7 mM, under which the maximum COD removal efficiency
reaches 86%.
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FEA R AR R A PR P2 AL 1 — Ry AR TR K, 2R T R s . R ARl
WL, KA EITS RS S0 Rk, Mgt Baiadt DL 3R T Re I S [1]. 1ZKRKE
X T A A IR BRARCR G T o KA A BT A R A A ) 20 R B G, ARSE T K b B T 20 DA S
DA TFH A BB DU BOE N R KRB LIV T2 F, [HAA LA oA PG 1 KK IFAF
5 i v ) o AR DG M MU e Y, A A R 7K 1K) CODer ik FEE 38 HH R s Aot HH /K BE TG 1 21 [
A5 K HETBRAE e DU 2 ) DX A7 [ T AR OK ST AR i, PR b o 2504 T A R P2 b B T 0 AT W /) 444
[2], RIMEEEAL K AL BE 5 & T AR 2 HEBORAE, KARIKIH B e midh, 2o A ASPR B iE BRI
FEfEF[3]. PULMER ) RK KA BAE B3 2455 5GTE 4] -

HLF IR /& Fenton BRI —AN032, MUK ORR & AL I R b e 32 R TE I[5], e F T
WEETTHEIE IR AR BB R AR R HoO2s AR R TR R HoO, W S Fe? KBS, AR
SEAALRE T AL B 3k . s VERR S B R RENE m OSGE K R R ERE A LIS AN, (e AR i
IMR, TR A R K O A4 MERE . 5 Fenton J5VEAHEL, ANTREASMEAE IR N HaO2, PR L] DARE
R RAS

AHFFAEH h-NPAC@ACQ@GR E G 4Ry B SF A B, #1500 £ 4k i 7K B BRI R AL IR 7K T Fe Bt A ik
B, PALZERA VR Z AR RO RE . SEIR T L ARAL K AIG COD WK E Jy 400 mg/L, RGFHEHZE
ot 0 2% A0 2 ST WA B TS eV B R ORISR o AN SIZB6 DATRIR ROV R R BA, 8RB 2 B
A2 SIEERAE R G BRI . M T B O el 5 i i, AMRL SISt RS E, Rgirad
oz e~ L S U R 5 LR AR PR E 1 R 55 20 T3S, s R A T A PR A AR R K I A R 28R
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2.2. h-NPAC@AC@GR BRI

h-NPAC (N-doped porous activated carbon) il £ iR 73 AP AN H Be: 1 56 M & BT oK & NPAC. AR
TE R, =&MW T WA ], (AR A T2 N BUEEARE 1 mol/L MEM/KERS 1
mol/L =S ALBIE IS IR, FRELBEFE N 12 he BA N 58 G HEAT B A €, R UCR K LB
BRI EHERIEDE, BRI NEWN 0, b5 E T 60°CHAH T 10 h, 135 NPAC AITIK A,

¥ FT13 NPAC B T A SRS SR, 75 650°C milt FHBRIRIE 2h, EPAI#32) h-NPAC Mkl J5 824
h-NPAC. ¥R (AC) 541 88 (GR) R /R S), N R VIR L0 7 BURAE R &5 7, EBIE R W& E &Y
BHE S & TG R R, 4413 h-NPAC@AC@GR & A Hitk.

3. GR5WR
3.1 RAE

3.1.1. SEM

FARE T R R M RE S RAE S OSSO FBLz —, RS Z & &5t % NPAC
MBFHAT ROWTE S .t NPAC AR AR B R (K 1) 18 1(c) Bl 1(e))mT%n, Bristtkl 23
BIERTE OIS, BRI — B BR85S0, BRRRIAZ 200 400 nm. [RIES, BRI JEURL IR 45 &
B MESR:, WSRO . X R IR 55 EE R SRR, NPAC AR5
CEUB TR L, ROV T IR SRR JOEE, X Z T RS A& R TR
THELER A o

1(b)s K 1(d) B 1(f) i e b B 5 h-NPAC AR BB SR . @ikt al W0, =
TR BE AL 3 AR RO IESRE, h-NPAC 1K IH LR FF I A1 BRI RIS, JURL o B R 250
—,  FLBURLA S S I S R R A DS . I ATIESE, NPAC APRME S0 S Bt B4 R i34
FasEth, AL iR T2 A A R e AR

. Rl
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Figure 1. SEMs of NPAC. h-NPAC
1. NPAC. h-NPAC g SEM &

3.1.2. XRD
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Figure 2. XRD pattern of NPAC and h-NPAC
2. NPAC. h-NPAC B XRD [&
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XRD K25 R (MK 2), NPAC FHRHE 26 ~ 25° kb B —Ab 872 MATHS BB . AZRFAEIE (¥ 3,
VAR T 2 S A R S 2 (K NPAC APRLS T8 R S BRI S5 WITE, 2 T8 TEAE A NPAC A1 RHR
TURTSPRAAE, 78 7 IE WA SEIG ) ) 2%t B s NPAC #4BL. R, EEBBOREHT S ) NPAC #4h XRD &1
ATUUA L, PIRIRE SR LR B ) S AT 0, SR A QRIS JE e TR S I ARAE, U W e B e A AN 2%
NPAC H4 R b A K 7= A W R R o i S5 AT AR U S5 S0 SEM OB SURAE S R &, it
EIHIE T NPAC AR5 4 (1 AR e Tk

3.1.3. XPS

X SR HL T BETE (XPS) & RAFFE St AL 44 1 B AT B, "I e R A MBI R TG R WAL
TEA SRS . AW FUE X NLs 00 Be g 45 & Reilb T XPS &b, RHEX MR B200 &
(AFLERY Y, I 58 B ARMT A R R A X 5 B o XPS AR 4t SR W, FEM 2 HI{E 285eV. 400 eV,
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JCERE BT R AT, SR A ER S R AR B2 S R R S o AR S, R oo
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Figure 3. (a) XPS survey spectra of NPAC, h-NPAC; (b) The high-resolution N1s spectra of NPAC, h-NPAC; (c) The high-
resolution C1s spectra of NPAC, h-NPAC; (d) The high-resolution O1s spectra of NPAC, h-NPAC

3. (8) NPAC. h-NPAC A XPS #iZ; (b) NPAC. h-NPAC BIS 7 ##3E N1s #ikk; (c) NPAC. h-NPAC HIE 3%
Cls; (d) NPAC. h-NPAC RS9 ##ER O1s Hik
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FEM B, B B MO e R AR R AR QN ] 3(a)fim. 1 N1s =403 XPS 1 &Il 3,
KM BEr) A FE X AE 398.0 eV &5 A REAb BB —RFAE0E, St mbne B EUE Be ], B R R EORYE T
FEMEH NPAC Bt k. 2 5AF Bl s BR ARG, R R NLs G E B2 54k, 7 398.0
eV, 399.8eV. 404.2eV S5 ReAr B 53 AT I iE . s m LB ENEY =M A E R . X —45 1K
B, MR S S ARV E R B T RS A E AR, IEB NPAC MBS UGS, JRA s B4
SRAEEIEAL, AT Z AR R B R . FECT I R, IR A R R ALY pz LB AETEAL
X LT, BEAE A AR T N-C B PEAL ) HL 25 B2, 1] HL T 2800 )5 S S (ORR) AT (A R 2% 4 [6]

XF 1 3(c)r Cls @238 XPS FEIREHEAT /I LA A0, DR PR AR VU ANRFAE 2 B, 506 % o fr) 45
AR AN 284.4eV, 2856V, 2866V 5 287.9eV, {KIXJHJET C-C. C-H. C-N K& C=0 {h228 F R .
1M1 3(d) 1) O1s w73 ¥ XPS AU & 45 SR R, K il R T 8 T B AFAE I RIME IR ES , 73 ) v 45 e 530.87
eV Kbl C=0 2[5 532.28 eV 411 C-O J:[H], BF& A E el 3L FIAAAE T A R R ([ 7].

3.2. IMAXE

3.2.1. EREFRN PR ELE KRG

PSS IT SS BA R 08 B AR BRI A N s AT, FAL S R th K T T B AR S T AR B - OH, TR &R Y
Fe2* 5 H,0, KA N RS KB 7= A - OH, IR EEIZIE P B R L SO WLIS e (1 AL A
IR FCHARAT R R 6 K A B ORI R, A 7 1 B = ARG S R ES, RSF 435108 2 em x 5 em,
4cmx5cm. 6emx5cm, HRRMSERFES —: KA 200 mL. HARTTHKEE 0.05 mol/L. i
HE 25 mAlem?, Fe?* ¥ & 0.7 mmol/L. A RY146 pH A 3, FREE RIS T 56 MU MY o

FIIRIR 45 R 4 B, COD RFR AR M NI RFFEAR T SR $27H 4 6 cm x 5cm
i, FEALE K COD ZBRF NI Ik 86%. %A U A AENLEE Ay FLIR 2 BEE S 261, /NI A S BT
FUHI 2R HoO, B SR AL A i, BETTI A RN -OH P28, WA LIS Y R fRis 2, [5E A5 R M T A
n, BABGE A R Ha0, (R B F2D ETF, (AL 2R S AL e R 3 ) 2Rl 2 3 %, KR LTS g
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Figure 4. Effect of electrode area on COD removal in coking wastewater
4. BAREFRXEBRELEK COD BIFZNT
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3.2.2. HALFI(Fe?) X FEREE L R R M

Fe2* & FLZF I I A4 2 AN AT BUBR PR (i A2 2, 12088 1 R 6 15 [ W SO iR A2 BT H202 AR AR RS,
P B R EALRE ST HI-OH, T SEI KA COD V5 Y EAL iRt . ASSZIG AR5 Ho 4 v S HUE 2
I Fe IR %, FRFTIH AT B R /K COD Z:BR AR AT . Si— IR BT RNVARR
2545 200 mL, & 6 cm x 5 cm UK AR, LK EE 0.05 mol/L, IR E 25 mAlem?, AR pH 4ERF
15 3, BT SERHIIEZIRMEE R R . 5 RS R 2 Fe? IR M 0.0 mM BT 2
0.7 mM, v 480 min J5 /K COD % i1 77.34%_E T & 86.79%; {H 35 4k 42K Fe I FEHETHZE 0.9 mM,
COD %Br&E M [Fl 74 2 84.72%, X2 M T & Fe? Rt F1-OH KRR M[8], TH#FE-OH [9], i
JSANVSE

Fe* +-OH = Fe* + OH" (1)

COD Z R LN 1 1 32 2L A AT M HEAL S SEMLBRHEAT iR AR N Fe? IR FEEMA, SF WAL
SN H-OH Bri A IR, XECLTE 0 S KA A LTS 5, BRREMRECR WSS . BEE Fe?* ANInEZ
LIETE, S 5 H0 S PEALEIE 2, A7 HH-OH &8k ETF, COD LR TN
M4 Fe YRS 0.7 mM J&, I8 Fe?* & 5-OH RAFEF VRSN, &RGE A IERIBUE: 5 ItFE
I, R AR 2 A S S AT % (R AR K BE-OH, - 6 AR B R 22 8] 2 A B VR K RNLIF A oK 7y
T, KIEHISS A RAAEE 1. BT L, KR BRI Fe? I BE i m [RIRE S 4 A LIS Rt i) L BR AR
LR ARH S AR AR, W5 0.7 mM AR R A Fe? ik

100

-

60

40 -

Removal rate of COD(%)

20 -

0 " 1 s 1 s 1 s 1 s
0 100 200 300 400 500

Time(min)

Figure 5. Effect of Fe?* concentration on COD removal in coking wastewater
[ 5. Fe? MREE X K BREELE K COD ISR

3.2.3. BT E XML E K

AN B PR PGS R OGS . — L, BRI AR U AR e M, B
SUM AR S N 2 B — 5 T, BRGSO SR AR B Ho0, 77 3R 57 i [ RE 2 FEL R B T %, B s ik
Z9-OH f2E sl . ik s FH T B0 /K COD 22 AR A B Ui o, ASHIF 90 ¥ B T 2H B 2 R 25
FEIT R IR ES, 4304 8. 16 25. 33. 40 mA/cm?. SBGIT AR AR B FRE E . R 200
mL, HHRSF 6cmx5cem, HLAEFKE 0.05 mol/L, Fe2*fAL 7k E 0.7 mmol/L, &% pH f&EfE 3, T
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A S 2H S5 1E 5 IR PR IE v 5 B AN

K 6 ISEI AR R, MR E AT 8~25 mA/cm? [X (AN, COD £ B 8 £, Xt
R EFRZH 44.87%1F Tt 5, FEE 25 mA/em? &4 R IA I IEAE 86.79%. 1B NENLE N $2Ft
HELIAL 5 RS IRk 2R P A T TR, I B AR R A T SRR R S OBE, $RTE Ho0, RERIRE, #EZh-OH
KRB, B NS G b B AR s o (EE K FELA 25 B2 AN 25 mA/em? JE— 2547+ 2 33 mA/em?,
COD ZFRAF R I T B MR SHLERZ T /0T, HUAK AL AR AT 2K 3 el A e B, R
SN B Y AR LR TR D e A — FUME DN R A BT A2 BRI, AR A S s S R, (R I
W BEAR SR N R A, IS5 R R B AR RE 77 RIS AL HETE A B Bt 5 2SR AT H[10], DY R
TR IR JFU N [1181 Ho0, I 40 iR [12] N A0 R :

2H" +2e” > H, 2
0, +4H" +4e” — 2H,0 ©)
H,0, +2H" +2e” —2H,0 (4)

I ) EEL A 24T B A HoOo AR G FR,  [RII BELAS IS 22-OH BIEAL =4, AR TFE LIS S 4L .
IR 24 H R 25 B B I 25 mA/em? J5, FE4b IR /K COD R BCR 23 R RS, 48 HIE 25 mA/cm? AR
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Figure 6. Effect of current density on COD removal in coking wastewater

Bl 6. HREEXRFREEK COD KRN

3.2.4. pH EXTBERR L EKRF I

pH S 37 L 25 8L AR B R 0 21, S B pH R B A0 7K A B 28R FR S, ASHIF TV pH = 1.
3. 5. 7 DUZHBAREFA T R IR . SHHRLISHIRFFEAL: AR 200 mL, 1M 6 cm x
5cm HLAR, HLIREFE 25 mA/em?, LR 0.05 mol/L, Fe* i 0.7 mmol/L, 4 ¥isiih e = iiIriE
. SAE 7 IR R KB, KR pH B 3 A EE 7 iR , COD EBRBCRFFERK; X4
SRR R RIS 4EFFTE pH =3 B, COD LRk B, XA LBRZE )y 86.79%. & &K pH 4EFFTE 3 /£
R, BouRREBRRE L AN EMETFRSAE, S 5EIFNEEHERE. Hh R E,
Ho02 2 AP A i, MEATEVR VR h SRR, B 55 8L e e 71[13], FFH pH SRS 2RI HO
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It deiBJF[14]. BEE K ZR pH AW Tk, KR 1) Fe?* 5 Fedt4x K AL /KR I, #4ky Fe(OH)2. Fe(OH)3
R YD) o BE AR, KR PRI BBk 2 & &, PRASSF AL IG 30 153 AT [15], Bk ml L, JRB
P R WTIETR IS 75 7RIS B XA, 3 s B I pH S HH] f 250 B AR AR, AR i E pH = 3
NN R SR FEE 2% A o
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Figure 7. Effect of pH value on COD removal in coking wastewater
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Figure 8. Effect of pH on hydrogen peroxide production
8. pH EXEE NS~ ERIFM

I SRS P A R L 2SS N AL RE I RS, N R BRI pH R i S A S A B A e
FAE, A S0V [ 5 S S 44 VTR 200 mL.0.05 mol/L i BB y S 4 FLRL TR L BV 5 25 mA/em?2,
FEERAEL . W AR pH EoN 1. 3. 5. 7 PUAABRSEAR R, 4 BIFE N 60 min. 120 min. 300 min.
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480 min PYANESF [A]7S fUHORE, SR SR B W e VAN E (4 R i A A & &, e g Rl 8 s . MR
PSR, & 2H S0 A 2 i A SR X I P AR B T P K SRR BT ds . Hodh, pHAEN 3
(I AR it AL B A RBCR B, S 480 min i, AL A EA FIIEAE, WA 2117.5 mg/L.
k& pH EIS KR, S EMEABE T2 E5A I EAERE RPN, &0l S SR, KiIERERHA R
& MEE pH EZRHT . 1 REAE FIREAWFRIC, &8 E0 A B B2 26, 7= &m0
Béo BHULET I, 7R R pH A S EOE K, 540 M S5 i B Hrod S AL A AR RS AR B A U S, 2R
SIS SE R AT R, ARSI R T HLSR R B A o A AL A AR pH AR 3.

3.2.6. BEMMR

FL B A A2 8 P RE A2 P COME B A EE SR I 0 B DG B4R A . PP Al i AR A MERE . AW FE T R
ZHCKAEA I IR fEG— RN TOLT, BEEAH E— S AR BRI K, 0 EEAS [F B A A 1
COD ZEBgr#AE, CAk 7 A Al i A8 A AR e 1 .

ALEAFE HENRIE H h-NPAC@ACQ@GR EA MM, 4i— BRI LHL: ARV pH =3, %
& 25 mA/em?, Fe?tIRFZ 0.7 mM. 1ExU B HTHSe R KBRS 60 min, {RIEKEERESERL: KM
RSB SHUMIFE, SRR N K 2N 8 he 3RES 32 ZEAR IT ARG A58 H Ik Eont 240 % K COD
FBRBCR IR o SN RIEE I 7K PN A HLTS G5 2% I P o 0 R FEAR T R S, T — 8 S I 485 TR i 38 %) FEAR
AT BETACEE, BN —AIERNA. A O BE 1S, BEEMEMIREE 2, COD EERECEAL
HIIL/INIE SR ok, AR BNIE A SS s B = IRIEME R JS, KR COD LBRFEMKIHLERETE 84% LT, o
WEBZE G IR & R KA FR0E TR .
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Figure 9. Stability test of electrodes
9. ERAIFREMMIL

4, &Eig

A FCLEVE R NS, H & h-NPAC 54 S bkl il & =2 & i or WA . L h-NPAC 41 ey
RARTHA F HoOn M JRAL7 25 A2 H ST AL IRIA T, Fe? m] 5 [ 808 JRU AL R HaO K2R SSE, 77 A5
SAALPERR S B d i, SCHUERALROK A LTS B A AL o SEIR R B AR HLOF WUROBL AR 2R, A h-
NPAC@AC@GR E &M EHE AN H1R 78 B8k, RETTRRAEAEK MR . JHd AR, /)
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BRI R R E . KRR pH. Fe SOk E DU 5B S 500 COD 2 B4 1 2 4
o 4G SA R R T COD KA ME G5 kg R IR R, Pt i il S r
B0 FAR FRLZF AR R AR BRAE ALK COD R ik ie 45 R, KR MR KA B FHEF-A L5
P fRBR ;s COD PR A BE AR BUm AR KRF e . R BN HEE TH: AR pH=
3. HEE 25 mAlecm?, Fe? k% 0.7 mM. HLfEFKZ 0.05 mol/L.
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