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Research progress of heterogeneous Fenton technology based on
carbon/iron-based catalysts and physical field-assisted systems

XIA Xiyuan' WANG Lan' ™ CHENG Fei' WANG Bing’
WANG Sen' WANG Chuanyi'

(1. School of Environmental Science and Engineering, Shaanxi University of Science & Technology, Xi’an, 710021, China;
2. Xi'an Sewage Treatment Co., Ltd. Fifth Reclaimed Water Plant, Xi’an, 710077, China)

Abstract Heterogeneous Fenton technology is capable of activating H,O, to produce highly
reactive hydroxyl radicals (-OH) using a solid catalyst, which can oxidize and remove various
organic pollutants. Among the various types of reported heterogeneous Fenton catalysts, iron-based
catalysts are the most popular but still suffer from the knotty problems of insufficient active sites and
low recycling efficiency of Fe(Ill)/Fe(1I). To avoid the shortcomings, carbon/iron-based composites
with abundant active sites and efficient Fe(Ill)/Fe(1l) cycling are developed, which significantly
improve heterogeneous Fenton catalytic efficiency. This paper reviews the research progress on
carbon/iron-based heterogeneous catalysts in recent years, analyzes the catalytic mechanisms and
characteristics of different carbon/iron-based catalysts for the removal of organic pollutants via
heterogeneous Fenton process. Furthermore, external energy field-assisted enhancement strategies for
heterogeneous Fenton reaction systems are discussed, and the future development of carbon/iron-

based Fenton-like catalytic materials is prospected.
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Fig.1 The number of published papers on carbon/iron-based catalysts for Fenton technology in the past decade
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R BRI T AR A SR WO AT HLTS G i £ BRACR
Table 1 Carbon/iron-based catalysts for heterogeneous Fenton removal effect of organic pollutants
SO B g/ (mg L)

FEAEFH) Pollutant and SRS AE ZERE BHI

Catalyst concentration Reaction condition Removal Reference
FeCu@C [SMT]=20 [Cat.]=0.25 g'L™', pH=3.0, H,0,=1.5 mmol-L™, =90 min 100% [19]
Fe@MesoC [SMX]=20 [Cat.]=0.2 g-L™", pH=4.0, H,0,=3 mmol-L ", =120 min 100% [20]
rGF [TCH]=35 [Cat.]=0.25 g'L™", pH=4.5, H,0,=9 mmol-L™", /=60 min 98.7% [24]
Fe;0,/RGO [ 245 1=50 [Cat.]=1.0 g'L"', pH=3.0, H,0,=9.69 mmol-L™, /=60 min 94%, [37]
CNTs/Fh [BPA]=30 [Cat.]=1 g-L™, pH=3.0, H,0,=20 mmol-L™, =30 min 96% [28]
CNTs-SCH [UHE]=15 [Cat.]=0.8 g'L", pH=6.5, H,0,=1.8 mmol-L™", /=60 min 92.8% [38]
Fe-PANI [ARG]=100 [Cat.]=1.0 g'L™", pH=6.0, H,0,=2.4 mmol-L"', =60 min 100% [32]
Fe;C/Fe@NC [ZEH]=20 [Cat.]=0.1 g-L™', pH=4.0, H,0,=4 mmol-L™, /=7 min 100% [33]
FeS,/BC [SMX]=50 [Cat.]=0.2 g'L"', pH=5.16, H,0,=1.25 mmol-L"', =10 min 100% [39]
Fe-CN [ 3£ #51=100 [Cat.]=0.2 g'L!, pH=7.21, H,0,=199.4 mmol-L"', =60 min 100% [40]
MnFe,0,@C-NH, [FT 5L PE AK]=30 [Cat.]=1.0 g'L"', pH=3.0, H,0,=29.4 mmol-L ", /=180 min 99.1% [41]
Fe-GAC [TC]=10 [Cat.]=0.8 g-L!, pH=3.0, H,0,=8 mmol-L ", =180 min 89.5% [42]

RERRAT RS BRIEAE AL 70 S5 REAE G H B B0 1 LR 1w A, A Bh T2 b I £k H,0, 42 i OH, $2
e AL R s I ELBRATRHE 57 1) 5 LA ] (2 6 FL T e RS R Fe (1) P-4 . A TR A e A e i R R A
AT AR LI AR S5 00 S L 2% A D38, AR A — SR REE, AN 2 7R . R IHCAE Bt Bk R A A 7R ) o ZEAR
HARH R R L ARG S N R RS % 8, Ve G 1B Y
R 2 ARSI MR PEREA LSS A

Table 2 Advantages and demerits of different carbon materials in modifying the performance of iron-based catalysts

AR g AR
Carbon material Advantages Demerits
Lk PEARTATBAR BLAF W IR s AT AL SHLPERT R R M S AU AR A
AR EAR A A fLIBZS A S 3058
g SR 521 5 Tk RIFALARae A il s R e, A A ; Ao kA,
- BRI B R F AR
e KA AUBREE BE 5, T o L P~ okt 2 1T T D RE AL, IIRITERE, 45 5 AR il A AR s TERRAKRAE 1
- R HL 15 S 2] S RS AT e HE
- WU R T-45H, SO 4688 [EVEALGUR DS IR T 2R A, MOREGR; SEBUATERRAT R P i 2y
o RIE A+ 5 BB
BIEAHIELR BA i AT LGSR W] e PR RTIR A, MOBHIY G I S R A R A TERR R A,
RSA= AR VAT RBAA A Y A~ L R 5 R T SEF AT RE 2 M A A
i PRI SR JEURHI 22
BV BRI BRI SRR ALy o LRI BRI

3 Y BRAES IS E R (Physical field-assisted heterogeneous Fenton technologies)

AR A RS BRI R 5 RE NS A S R R A AR S B S i B M S, O R ke 1
B S T IR R R A Fe( I1) A4, DT $2 i AR B AR IS WL RE . (HAE —Se i fLIR R b, BRI
ANERAE, SOF S DI SN-RT WO | 3 W R S R P A A A ) 3 7 ok il I 6 5 A X A S
B, W2 3 7, SN BRI AT E Gk A () R AR e 1 s A AR S B i e .

3.1 ARRHDE- IR A

JE AR OG- 25 i S A B AR 2 T R S AR ZF R R Y Bl b K R ke 1%, R R TG Ak P T 4R E
Fe( D) /Fe( I1) GR35 T+ A3 HILT5 G Wy R gk R0 3, AT 552 /K v A BILTS G P 1) e R 25 Bk HOAE AL
R HEAFRI ARG Y RN RTOR ™ AR D AR H - (e ) IS 7 (h'), 5 R B B8 75 G 0 Fl H,0, SR, Az i
PEYIFR (RO 6—10), [R] i A A PR 25 Xl BE AR 15 Qe Wy 7 At 7 EL:, AR TP e 1 he g ple s
SR T TR IR, I 1 OG- Z5 i A 8%, M BEAS PR 70 B8 e M h RO HEAL RN TO8-0F
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A FR B O H 2 AN, SERYZFIE RE AT PR, JCVAA RO T v ok B2 R BE R 8K . 70 o 25 i
PGAE R E IR T AT RE 22 A ARG Il IR0 . BRI T Ak B A ME R A A AL B K, I HGE &
JERR SRR Ry 5L

R3 WHGHBA ARSI SR

Table 3 Physical field-assisted heterogeneous Fenton technologies

HoAR LA INiars AR
Technique External physical field Reaction pathway
catalyst+hv — e +h" (6)
=Fe () +e~—=Fe (1) (7)
JEARG-Z5 i £AM-AT WG (hy) h*+H,0/0OH" — -OH (8)
e +H,0, — -OH+OH"~ (9)
e"+0; — -0; (10)
2¢"+2H"+0, — H,0, (11)
Fe’™+e~—Fe?" (12)
A S5l b2

AEHIHESH e H,0 — 1/20,42H"+2¢" (13)
H,0 — -OH+H +e~ (14)
Hy0,+MW — 2-OH (15)

PN PN MW
Tt % Bl AR A S5 W (MW) catalyst — hot spots (16)
H,0,+hot spots — 2-OH (17)
H,0+))) —-OH+-H (18)
2H,0+0,+))) — 4-OH (19)
S DA AR R <)))” 4-H+20; — 2H,0, (20)
=Fe (M) +Hy0,+))) —=Fe (II) +-00H+H* (21)
=Fe (II) +Hy02+))) —=Fe (Ill) +-OH+OH™ (22)

BB RE-55 K JE HE A TRV ] A ] LIRSl (Y e i AR, 4 — 3 A BERGE f M U, T
[ $2 TG HE AL P REMY. Wang 26 M IR 5 PET SR RHG 8 1T g-C3Ny/Fe-MOFs &2 & 4 BHH T - 25 i
fift LERZ VIR (DOX) . WA 4(a) iR, 72 WOLIRGT T, g-C3N, #l Fe-MOFs SR Hi# k)™ £ T e Al b,
Horp e 2 1) % 7 £ Fe-MOFs K1, {2 Fe( D) /Fe( I &, A F) T 1k Hy,0,, 7" 4E 2 1) -OH, W]
HHES Hy0, RVAERE-OH, T DOX Fafi, ML He Fe-MOFs B3 f -5 it fE.

Ultrasound <,
) X Whtht
4 ST

Ir=

Bl 4 g-C3N,/Fe-MOFs S54SR WAL I (a) . rGO/Fe-NF Hi 7545 L i HL ! (b) . Fe@Cro Tl it Bl 2545 52 i
HLHIPY () A S MIL(Fe)/Fe-SPC 7 i Bh 255 5 1 LI 5 (d)
Fig.4 Mechanisms of g-CsN,/Fe-MOFs photo-Fenton reaction'®! (a), rGO/Fe-NF electro-Fenton reaction®? (b), Fe@C7q

microwave-assisted Fenton reaction®® (c¢), and MIL(Fe)/Fe-SPC ultrasound-assisted Fenton reaction®” (d)
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Moztahid 45 38 i FE T VE A Y 1GO T B EER &2 A A R (rGF) , Bk B 7] 76 3 Y A G- 25 i
ERPHMEBE RV rGO #2155 T & A MR IR RE J1, 18070 T Fes04 AKAL T R4, $24E T 5
2 PEL S, IF HLAE AP FesO4 B, e Al WA= A2 5 & 5L RV A, 1T rGO 1] K FeyO4 30t L 5685
N F 0w, Bl 5 R N AR A A S, IIMEGE T e Al h' 45 5 2 A 1) .

3.2 AEXIAHE -SRI A

A 5 AF FL - S5 AR R R AL AL IR SR R 5 AR Y AR SR R 4 A Rk, AR E T RS AR SR
A, XA SR AR BB ARIAE: 1) R A 7= HyO, (W R 1), 2B SR 2 HL0, We 5 1
AN JE BB 2) BAIAR A8 FeP B2kl Fe (e izt 12), Ui/ T8k IR 7= A, 7 1 AR KA 250 s o7 3 %
3) HL - 25 2 17 R s 4 ke A F AR AR SO I, REE— 25 8 i 1A 3R 25 B Ts e i ) M B, IR o] i el i T
T B AE B, R F il SN 2% . AR S5 AH H - S R X F A b AL SR R, T LA A 1 A A L A
LR Hy0, B AR BSSCRAME AL 0] A9 G 2 vk A O ELG L RE T AR A, 3847 AR G e sy . TR o FH P 7%
TERG R R AR A

A1 S0 PO S 1 5 P RN R A L R TR, T A S v SRR AR S, A B HL 0, I BT, #RoT R 18
AT DLAE N F, -2 A1 s A AR M T T R #3 0CSEE . Liu 55057 84 vGO Rl V8 45 T Bk 7 1 TR
FA b 2H A I (rGO/Fe-NF), 60 min Xif fif iz 16 i (SDZ ) ) 25 B R ] 3k 5] 99.83%, 2 B H A 57 6 L - 5%
S . vGO AT LABH IR BT A1, B2 s e R i AR e P, 4k S IS, SDZ £ 60 min B K FRR
TR FF 97.7% LA L. 4 4(b) iR, il i M HEAY Fe—C 44 B T T 3 HREE F2 5] Fe 4k A #% L, F7
B F Fe¥ A8 Ry Fe?', T4k HyO, WA - OH, 33 ff A5 Ak 550 76 S 3 A0 o - S5 i iR 2R v i PR BB 220 o 1
e[S PN LN
3.3 (A BhAR AR IS A R

T o S v R R 1) — A Ik B, RS Bl A 300 MHz % 300 GHz, fiii AHE ] LAfdE H,0, 43 7
A -OH( WX 15), 1 HHA R 58 0 25 B 4E H, REA% B M N 5 F, SRR R B I T 22 R Bk,
IR BTG AL RE. 5 W AR 3 AH SR AL IR, TN 5 28 8r , AR T2 % 55 3 B, T e 4k
157 (hot sports) , “# &5 T T IeFs, BEALIE LRE, 16 0T LI #E-OH /9= A4 (R =X 16-17), AT A
R 12575 G 0 25 B 1 N7 3 23R 15 550 {2 BB X AR TR 40 5 R I RS R AEAE 25 57, XM R 2 — e 2
3K I A A AR B e, LT BEARRRR 0 B P it 3 P T Ah PR PR I DA A s I ) I K

H HT, B8 8% IR OO 0 8 R 32 8 3 o G MR URE A ORE L A F BRE A ORE R 22 AL BB R = K T
MOFs #BHE Jy —Ff ZFLE A BB B AR — Bl s 85000 S 4 B A 35 A0 251 4 £k 7). Wang 250 38 1
A MIL-101-Fe A R4 48 T — PPk SE LR 90 KR ik AN FLIR 9 24469 (Fe@Crgp) , Fe@Crgo TEIK
P AR R AR 2SR 28 b 2 30 A v B R N TS . A0 R 4 () 7R, Fe@Cagq FIAT FLABR 32 S AT e 3o K%
H,0, AV EIP 2 (NOR), A S T E Fe( ) /Fe( 1) &R, I H.HE % W U fH% fE 1 78 2 11 T iR
R, BB 2 NOR, MM SEEL T NOR [ /2 R b .

3.4 B AESAAE SR AL R

A P — R R T AR BE 1 BR (24 20 kHz) A7 3, BT LATE SRR A 7 A R B R0 e 4 175 20 DA R
R . W SR 75 ey B P e A2 0 G, B P 4 S A A, BIVPE AR A R )R] B D, AR s T T
B SIS Y1, B R AR, Y SRR E R R e, A i R RN R Ay A L E
ANRAEAILT IR S, XA B T AR AH R0 AR 2R 09 B 7. AE R 5 BT, e AR 25 H,0 Al O, 2E
A% -OH Hl HyO, (2 5K 18-20), b4k, M 7 il ik v LI #E Fe( ) /Fe( T) i 4 A0 348 R A8 B4 (F 1 X 21,
22) B8 AHEAZ AR T B L T P A, WA AR AR E AR X & 4% JF OB I & R ZL AR — 2
HLRE, BN T 3247 AR . B ARGE FH T AR B A AN 25 A 00 PR K (s I8 ), nl A R SR A it e, 12 i b
FRAR.

AR 7 4 Bl ) AR AR SR IR — FP AR AT B B R, Wei 2557 3 ik MIL-100(Fe) 7E Fe 458 22 44 K 5 4
Z ALk bR A A K, i) MIL(Fe) /Fe-SPC & & 4B}, FH 18 HUme A R g k. an 18] 4(d) i, ik
T R EEL AT 43 B A 2 W BRI R 4R T T AR TR A AR T, O ELRR RS B T Fe( TN /Fe( 1) 41
LR JFEAGIR, MG AL HyO, 774 -OH BEAE T 88 2 i8] i, AT R $E 30 T Ak A% T G 1 B
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AL,

4 %5155 EHE (Conclusions and prospects)

BRAEAEAL TN PRHAS E PR 5, pH B HIVE ), 15 44 2 BRACGR 5 s g AR SO0 AL 28] T 0F
FENGBY)Z BT IR N T AR B AR IS W AR . e Rk by T HLA0 5 19 S v, R AY Lo 3 ml AR Ak
FrRY LA, W TSR SR AR A 2R, 4 5 R A R 525, PS4 k Be A A 700 A9 355 1 2 i 70
Ir4e e Fe( D) /Fe( I PEFRECE. teAb, i AT AEAR A ZF iAo I A0, | B SRR RE R, LA
PR TR RS, I AR B Fe( 1) B Hy0,, M2 i AR X AR BE . S48 H Hi /g S AL R E AR 2 AH
SRR BRSO SE C 2 BRI e, (EARLHS FLSE PR T RIE ), AT A VF 215 58 38 2 4k, T UKL
NILANTT 1) AT A

D WFFERERE RIS 5 BIRATRE B4 525 B 7 1k R ERFE A AL R S Bob R A2 5 R R 38 g st A B AR O3
W52 L1 1, 2 R XA LTS G i 25 B30, B PR A R R AT AR SRR 25 sz iz 3 A rp AT K 2 i i Bk
BRI, D, o — o B R A, w A —RE e, R PR, T 2R EE T B AL ), J2 T —
TR T 1) 22—

2) TR HE m AL R RCR SRR AR AT L AR B A 0 S TEE SR SR WA 2 rh AWy B, TT LAGE E
Fe( D) /Fe( I1) FEERa AR 8 EE 22 1 HoO,, AT 4 i 52 17 3 58 4 B 44l B 1) 7 ¥R A 2277 A i R AT HIL 67
H, BEAR T AEAL R Y, (TG 2L 50 SRR i A RR S A, 3K TCBE 23 1 I K A BR A A . A ke T gk — 2P
WESE AT 32 s AL RN R, i T 22008 A RO S AR A SR WA 2R 45 5, DT I8 3B 2= J0 5 P e
R

3) IR 5 HA A AR IR HI A58 R Ge. H R R 22 808 /2% A A0 0] B T 5 ARy FH s Jmy R A S 3 28 1, ok
ZXFSEBRE K AL BEAY . PR, AN fepi AR B AR ST IR 5 A B 245 )2 56 UE Y R K Ak BEEOR (40
TRBETURE . A5 408 555 /K AL BT 20 3R, A+ 28 Ak JHRARCR B 4 193 2R e 25 2 AR WF S8 A T )
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