a3 8 2020&F $65% £ 26H: 2804 ~ 2819 ¢ CRER2E) Jedait
L1 RRAEE T KERBE LR I20EE Pk SCIENCE CHINAPRESS
CrossMark

& click for updates

AR RMATILINE . WU b LBRIF S0

HE%, FHH

KEH T ARFIEFRE, TS S TRAEWELSLRE, KE 116024
* PR A, E-mail: xyli@dlut.edu.cn
2020-06-17 Wk, 2020-07-31 & (7], 2020-08-13 337, 2020-08-13 MLk 3

[ 5% 5 5 F & 31K (2016 YFC0204204) . [EI5R A SRR F 34 B RL 10 (215908 13)F0 Tll AF 255 PREE T R #0530 1 4 S 08 58 T i it 4 (KLIEEE-
15-02)% B

WE A R1E L EAHV 4 (chlorinated volatile organic compounds, C1-VOCs) iy b & 4. Mg, FF kK,
HERBA-BAHZHRFEARG —NELR. L. BREABRRELBAOEETG. TEREEE. KA FRMUK
BRI RE T LR, TR ZHKE. KAXEXNCL-VOCsH b7kt AT E e tal b, EA5R T L
P At Ao v 4 LR AR £ IRCL-VOCs By #F R 3t & . & M CI-VOCsHy N\ W48 16 R RLAL ] B LAk Bk 8 94T 4 2 &
g HR HEAN. BENMKEABEUKCIVOCSE S &M S SRMANXZE T, RE T HEAFEENY W E
F UL RAE AT By Fh K s b, O B BICLI-VOCs Y A AL B A B IR AR A B e B LR & B Rt R 5 4%

FRIE; &5, MCL-VOCsH. BB LR BENL BELHHATT RE.

Keptinl

FAIE L YEA P (chlorinated volatile organic
compounds, CI-VOCs)/& 5 57 38 £77F 1) — 2 i
53y, AE AN AL S WA ke &
Pyt TG Y R VR FRARTEE, BERETERR
B Birb KA H K IE S iz, A20t4 9]0
kK, CL-VOCSH YA MIBEFNAL 250 AHBH B
FIFNGN S, FE Tl A RIS N H A6 h 454
FAEAPERT. SR, AR A R P A A R
4, REMCI-VOCSH BRI AT, 3 1 ™5 1 Fh
BTG AT HMAIVOCs, Cl-VOCSIREME T,
BAW R« =B, RIIRER, HESBURES
PR R RITHR. RZBCI-VOCsHi it 745 51
PooetEmlis g, 2300 WAL itk JFk
B ICL-VOCs R AR — BRI BSR4 A T 1, 5
T A T FE R ARG

H AT, SRRSO EH B, BRI R T K

[REL R, e rEf, e m A, s, KLH

HICI-VOCs L FRFiA, FEAFHERIHIAR . BIRE AR
AR =R, 25 FE AR T T AN ) ) I R 355

CI-VOCsIMZE Ik . AR, Blsek—BH T
203 AR — . R PR R Y [ VR C-VOCs 43 25 [l
W, KT FEvA 0 B b B E R T 207 e
JE A B H AR B T F AT, i B CR L hy, REE
AR Ai B s i i, R T R . (H)2, 4
Pt iR, AEREA R A A, BR— AT
2P IREAS BEEFRRE LB, UE T 2R IER B4k
O R AR B . R, BOA A FECL-
VOCsHA RN Ik 2z —, EZRR A LR R 750
b B R 2o ke — g i s e BRI AR v,
TINFAERER A AL AR T AT, bR,
SR X W A0 7 3k T s 1) B L T LA s, RE VM AR LL
K, I HAE R T A AT RE A T A A TR
TGYeYy, R R REE LA R AR MR v i

2804-2819, doi: 10.1360/TB-2020-0735

SIAE: TR, 255, AR AN, BARLZERBT . BHEIR, 2020, 65: 2804-2819
Gan G Q, Li X Y. Advances in photocatalytic and electrocatalytic removal of chlorinated volatile organic compounds (in Chinese). Chin Sci Bull, 2020, 65:

© 2020 (PIEREE) A=tk

www.scichina.com  csb.scichina.com


https://doi.org/10.1360/TB-2020-0735
http://《中国科学》杂志社
http://www.scichina.com
http://csb.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/TB-2020-0735&amp;domain=pdf&amp;date_stamp=2020-08-19

PE

FIELE AR fURE, TRl HOGH R A3 F TR e J3E A vl
eSS AR, T H AR BB R A2 R B s e,
AL R A 1k LB S5 A5 K BH G A SRS, i Aish
fHFHREIR, LA RAR. W, SeE =4 mas e
Pl I v 5 v, %o 4 KRB LA 2 PR HE 5 e )
HEALECR, HH Zwisgeb, sl & H il Aa IF &
M Cl-voCsE b R, ZFzrkE. -
VOCsHALH AR F 2RI JF %, Cl-VOCsZ&id it
WSS, AMAT AR KRR, 1 ELnT LA 8 2A
—ELFMER ), FTICI-VOCsT5 YLy v IR L)
1, J2— 2P B B3 MR I CL-VOCsE I H AR,

Cl1-VOCsEBREIA A, St AR fi A i fb I 50 He
AR 0 T 2AMEL M, 22 26, &
FFE L AE C1-VOC s A A R A A1 EL 48 £ J58 S Ak 40k
AT T RGERIWESE, BUS T — RG0SR, B ATErxTCl-
VOCsH )t HfiEfbig b b mzeidie b, Mk, 1|
A WEEXS A A A S R UEA T A 0N, DAE R
Ja WIS SRS R . AR SCBAE ST ek
A ik T e AR AR B S AR AE CL-V O Cs B3 J Tl AT 9 o
JE(E), LI CL-VOCSIA 3 AL BN 7 AL F1] FH 42
BB R LR b, O s A N AL R R Ak 5
TR R 2R, S P RRAEAL ) & B T TR L
i, XFCI-VOCsHt. HfEfL B AR 1 &
A FIRIETE T7 10 VE B,

1 CI-VOCs:HEfbI%f

SEMEALH AR [ 19724 B R LR, 53T
PO K e, FE19764F 1 YR FH BRI A TR,

T AR AR Z B T 2003, B & e —Fi A
RIS AICI-VOCsHHERAR. (1) ZBAR R RIS
JehE, I HAEE IR T RO AT A R0, Joms AR H A e,
PP T AR A L, AR (2) Cl-VOCSYEAEfLRE
il R B 2 P S — S8 AR B (CO) UK (H,0), At TR
TR KI5 YL (3) CI-VOCs/r T-4stb e ke e, H i
AL TR BB AR, MG R, Sy sim At b
HIFESE A I EECOH) R4 A FHEE(O,), & R i%
PEARR, BEWE 46K 28 Cl1-VOCs/r T 1S, (4) Cl-
VOCsH)h s B AR, HiR FAWRS. A&, M
FEEEAR 8 VB 3T, R RIS R I
NG PR . BRI H AR FECL-VOCsi5 44
FI AL 22 22 A gE, I H e g s 1 F
15 KAL) SR SRR T2, BN, FEA 255 K AL BT
th, WEIDBE T 205, SR LR W,
AT AR BRI, kR Rk ThRiE!
[, SR g AR T LS HALCl-VOCs b Bl A
e, A S S AL T BT
o R TE BEAE T DL OB T A AR R
XU G T AR MR PERE AL 3. Ehlnefif
HAR 5 I¥(Fenton) £ AR MR G, T LA R AR &R ipH
PR PAEEAE,  [RI AT DLysl Dk i 2 Ak e i =
T, AT RIIHERIE [ p R A, R e iR,
S AL BRSO TR R A U o
BE5IER, I TOGREFIHER, [FIRH IR 7
SRR, H13Cl-VOCsIT ke s s, Cl-
VOCs 5206 A A AR B T 2058 1™ 5 A 3R,
AT AR DG ARAVE A AL BB, Hi5 e

Bl 1 Cl-VOCsHILAEAL R L AL SR B A

Figure 1 Schematic diagram for photocatalytic degradation and electrocatalytic dechlorination of ClI-VOCs
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Figure 2 Schematic illustration of basic reaction mechanism of
photocatalytic process

VOCSEAEALREAR SN AR, 1M ELAETE S 30 10
PR 0 R RR AL R, HA R AT R
SC. TG AR AR S N — R A AE AR R i, BT LA
W98 F ESr T IR LI AN R 50(FIST), £RE% 84k
FIF T H BE A ARSI, TS5 RV E e R
%, AT REA AR, M Cl-VOCSTEMAL I 3
TS B B LS, FEIR G, TH R, [, A
SREELT AN, J X A W AT 0 1 A T A s Ak
AT, HENREAER. IESIOITR, WA 3
[IACI-VOCs /3 FHEEAZ I, C-Clbi%, CURF#E
FRIELO AR, AR RCR I IS, R S )
P sk, AR EREY) R, B, BRI — i
o, JTEAERURIRISYIN. Fo)n, RRIY T
£k, A= 1.CO, FIH,0 Y,

1.2 CI-VOCSYHHEfLs1

CI-VOC st AL R A AR A SR (A% 0 2 i P D
TR BT % Gt ARk BT & S, fFT & T
PN 51 8 0 Y i | D s g 1 A 1| B U 5 2 g
fEAER AR g R LR AR 5. B, ik
R T K B2 D F U MR RE R 454, IntlotE
WA TForEs, dEmimsagsmte AR, K, i
4 I A AR DR HHE S A PR LT 55 A2 bk, BFgE
FIZEHIF R T KBRS, iR IR,

1.2.1 4B A

TAARAER (TIO,) FEAE AL & C1-VO Cs A Ak R i
G ER N R —JOu AR BATTIO,
ST AR Y ) B B RO G REA SR LI, A
W B 4 T THO A RAS 4 4, %
FIMIAIE T ke, Ao, [, & ms
FIA P I FLIE 4540 AL ORI s, 55l
HERRZE AR H, TR S S5 R TG S R, SR



P A

£ 1 TRRABLFRCI-VOCSHHEML Y

Table 1 Cl-VOCs photocatalytic properties of different catalysts
e o S crvocsikry (R S
TiO A KB 5] - T ERT/365 nm M EIEE/20 mg/L 3 95 [35]
Cu,0/TiO, - 300 W He R X1/365 nm X E AW /20 mg/L 2 82 [36]
ZnFe,0,/TiO, - 500 WAL AT /420~600 nm PR /20 mg/L 5 99 [37]
Mn, sZn, sFe,0,/TiO, - 500 WK 2,4- 5 2K3/20 mg/L 2 99 [38]
CulnS,/TiO, - 500 W15 £]/420~800 nm ABEIEI/20 mg/L 3 82 [39]
AgInS,/TiO, 0.03 500 W1k /420~800 nm A8 — 4 K/38 uL/L 8 50 [40]
WFEZnFe, 0,55 LBk 0.01 500 Wiitk]/>400 nm 4B 4 /38 uL/L 7 74 [41]
C. NIHHBZRINET45 ) ZnFe,0,  0.03 500 WX />400 nm AR 5 HK/38 uL/L 8 60 [42]
NCDs/B #5¢ZnFe,0, 0.03 500 Wiik]/>400 nm 48 A A/38 pL/L 7 74 [28]
ZnFe,0,/RGO 0.08 500 Wiitk]/>420 nm F} PR 10 mg/L 2 91 [43]
RGO/CoFe,0,/Ag 0.01 500 W{i(kT/>400 nm A A AT /63 pL/L 12 92 [44]
ZnFe,0,/In,0, 0.03 500 Wi £T/>400 nm LB 4 2K/33 pL/L 8 69 [48]
In,S;/In, 04 0.03 500 WALkT/>400 nm A8 — 48 K/42 uL/L 8 78 [33]
In,O;@PANI 0.03 500 Wik />400 nm A 40K /42 pL/L 8 83 [32]
S-Bi,04/BiVO, 0.02 500 Wi AT/>400 nm 4B 4 A/19 uL/L 6 70 [50]
V,0525 D kR 0.02 500 W1TAT/>400 nm A8 — 43 K/42 uL/L 7 45 [52]

a) “= IR BA FNL B R

oSBT SR G RE R PERE. R, S 73—

PR B 150, R 7 B2 sk ms, 15
TiO, e 45 F4 A ] A4 8 Ak A (Cu,0) A 78 2 TiO, 4 K
BESIEE 1Y, SRS 1 Cu,0/TIOMEALRIE S/, (ETT
TEEAE T R AR A MERE. AH LT TIO M A AN TiO,
YUKIEANAE, A ARG H R RO SR e fE b
(I EATES PN

R T iE— R A SRR B B, A
WP TR I — R A B B T RGE KOs, & T
BRIRBE(ZnFe,0,)/TIOE A MEALH].  ZnFe,0, k425 /N,
FETIO MRS L34 5) 4040, TR T R FR A S 4 i,
ARG T IZS SR RS R . AE Ak
I, FIAEIRITTRBANKER, [7ZnFe,0,4 A H5]
AEEMn)JCER, 18 B A - R 5l B2 TR R,
il T —Fh o BUER PR BF AR (Mng sZn, sFe,0,4)/TiO B A
AR MnoocRMBZE, 58 T ASHEBGER . 1
S OCAE R R, YRR A ClI-VOCs i
TeR Atk RER® .

[FIEE, R T RTIOHN KAT FEH 3 5 2k 52 A b
RS, AP i T TR RS, A E,
B /N1.50 eV) B ARER (CulnS)VE M EctER], #1458 T nn

RICulnS,/TiO, 5 B 4545 .  CulnS, A EE T B K/ ik
AR BHSE R TR BT A2 N AR, il
FRARSARIR D B CAE A ] S 25 18 0. FE e SERd -, F
— Y R =R S TERE, FIHEARE
CulnS, T HICu, Hl% TH A AgInS,/TiO, 5k 4E. i
S HEH A R IR, AgInS, i i L4544 F T A i
S, ARG B T2 g 4 st
122 #EAEAA

A ZnFe,0, & —Fh ZDIRer 2 SR kL, HA
BT A GRS, Zn™ FOFe™ B 43 5] o 4 DY T R o7
K \TEARA LT LAE AR B, R A mT LU
A RTINS . ZnFe,O, WL BIAR 58, 452 1E
AT UL R P e i i, B E 700 nmZE A B
HRREA R Hs k. O T HE m HOGRE R R, A5
AU MBS T, R A BRI IR 4 T
FEZnFe 0,55 0ok, 8 i AR BRI R T HEH F ok
FERRE T SR, S22 085 B mr ek
TRV & W FLIB 254, SR TEmib NS r 2 &
O, AR R RS, R 454 7]
TRAECI-VOCsHY BL BT, MM fE AR G AEfL
T, IR AT LGRS hE A ARAR SR
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Table 2 Cl-VOCs electrocatalytic dechlorination properties of different catalysts

AL

FEAETI TR fEART HLE(V) CI-VOCSHI /e JE () SR T (h) WU (%) Rk
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R LR - -1.80 X @A FEZE/10 mmol/L - 90 [94]

PAF e K Uk /5 I 4 cm’ 25 3-S50 ppm 6 100 [98]
5 FFe-N-C 1 mg -2.75 1,2- =54 %¢/0.1 mol/L 1 - [99]

R AT Ve 8.0¢g —-0.77 RHBE/S pmol 30 >80 [69]

ORI P e (R AT 10g -1.0 RH %03 g 15 96 [71]
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a) “= IR B FINL BRI

TP T # 1 BE R e-N-C LR AR, Al n)
RIS 091,2- — R b i ALl U SIS PR AT 2
IEFEPE(E4), R THH20% Pr-CREMLT. [FAE,
XuE N5 B P NG-N-CAP R — 2w A
AR IS SAAEAL R, X S SR A AL TG 1 L H i
W RIPARIAghEMLTIER R, I BAERRYE . kLA

(@) e e e ¢ 0

PEZAE T R RE AR5 5 BB SRR
232 F4£BEEMA

& BRI L, JEE BRI 2, AR
WA, AR RPRN RIS FeBl ek, 2R
RLAFI S, B 2KBAR A AT RL. B AT, BRARL
ViR B AR T Cl-VOCs H A ARG J5 i R i 5% 2

(b)

-
[
o

(c)

I Vinyl chloride
Il Ethylene

-

N

o
T

——Fe-N,-Cns-700
——Fe-N,-Cns-800
——Fe-N,-Cns-900

o
o
T

£y
o
N
o
o
Ethylene/Vinly chloride

Production rate (umol/(mg h))

. 0
-1.75 -2.00 -2.25 -2.50 -2.75 -3.00
E (V vs. SCE)

&l 4

—1.'75 —2t00 —2?25 —2.'50 —2.'75 —3.I00
E (V vs. SCE)

4200
v v v 0 0
-25 -2.0 -15 -1.0 I Il 1} v \
E (V vs SCE) Materials
= 200 1000 e 50
< (d) o < 204 -)—o—Fe-N,Cns-mo () N Fe-N,-Cns-700
g lgoo 2 © —o— Fe-N,-Cns-800 404 B Fe-N,-Cns-800
= 150 ) ) S < 45] —s—FeN.Cnso00 [ Fe-N.-Cns-900
[ I Vinyl chioride c € - Fe.Cns.800
£ ] Ethylene {600 [SEN- —o— Fe-Cns-800 < 301 =
2 z 2 ——20% Pt-C < I 20% Pt-C
g 1001 S 210 5 :
g -400% § w204
kel i 2 T ]
g %0 fo00 2 8 5 101
T .
K o
o

-1.75 -2.00

-2.25 -2.50
E (V vs. SCE)

-2.75 -3.00

M Fe-N-CHUS LR FLAEL 1,2- — S Sl NERE. (2) 1,2- — A LIemIt# SN/ B IE; (b) Fe-N,-CrsFLAEAI G FR R 22 LK (c)

Fe-N,-Cns-700( I ), Fe-N,-Cns-800( II ), Fe-N,-Cns-900( '), Fe-Cns-800(IV)#120% Pt-C( V YHL AL #E-2.75 V(vs. SCE) 7= 2 Flik 44 (d) Fe-
N,-Cns-8007E /R [F L HE ¥ (17 SRIBEREVE; AR [IAHRHIF B (o) Pk hr s s A3 (0

Figure 4 Electrocatalytic dechlorination of 1, 2-dichloroethane on ultra-thin Fe-N-C single-atom catalyst. (a) Schematic illustration for the
dechlorination reaction of 1,2-dichloroethane. (b) Cyclic voltammetry curves of Fe-N,-Cns. (¢) Production rate and selectivity of Fe-N,-Cns-700 (1), Fe-
N,-Cns-800 (II), Fe-N,-Cns-900 (III), Fe-Cns-800 (IV) and 20% Pt-C (V) catalysts at —2.75 V (vs. SCE). (d) Production rate and selectivity of Fe-N_-
Cns-800 under different potentials. Current density (e) and ethylene Faradaic efficiency of different catalysts (f)[99]
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Figure 5 Theoretical calculation results of 1,2-dichloroethane dechlorination catalyzed by N-doped carbon materials. Calculated energy profile for the
dechlorination of 1,2-dichloroethane into (a) ethylene and (b) vinyl chloride; (c) calculated PDOS plots of surface N doped carbon material; and (d)
illustration of 1,2-dichloroethane dechlorination mechanism on the oxidized N site!"*"
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Chlorinated volatile organic compounds (CI-VOCs), including chlorinated alkanes, chlorinated alkenes and chlorinated
aromatic compounds and so on, is a typical kind of environmental pollutants. Due to their significant characteristics of high
volatility and poor degradability, they can be transported over long distance and existed in the environmental medium for a
long time. In addition, compared with ordinary VOCs, Cl-VOCs show a high toxicity and an obvious effect of mutagenesis,
carcinogenesis and teratogenesis. Most of the CI-VOCs have been listed as priority pollutants, and were monitored and
controlled strictly. Therefore, the development of efficient purification and transformation technology for C1-VOCs has
attracted great attention all over the world.

At present, a large number of C1-VOCs purification and transformation technologies have been developed for different
conditions and purposes, including recovery technologies (adsorption, absorption, membrane separation and
condensation), destruction technologies (incineration, catalytic oxidation, photocatalytic degradation and biodegradation)
and conversion technologies (dechlorination). For different types, concentrations and emission sources of CI-VOCs, each
technology shows different advantages and limitations. Among them, photocatalytic degradation and electrocatalytic
dechlorination technologies have attracted extensive attention due to their advantages of highly catalytic efficiency,
economic and environmental processes, and mild reaction conditions.

Photocatalytic degradation mainly uses clean solar energy to stimulate the electronic transition of semiconductor
materials, the excited electrons and generated holes reacted with adsorptive species on the material surface to form strong
radicals. The ClI-VOCs molecules are attacked by the radicals and mineralized into inorganic molecules, like CO,, H,O and
so on. Therefore, it is one of the most promising purification technologies for CI-VOCs. The key of the development of
photocatalytic degradation technology is the preparation of advanced photocatalysts. To accelerate the separation of
photogenerated electrons and holes and improve the utilization of light energy, a series of photocatalysts have been
developed, such as noble metal catalysts, transition metal catalysts and nonmetallic catalysts. Generally, the photocatalytic
performance of catalyst is significantly influenced by the crystal structure, micro structure and electronic structure.
Therefore, the methods of regulating physicochemical properties, semiconductor compounding (heterojunction), element
doping have been used to design advanced catalyst. Furthermore, the analysis of the intermediate products and the
prediction of possible degradation pathway can help us to understand the degradation reaction of Cl-VOCs.

The highly environmental toxicity of CI-VOCs mostly comes from the CI group. The harm to environment will be greatly
reduced if the Cl groups can be effectively removed. At the same time, the highly-valuable dechlorinated products can be
recycled. Therefore, reductive dechlorination has become one of the most promising detoxification and remediation
technologies for CI-VOCs. Due to the high reduction potential of C—Cl bond, photocatalytic reduction of CI-VOCs is
difficult, and electrocatalytic reduction is regarded as the main method for dechlorination. According to the involved
reductants, electrochemical dechlorination can be generally divided into direct electrochemical reduction method and
electrocatalytic hydrodechlorination method. The developing of high performance electrocatalysts and exploring the
reaction mechanism are the key points of electrochemical dechlorination technology.

This paper aims to comprehensively introduce the research progress of photocatalytic degradation and electrocatalytic
dechlorination technologies for Cl1-VOCs purification and transformation, providing reference for the effective treatment
and resource utilization of CI-VOCs. Based on this, the mechanism of catalytic reaction and the factors affecting the
activity of catalysts were summarized, which provided ideas for the rational design of advanced catalysts. Finally, the
potential development trends and research directions in the field of CI-VOCs purification and transformation were
prospected.

chlorinated volatile organic compounds, photocatalytic degradation, electrocatalytic dechlorination, catalysts,
reaction mechanism
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