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Advances in Electrochemical Reductive Removal of
Oxyanions in Water™®
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Abstract The excessive discharge of oxyanions (i.e., nitrate, bromate, perchlorate) into water has caused more and more
serious environmental pollution problems. Oxyanions are generally persistent, refractory, teratogenic and carcinogenic, pos-
ing a great threat to ecosystems and human health. Therefore, they have increasingly attracted widespread attention. Electro-
chemical reduction is regarded as one of the most promising water treatment technology, because it could employ either elec-
trons or strong reductive species (atomic H*) generated by dissociating water molecules to realize the efficient, green and
safe removal of toxic oxyanions. Herein, the electrochemical reduction mechanism for removing pollutants is briefly intro-
duced, the advancements of electrochemical reduction of nitrate, bromate and perchlorate are summarized and their possible
reaction pathways are discussed, the effect of catalysts (i.e., structure, types) on the performance of electrochemical reduction
is further analyzed. Finally, the possible challenges of electrochemical reduction technology to remove oxyanions are deeply

discussed and prospected.
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Table 1 Concentration limit and health effect of toxic oxyanions!'”’
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Figure 1 Electron-transfer mechanism of nitrate electroreduction
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Figure 2 (a) Schematic illustration of in situ DEMS measurements''), (b) mass spectrometry signals of in situ DEMS measurements'?', (c) magnification
of selected mass spectrometry signals in (b)1!), (d) in situ Raman spectra of a-RuO, at different applied potentials®, (e) in situ DEMSP* and (f) in situ

FTIR spectra of a-RuO, during nitrate electroreduction!>
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Table 2 Materials for electrochemical nitrate reduction and their properties

H AR A TR LA/ HLUR 2 i V£ (performance) fe#E(Energy consumption) 2% IRk
Bi,Pd —0.6 V (vs. RHE) FERIEF N 33.8 mgeh 'ecm 2, FE 4124 100% N/A [63]
Pd-Cu/yAL,O; 10 mA/cm? HAMIERMEL N 80.37% N/A [64]
Irnanotube 0.06 V (vs. RHE) FEEGEZR N 921 pgeh 'emgea !, FE N 84.7% N/A [65]
I\SI;?OHSTSSE;‘S —020V (vs.RHE)  FZ# A 5.56 molegea 'sh !, FE Jy 100% N/A [50]
Cu Nanosheets —0.15V (vs. RHE)  F=&# %)y 390.1 gemgcu '*h ™!, FE 4 99.7% N/A [66]
Cu(I)-NsC;i —0.64 V (vs. RHE) TR 5 PR 2 94.8% 0.149 kWh/g-N [67]
Fe single atom catalyst ~—0.66 V (vs. RHE) FERIEZEN 0.46 mmolsh 'ecm 2, FE N 75% N/A [68]
Co-CuOx —1.1V (vs. Ag/AgCl)  THEREE 2:BR% 95.2%, N M N 96.0% 0.60 kWhem 3 [69]
Co Nanoarray —0.24 V (vs. RHE) FERIEF N 10.4 mmolsh 'scm 2, FE=96% N/A [70]
3.2 EESIR EEVRTR Ehd SR AL
ISR 48 TR FEK P R L RO R R, B SBrOy +5H -de —HOBr+2H:0
i Br BOKAETS KR Firh 5 R ok R R EI=1447V (vs. SHE) @)
R 107 40, (R B B 9 7 (IARC) 1, HOBr+H' +2¢ —Br +H.0
IR BB R K, 2T E R HE AN RS E°=1.341V (vs. SHE) 24)

JE, L E B 0 BB L IRk, YRR S ] B g A
W FALRIZ A 2B I AE S U7,

FEAG A AT DL 08 R R R S N BB IR 7, #0A
o — P I IR ER 3R 5 Y b 3 7 iRV T BrO;
4R Br Al BERIEFE U0 Egs. 23, 24 RS Mao 5171
Ak E R U 5O R Y BrO; (¢ BrO; ) FI AR JE] A
(*BrO,0)1] Br—O i ee22 4 0.82 eV, IWAHE —
Br—O G K24 2 s Ak 2208 JF R R 2k ) Yl D IR K-
shimoto 2O T i 8l =X F vt Ik SR YR R G, DABRES
R, JLor % PRI AT SR BrO, PsE 5N TEEE
Br . B TREMEL, &8 MR EN R, PAEY R
CsBAEn Tz T HIE IR RER L, & 3 B4 THML
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3 BNFEBREC R M B R H R
Table 3 Materials for electrochemical bromate reduction and their
properties

RS2 1/ REFE/

URTR (mmoleg., 'sh ") (kWhemmol ') ~ R
nZVI/ACF 0.7X10°3 6.42 [23]
Pd/rGO/CFP 0.31 N/A [83]
Pd/NLSBC-800 24X1073 1.998 [84]
Pd-In/ALO; 1.14X1073 N/A 85]
RuCuw/CNT 15.12 N/A [25]
NG-Cu foam N/A N/A [79]

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

http://sioc-journal.cn 983



oF ¥ R

Pd BT R &L IR RS KON H*RIER e H* (1)
RE71, BN F A S0 TR YRR 6 5 A5 8 77 PR HL A 71
2R PdfENESE, K dYuES T 5 H* 46T
B PAd—H i, F20E HAEPEYIF, S0 BB a7
V) Ha, WA FT 523075 Qe 3L SR B 40, Yao
SEBE IR BUE S 4 T B =4k (3D) W 4% 45 14 1 H 1Y
Pd #4EL(Pd/NLSBC-800), H-44 HAE Ay oA 4138 Ji 3 2
SREIBAMG. 7E 10 mA SR T, PA/NLSBC-800 AJ LA
SEHURER £2(0.781 pmoleL HE| Br [ LT 5¢ 41k
HLEHT 5% 2B, PA/NLSBC-800 [A]IN 77 1E L TR 1) B
P R AE M IR 7 S (H) 1 (A1 E SR AP L 7, X A
REFEIERE T rAEAL L BRIRER L. ML THREE, W&
i PR A5 AP 18 I [0 2850 S (F - 280 S ATC AR R ), I
HARE S B B A AL S S PE BT, BRI UK BHAE Pd NPs
AL N In A7 ACRT AR K AR 3 IR R 25 130 JiR 1891,
IXFE AR FRIET In 5] N8R T Pd NPs 11k (1)
zeta LT, I idE VR R £ W PR K B JS 7E AL s B IR
JEI89L b Ab, Zhou Z5EOR FH M PTARIE Il 4% 1 — Ml
P $ B AE A SR 2 4 b 1 4 J 41— HR (P-Tn) 41 K A5
AT I Pd-In BT DARS R P Ak 77 2R THD /K A 2 7 AR 11 57
H*, MIMTRILH @230 I IR R B e, % 72 i3
W( 4b. 40)K B, In 51 ABFK T Pd-In GUKRURLI D)
BRI, sRAG 7RI H*AR0E. BARMLUL, W1 Eqgs. 25, 26
Fts, KTl Volmer B UEF=4E H*, H*iEid Pd—H
BEEEN IMAE Pd-In K FURL R I, M (= 1) H* BB B
BH 11 3 e B A2 B B =420 Ha.

In-Pd+H>0+e¢ —In-Pd-H*+OH~ (25)

6In-Pd-H*+BrOs; —6In-Pd+Br +3H,0 (26)

a |[@weros e — Bremo

(2) BrOy + Cu —— Cu® + Br

T, Wu S5ERIRIE 8 7E Bk 9K B B4 s
Ru-Cu f#ALF(RuCu/CNT) & H1L HH AL 75 1 oL 380 Jit YR TR 6
FIRE S, 7€ 120 min N, 1 mmol/L HIRER £ 25 FiAF
90.1%. HLEEHF 7T WI(& 4a), Cu Al Ru A7 570 B R EUR
Ii) F4) R IS VR R SR A L. Cu R 1T I 3 B R A 420 R
#1, M Ru B5eilid Volmer #5UBLE H 10 ™ A i Itk
H*H i3, B R AE H* -5 1 A0 IR R Eh it 72

et & BB A X AR AP AR AR
AR B, TE VR R AR I T N B 7 3 ok R 2 1) ¢
P21 B Mao ZEPHRGE T /E 3D Z LI KT K L
S AU %% N B 4= 14 5875 (NG-Cu foam), 1%/
AT IR R #5380 5 AR 0 AR S M e, R B A
0.319 min . {EF BT EIR T LA T NG A1 G FRIHR
H* (U PR AT R RS DL 4d de), 2R
NG R ER TR AN B, 35T H*3RmE 5,
3t H* (A48 I VR PR 2.

3.3 BERERIR

FABRE(CION) T IZHTEFR . LA Tk A7~
WL B s R R TT AR . KRS I [ A S A 7,
TRRERJEARL, R AN T, VR4 2 A R BRI T T A =55
IR INFRO3-99), X eI (1) PO R e 5 3 m SR 3 iz
FELE T H /K . Hb R ZK RN g8 0697 g5 30 F 98 36 9,
R AR EAE N — PN T, & FECTIR IR R R
T 18991 d A 23K 1 v TR 3k 2% Bk SR I 2 0 JiR 7 1 11
ClO, NEHK Cl, 1Ak )5 i A se I Bk 75 ok 2
BT ATRE. DLR 2 AL 22 IR TR ClO, 1 W5 i [ S ML -
(DB I+ H* - FHIHLEI(Egs. 27~3 D))

b — P4 (111)
20 — Pd,in(110)

(3) Cu®* + H* —— Cu+H,0
(4 Cus*+e —> Cu

—— Pd,In(110)
| — Pd,in,(110)
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Figure 4 (a) Proposed mechanism of electrocatalytic bromate reduction on RuCu/CNT*), (b) Gibbs free-energy diagram for H* transformation on the
Pd-based catalysts!®”, (c) schematic mechanism of enhanced bromate reduction performance on Pd,In;", (d) atomic structure diagram of H* and H, ad-
sorbed on the NG and G surfaces”” and (e) energy diagram for H, formation on the NG and G surfaces!”
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),

)4 B AT 15—/ FHIHLEI(Eqs. 32, 33)L100-1021,

M-+H20—M-H:0(ads) (27)
M-H;O(ads)+e —M-H*(ads) (28)
M+ClO4 (sol)>M-ClO4 (ads) (29)
M-H*(ads)+M-ClOs (ads)—intermediates(ads) (30)
Intermediates(ads)—Cl (ads)—Cl (sol) 31
®+ClO4 —intermediates—Cl (32)
®+H0—»®-OH+H +e” (33)

Fordr sol FRRIEW, ads RPN B, M ARFRAMEALF
T A PEAT s, IR A7) R TR 25 Vs MR A A,
intermediates {3 CI0; . ClO; 1 CIO 119,

FE LR PR HLEI, ClO; B W B &6 2 & ok & 3
fry100-1031 - kLA (1), H*(ads)fE FLAL 2238 J5 i SR 2h
PR EOCHBEMEN. E& H0 MClo, 1EHkER
THI I B W B 3 25 P 004, B S fE IR, )
B HaO % HL 738 5o~ H*(ads). #t/m, H*(ads)id JFIK
B 7E BB R TH 1) C1O;, (ads) A C17 11931, Rusanova S50
FAfR 22 THI e B BT L R B ClO; 1Ak iR i
KT Clo, , HIt Clo; it J5E N Clo; H A& A A
S FAL 200 i e R Eh T R D IR

FENLEI(2), W bR AE i 25 35 PR AL AU(®) I ClO, 43 fif
SV IR, H*(ads)E HL AL 27340 5 i U 26 H i 2
FHFRAN 2, (B A0 751 2 T Ui 25 D05 PR A7 i (®) e 5 A
AT ZAL AR U0, 4n i ClO, JE A7 76 26 1 125 AT 1 7
M(®), AR NG T ClO, 154 @ 3 i 25 76 1
A7 (PP, L HR TR PR SR T DA g AME AL 7 3R
TR Ui 5 (09 17 AT (@) I & & 1T LAFR Eq. 33 sl

HL AR IR i AR R M e 5 & TR LRI A R R
B, £ 4 88T B 228 5 m &R £ AL 7).
Wang ZE1VHIHEIT T 03 AR 18 P& s ik Ji
AR, AR IR &8 VI LG 1. 1B Al
IV~VII FEH& B SR S R e Re, &
W R E#: Cd>Pt>Cr>Mo>Sc>> Rh>Ru~Sn>Pd
>VaTi>Zn>Mn>Ni>Zr>Co>Cu>Pb. # F¥k,
AOATTRIFFE T Ti-7K F T A 1 v SR 6 (1) FELAKL 270 JiR 22 B,
RILAE Ti B bt i BEAR B 7= A 16 Ti(IID) sk Ti(11)5%%
SRR JEFIIR, AT Lol E s AR L. /£ 8 h Y, 200
mg/L 1 SRR LR B PR B <20 mg/LUY7. CLA B A
TR AL R 08 18 iy s SRR R IR SR (30 1%, M
TR 2 R h A JR D081, Wang 25009041145 1 1 376 A
BEAN(SS) L) ¥ 4> ] (Mo Ru. Rh. Cu Al PA)FIW 4 )&
(Rh-Cu A Rh-Ru)fEALF, F st 17 H m &R
2z i vERe. AHEL T B m AL, BE & 7R
I AL = AR R L S e 71 (B Sa). 7EHLI 20 mA 2%
£, Rh-Cu/SS #1 Rh-Ru/SS 7E 8 h A LA 5l SZH 10
mmol/L ] ClO; 78%A 60%M)2: k. Xu M0 bk
(Re) FI4E (Pd) 4N K kL (Re-Pd/BC) £ i 24 LI TR v &
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Wik, 72 pH=3. FLILEEN 20 mA/em? 25 FF T4 5 &
ML th e MO E T KT RIALEL (A Sbyv: H ok
W Bt T HL A R T ) IO, #% ReY &5 A CIO; , fEBEH
ReV # % 6H ReV!l. B J5 ReV! 4 Pd R 1HI 7= A= 1) H* ik —
AR ReY, MIMTSEIL Re 428 0 4 (G 3E F-A=, [RIES
CIO; i i # 52 SV 7 e RS AR M (iR 20 B e Il ik
b Cr.

F4 M SRR SR BPRL R

Table 4 Materials for electrochemical perchlorate reduction and their
properties

HLAR A Clo, HFE BEFE/(KWhemmol 1) 3% Xk

Ni N/A N/A [105]

Ti N/A N/A [111]

Rh N/A N/A [112]
Pd/Pt-ACF 53% 17.9 [61
Pd/Pt-NACF 81% 9.9 [6]

Rb/Cu 78% N/A [109]

Rh/Ru 60% N/A [109]

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

FRIEF(In C. N Fl B)#B 2R th e m A 1 Hafb 2%
I Ji = R B A BRI Yao S5O Pd/Pt 1T N
B2 B E P 5 (P/P-NACF) L, 3 3t I B 4 2 Ha 38 JR T
SRR AR R, LT 9.9 kWhemmol ' FRMRAERE. A
EE TR 45 4% N TS 1t 5%, PA/Pt-NACF % /85 SR £h 118 b
BB SR MRS T 161%F 28%. X2
(R Ayt IE BRI N B g T DLBRAL AT 1 B4R 1) CLO, 1
W BRF (L Sc), AT F T o SR 3k 1R S5 3 77 2.

HAT, HAb 585 A IR B AL S 1A% T 2 5] i
THEFRN R 280, OB T COy R JE M4, iR th
I SIS K B AR 2R IR0 SR B AL 1015 405, Almassi Z5117)
R T A HLE B BRI Ti,0; AL (Re/REM), FF
¥ H AT Clo; m it B ff (B 5d). 45 RERATE
pH=7 %M F, 5 mmol/L ClO, ¥ ¥ ¥ Y iE it
Re/REM JIE (152 BA I TR] 2109 0.2 s)RIBJR T 4 21%, C17 ik
PEPE>99%, HIRACRLIN 100%. HF/KHH 1 mg/L
ClO, I&JFsRia 45 R W, ESMANN Re/REM R4tHE
5 1E 374 h WA BOWK ClO, IR AR E] 56 ng/L LR
(EPA [FIHRHE).

4 RESRE

HLAL SR BB BT OS2 AR 1L 78 5 T2
LT ATNERY, 52— P AT 1 2 (oK AL B T5 7.
EIERIRH 7 & AR R BroN W CILE LR m D, A
REIE I AL S A I T IR LB, 4k, R sk 5L
FBR s A BTG G 5 T A s 1 S K e,
b, FIRT A AR BT i 25 B A A R R S A
AN PR B BRI S T .
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a 1.2 e —————
X SS A Ru/SS
1 v Pd/SS ® RNWSS

@ Moiss O Rh-Cwss []
® cuss <& Rh-Rwss [

TN O K (d) Re/REM 1] Js B 88 7 i [ 117
Figure 5 (a) Electrochemical reduction of perchlorate on all selected catalysis!'®, (b) proposed electro-reduction mechanism of perchlorate by
Re-Pd/BC!"'", (¢) schematic representation of the synergistic integration process on N-doped activated carbon fiber (Pd/Pt-NACF) electrode!® and (d)

schematic of the reactor and experimental setup on Re/REM!!!7)

RSN T AR IR J B b S SRR A B T
RIPLEE, HmRd T AR R HIREL . IRIRE . A&
PR ER AT TEHE A ERORT R, R 1A A O AF T R
PR TS A RAR I B8 7 I SORL R AR, 38 1AL
RO AL SR SRR RE AR, AR AL 2 IR TR AR —
MR S AR A B 7 LB 07 i, HAmssREUE A
B, (B2 AT AE BRIk AR, Re i AE TR R
RIJ7I. Dy, 3RAMEn T .

B, AR BRI O . KRS
P R RRIE . AT A 10 HUAR 2 S FE SR % BRI
AMRIRITE T TR AR CH. BTt m B AR
o (1 FLIE J 5 S R AR B 25 7 RO 28 RE, (E R v 5 1) A
KPR T FsRBR R, BRIk, TR PR RE AR Bt < AN
I Bt FRARAAR I BA, —ARRKEIITT L —.
B A% 8 R AR SR P 3R AR AT B R T AR /N3 R, e
AR R AT OB ) DR BE. BRJET AAR E
EES=ONIDVES i ViFy &SNS bl WhAZS W & IS L]
TEME R, FRBLH AL A AL TR (H2 H AT
SRR U S T AR AR B T e, HL AL
HUELIE AN, 5y R R AR EE W5 H. B4R,
&R PRK LM (pH TP 7-45) A B AL 22 Tt i
R, M S R A v S o e VAR T 020 3 B
R F] AR AEAS ORUE.

Fok, 1 B LA 2 R SRR AR B B I R 5
Y. H* 572 AR R B REE SERIRIIE 71
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HIE S R 2 TG TR, AR Z M
HRTE R, DRI R K D) R R SR A SR AR AR 25 Ak 5 )
N7t R R e 8 ] A 9 PR A R () SE I B A AR AL [
B, 75 EE A R e T S T RS TR RIR
TR 3L AR b R R Rk 7R, $ER L
TR ZE P35 1 5 2R, A BE T RIAL) 28 1 20D F R A7) B
E FEA.

5=, PR L2 A R HE ) F A S AR 1) SR B
FIRZ . B T HARAERE . FEARRORT JE A B2, RS
7IAL BT A 1) PR A A L (R AR SRR, 2 A (1)
60%~90%. FIH 7] FAEREIRCKPBABE . XEE . W1V RE %S
RIS AL S8 R T2 R BRI b S T2
FRAS, A RE R R OR Bk 5 KA EE T2 EER BT
. R, FRATTTE BT RUR T A H b I B A R R
T B2 I T ) B ORI T 2 e FE.

FIY, KRS ARMR I E A B i, R
R AR B 7R R S oy b A e &
L. BIANREER B B AR £h 5 CO, L34 5 FEL A R
FU21220 0 SR SR B KB AE Ak, IR e B 5Kk
HHORI R ) T R R RS 7 R

Bh, HHEAERESEEARAS S, AESLIS
AR T MOE . Lk, AR i AR F s
JRINRE R IE . =TS I IRE I — 1k, Btk
JR R 3R DA Tl 5 T ORI A 023, 7R K
Ab FRATTICNS 52 B R R 2 1 DG V.
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TR, LGB RFARFASE L TSR 2021 SR L4
K&, FER T @A SRR A BRART & F A L AUH A7,

K#H, LHEGBRPEAAF L TSR RIBHII
BAR, AT @A BN BR TR IR, RRRAR R
FLA. VA% —Vek/ BN # G 42 Nat. Catal., J. Am. Chem.
Soc., Angew. Chem., Int. Ed. (2 %)~ Sci. Bull. 5319 % %k % %
X, 33 Bk ESI 34514, &RE 2023 F4 A& KB
a3 A 1200 40k, PR A PAEH) 650, MR 1R, 2
BEIEZ 1R GHRFAR “BHEAMELEL FPHREREEL
RER AEHRBERARMZEE, LETHER LR A,
FBERE SA AT RA B FRA HEskaT AR R A+
Ja# LR B F T RA BER B K 8. IAE Colloid and Surface
Science % 2.

RAldn, H£PIFERPF F IR L8 KPR
HAx WA FH. ERARMRA T L6 LR
IRIFAR AT HHE T A k. A& Chem.Nat. Commun., J. Am. Chem.
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FEAMFILA®L360 55, ¥ 29 Ak ESI S5
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