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Abstract

A large number of by-products hydrogen chloride (HCI) is produced in the process of chlorine
chemical industry. Although HCI has industrial uses, it is still in oversupply. Recovering chlorine
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(ClL,) from HCI can not only improve the utilization rate of Cl atoms, but also relieve the pollution of
HCI to the environment. Heterogeneous catalytic oxidation of HCI is the most effective and eco-
nomical method to recover Cl; from HCI, and the industrial application of catalysts is mostly based
on Ru. However, due to the high cost of Ru, Ce-based catalysts have become an ideal choice to par-
tially replace Ru-based catalysts. Besides its advantage of rich mineral resources, CeO, shows ex-
cellent reversible redox performance between Ce3*+ and Ce**, which is conducive to promoting cat-
alytic oxidation. However, it is still an urgent problem to further improve the catalytic activity of
Ce-based catalysts. In this paper, we mainly review the latest research progress of Ce-based cata-
lysts in HCI catalytic oxidation, and introduce how to improve the catalytic performance of Ce-based
catalysts. At the same time, we expound the surface reaction mechanism of Ce-based materials,
and the future development of Ce-based catalysts is prospected.
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1. 51§

TE LSRR A2 Tl A, K& HCL BP9 AL BE CL28 o — A B Bl 1 HL s A e ke 1 1) S8 1]
[2]. Tk, =42 —rsEr=mAEa, i, REE RN 2 (8 FH S0 5 A4 = AR M e &
ZAPRE, Horh HCL ASAT 8 S /e 8P4 28 B HCL AR SR R B i A W 51 7, TR [ Ae 4 A
b A Cly I BP9 HCI AT R 82505 3] [4] [5] [6]. HCI 4L AL A Cl, (Deacon i) & —Ffsz o n]
FREE AR HIREE AU 1A 305 15 o 2R O R AR R 3, 1 vz B I Ak 77 el B 3 21 1868 4
FERAEF A L CuCl AR, AEEPEAH 5 5 B0 AR e g ATD SR A2 Cu J A 771 T v o AR 14 1)
H[7] [8]. Mitsui Chemical 33 T 44 Cr,04/SiO, AL FI(MT- L&) R H T HCI E bt ie— ke, Rtk
RS S E Cr(VIL S HIBR[9]

&AMk, HEAEEL AT TiO, M SnO, LISt & A ) RuO, AL 43 5l Fi A3 ACFFE AR Tl 113
F[5] [6]c UEAh, IrOSTiOr & ATEZR N HHRILH T AR IERE[9]. 2T, Ru A Ir 4% & 51 A
BENK, BARS T EAE TR g 2 RH[4]. Bk, FER AR SRS AT 7 B8 Ru 247
%% A MARAR LR, fl2 CuO [10] [11] [12]+ CeO, [13] [14] [15]+ CuCrO, [16]A1 ZnCr,0, [17]. i, HiLIFA
(f] Ce JEMALFIBIE T/ Z WA, HTEE TR BRI RA R Ce®/Ce™ 2 MR H ELT I
AR JE I RE[18] [19], Ce FEfEALFIECH 1840 B Ru B fb ) R BRARE£E[20] [21] [22] [23]

AL EBLIRT Ce HMEMFITE HCI AL EAL R BOH R Tt e, /48 T T3 s Ce JEAEALRI I fi
ferERE, [FIREEE T Ce A BRI MHLEL, KRk Ce fEAIHIK RIAT T EE,

2. Ce BRI MR IR
2.1. FERT Ce EfEAFIMKIA

2012 4, Amrute ZE[24]45 & BALFE TENNR . FaSsh 2%, RACAEE iz sk PR (DFT)RL, GiFsk
7 HCI fEHUIR CeO, (1 DEALKI AT 4T M. BT H B Z RIS ERMEE T, CeO, vl N Ru FEMEAL T
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SEARE, T TSR B HCL T CRIE CuO A1 MnO, 465, 3 FE T & O,k O,/HCI
= Q)i xR AR B SA[25] [26], T CeO, % s T & & O iERH(OL/HCI > 0.75) e A kA K& H R AE
BAMNE GRS, EFEEEIA TR A 2 S AEAH(O/HCI < 0.25). DFT SR, RE
CI A1 O X ] FVE AL i 1R 5 4+ 1] R A P AEUAG ORI 22 e P R, (BN AL B3R 1 Ce J5 1SR 72
R R ENP R, HAT e P R — P& & RS, S MEARTE G I& A L IRFERH CeO,
A ERE, HEIMAE CeO, RAF B AR MG S AR & M.

20nm N ) 20nm 20nm

Figure 1. TEM: (a) fresh CeO,, (b) and (c) CeO, after being treated for 3 h in the atmosphere of O,/HCI = 2 (molar ratio)
and O,/HCI =0 [24]
1. TEM: (a) Ff¥ CeO,, (b) (c) MHILZIT O,/HCI = 2 (BE/REL). O,/HCI = 0 B FALIE 3 h [FAJ CeO, [24]

ZERTVE R T WE 2 FiaiBEE BB ((100). (111). (110)) TR 521 CeO, 9K ik (31 77
s NS #8), BT T AEP RN 20 R (B7Z): ArHCLO, = 6:2:2, #fil: ArHCLO, = 7:1:2) 7% 1t
5. TEMEAGHT TR A TR AT #31 CeO, AKKiT-, AT ALK& 1 (LA R fa e M) 5 5 e 1 3R i 45 A4 A
Ko SLERZE RN, IETERTRE PR R S BURD), H Ce JEE Ak 77 1A e M 52 B A4 S AE FH B e
[24] [28]. Wil 2= 2(STY) M &, CeO, POKBEMEERAE, HIEV K, miGR/\Hk, X—@&is
5648 /1 (OSCe)AH—5[29] [30] [31] [32], FEHMELRI KNG STY 5 OSCe Z [AIAH . 7EHRAN
IR BT, =Mt e BT 1EwF 210 S B 264 SR ARAR e, 1T 37 J5 1A R0 )\ T Ak TR T Bt
KE CeCl #iARRE . Ik, TRARSZE CeO, WML HIFe e PEH 5 B 85 ) S THIAH OC: %25 (110) 4TI CeO,
ZhK AR L 433 B A (111) A1 (100) &t ThT P\ T AR R SZ T AR B 15 2 o AR 78 1 7E TR mT 42 (1 44 oK
CeO, b HCI AL SN 115 . =FhTE3 CeO, £E Op 1 S MK Y 1E: #:1R(0.26) 3L7744K(0.27)F
J\THI14(0.32) . CeO, 3.5 M FIHR IR A R IR TG AL 8 50~52 kd/mol, 1 J\ TR IR MG AL RE 2 =i 19 2
(65 kd/mol), #—Esk T HA \HATES L) CeO, EALTE MR o

FT UL ERE T CUREL, ARSI b e S e F . FUA R T AR, AT RE

0.27nm
(100) 7
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Figure 2. SEM images (A, D, G), TEM images (B, E, H) and high-resolution TEM images (C, F, I) of the shape controlled
CeO, particles: (A + B + C) cubes; (D + E + F) octahedrons; (G + H + 1) rods. Inset of (C + F + I): fast fourier transforma-
tion (FFT) pattern of the particle [27]

2. FARSHEHY CeO, FORIHY SEM EfR(A, D, G). TEM E{%(B, E, )& 5 ##% TEM EI&(C, F, 1): (A+B+C)iL
FtE; (D+E+F)\EE; (G+H+ ). (C+F+DifE: HFHREEIIMTHR(FFT)EIR[27]

SR T AL SN R Ao X )N ETACIR ) CeOyr  HRMELRES M T HIR 5 377141 CeO,, XAZHA
AEEENFER RN — o ABTA R, AT I AU A7 BE F0 SLARAL TR PE RS AROK, fERRIR . N
Ry ST e CeO, 1, #EAR CeO, I T-RAT i AU AFRE ), AL AEAL AL HCI [ e th
HA B Cly i W%

2.2. Eifxt Ce EEATMHRM

TEF TSN AR, ZrO, AlLOg F TiO, H 8 FH A G 18 1 <0 R B4 Ja e 00 P v o R 304K
DU s M PO O B, R 4R e LA AL PE BE[33]-[39] . Moser £5[21]# CeO, fi# % TiO,. Al,05 fll
ZrO, b, HRFHARFNINT CeO, HEALTEPERIFEMA o I K BAT B LG M40 73 51K CeO,/ZrO, fiEAL I T
rRIR, TER] T KR e . b, CeO/ALO; TGS, CeOl/TiO, i .. *tT Ce0,/Zr0O,,
CeO, Ml Ce-Zr A AW AHMI PR AL ) SL RIFAAE SR B Ty 7 Bk . 3G s A S A PE R AR ) & UAk, 3X
72 CeO/ZrO, th e MERE MM KB [40]. SR CeOp AYN KR (1 2 5 FE 40 B AE AlLO5 |, {H CI 7] BT 5
S5 3 ALOs by I HIEA SEAAH M BT 208, (R M FIEA RS Z . XTT CeO/TiO,, 1E
BT AR TR R T, SR DUKRURL % 2 H LR R 2 e 225 T BELAS 1 v A 1A 35 TAR [41]
BT IRLLLE AL CeO,/Zr0, & — M A BUAR LA - FREEAUF A1 T AH SHE I S PR IE A EEAG R, WTRERCN H
AT T RSB ) RuO, ZE A0 7 — Fh A i LA AR 24 B A

XTLL ZrO, NEAE fE Y Ce FEMEATIRIEE— B0 T, FNE[42]% CeO, THRFAE ZrO, ki b
(Ce0,@Zr0O,)F1E 600°C FIBkE 5 h, FEAEHAEE M CIREMMPALITIER CeO, mENBUZ(E 3).
Ce0,@ZrO, M%7 3 /& HCI AL SR S N A i (Eb) i 1 PR S R e v, 7E387 %10 1) Deacon [ 2k, 900°C
HBI PR e A 1 EE [ 4 ST 23 T i ZrO, F1 CeO, FREIVE A, 1T 600 C R BE ) CeO,@ZrO, AL 57 b 900°C #x
B ERaE, XIARTE Ce0,@Zr0, il AN 1~2 nm JE CeO, iR /ZE .. MIEFE MR, ZUF S i
Wikt & 7E ZrO, E[1) CeO, JELLIR A 1) CeuZri O, JZHUNEE CeZri O, 1M L] CeO, ZHitaE, HixHh CeO,
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FEPNFEE Zr0, % LI TE AN (CeO,@ZrOo) M B AR B ML AH 73 Xt A AL S S NPT RE [RIAEAT 2 [43] -

10 nm & 10 nm
—ll m——

Figure 3. Aberration-corrected high resolution TEM images (a) and HAADF-STEM image (b) of 20 CeO,@Zr0O,-600. (c)
XEDS maps of overlap of Ce (blue) and Zr (green) [42]

3. 20 Ce0,@Zr0,-600 HI&ERIERIS 57 ¥4 TEM [Elf5(a)F1 HAADF-STEM [Elf%(b). (c) Ce(E)Fn Zr(R)EEM
XEDS [El[42]

WA, BREE[44RDL, BT A RITBEIEE CeO, 41K Ak A £ FL SiO, L7 7 (Ce0,@Si0) th & —
FhILE CeO, 2 BME AL PERE AU ERAEE B . SiO, JE T 1) CeO, YK MR B ER “ RPN
HAMAEN Ce* WRAE. i Ll (50 A Fl B35 1 R i SR SRtk . b, Ce™ A7 A1 23 i i i A
i, PR R P AR SRR A 2, X — I T AR R, S S AL RN SR T CIL B
B, 3 T {2 a2 A0 v PR [45] [46] [47]. J8 i 100 /NBFIRIESE [ B, 7E CeO,@SiO, A7) FAUL 53 2] 5%
MIRIGR IR BTG PSR, TTE CeO, RINIT 50%I1HI4A [ NG PEH 2K (] 4). CeO,@SiO, LTI R ILH
e 5 BTG PR RN R AT Ae e v, JRIRIZE Tl ik SiO, 555 B& 25 4l /N 1) CeO, 4K T i Ml K FZ - i CeO,
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Figure 4. Catalyst durability tests on CeO,@SiO, and CeO,. Reaction conditions: Tyeq = 703 K, O,/HCI = 2:1 (v / v) and
Wea/Frcr = 0.0313 g'min ml™ [44]
& 4. Ce0,@Si0, F1 CeO, LTI A MEIRNIE . RRISEHF: Thea = 703 K, O/HCI = 2:1 (v/v) and Wy /Fye) = 0.0313
s -1 -1
gmin -ml™ [44]
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L PR, RGO I B AR AR S AR LV P IR SR A, — E DR R R EATH bR
—o XFF Ce F:AEALF, 7ELL ZrO,. TiO,. AlLOs. SiO, N#E AR 5 HIE iz Fe 45/, Tio, L AE =
I T 5 e s A2 [E HOA kg, 1R CeO, 1T LA FE /- BULZE AlLOs I, {H CI BEfi T 5 ALO; 45 &
MANZ CeO,, B Al,Os tHARERH CeO, A RE A . SR1M, 2 CeO, LA ZrO, 8¢ SiO, N#H A sl 5 H
TEBUZ SRR, KORIE & T st O i BORE, 340 T OB AR R B AR, g i 2 = LU iR PR S

2.3. &RIBRF Ce BENFIMZNT

FE /N rp R T I e R A E AR LA R CeO, (ARG, BRIt Ab, Sl I 6hid ik ot i5 24
eSO AR T S A R PR i A M BB [12] [48] . Cop S5 [4914R3E T [/ 540 4 JE X CeO, 1145 4% : Ceo oMo 10, (M
=2Zr, Gd, Pr, Tb), XEEpPRLEAMIE RN LT TESMILRTER, L AA RS 2500 OSC LA KA1k
TEVEFRRE I . BT VR 2 AT 5K CeO, B BHI AL BRH R T~ OSC [50] [51] [52], kiR
R FE IR RS, FraREm I N 3D M I/IL CeO, Mk . it B A Gd*. zr*, pr*
A TO* 35 Z4 75 R P 8 25 O SR RN B R, 24 2 AT ot 3 T 8028 B, LRSS e i gl B fh B 25 OSC,
USRI R R RIS 20, W A6 A OSCe [53]. &5 KW, PriBJR(t) CeO, 5 Tb Fl Gd 5 2& 1IFE fh 7
HCI A6 3 I B R LR 70, B3RS T BRI A V& MRS e It . AHLEZ T, Zr B2 1L CeO,
R ARAE A A S 1K) HC S840 A 2R I HH e e (R fRe AL 1 REAN AR E P, {H OSC ik, OSC/OSCe Bk T4 5 fir
TE R RE DA B 23 A ARG RS BIR 1 &, X S 240l =M &)@ 5T B 23 2358 . it XRD &
7R Pr Al Th A=A AL S AEAERS, WL RAE 54k, Bk, RS PrkEh i OSC(e) i, (Hid BE 4
2 FEEARIRIE, TR 2272 2815 J LA Ak TR 2L T 8% . BIEx CeO, MR TR, &l
DA R T S 0L, XTI ReZ CeCly UMM G E VR 2R . Bz, i TIESE, it fli A
Ze'* NS AT LA R CeO, AR EYE, $REEFELFI CeO, RN, MIANSTERGEH 5] N BT AM At
BINATAL, WIS Cl REARAR T FER % .

AREE[SAT0 Zr B4 CeO, fE T it — 0L, ZIREA AR T A Zr B35 CeyZr 0, 9Kk, 18
430°C I S NI oK H R 72 T LA ' HCL IR (Y Deacon R NIR AW . T R NIEAY) HCEO, > 2, 46
CeO, Kt K& A (CeCla6H,0) [27] [55], FEBEFE BRI . X T HCLO, = 2.5:1 {1 M
REY), 5% Zr B2 C4 L LME CepnZrO, PKHEELRFFFEE, MBI 1L CeO, KESAL, BIE 5% Zr 1
CeO, AT 1) R I (] Eb 4l CeO, 1 RIE I [A]445 2 (] 5) . /R4 ZrCl, 7E 330°C PA F 2 ¥ R PER, (H2 R
BAE XRD %A MELH CepnZriO, AT LL CeCly T UM ™ B ARG, WA 2B F Zr M E PR S B 2%
HHEH BB Ol KT BRI BN 25 (HCEO, = 311), BT A CernZrOr PIKHETE 430°C 1R MR A8
Fase, (EK R R EF] 500°C 5, BIfE 24l CeOy 40 Kbl AEAE Qb 7 21 1) S S 461 N AR AR
FEETZ 54T B F AR EAL I i B, CepnZr O, AN KB AIR, FFH A E A IR A AL TE P (R &5
CeCl36H,0. #R1fi, 7E HCI:O, = 2.5:1 IR M &A1 T, RIE 2R TE I CepnZriOy AL 7 7 HE 3G 5 1)
REFAAGOKRAE BRI . @it Cl2p XPS, ESE T Cl 454 2 CeyyxZrO, MR H X IR EIRZE H .
R, R & & S CernZriO, I LABA Ay 2 i 15 S B R A M AH

124 1k, TEL S T3 8 N3 i CeO, fEATEYEII T i, Zr 1B S BRAR 3528 7% 1), i CeO,
TE 55 2010 [ S0 St AT BEAR AL S G e 5 A8 2 Ve . T Gd®F . PrY* I To** 45 28 el BE 1 N T CeO,
AL, AR SN 5 K B S & R BRI R : B FEIK T CeO, I HLRTHAR, i H KA
BEMRENE. T 2" 1B 4, i CeO, AR R MERETS LI GR, H A5 AT aMERld B2
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Figure 5. Space-time yield (STY) per kilogram of catalyst in the HCI oxidation for the Ce,.,Zr,O, nano-rods (x = 0.02~0.2).
Reaction condition: Ar:HCI:0, = 7:2:1 (A), Ar:HCI:O, = 6.5:2.5:1 (B), a total flow rate of 15 mL/min was applied [54]

5. Ce1ZnOp #KAE(x = 0.02~0.2)7E HCl | BT e U TIRIBT = =2 (STY) . R L 51 : ArHCLO, = 7:2:1 (A),
Ar:HCL:0, = 6.5:2.5:1 (B), RJRIEA 15 mL/min [54]

Table 1. Impact of Aliovalent/Isovalent lons on the catalytic activity
of CeO, in the HCI oxidation reaction. Reaction condition: Ar: HCI:O,
=6.5:25:1, T=430C, atotal flow rate of 15 mL/min was applied

# 1. ENIRNEFIBEX CeO, HUBMMTN . kKN EHF:
ArHCL:0,=6.5:25:1, T=430C, &KX 15 mL/min

STY (Molcizkgea ™)

CeosZr020, 16.9 [54]
Ceo.9Zr010, 14.22 [50]
Ceg9Gd 10, 1.3 [50]
CeggPro10; 15 [50]
CegoThg 10, 1.3 [50]

3. CeO, bMWY HCI L E 1 s RE AN TR

Ce0, (1) Deacon M AHLFEAE 2012 £E4% Amrute [24] 8 AR H, 41l 6 ffs. 1) HCIL Hr St %
T 4R 7 SF BOR BFe i, T SR 7 WA B AR IR s 2) 4RSI HCIL, b iR S FR R AE R W] S K
3) KHIBLF; 4) CeO, T4 L; 5) &R FEAILMS TR

Deacon M HF4GT HCI ZER B A0 (84S AR ) I (OH), A AEAER TN AAL, FH AT LA YN
FUET, ARTRNMHAT. E5— B, HCIWRIBGA 2.84 eV I 7742 OH A1 i 25 A Ak 1) SR
To ERLIEST, CI-H Fl Op-H HIFEE 2054 3.590 A 2.121 A, %5 = A HCI W Ja 72 45— AN K 9y IR
RIHE T —ANERT(CI), iZII R 0.29 eV FIH 1) CIFATIEHE HoO FIMBLHT, 7225 25 S0k CI (5 48,
TR Clo (0R A0 . SR, WREZ AR FRIREY H K Clofif CeO, MR CI', iZid
T2 2.15 eV MR, LI BESHMRRIATA (os)P AR T HH GBS, TEREEA, Zidf
B 3.4 eV Bh, ALFIREPA CUELLMK Cly, BT 1.42 eV, MWE 6 ATEH, REA MG
& CeO, MG HIRES, LML A FI G R,
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Figure 6. Reaction energy profile for the Deacon process on CeO,(1 1 1) [24]
[& 6. CeO,(1 1 1)t Deacon 3T F28I R L REE 237 [24]

4. IL,\—F' 'ﬁ EEE

HCI (R AL A T AR ST Mk B 724 HCL H B Cly, S — i 8 HAREE AT 17 i X T
B MR Ce ZEAEALTI, ATsKBL il 2 B A BAT Ru 2R, 2 —F T HCI LA
A AL IR R CeO, 7 Ce™ il Ce* 2 [ eI AT (Al AL TR M RE T Ce™ IAEAE 2 i H AT A
AT, BRI A S S A AT S, XN A R, AT R AL A
SN SRANHI RN ZEAE T Ce AR EAFAE, TAEE & HCI IR NIRIT TR, CeOp R 5 K A MR
WAL CeClax6H,0, FEMIHMENIETE. 4 CeO, FATE A& M EA L e I Zr (I A ITER
KFEE B3t CeO, IR EMBIARGEARE . AT, JEHE — RIS CeO, M AIAE IS
CAERTY, (HILSNGR EEE m, AIAT T2 A EEORUEARI T HCI AL S BN AT, HAEAGIEPER T Ru ZE4E
), AL, ARORATE I AN B AL B SE L 01 8k 5 15 2 AR5 & 15Kk — 2D 5t Ce JEAEALTIfiE(L
PEBE, JFRHMAEARIR T HA S iE TR R Ce S

EEWH
WL = i TR H (2019C03118) .
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