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Abstract  Core-shell structured monolith catalysts with HZSM-5 (Z5) zeolite as the active sites of the shell and
Ce-Mn species doped HZSM-5(CM/Z5) , Silicalite-1 or ZrQ, as the active sites of the core were fabricated by coaxial
3D printing. The influencing mechanism of the carrier kind on the catalytic performance of chlorobenzene

combustion, as well as the function mechanism of the core-shell structure during the catalytic process, were both
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investigated. Compared with HZSM-5 and Silicalite-1, ZrO, as the carrier benefited the formation of oxygen vacancies

in catalysts. But HZSM-5 as the carrier could enhance chlorobenzene conversion and HCI selectivity, due to the
synergistic effect between Brgnsted acid sites in HZSM-5 carrier and oxygen vacancies in Ce-Mn species. The
HZSM-5 shell exhibited excellent performance in the dechlorination process, which limited the deposition of chlorine
(Cl) specie on the surface of Ce-Mn oxides, retarded the Cl poisoning of the catalyst and thus enhanced the catalyst
stability. The CM/Z5@Z5 monolith prepared with HZSM-5 as the carrier exhibited excellent catalytic activity,
stability, and selectivities to HCl and CO,, with the Ty, and T, of chlorobenzene conversion of 206 and 294 °C,
respectively. This is due to the tandem process of dechlorination by the HZSM-5 shell and the dechlorination-deep
oxidation by the synergistic effect between Brgnsted acid sites and oxygen vacancies.

Keywords Coaxial 3D printing; HZSM-5 zeolite; Ce-Mn oxide; Catalytic chlorobenzene combustion; Core-shell

monolith catalyst
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A& U181 Chen 251706 Mn 4043 11 20T ALO,, TiO,, Si0,, CeO, 1 Zr0,F1f , F T4k CB AL, K HI
Mn/ALO, /R H 5 = AL TR P . Zhang 261945 Y HZSM-5 43T a8 A ROk 45 b T 482 M — S R etk
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HZSM-5 4311 (S10,/A1,0,=113) £l Silicalite-1 43 ¥ i Wy B |t 58 5> 10 A PR ) 5 Zr0, (41
99.9%) . Ce(NO,),*6H,0 (/M) | 2 75 3E 1 ILLF 4 K (HPMC, TR FIREA I (Si0, i i 43 5030% ) 1
W b A2 SAMRA ARG B AT BRZA 1 5 MnCl, - 4H,0 (43 M7 46) Wy B R Heiih GRS 4iil TAT FRA w5 &
TSGR (HNTs, 95%) 1 A KM 4 FHOER A PR A B s SRR R (GRERE 4. 6 o/’ LIS SR
SO W H R KRR AR A PR ]

1.2 fEeFIRHE

¥ HZSM-5 73 ¥ . HPMC . HNTs FIRE 7 B He 0T 60. 22:1.47:0. 37:37. 94 1R G/ —E & A 5
Tk, BFEEST, MR RT3 R K . B HZSM-5 244 . HPMC. HNTs. BEV I . Ce(NO,),+6H,0.
MnCl,+4H,0 ¥ i & . 47. 14:1.41:0. 35:36. 42:6.79:7. 89 1R-A1E—E LB Tk . S, 1EL04MT
WRUSN TR Z8 %K o3, FFANBITE , [ RRHABIAF G ATEN R I AR PR RE , VR INAZ IR SR0K . g RSB
B2 AT ECA FEE Sk (NS N2 0. 85 mm ., ANZ4 N2 1.2 mm) B9 3D FTENHLBERI R SE
FHoE AR I ZTE . B TS , T 650 ‘CREBE2 h, fivd4 N CM/Z5@Z5. N EEa AR
SR, OB N AZ AR HZSM-5 43101 43 1 S8 42 Silicalite-1 23T F1 Zr0, , ZEAH R H 45 T2 F 3RS A9 ek
Ay Bl 44k CM/S1@Z5 Fl CM/Zr@Z5.

HFRAERL A PAR T 5T 5 N ZE R PETT, o NAZ OB B % 2 A N R 1. 2 mm 53k
FIFTERALH, FTERHRARZE AR S5 108 | Kb, MR ZAAFIIE (HZSM-5, Silicalite-1, ZrO,) 53 7law 44~
CM/Z5. CM/S1 Fl CM/Zx. WEAk, F5c 2 HOBHTEN S , TEA R S50 TR R b, WF S it A S w44 4
S-75.

1.3 EFIRIRE

i 12 JSM-7800F U Hi L 7 B 5% (SEM, H A HL T4 w)) RAEMEAL FIHAR W ETE S . L) Rigaku
D-max 2500V/PC B X FHE AT S (XRD, H AP0 F], CuKe P12E, TAE L 40 kV) RAEAEAL T )
AH. L ASAP-2020 F R AR 5 LA Hr A% (35 [ Micromeritics 23 7)) HEAT AW FiE- R RS2 36, FefEAAL
LA PET, DL BET Y LR AR (Sy) » DA i-plot B4 L R T AR (S, ) FILIRFR (V) , FEHR
I p/p,=0. 99 Ab i) B WL B AL 28 (V). BLESCALAB 250 % X 518 5% B, 7 RE 1S AL (XPS, 2 [
Thermo Scientific 23 7, Al Ko §14, ho=1486.6 eV, TAEHL & 15 kV, TAEHL IR 10. 8 mA) AL FIR
A . 1E Vertex 70 BUZTAMETEAL (S [ Bruker 23 ) 54 7RI BE R BT A1 (Py-TR) A 5 W 2T 51 (i situ
FTIR)FRAE . FF it W BE J5 43 57 150 #1300 “CHER , RATEE], id % SRR FNSRER 4341 . S 21.
AN FRAE MR FORAR I SRS S0 A A FE S W AL B St b, 78— SNl BT RAE TS . A1
Tecnai F20 AU S L+ W G05E (TEM, fif 22 FELA R R AL FIROWIE S . R AGS-X B HL 7 Be A1 K
AL (H A Shimadzu 24w ) FZAEPABT IR B . F ] Optima 3300 DV B H J8GHE 5 55 25 4O % AL
(ICP, ZE[H Perkin Elmer 2w ) FAEMEAL I 4L 27 2H R, .

1.4 ELFIBERETEM

ik CB IR BRI AEBCAT NAE A 6 mm A S48 103 223 2l [ IR TR v A 7. 15, Il
24 6 mm BB ARIPAR (0. 5 o) R A HER s S, @ AR (R EE 100 mL/min, CB
WHER 4.6 o/m®) 5 feJ, LEAS R RE IO B[] 43 BT S 457 11 ARG AR . SR FHBCAT DB-624 B AN 4T
(30 mx0. 53 mmx3 wm, FEEZHRRAT]) AR (SP2100, J6atdbsrEmFl 2w 48RS CB 1Y)
W . REA Porapak-Q BANEAE (3 mx1/8, 60~80 H , WiVLAR A ] S AH G154 (GC9720 Plus,
WHLAR L2 A XA CO, M T Sl . o CL AT HCL IRt , 7ESC Rt B ok A NaOH I
WSO, Bl P S - RE R e AR I S R B, e e IV e i e YR R LR . CB %
(X)) « COMER (V) CLICER (V) - HCIER (V) « CO,BEFRNE(S,,,)  CLEFEE (S,,) Rl HCL i
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2.1 EAFIREHNESR . RERESYHELEH

B 1(A)~(F) BBCRS BE 1T LA HY, CM/Z5, CM/Ze K1 CM/ST R 1 S5 I £, 1 [R5t 4T Ep HefA
(CM/Z5@Z5, CM/Zr@Z5 F1 CM/S1@Z5) WY 5L (€5, 5 HZSM-5 2 F-ifi Bt 66—, il S-Z5 s B 1
PASNE . B 1(G)~(D) R, CM/Z5@Z5 . CM/S1@Z5 Fil CM/Zr@Z5 4 i R 72 |2 IE BE 29 33 wm, W%
HARZ) N 880 pm AL SCEENE . MAZFE G5 AR5 2 5 A R E R I LI 1 (D) ~ (L) TR LAE
CM/Z5@7Z5 ST WM S AT B i 22 5, Ok 34 L ES BB . 1 CM/Zr@Z5 Fil CM/S1@Z5 BT
PR 0] 2 590 52 JC 2 TE TR B RN ARATORETE A0 . X i — 2P UE B T S a5 M HUAR R s i 50 . B T HuAfEfL
FUAE A FH A v 2 K R A2 2R | ) RN AR fb s, DRI, R A A MR B 2 L Tl Ak v
FIRTHE . W STORASCZRHE R PR, JURIE AR 8k 5% ), CM/Z5@Z5, CM/S1@Z5 Fl CM/Zr@Z5 [
PUESR ST 1. 15 MPa, Uil] =¥ HA RAFAPUMEREE .

100 pm

Fig. 1 Digital photographs of CM/Z5(A), CM/Z5@Z5(B), CM/Zx(C), CM/Zr @Z5(D), CM/S1(E),
CM/S1@Z5(F) and cross-view SEM images of CM/Z5@Z5(G, J), CM/Zr@Z5(H, K) and
CM/S1@Z5(1, L)

Jit— T RSE A NS 25 5, R TEM R4 T S-25, CM/Z5, CM/S1 Fl CM/Zr B SO E
. WE 2 FR, S-25 F CM/Z5 W HZSM-5 3 -1 2 2 S A . 5 S-Z5 ML, CM/Z5 ik A AT B
B R B YRS 26 nm A GOK JkL . CM/ST Hp Silicalite-1 430 5 BUAR M ATE S, YR 48 N0
87 nm AR 20 4 A3 A 6 2 T 22 10T, 156 B HZSM-5 58 1 F4ili 5 4143 0 458 . CMY/Ze T P 6 52 TR 30 s
ZHAY .
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Fig.2 TEM images of S-Z5(A), CM/Z5(B), CM/S1(C) and CM/Zr(D) and particle size distribution
of metal species in CM/Z5(E) and CM/S1(F)

XRD &5 [1&13(A) @7, S-Z5, CM/ZS F CM/S1 ¥ R BLRY (1 MFLHFMES R, FLAS H B0 4 A
PERAIE I . CM/Ze WIAE 20=33°~35" 55 49°~51° tH BT ) ZrO, FAAR} AT S, Rl 7E 26=28. 57 A1l
33°4b B AR AT A RR ARG, BB ER 4 40 7E Ze0, 2R A iichERe 25 . iR 3(B) FI(C) B, S-Z5,
CM/Z5 F1 CM/S1 X128 TR [fFh 2, AR FLI R N BEA FLAR o A, IO Gl fLAS A . CM/Ze
TR IV BRI T2, FL7E 2~20 nm 0 FIER H A FLALAR 20 A1 0, 3X AT B o T2 41 o3 LR IE LA A
FLFLIEITEL. LA, S-Z5, CM/Z5 A1 CM/S1 38 7R 81 Sy MV, s 11 CM/Zix 1 Sy AR 44 m?/g, X UGB IR
FeR T ARFR ) 1 2 0 8 20

A & B 03|
) ﬂ | CM/Zr & 150l ® ~ ©
L g
- i B
I l CM/S1 \g Look o 02 A
3 ——S-75 g ——CM/Z5
= — CM/Z5 = ——CM/S1
5 =
LW’L u pr CMIZS 2 5l —+ CM/S1 2” 0.1F ——CM/Zr
B —— CM/Zr §
h £ =
sl " S-Z5 § = ok
1 1 1 1 1 1 1 O 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 0 0.2 0.4 0.6 0.8 1.0 10 20 30 40 50
20/(°) Relative pressure, p/p, Pore diameter, D/nm

Fig.3 XRD patterns(A), N, adsorption-desorption isotherms(B) and pore size distribution derived
from the adsorption branch(C) of catalysts

22 EUFIMNEBESTERS

PEAETR A ER R S 2 i ELAHE AL CVOCs RBEMERE I SCHE N 2 2 — . R AF AL A R e AR 40 A1
ATCAyAITE 150 1300 CoRAE T AL Py-IR BRI (B 4) , 43 311068 g 4 Ak 570 (%) 6 B s B vk o . i
FITE 1448, 1490 F1 1545 em™ 40 BH 3 4~ A (2 A W i e, JFE b 1448 1 1545 em™ A2k 19 06 4 J31) 6k 3 7 ML I
FE LRI B BR A7 b AYLE AN i R 0 1a R A T AL AG LR R B R 2, S5 R AR 1 BT
7. CM/Z5 (AR LR iE | 6 B R i A5 B R i Y I AR T S-75, (HHo8 LI i & 1 S-Z5, X n] RE &4l
BREHY YR T HBAr BERA A, ISR LERFT . CM/S1 1 CM/Zr (8 R F 85 CM/Z5 RIE R, H—
HEER/R LIRS . CM/ST AT CV/Zr Bos AR B4R | 4l L 4415 B (AR SR E B R SR ,
{H CM/Zr 1 LR HE W 55 5 T CM/S1, X A RE & R K Silicalite-1 43 T AN B R YE , 1M 2r0, W) B /5% LR T
TR, HAEAR AR ZH 20 b LIRAOTE L. Ak, CMY/ST T CM/Ze Y 7S Wi B B RR 7 A5, 33k ] BE 2 i
Hfdcr /b5 1) 58 A FR Y
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Fig.4 Py-IR spectra of the catalysts at 150 “C(A) and 300 “C(B)

Table 1 Porosity, acidity and element states of the catalysts

Acid density"/(pmol py-g™)
Sample SBEl/(mz.g—l) Sem/(mZ.g‘l) V‘/(cmS'g_l) Vm._/(cmS‘g_l) .

111111

Ce**/Ce™  Mn**/Mn** V,

T TL TB SL B
S-75 406 30 0.238 0.173 237 128 109 57 98 / / /
CM/Z5 367 133 0.218 0.108 167 102 65 66 66 0.21 0.88 0.17
CM/s1 354 112 0.238 0.113 26 23 3 14 3 0.18 0.79 0.09
CM/Zr 44 41 0.108 0.001 36 33 3 19 1 0.27 0.97 0.52

*T, S, B and L represent total, strong, Brgnsted and Lewis acid sites, respectively.

KA XPS iR AE T AL Ce, Mn, OTCEIPIRA . 7E Cey, XPSTERILEIS(A) 19, v/ Filu’ FRid
BIIEITJE T Ce™, v, u, v, u”, v Flu" Fric BIE 5 Ce* AHC%. @it (v +u’ )/ (vrutv”+u"” +v" +u"")
R AU FUAE T3 Ce™/Ce™ HL i, e B AN P38 . CM/Ze>CM/Z5>CM/ST. 53X 1568 Zr0, it i
TARAN Ce FITE AL . 7€ Mn,, XPSHEEI[ I 5(B) 1, 641.2, 642. 8 F1645. 1 eV &b 4351 Mn*, Mn* K&
Mn 20 43 TR 4K Mn*/Mn® & i BLR/IMIBT 15 Ce™/Ce 5 it Hb—30, X AT BB 7RI 3R 1H &k 2R
T Mn*+Ce*——>Ce*+Mn* LN , ZrO, Z AR NIEHE T 3% — W I #EFT . 76 0, XPS i [ & 5(C) I,
529.9, 531 F11532. 8~533 eV AL (A5 53 IH J& F ifAg 4 (0,) . W R4 (O,) RN A B 3R 480 (0,) . A4
0,/(0+0,+0,) BV TR LB T T & A 0 (V) W™, VIR E I 5 Ce™/Ce & i Fb—2, UL

r Ce fle 48 23 LA AL
© /:\
/ CM/Z5
/M
___AZ&E

920 910 900 890 880 870 646 644 642 640 638 636 540 536 532 528
Binding energy/eV Binding energy/eV Binding energy/eV

Fig.5 Ce,(A), Mn,,(B) and O, (C) XPS spectra of catalysts

2.3 fEILiERE

PRk [ 12,23, 3048, HZSM-5 43 F i fb CVOCs BB G P KRR T4 B Ak . ik, #%
SEAE AT S-75 52 )2 MAEAE T RE S PR ARBAR AL TG . SR 1T, CM/Z5@Z5 Fil CM/Zr@Z5 (AL 1
PEZ 5 CM/Z5 F1 CM/Ze AR LT 6 (A) T, 3X 1 HA7E CM/ZS Fil CM/Ze HEAR S 17 60 78 HZSM-5 -1 5%
JEXPE AN . G, AR SRS R BRI E CVOCs BABEIE T ) GBI 2R . SR, CM/Z5@ZS
WAL CBBREEEL AL IR Toy (FEAL IR 50% B 1) SN IR ) B T (L AL 25K 50% 5] 1) S TR ) 43931 2k 206 1
294 °C, H1RAKT CM/Zr@Z5, FIRESZ R R CM/Z5 NAZ A = B EL R T RUIE U T CB 48, M3 & 14
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i TE. CM/ST RS FE R THFR S CM/ZS A, {3 CM/S1@Z5 i I AR A AEAL G M . XTI CM/Z5@Z5 %5
R TS R R R CMY/ZS R 1 B R S s R E A, 2k T RO i iEAT . aniE 6 (B) i, Bl
BT, CM/Z5 F1 CM/Ze fiEfk CB R M AL A el R R, JEILZ 30 h s, CW/Ze & T R R =
75%, X P RESE CLk U AR 4 /0 R TG T8 . A se 25 AR ) S 80 i A AR v, nTIH N F S-25 522
()b SR B O 1 i 2 43 DR 31

100 Fea 100 - (B)
95

g 80 | ;\;
g E o}
5 60F 5
z —=— CM/Z5 Z g5 —=CM/Z5
3 —— CM/Z5@Z5 8 —— CM/Z5@Z5
g 40r —— CM/Zr N g0l CM/Zr

—— CM/Zr@Z5 —— CM/Zr@Z5

—— CM/S1@Z5 —— CM/S1@Z5

20 | ] | | ] B ] ] | I L
150 200 250 300 350 400 5 0 15 20 25 30
Temperature/°C Time/h

Fig. 6 Light-off curves of CB catalytic combustion(A) and durability test(B) over the catalysts

K78 T CM/Z5, CM/Zr, CM/Z5@Z5 F1 CM/Zr@Z5 A CBIRBE - My e B ISR . T8, CO,
VERBREE A, LBl 2 BBl A 2 R B 1S, SR 4 FPEE AR 1 CO, BE BRI RIS RAH 2248
K, X ATRER N R CB7E B R s B SEUS , 77AE 0 ()7 m R A 4 A i R AR TR EE 4Rk, TSR % B
TAZSMWEA R . Fei 25T Co,0,@HZSM-5 fiEfb —E B BeiR B e, [FIAE & BLAE
Co,0, FR 1A 125 HZSM-5 72 2 RIEHE S T COEFMERE . Lok, Hrial = Prfe s 6 iR B Ak vl i
BB, TR s, e s b b

CM/Z5@Z5 1 CM/Zr@Z5 1) HC1 38614 BH 52 55 - CM/Z5 Fl CM/Zie, T CLEEEPE AR I , 3 i B 425
SER PR Y S-Z5 e R RE S A AU, T T &I L. CM/ZS 1) HCL e 8  5 F CM/Zr, IHIA T
CM/Z5 " B BR A7 5 (A IR RE , X S AL AR e PR S — 2, UEBH T Ak 00 2 0% 1) 3 22 R R S0
B . LA, S asiHUAR) S-25 722 FERFEMENER, Wi SO /) CB A ]~ ik A CM/Z5 4
e, TERRAAL S PRI S -IR B A E S, 2B HCL, CO,FITH,0 58 =4 .
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Fig. 7 The selectivities(A—C) and yields(B—D) of CO,(A, D), HCI(B, E) and Cl,(C, F) of CB
catalytic combustion
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kAR HUAST JZ TN AL I B BRSO SRR VR AL, ZEA AR T SN IR T
KA T AR ERIRBE I A 2L MG B (WA SCSCRRE BRI S2). 41 SCHk[33, 34 J4ikiA , 1446, 1478 FiI
1583 em™" b A I S0 0 AT U i T A A0 ) SR TR B AR SR 1) C=C 4R 3lr, 1482, 1540 F111623 em™ &b Il
WA RT 43 ) U1 TR A | SRR BRER AL IR O I AR (IR 3l . I A TRRE i 44 R
M ASER N C=C IR shgE R R IR EL R shi . AHELT CM/Zr, CM/Zx@Z5, CM/Z5 F1 CM/Z5@Z.5 Y5 5 3Y
I B ORI SR 0, X UH KT HZSM-5 Hh B RS s PR W S AIE Ak . ok, Ak rh &AL 3R
O TR TR Ao 1 A s 04 5 5 /NI S CMY/Ze>CM/Z5>CM/Zr@Z5>CM/Z5@Z5 , 33X 54k 5 i HCL %
PR RS P A L, E— 2R T 5 )2 5 A Y B BR A s XML SRS L T A HCL R 2244 1k
FISEHEBRAER .

3 &

i3 [ 3D AT ENSR IS, LA HZSM-5 231 Ry A 52 P 5, Silied 241 4 57 28019 HZSM-S, Silicalite-1
8 700, N NI MR A, MR T 2B 290 33 um, PIAE EAR 2K 880 wm (A% 7 45 My e A4k 71 .
HEL T RRARFNXT HARZE R ST A AL SR BRPEVERE RO SE IR . 45380, 55 HZSM-5 il Silicalite-1 ZE 1A
HHEL , ZrO, 284 0 HE R TR /N, (A R FAlish 4 /b A A L ATE AL . HZSM-5 G 28k il 4140 )3 1o
BN 5N EMRIVER, SR i ERIR e AL R R HCL I e . [RIE, T T Ao as M e SRR
Bt B Ve LG . HZSM-5 A1 n] 38 1o 1 58 B il S22 o ZE il S b R T DU, DR i LR &1
g, BRI EYE . LU HZSM-5 N AZ BAARR SR CM/Z5@ZS B R TR FE 2 AT . WA IR 5
A PEIRN SR AL, R T RAF AT | Rt B HCLART CO, ik #51% .

X1z 8 Whttp: //www.cjeu.jlu.edu.cn/CN/10.7503/20240394.
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