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Abstract In precious metal catalytic systems, achieving a high degree of uniform dispersion of precious metal
nanoparticles while establishing strong metal-support interactions is crucial for inhibiting the migration and loss of
active components, as well as enhancing the intrinsic activity and stability of the catalyst. This study utilized a
polyethylene glycol (PEG ) -assisted hydrothermal synthesis method to control the dispersion and anchoring state of

silver nanoparticles (Ag NPs) , resulting in the preparation of Ag NPs/USY catalysts, which were then applied in the
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catalytic hydrogenation reaction of 4-Nitrophenol (4-NP). Using USY zeolite as the support and PEG as the reducing

and stabilizing agent, a series of Ag NPs/USY catalysts was prepared by adjusting the molecular weight of PEG and
the silver loading. Their structures were characterized using X-ray diffraction (XRD) , scanning electron microscopy
(SEM) , X-ray photoelectron spectroscopy (XPS) , and nitrogen adsorption-desorption (BET). The results indicate
that the steric hindrance effect of PEG and its synergistic interaction with the functional groups on the zeolite surface
enable the high dispersion and effective anchoring of Ag NPs within the mesoporous channels of USY zeolite,
significantly suppressing the aggregation and loss of Ag NPs. Under ambient temperature and pressure conditions,
the 5%Ag NPs/USY synthesized with the aid of PEG-400 exhibits excellent catalytic activity for high concentrations
of 4-NP (500 mg/L.) , achieving a conversion rate exceeding 99.9% within 8 min, with an apparent rate constant as
high as 0.817 min~". After seven cycles, it maintains over 90% activity, demonstrating significantly superior stability
compared to the Ag NPs/HY system. Characterization analysis further confirms that the Ag NPs confined within the
pores exhibits higher resistance to oxidation and loss. XPS results indicate that the retention of elemental silver in
Ag NPs/USY is 2.07 times that of Ag NPs/HY after cycling.

Keywords Silver nanoparticles; USY zeolite; 4-Nitrophenol; Catalytic reduction
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B 5 BRI AT . R, R B AR AR SRR B R L SRR e i A R, R R T
Ag NPs HEAbIE M SIE PR E P i GBS
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554 R AR SORL () BRIV E R TR AL S Ny AR, B B R T AL e Bk SRR e Y. 2R IR RRE, USY
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SAEREFE2 h, B U VR T, 0 45 31 2%Ag NPs/USY, 3%Ag NPs/USY, 5%Ag NPs/USY,
8%Ag NPs/USY 1 10%Ag NPs/USY AL 7] 5529% Ag NPs/HY , 3%Ag NPs/HY , 5%Ag NPs/HY , 8%Ag NPs/HY
F110%Ag NPs/HY.
123 RN K50 mL 200 mg/L 4-ff 3 2 B V5 O A 2] 100 mLBefH , BEFETR &5 A
0.08 g NaBH,, FEIA 100 mg fEALF] , 1 UV-Vis Wi 52 0 BEFE . B4R A NaBH, f# 4-NP 437 04 A
300 nm £18%5 2 400 nm , VRS AR 2 i, FKH4-NP B ARG, RN —BEiHE S, 400 nm 4h ()
W AU 5ig 5 2 T T I 2%, [RIEST7E 300 nm &b HH BB Cf 7 4-AP A= 1), FESOW 2L B Hh , 53F% 2 min
B2 mL S W, RS I WO R . R 5 SO 4 o BICA ) LR AR, TN 3857 4-NP Uk B
il .
124 WL H K100 me fEALFIINA R 0. 08 g NaBH, 1Y 50 mL 4-NPIEW H, T2 06 K KW 2 min &
oA, PR BRI R S RN, B3R 2 min BURE
125 fEFREHE 100 mgfiEALFIINA T 0. 032 g NaBH, 4 50 mL 4-NPIEWK . 7E% L F B 58425,
B0 8 AR, TR ARE TR ICR , TR SN P4 b A SO0 i B A2
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YAKLAF (Ag NPs) J , USY ZrF Uil P4 /N RS A 454 . TEM 5L LI 1(B)FI(C) | M figfa i X 5
A6 EDS, Bl 1(D)~(G) 13RH, Ag NPs LG KAL ¥ 1B X34 5 B B2 43 BT USY 244 3% m Al
FLIEWN . ARG [ 1 (OO ] B R , Ag NPs K42 29 4 10. 5 nm, FrUEZE 24 5. 0 nm.
B S2(B) A (H) (WA R 5 8) R, BB Ag R AR, AR 98 KRE —F 10 S 20 438 340 4 186 K
(2%Ag NPs/USY : 7.0 nm, 10%Ag NPs/USY: 18.3 nm), H.H Z /) Ag NPs /-H7E USY 2R . =409
7 51 L 2 OB (HRTEM) B 5 [ 1 (H) F1(D) 13 BB R 7R T Ag NPs [ fi b% 25 80, FL S A% [A] B
0. 248 nm, NI T 18U 57 )7 AR A (111) 5418 (JCPDS No. 04-0783). iZBUE 5 Ag NPs FHIE Tk [a] #E [X 1]
0.24~0. 25 nm = EVIAE. IEIST(A) (WASCZFHE B s, USY HAA /N HAEEAT 451 .

. ©

RSO R

;. :20.0m o0 50nm
Fig.1 SEM image(A), TEM images(B, C), EDX mappings(D—G) and HRTEM image(H) of
Ag NPs/USY and lattice spacing of Ag NPs of Ag NPs/USY(I)

WMESI(B) 7R, HY HA FAUSRINE S . lE 2(A) PR, 1140 Ag NPs J5 B9 HY ¥k AT PR KRS8
R FAUSRNE S5 . TEMRIE LK 2(B)~(G) J5:M, Ag NPs 1 HY 731 e i1 b FLIE N ¥ 2] 70 HE,
FEARAR E]RE A 0. 254 nm [ 11 2 CH)FI () ], TJAE RS R O 7 5 B (111 d i . iAo A [ 2(C) i
FZ6EH, HY 20K B Ag NPs (- 5R042 4 13. 4 nm, H 2B/ EBRHE . 5 Ag NPs/USY 1R R CF-355%0
#£10.7 nm) ML, Ag NPs/HY fAFR BFHPRARI/N T 2. 7 nm ELREAR 73 A5 9 Hevh , BAT 35 1 00k 1
—Hk.
N T VA A RME AR BE IR 2, 43 BIXT Ag NPs/USY Fll Ag NPs/HY & G MR EF T T 2 8l 1] 4-NP
HEALIR I S2G . Ag NPs/USY 2215 8 MNESEMEAL IS , HESEM RALLE R[] 3(A) |7 T S AL
M LLRERE . SR, EDXTTR [ 3(B)~(G) 18R, Agina BATNE T USY #ifk, (HE =8
HIRMG . Rt st [ 3 (BRI 1R, ST Ag NPs B BPRife i 1 224 18. 6 nm (hifE2E 2
6.8 nm). SZNLSEAESEEY HRTEM BT [ 3(G)FI(H) 1278, Ag NPs Y S 25 S RIFE ) 0. 210 nm, %
IV RTES 0. 248 nm B FFAE, E—HAIFSE T Ag NPs fEfi (bt firh & A T 3 o4,

I Z T, Ag NPs/HY S5 MR 3 54> M Se i Ak A 5, 00 70 L AS 285 4 [l B OR R AR 2
[E4(A) ], Rt [ 4(B)HE 1R, Ag NPs SEXHRAR 204 10. 5 nm (BRifEZEZY S nm) , 550 i
(13. 4 nm) A FTFEAR. B 4(B) @R Ag NPs (%5 BRI /0, HAME R S1TULA S RHE B B EDX TG R
SIHTAE R 4(COFN(F) |, BROTR & it b LEARVATEY 5. 94% T RS T 4. 07%, RIFE—ERERY
Ag NPsitk . W JE Ag NPs/HY A HRTEM B[ 1K1 4(G) FI(H) 15 7s fbAg 45804 0. 252 nm.
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Fig.2 SEM image(A), TEM images(B, C), EDX mappings(D—G) and HRTEM image(H) of Ag NPs/HY
and lattice spacing of Ag NPs of Ag NPs/HY (I)

50 nm

0
10 20 30 40
Particle size/nm

100-nm 100 nm

‘ .Iv()()nm £ o 2o 0_(_’_211].1 i =

Fig.3 SEM image(A), TEM image(B), EDX mappings(C—F) and HRTE
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Fig. 4 SEM image(A), TEM image(B), EDX mappings(C—F) and HRTEM image(G) of Ag NPs/HY
and lattice spacing of Ag NPs of Ag NPs/HY after five reaction cycles(H)
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B 5 H i XRD % & 2, Ag NPs/USY 430 7F 26=6. 3", 10.2°, 15.8°, 18.9", 20.55°, 23.9°FlI
27. 3" A B USY FFIERTH 6, Ag NPs/HY HP HY BYRHEAT STI5AE 260=10. 247, 12.00°, 15.79°, 18.83°,
20.49°, 23.79°F131. 58" 4k, YJUESLEATTHA RAFAZE MPE. 14K Ag NPs W) R 15 B Hr 4 AR W ) Ag
FRAEIE , 2B Ag NPs &5 B 20 HGEUR SH/IN . 9RTHT, 28 22 UL SV 5 L 5%Ag NPs/USY 75 26=77. 3°4ib
BB Y Aglif 5 Ag NPs/HY 7E 20=64. 3°F177. 3° AL [RIFE H B Ag FRfiE UG, JIESE Ag NPs ZAEHIR, H Ag
NPs/HY W65 BPEAH X 40 2% .

(A) *Ag
NWETE R 10%Ag NPs/USY
ol b 8%As NPSUSY| (@)

L Lt 3%Ag NPs/USY after 8 cycles|, -
) o S%A'g'N'Ps'TU%

5%Ag NPs/USY after 8 cycles *Ag
*

b 3%Ag NFS/USY
T 2%Ag NPs/USY A
5%Ag NP: Y after 5 cycl
Lodilide v g NEAUSY af  cyok

5%Ag NPs/HY after 5 cycles
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»
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Fig. 5 XRD patterns of USY, HY, Ag NPs/USY with different concentrations and Ag NPs/HY

FHIEE -2 BB AR (TGA/DSC) X} Ag NPs/USY Fil Ag NPs/HY AU EMEUEA 73R AE . A&l S3 (LA
SCEHHE R Bk, Ag NPs/USY 7E 220 “CH J5 5t 451 2% 28 93. 7%, 3222 17 R 9 B 56 /K 1) 58 B2
220~300 “CIX[H] 2y B BB, G th T30 3R AR T80 550 “CRY AR AR T i 7 5L
479 8%, HAE520~800 “CIX[A] LR FFFRE (BT 4512 <0. 8% ) , & B It 0 Rl I 43+ Wi JR 45 A A
KR EDA. Ag NPs/HY BB TR BAAR L, (HAAAEOCHEZE 5 FEIRZ 100 “CRIHARD R I o i 2
[ J3T 8 1 2% (Brensted B2 o7 s, & 28 5 85010 P 3G 5 )) 5 550 “CJ 5% 4% ot i AN 76. 64% FR4E T B =
74. 03% (5 Ei E AR EE R i IR AR OC ).

WK 6(A)fitzn, USY, Ag NPs/USY, HY Fil Ag NPs/HY £ &0 W -l R ith £ 25 o0 H3 Y [0, 36
B AR EA AL . AL S KL Y £ e FLIA S5 . AHXT Ag NPs/USY, Ag NPs/HY FIFHAL L 45 4%
i, ARSI A, SR HEALETE A A e e s A

280 2.8

(A)—°—E¥ caldsorbe'd ®) ——HY
—~ == esorption
T, 240r  —e—Ag NPs/HY adsorbed ~ 24r +A§§P8/HY
: —e—Ag NPs/HY deso . —+=U
£ 200f £ 201 —o—Ag NPs/USY
3 ol P o 16F
é; 0 M"‘" __‘__‘__‘_.‘._‘._‘-_‘-_‘-_gs-" ma
@ L S 12F
g g 5
£ g0l § 0.8F
= t) —— USY adsorbed
§ a0k —+—USY desorption = 04F
o —=— Ag NPs/HY adsorbed
" . ,—— Ag NPs/HY desorption O <o 0o o » stp—t—t—p
0 0.2 0.4 0.6 0.8 1.0 04 06 08 1.0 12 14 16 18 20
Relative pressure, p/p, Pore diameter/nm

Fig. 6 N, adsorption-desorption isotherms(A) and pore size distribution curves of USY, HY, Ag NPs/USY
and Ag NPs/HY(B)

WE 6(B) FLAE A 2 B, J5R USY 5 HY BIFLAE TR0 T 0. 5~0. 9 nm X [H], 7178 Ag NPs J5
I R ZE 0. 8~1. 0 nm. HAP USY AU FLARE IR K 23. 6%, THALIAFLEIN 52. 9%; HY B F-HfLAzHE IR
Jg42. 5% , ALRTRFEAR 50. 0%. 45 BB, Ag NPs/USY FLARA3 A T I EE T, 1 Ag NPs/HY N2 51
WG S A R — 1k
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M2 1B R, 1148 5%Ag NPs J5 USY 5 HY MGCFLTE AL SFLIAF S B FLIARRIY B8 %, A
LA R vl i S 8 LA AR [USY : SRR I (52. 9% ) > B LA B 1R (43. 8% ) 5 HY & 50. 0%>
34.0% ], FWIFLA5H A Ak 3 2 th AL IR PR BB ZE T B, A FLAZ 52/ . USY 45 R R
674. 60 m*g % 306. 97 m¥g, HY i 768. 06 m¥g [ 411. 01 m*/g, MILG B IH K FGFL T AL KR
TR . [ERERE RIS, Ag NPs/USY 5 Ag NPs/HY HRAR A0 KK 1 B9 0042 70 510 10. 5 nm (ARifEZES. 0
nm) F113. 4 nm(bpifE2E 3. 3 nm) , 28 KR F AL T (<1, 0 nm) , JEBILE K250 Ag NPs Tk AfFL
fLi, JUH Ag NPs/HY K Ag NPs PR A2 0K HARiEZE /0N, AL T i AVEdE— 2032 IR . Tl IR
R s R FLAR R R IR A B G, i — 2B A0IE Ag NPs F2 205 48 T 41 2 iE B EEE ZERALAL 1T, X3AHL
I TR D

Table 1 Pore area, pore volume and pore diameter of USY, Ag NPs/USY, HY and Ag NPs/HY

System Micropore area/ Micropore volume/ Average pore Total pore volume/ Specific surface area/
(m?-g™) (em?+g™) diameter/nm (em-g™) (m?*-g™)

Usy 675.88 0.2679 1.8688 0.3152 674.60
2%Ag NPs/USY 373.27 0.1477 2.1504 0.2018 375.31
5%Ag NPs/USY 320.85 0.1262 2.3102 0.1773 306.97
10%Ag NPs/USY 240.26 0.0929 2.4644 0.1480 246.30
HY 780.30 0.3082 1.7952 0.3447 768.06
5%Ag NPs/HY 315.06 0.1537 2.5574 0.2208 411.01

BE#& Ag NPs T2 193G In, B MIE T T 700t 0938 0 FLIE 254, B LIARE | L AR R R
FLIRFRE 280N, PR NIA RIS A . SRR, Ag NPs 2 [RIJE B S0R: Rl B L (CHALAE I8 T 4L
D A FLAR BRI AR , DOTZERF 1A 15 S8 . B Ag NPs Tk i i i, FL&5#
PAL 32 T AR AL T, 4-NP AL MLt AR, LY 5O AR ALY 8. o FAE LA )
PR BOE H AL & 12 B0 S, BE AR T I EOR S, DR R TR N e AR
BRI N 2% 3 2 5% W), WSRO s BCR I, ARG PRI BT s SRS TR A E 10% B, Ag NPs &
A B REES2(G) ], FHEOREE MG EN S, AR T R

K] S4 (WA S 45715 E) W HY, USY, Ag NPs/HY Fl Ag NPs/USY (1) FTIR 63, i & Al WL, HY Fil
USY 7 17 280485 B H AR A AR DS, 3R UE T XRD FMTEDX HHiESE 1) Ag NPs =5 B4

NP 7(A) 7R, 76 Ag NPs/USY 1 Ag,, 85 43 BE 5 XPS 63 th W88 51 2 A 0%, 454 RE4r IGL T
368. 10F1374. 12 eV 4k BEAh, BRI B0 T 372. 99 F1374. 40 eV 4b . KT HUARME(E (AgO: 367.3
eV, Ag: 368.2 eV, Ag:0: 368.5 V"), KEL2 N FIERILEAHES Ag, AgO Fl Ag,0 M5 A RERRA — 2
220, Ag, VEMZE G AR S & AR ZE T BU N, MELUUFEIX 24> FWHERf X A AL 22 RS . 856 it s
B0, ST, RS G REL) 529. 00 eV ALK S0% , ATHERR Ag,0 AALE. [FIRT, £F O, Jaig Ak
WLEEF 284. 00, 287. 60, 292. 30 F1295. 00 eV &b FIFFAEIE . LRG0 M4 KW, AgFefifb il rh 21U
PA R ZSAEAE . Hih, 368.4 eV WSS N Ag 1 3do, 725, 374,12 eV &b (W1 Ag 1 3d,, h 25 . 40
7B, O, Gk I 24N 531. 31 eV ARAYIEIH A T C=0"E g1 (15 £ 39. 09%) , 532.59 eV Ab
A UEEXT N C—0/Si—O0 (5 FE 60. 91%, C—O B Re A RFIE W % 1 B 32 2208 T PEG 5] A) 1, X =8
Ag NPs/USY WYL R AFAE I [ M 25

Ag NPs/HY [ Ag,, (R 0 B XPS S [ K1 7(C) Irh, #£368. 21 F1374. 23 eV ALFEAE 21> B TR (1) 45
TR, RE IS I6 5 B4 F 373, 10 f1375. 95 eV 4k . O, XPSHEHE[ ] 7(D) 1 2 4~ 144331l 7E 531. 60
eV (XFh; C=0 T REM], i 38.2%) f1532. 63 eV (Xt )i C—0/Si—0 FRER], Atk 61. 8% )4k . 4R %
B, HRTE Ag NPs/HY i LA B A A AE 0

Xf 28 i 22 A4S B N B 9 Ag NPs/USY 1 Ag NPs/HY 1 #4717 XPS Y6 i il izt . 78 Ag,, B9 63
[E7(E)FI(G) 15, WP F I A4 21 Ag°FN Ag A7, W Ag NPs TEE IR FE i o pl S8 Ak . 7E7E
IR ATFE, Ag NPs B A ALRRAR T XHA S5 R N FREAL TG M . Ag W ATE B Ag,0, DAV H 8% BE 1)
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Fig.7 Ag,, XPS spectra of Ag NPs/USY(A), Ag NPs/HY(C), Ag NPs/USY after 8 cycles(E), and Ag NPs/HY
after 5 cycles(G), O,, XPS spectra of Ag NPs/USY(B), Ag NPs/HY (D), Ag NPs/USY after 8 cycles(F),
and Ag NPs/HY after 5 cycles(H), full XPS spectra of Ag NPs/USY, Ag NPs/HY, Ag NPs/USY after 8
cycles, and Ag NPs/HY after S cycles(I)

4-APEA WG AgTE BN Z , ik Ag LIRS IF R 4% . T Ag B 24 MM RS T 8 2% g R 1
hin, 7E Ag NPs/HY B9 63 b B b i . Hirb, Ag NPs/USY 2 4~ Ag” W i 45 45 B 43 W 52 T 368. 17 Fll
374. 18 eV AL, WS Ag' W FI4E G REST BT 368. 64 F1374. 49 eV b . Ag NPs/HY Wil Ag 45 45 RE >
LT 368. 04 F1374. 06 eV A4b, P~ Ag' W25 5 REST 567 T 368. 37 F1374. 39 eV Ab. 1 Ag NPs/HY FiI
Ag NPs/USY 1 O, i A BB A0 [ 7(F) FI(H) ]. Ag NPs/USY £ O, i i 2 N6 9 25 5 5B 43 37
F531. 54 f1532. 36 eV Ak, Ag NPs/HY 7£ O, Yt 2 MG 45 6 B8 0 BI T 531. 38 F1532. 23 eV 4b.

X} H S N B 9 Ag NPs/HY Fl Ag NPs/USY fit XPS ikt i FR[ & 7(1) |, &P Ag,, O T LR B R
F, SRBATAALG, Ag NPs/HY F4%94. 6%, Ag NPs/USY F[%88. 8%, 1J WL USY %} Ag (4 & RE J1 A XS
HY 5 —26 | W AT BV Ag E T & Z W R e, AURAE T %4k, 1 B AE AL G Rtk .
Ag NPs/HY F1 Ag NPs/USY 1Y O, W ARTE SO J5 JL-F- 1A 281k

XF H B H S Ag NPs/USY 1 C, 6% [ IF S5 (A)FI(B), WA Hi {5 B ], RUVRT C, 6 g 34
U3 557 F 284. 91, 286. 68 F1288. 85 eV Ab, i Jii 3 M43l v T 284. 74, 286. 32 F1288. 84 eV Ak,
SR B R . RTT, C—O B RE T (45 4 RE 24 286. 3 V™)) 1y lés 1 AR LY 9] 5 35 R % R BT i L
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57.3%, TR G IR 29. 1%. 1% C—O FHIEW (£ 286. 64 V) 1E ¢ PEG B2 S AR il B m TH
B IR AR R s N B 2 I3 PEG 4L . PEG YR AKE—4 S50 T Ag NPs Ml
B, S Ag it LA
22 fEEHEELERE

PEN T LLARTE T 2 - (PEG-200, PEG-400, PEG-600) i JF 54 1Y 3%Ag NPs/USY Fll
3%Ag NPs/HY HEALFIXT 4-NP BB JEVERE . SOWTER | 25 “CR#E4T, 4-NPIE W pH 4 7, NaBH, hid )5t
. L UV-Vis Wil e ot 72 (8 S6, WA SCZFEFE ), &ML 4-NP 5 NaBH, IR A )5 7£ 400 nm % KAk
HEURRAE e . S5 IR RN, BT AR BB A AGA IR 4-NP, Horf Ag NPs/HY-PEG-200, Ag NPs/HY-
PEG-400 Fl Ag NPs/USY-PEG-400 I it {635 3 5 751, 7E 6 min P58 04 it 5 B Ag NPs/HY-PEG-200 7£
6 min NKFIRO'E FE [ B IR 1Y 3%0 LATT . FL B A AR 148 S ][] 4K U Ag NPs/HY-PEG-600(8 min) ,
Ag NPs/USY-PEG-400(10 min) fl Ag NPs/USY-PEG-600(15 min). XA [E PEG 4> T & AR I E
B MBI RER SR 4-NPIRJE, B03E T4 B ik ik

TER AR Z, 4-NP LA MR EE M 3. 591072 mol/L, NaBH, ¥ J& 4y 4. 22x1072 mol/L (A 24 T 4-NP i
11. 84%). it NaBH fFAEWT, SO X 4-NP ik BE Bl — 20 8l 2@, X 5 R m VAL S —
# (Langmuir-Hinshelwood B %Y ). WA H 4 £, BITHE AT

k., = M (1)

t

K cofll e, (mol/L) 4351 R0 & 11 B5F 2201 4-NP VR JEE

X TSR A T, 15 I SR S S S AR A k.. AU IR DRE RBRP B A AT

n A\ 2
Rzzl_zizl(%“%)z (2)
zrz 1(yi - 9_/)

2545t (&1 8) , Ag NPs/USY-PEG-200 (k,,=0. 573 min™', R’=0.884) , Ag NPs/HY-PEG-200

(k,,=1.001 min™, R*=0.941), Ag NPs/USY-PEG-400

(k,,=0. 577 min", R=0.909), Ag NPs/HY-PEG-400 if = A NPUUSYPEG-200 kup-0.573 min
® Ag NPs/HY-PEG-200, kapp=1.001 mlq"
(k,,=0. 570 min™, R*=0.964), Ag NPs/USY-PEG-600 op @ 4 A NPVUSYPEGA00, ey 0 77 i

v Ag NPs/HY-PEG-400, kupp=0.570 min™*
*

(k,,=0.311 min™', R=0.741), Ag NPs/HY-PEG-600

app

(k,,=0.601 min™', R°=0.956). HH4IHEN], PEC- < 5|

200 1 PEG-400 4 Bl & UM AL R 0 &, BTG T B ¢

PEG-600 i Bl & LA AL, HL Ag NPs/HY ¥ P ;f | .

LT Ag NPs/USY. KZHfiEILTIY R 0. 85, %% b A e P ool mis

B N AE TR 55 P AR AR — B i 2e il . K 0 2 4 6 8 10 12 14 16

R i 32 252 S ) 33 4% Jor IR o 3 Jm s e J32 Time/min

AL Fig. 8 Linear fitting of In(c/c,) vs. reaction time
Vv .

. . for the catalytic degradation of 4-NP by
115 I PR BE i
FEFRPEREML LI 9 (A) P (B) K P S7, WA S Ay NPSHY, o A NPTUSY. symthesized

XA R Tk~ iR, Ag NPs/USY-PEG-400 F using PEGs with different molecular
Ag NPs/USY-PEG-600 75 7 G 3R Ja fEAL TG 2 PR 4 weights as reducing agents
90% LA I, I T ATEA M ; T Ag NPs/USY-
PEG-200 B RGN GG 2R N . SR HIRE, FiEE PEG 4 TR0, WIRAEA IS RS, HIEPR
FUE MR . X T 4Tt PEG 358 T fEAL A 25 P RS e M sl /b T ARG Ik . LRGN S .
Ag NPs/USY-PEG-400 - T it SR8k, hdnetiififbi) .

A AR R0 508 T 4-NP ¥ EE AT 200 me/L AOIKR R, AR ST T & BY Ag NPs/USY-PEG-400
5 Ag NPs/HY-PEG-400 X} 500 mg/L 5 ¥ i 4-NP A/ 2 = 808 g 77 . 3%Ag NPs/USY-PEG-400 7E 8 min
WIE AR R L EI S8 (B) , WA S HEFE B |5 AR i kI, 7E2%, 3%, 5%, 8% Tl 10% ik
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Fig.9 Cyclic performance test of 3%Ag NPs/USY synthesized using PEG-400(A) and PEG-600(B) as
reductants for the degradation of 200 mg/L 4-NP

JER Ag NPs/USY-PEG400 1, 5% HRU BE TG PR L, £E 8 min IR EERE ERIIRIEN) 1% LI, Hefb®
3L 99.9% [ 10 (A) . X HE 8 MK 22 57 7R, 5%Ag NPs/HY-PEG-400 5 12 min 52 B 58 42 i Jit
LET10(B) ], 2R USY BUARTE R IE T B FoicR IS

cle,
T
J—
/
e
c/e,
T

23T (A) — O min 25F®) —Omin
—2 min —2 min
20k —4 min 20k —4min
4 — 6 min s —6min
RS — 8 min o — 8 min
g 13 g L5 — 10 min
g g — 12 min
£ 10 s 10
o w
I <
2 05 < 0.5
0 C 1 1 1 1 1 1 1 O B 1 1 1 1 1 1 1
325 350 375 400 425 450 475 500 325 350 375 400 425 450 475 500
Wavelength/nm Wavelength/nm
Fig. 10 UV-Vis spectral evolution of 500 mg/L 4-NP in the presence of 5%Ag NPs/USY(A) and

5%Ag NPs/HY(B)

A [ AR 70 288 At A 0] 1 3R 00 33 8 B ke, P St S T R O B B S ), R MR B 430 R 2%,
3%, 5%, 8% F110% 1] Ag NPs/USY-PEG-400 1 £, fH4351 2 0. 332, 0. 461, 0. 817, 0. 610 F10. 540 min™
[ T1(A) ], 5% gt b, a5 I AE , B4R BE 3% B B4R T+ 77%. 1T 5%Ag NPs/HY-PEG-400 [
ko, M 0.293 min [ B 11(B) 1. 2%, 3%, 5%, 8% #1 10%Ag NPs/USY (1 R*{H 53 5l 4 0. 951, 0. 998,
0.999, 0.989, 0.970, 5%Ag NPs/HY B R*(E 4 0. 933, B8 G l— 2 sh Sy 2458 . Al , 2%Ag NPs/
USY i J5A [F] e B 4-NP 1) 8l 127 o3 A 45 R R WILIE 11(C) ], k,,, BEH BE T) i B2 2 M T i (100 mg/L:
0. 700 min™'; 150 mg/L: 0. 619 min™"; 200 mg/L: 0. 586 min™") , 74 Langmuir-Hinshelwood 57 %) 7 5+ 1
BEHAILI . X JFAS [ B 4-NP 1k, LA TG 8RR 0. 00115, R A 0. 946, Tk, 15 4-NP ¥ i i) 5 55
JELMR.

1 : 0.5
A)_ ~2%Ag NPs/USY, kupy=0.332 min"! B = 5%Ae NPs/HY [(C
0 LV AS NPSUSY k=046 1 min- ol B S%AgNPYHY| 0,70 (O
L 05| 0.68 -
2" . —10F T 0.66F
—_ & .l .
< 3r S -15f kap=0.293 min™! E 064t
) -4 | E . g
= —2.0f < 062}
=r 2.5}
—6 [25%Ag NPs/USY, kap,=0.817 min<l ’ 0.60
#8% Ag NPs/USY, ko, =0.610 min- 3.0} B
-7 910% gNln) /U|SY’ ZPP=|O'540 n}in’ll 35 1 1 L ! | T 058 1 1 1
-1 01 23 456 789 0 2 4 6 8 10 100 150 200
Time/min Time/min Concentration of 4-NP/(mg L")

Fig. 11 Linear fits of In(c/c,) vs. reaction time for Ag NPs/USY(A), Ag NPs/HY(B) and linear fit of
k,,, of 2%Ag NPs/USY to reactant 4-NP concentration(C)
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] 12 Dy v T S 6 4-NP e B2 i S W s B AR AR R 2. 72 S 2 mim S B 5 SRR o 18, K
P IR S5 5 4-NP YR B2 JLSF-AS BRI )R [, AT

LR A IR AT SR BT L Ag NPS/USY Al v S Temruptod Ag NPS/USY
Ag NP/HY #5 FAT B3 10 RE P . Jo 240 Ag Bl N\ Lt
NPs/USY Ji 1) 14 min P30 (1) 4-NP o BE T [ ST
AR T 19%. < oat

BT RGN Ag NPs/USY RO AL g, i 02f
Ve FEE VA — AL R O o, S SOk B R S ol \\\.\ o
FEFNIEAT T X H A% B AR 27 02 4 6Tim86/mi: 12 14 16
Z T 5O 4-NP IOREALIR T SRR, 20 Fig. 12 Interrupted testing of 4- NP reduction by
LR B ) 5 A W 12 5 1 2 AT S%Ag NPS/USY and 5%Ag NPYHY

P T ARMEAL LU R B L R 2 TR

Ag NPs/USY (¥ k,,, (ELIAF] 0. 817 min™". jX 75 45 T Hom AR MIAIR AL T 2 A9TEMEALA, T2 2 42 7T
THREALTEPE . BRILZAN, Ag NPs/USY 75 8 MAFR M rp a5 TSR BTe 1k . (AR, ML)
TERR R AR 5% T RO B S ERE , 2 —Fh e BT A 16 1 A i £ 551

Table 2 Comparison of rate constants, silver mass concentrations, and cycle numbers for different silver-

based catalysts
Entry Catalyst kapp/mirfI Concentration of 4-NP solution/(mg-L™")  Silver concentration(%) Cycle(act.">50% ) Ref.
1 1GO/Ag 0.49 417 18 8 [53]
2 rGO/Fe,0,/Ag 0.37 13.9 23.1 3 [54]
3 Ag dendrites 0.34 14.3 ca. 100 N/A® [55]
4 Ag/MR-Photo 0.126 17.4 1 4 [56]
5 PG/Ag 0.33 16.7 55.3 N/A? [57]
7 Fe,0,/Si0,@Ag 0.24 0.0278 1.44 4 (58]
8  Ag NPs-loaded-zeolite ~ 0.18 9.2 4 N/A? [31]
9 Ag NPs/USY 0.817 500 5 8 This work

a. Act. : the proportion of activity retained by the catalyst in the reaction relative to the first cycle; b. N/A: not described.

£ Ag NPs/USY Fll Ag NPs/HY IR Z 1, PEG AR T Ag NPs I BIR S . X F LI T & it
T PEG AE NI SR RIS E R, H R s B Ag NPs 1m0 7™ A= 14 28 [ BSOS , #ef T F00RE )
WA B AR 2 A 2% 34 5 5%, Ag NPs/USY-PEG-400 PRI P07 s 8 hnmi Ak s v -7 1
I 10% 0], Ag NPs B4 BESHIEM TR . Ag NPs i 5c B 28mfL , ARl FLasH B L A4l &
SEEAR AR E AN FLIRBURESE T SO AL T, AT TR TS . DL PEG-400 Fll PEG-600 S i Ji7 51
i5f, Ag NPs/USY BTG IR FaEME B 2 T Ag NPs/HY , 1% =BT USY 2 Ak it FL I 454 Ay Bk 2
PERT . BILE Ag NPs/USY 1 Ag NPs KiA2AHXT Ag NPs/HY %5708, (HARMEZE A8, XA T USY /4L
b, ATERHE T 228 [ LR IE Ag NPs A=, IS8 K42 5 [RIA, A-fLArAi A S ksl 1
Ag NPs RS RIBENLY: , SEbruE2ERE K. R, Ag NPs/USY HRiE AFLIE P Ag NPs HL AR 45, HL
FLIE Y Ag NPs ARGk, dE—B4R—TF TRETE ™. XPS il b Tyl T X — i . ZIRIGH NG,
USY TP OR- BRI BT AR 1o HY 19 2. 07 1. e Semit o ad e v, mlade FHALRE BT = (R4 D500, S aAe e il
5E, W THIAERPERE .
23 B RRHIE

WP 13 fiR, Xt Ag NPs4bF USY A FAU 2509 v i 1R G, B UEFT THR5E, A3 LAV HED . (1) 2T
FEPER; (2) A EPNER; (3) AHRENES; (4) AN . HENTBEZAN 1.2 nm, FHIAENTH
4 0.66 nm, M7 EZI A 0. 64 nm. TR HTEEHE, 1.2 nm PUF 19 Ag NPs EE il AR,
HIGAT L, Ag NPs EZA0 T A AMRIAN. AgiiF R EAIUA 0. 288 nm, ZDEUM . AR I AT LE A
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JE\ ITENAT RIS OTAE RN ER . HEASLIE N R
TG R, BITEZ RGOV Ag NPs/USY ATy
TREA TR HEAL TR

i Scheme 1 Fr7s, Ag NPs/USY & & # #Hi b
4-NP i Jii y 4- 4 528 B (4-AP) (1L FE 5776 D IRl fi Ak
B . USY ¥ A7 A =4k 5L /v L 3 B i 2000 Ak
TAT W B 4 4-NP 71, B 3T HTE Ag NPs 3R 1H
T VAL A B JR TR vk Y. 5t [R] F, BH, 7E
Ag NPs AR, IF5 4-NP A A TR B AR5 Fig. 13 Speculation on the most probable positions
e, RO 4-AP BRI, BH /£ Ag NPs % of Ag in the FAU structure of USY
TG 7, AR BO; 5 H, AR BEAK ) B
D H, (2B A Ag NPs/USY S A ZR i BAN/NIE). BlJS . Ag NPs ¥ 2R Hyid Ak g H, 6kt
FErp Ag B A Ag”. TEALAY HAE I SR L A TEPE IR, SR RE (—NO, ) S AR it 2d hk (—NH,) , Jf
TE Ag NPs RIS FOW R R IR R b2k B /D ik Ag', (BT Ag e R SN S ER P AT AT 9l Il
Ag’, RAEALTEVER I A R . BEE TR BN, SR 0 Ag 2Bl 2R, gEmE s fLrERe . 1t
Hb, PRSP ERS> PEG 25025, WA e NE S8 Ebive , SR M. X —
PG5 XPSMBREEFANFT . 2053 8KMEIFIG , Ag NPs/USY [ Ag, WAL & T4, [RIHEIL T Ags, (045
kW, FRAN AL SRR HL R

Activation of H> and
oxidation of Ag NPs

Scheme 1 Possible catalytic reduction pathway of 4-NP by Ag NPs in Ag NPs/USY

TEVZISRE , Ag NPs i1 BEAIR S DA 25 RE 42 we IR 1 8 ) 2R, T USY B4 L 00 26 ] i) ik
4-AP W BB A, ANTTSE B Ag NPs I PR a5 B9 RFEE A1 A FLEA R BRSOV 5 Ag NPs
AT PER DA, AR T S PPRMEREROCHE . WM RIDLA RN SEBE T 4-NPAEALIR 5 0 i e A 50
SR EREE L.

3 4 i
LR 2 B (PEG) MBI, SR K ING Bk il & 17— &R 41 Ag NPs/USY #Efb 57, FHdil & T
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Ag NPs/HY VER X BEAP AL . PPAN T Tl 5 AL R 78 4- RS SEOR B (4-NP) ISR J5U Oy Hr AL BE . 45
RFH, 5%Ag NPs/USY 7E 5 B (500 mg/L)4-NP AL A I i SR B L S5 0 M A B Re e o, Lk
WA H AR 14 0. 817 min™', BEFILT Ag NPs/HY L7 (k,,=0. 293 min™"). HWrSLInZE UIES:, BoRR
AL G R FEAR Lk, R G PR 2 R R AR B B O . A, I AL I 74 22 8 YR 1 il
F R B W A vE P R R, R BT S ME . Ag NPs/USY AL PERE 7T H A F AR LA
. USY BiA B BRI FLIBE 25K, HD AU R RN BIE T, ff Ag NPs 3EA 530 (1 L&
W USY ‘B2E5 PEG-400 f B RIVE FE— 24858 T %F Ag NPs B4 E Fa g 1 5 PEG-400 18 52 23 8] v B3k
VA RN T ARG (Ag NPs) ISR, (HHDRIARIS/IN | 43 ECE 3 5) s AR T e, 64k
O BYBCEERE N, TAHXSEE/ING) Ag NPs ROT A R FIE AL s 55 88, I ER T+ o0 i pE AL TG . AT 5T
B T 4 1 OB A A, URAL T X AR SR AL R 2540 SR RB AT OC R A 3R, A HF R A, B2
E FARAUAS 1) 4-NP I A AL RIS T B AR ST s

X #1538 Whttp: //www.cjeu.jlu.edu.cn/CN/10.7503/20250279.
Rt T AR T K5 AT o S FE A o R AR K 75 d 45 T8 1A
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