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Abstract: Effective removal of toluene (C¢HsCHs) is essential for protecting both the environment and human health.
Although Metal-Organic Frameworks (MOFs) have been widely studied as porous adsorbents for toluene removal, pow-
der form of MOFs has limitations in handling, and mechanical stability, which restrict their industrial application. To over-
come these drawbacks, an X-Zeolite@HKUST-1 core—shell composite was fabricated by the direct growth of HKUST-1
on the surface of X-Zeolite without a binder. In the toluene gas detector tube tests, X-Zeolite@HKUST-1 exhibited sig-
nificantly enhanced toluene removal performance compared with X-Zeolite, achieving 100.0% removal after 1 h, whereas
X-Zeolite achieved only 14.4%. In the structural stability evaluation, the sample that maintained its particle morphology
retained 71.07% of its initial mass, showing significantly improved durability compared to Zeolite X, which retained only
16.87%. Despite containing only 1.80 wt% HKUST-1, the composite demonstrated excellent adsorption performance and
mechanical durability, indicating its strong potential for environmental purification applications.
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a2 1, 3, SR E- T2 E44K(1, 3, 5-benzenetricarboxylic
acid, BTC)= Sigma-Aldrich(MO, USA)IA e 313t Hl
©h2(99.5%)2 Samchun Chemical(Seoul, Korea)ol| x| v}
Atk ALetolE XE Sigma-Aldrich(MO, USA)l A rj
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HKUST-1 &M, 1.576 g(0.0075 mol)2] C¢H;(CO,H);<
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Figure 1. Illustration of synthetic strategy of X-Zeolite@HKUST-1.
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HKUST-1, M22l0|E X & MS2l0|E X@HKUST-1
gtMofl 2 7= 24, Figure 2= HKUST-1, Al-&2}0]E X
a8]3 AlLeo|E X@HKUST-1¢] A& o|u|=|¢} FE-SEM
olm|x]o]t}. Figure 2(a), (d), (2014 &1 4= %ol 34
¥ HKUST-12 218k ggalo] wjA] 2 Jej 2 A=,
°F 2 um 77]9] octahedral F32= =] it HKUST-1
2 g o]2(Cu™) BTCE 7] BlZt=2 #A3e 35—
71 Z4A 0|t} BTC 435 9 Z2E Cu node® 74
paddle wheel -f& 2] 718}8t 25 7HAAL 9loH, F 719
Cu*" T4 ©]2-2 paddle wheel 39| Y] 71| 71540
T w9l o] 38H [Cuy(BTC)y(H,0);]> 7HA= 331+
oA 22 AT SN Figure 2(b), (e), (h)ellA H5o)
ALetolE X= 34 pm 271¢] HIRZ S oA 7t 544
feto g AL AL Hi= oF 1.2-1.5 mm Z719] 73
Zto|t}, A LefolE XE FAU(Faujasite)d 722 7Hle ¢
WA (cubic) 282, SiO, 2 AlO,AFHAI7} AkA HAE
Tt 3z EFr| =4 2] A o] E (aluminosilicate) & 2 S
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Figure 2. Photographs and FE-SEM images of (a, d, g) HKUST-1;
(b, e, h) X-Zeolite; (c, f, i) X-Zeolite@HKUST-1, respectively.
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Figure 3. FE-SEM images and EDS mapping images (Cu) of (a, ¢)
X-Zeolite; (b, d) X-Zeolite@HKUST-1.
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Figure 4. (a) XRD spectra; (b) TGA curves (measured under air

atmosphere) of HKUST-1 (black), X-Zeolite (blue), and X-Zeolite
@HKUST-1 (red).
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150 C o] Aol E X YAE BT uf ARS-H vlIE)7t
AMAE] HallE] 7] AlRRse] FE JE Aol 91.96 wi%E 7
288 Btk AlLElo|E X@HKUST-1 E3412] 75, 14
R FAL ALTolE X G 4 AL iR+
A&}, HEHOZ 88.51 wt%2] =8-S Btk HKUST-1
el Algollx] B 300 T F2o] QR o] 350 T
FZoA #EEH, o] & T3l AlSTelE X} B35l §
gl HKUST-1¢] €3] Fg/do] F71st 21 glslich.

XRF 418 &3 AlSTolE X 94 T3 ALt
°]E X@HKUST-1 ¥4~ 32 Table 10 LFERASITE. A
Sato|E Xo] A 9421 O, Si, Al Na7b A2 ich uha,
HKUST-1°] 4373 o] EA A= Cu 94 FHgol
0.52 wt%= HAEEA-S IRlsion, ol2fgt Cu 94 &
2ko] 271 AAFS Cu 719ke] HKUST-10] Al-&2lo]E X FHo)
e oz Pl es Slsith 249 Cu 94 TS
o]g&-sto] HKUST-19] o287 2] 3 28.93%E 7|50 =
0] o]F= HKUST-19] g2 sl 1.80 wt%=
F4 9t} o] HKUST-10] Al&2to]|E X ®Hd] gF
Fe 2 RS ofrlgit

HKUST-1, Al &2to]E X 2 ASeo]E X@HKUST-19]
AL T 5243 NLDFT 7|9 713 EX2 Figure 501
YER AT o]ofl tigh H 4] BET H|EH4 4
AIE Table 200 717} AAEITE BE Alse 73 19 &
A S22 A58 B micropore®] 549
HKUST-1 %¢] BET A F 7|5 7397} 1996 m/g,
0.82 cm’/gZ A E 0™, NLDFT 71& 37] BE 24 A3}
0.68 nm 2 1.30 nmellA| 8 7] H2E HATh AlSTo|E
X= 703 n/g, 040 cm’/g, Al 22| E X@HKUST-1-2 583 m/g,
034 cm*/g] Ft& Z7F VERIaL, 8. 71% 271 72 091 nm
AlETRIE X), 1.05 nm(A&2e | E X@HKUST-1) F-2ellx
AAEAT} ALTolE X@HKUST-1¢] FH7 ZA4E 713
TFZo] BEUAR 1k 310 7]Fo] FatA Zete] 7191k A
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Table 2. Surface Area and Total Pore Volume of HKUST-1,
X-Zeolite, and X-Zeolite@HKUST-1

Surface area Total pore volume

Sample

. m?/ cm’/
°F 300 C 2o 724 27} A2Elo] §7] eigkee) e ene)
esist A AT FF 44T BAY, AT IF AT HRUSTH %6 082
o] o 35.60 wi% FFOE ol HKUST-19] o2 zojz X-Zeolite 703 040
36.22%9} GALEF =0 7 BolH Q) AL EolE X X-Zeolite@HKUST-1 583 0.34
Table 1. Elemental Composition of Pristine X-Zeolite and X-Zeolite@ HKUST-1 Measured by XRF
0,
o Element (wt%) si Al Na c Cu Others
ample
X-Zeolite 52.70 19.01 12.70 9.82 3.31 - 2.55
X-Zeolite@HKUST-1 51.47 19.21 12.76 9.10 3.96 0.52 297
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Figure 6. The time dependent toluene removal efficiency of HKUST-1,
X-Zeolite, and X-Zeolite@HKUST-1.
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Ao 2 ST ol5 Tl ARl mE FHAAF R &

&2 Akt Table 30 VERISICE 219 é&, HKUST-1& $-
3 A R I8 1052 5 15 ppm, 305 5 6.3 ppm, 60
23 ppmeE Ao HU] 89.7%2] B4l A A 28
S Yepin vk, Al gTlo|E X FA o s vF
4 BAR] EFQlzte] XSkt g o g vhe Bl ol
2}, B¢ 1 nm 7Y 7]Fell= Xgdo] ofE]e 73] 2o
091 nmE 7182 Y 7% E:L_E‘é ZH= Al gl E Xl
ME S o] AR 4= Ik 108 3 253 ppm, 308 5 25.7
ppm, 60 3 25 ppmo & 7TrAig o] B9l A7 80| F
o 14.4%] B2t} 53], Al 22| E X@HKUST-19] 7%
102 & 43 ppme.2 F43] Z4A3tA A, 308 & 1.0 ppm,
60% ¥ 0.0 ppmO=E FHaiEo] Htf 100%2] =70 AA &
&8 Holn 7P a3Al B4 XM%% LERASIT. o=
A&e}olE X@HKUST-1 sﬂo% d 125 T8 B EAt
A2 7Fs8 HKUST-1¢] 9 Oé@-aol T HKUST-1 A&

T

p

Ho} GiA ExEn olof] wel UlF- OMS$} 77 interaction
7Rk F&o] E31E o] EFle] F2 &of g-8o] sAll

P Ae-S vERATE

i 20%, th715 20 T 3 A9 27004 &<l
7] £ 71EE R AR HAEES Tt sie
S gFolA] Fof-d Fxo] AlgEo]E X@HKUST-1
B3 AlRol dist 7k B4 FEE 7k 7411?*% =
gote] A7 BE& stk (Figure 7). AlEE FU F
10, 30, 603 A H oA o] 7 EFA FE+= 4.0, 1.0,
0.0 ppmO= 7433l oM, olel] w} 86.3, 96.6, 100.0%2] =
Tl AA E&S Vet ik om R F3A o] &
Aol ZAAH R FH sl VOC AA Ass A &
Ao, 7 A= o] EAlsks Wq 20% FZ10A =
Foj- EJHA7L QPgA o R EFAE AAT F USS
oETh.

Table 3. The Time-dependent Toluene Removal Performance of HKUST-1, X-Zeolite, and X-Zeolite@HKUST-1

Sample Initial toluene 10 min 30 min 60 min Toluepe removal
(ppm) (ppm) (ppm) (ppm) efficiency (%)
HKUST-1 29.2 15.0 6.3 3.0 89.7
X-Zeolite 29.2 253 25.7 25.0 144
X-Zeolite@HKUST-1 29.2 43 1.0 0.0 100.0
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Figure 7. The time dependent toluene removal efficiency of X-Zeo-
lite@HKUST-1 in toluene—air mixed gas under 20% relative humidity.

Figure 8. Photographs of pristine: (a) X-Zeolite; (b) X-Zeolite@
HKUST-1 after the durability test.
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