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1 EREENAED(VOCS)X IR EE AT RS 5 o0 JLAH eI B35 B o SR, I VR A 700 e LA el o5 7% ==
St RSCLLERERR VY N EROEER, TERRME S5 T A R S B KER(HCNS), Rl SUBisis ok L 7S i
FERAT HONS MIRMAE S &, 53— K% HCNS-x; FRff HCNS-x 5 HRMAK, #AfaE Ptk R IF 1) Uio-66 i
1THE4, Hil13 HCNS-x/UiO-66 A& Mk . it & Fp R AL M 5 KR M A 458, 45 5R3E M, 1E 3 mol/LNaOH.

60 °CHITHLAE R, HONS-2 MR EH R & B, I H, HONS-2/Ui0-66 H &3 B A A ML S (bR 1H
BN 3694 m2 g !, FLEFRN 2.53 cm3-g!, “FFL4E N 6.9 nm). HCNS-2/UiO-66 [IERA H IR I 585 2.305 g g,
#& Ui0-66 (0.220 g-g )Y 10.5 fi5, HCNS (1.436 g-g )Y 1.6 fiF; sha FRIL 45 3K 8§ HCNS-2/Ui0-66 B A i 7
[0 FRRIR B 1 e, PHTIR BN A 0N 2.140 g g 7!, X S HECR I LR T ARFILAG I FLES AT 5. Bbab, TEH Seie R W],
HCNS-2/Ui0-66 112 IR Sh AW bt - R BHOE 35 5 0 etk R e, BRI I A R UG AR SR £ L) 215 g g ARBFIE
i HONS R M et i:, hikH 5 Uio-66 1 A4S &, MmALEE T He B i i 28 = A e Y1 VOCs W A4
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sorption Performance
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Abstract: Volatile organic compounds (VOCs) significantly threaten both environmental sustainability and public
health. However, it remains challenging to combine high capacity and stability in most existing adsorbents. In this
work, hollow carbon nanospheres (HCNS) were synthesized under alkaline conditions using tetrapropyl orthosilicate
as the silicon source, followed by modulation of their surface hydroxyl content through variations in alkali concen-
tration or temperature to yield a series of HCNS-x. These HCNS-x were then composited with UiO-66, which pos-
sesses a high specific surface area and excellent thermal stability, to prepare HCNS-x/UiO-66 composites. Their
surface properties and structures were investigated through various characterization techniques. The results indicated
that HCNS-2, activated with 3 mol/L NaOH at 60 °C, exhibited the highest surface hydroxyl conctent. Furthermore,

its corresponding composite, HCNS-2/Ui0O-66, demonstrated the most optimal pore structure parameters (a specific
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surface area as high as 3694 m?-g~', a total pore volume of 2.53 cm®-g~!, and an average pore size of 6.9 nm). Static

toluene adsorption tests revealed that the toluene adsorption capacity of HCNS-2/UiO-66 was 2.305 g-g™', which was
10.5 times that of pure UiO-66 (0.220 g-g™') and 1.6 times that of pristine that of HCNS (1.436 g-g™'). Dynamic

toluene adsorption breakthrough curves analysis confirmed that HCNS-2/UiO-66 possessed the most excellent tolu-

ene adsorption performance with a equilibrium adsorption capacity of 2.140 g-g~!, which was attributed to its large

specific surface area and optimized pore structure. Additionally, cycling tests demonstrated that HCNS-2/Ui0O-66

maintained stable performance over multiple dynamic adsorption-desorption cycles, demonstrating that its saturated

adsorption capacity consistently remained around 2.15 g-g™'. This study constructed a VOCs adsorbent with high

adsorption capacity and stability by modifying the HCNS surface to optimize its interfacial integration with UiO-66.

Key words: hollow carbon nanosphere; composite; volatile organic compound; adsorption; surface modification
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KAEC AL AR AR U7 181, Ak, Uio-66 E AT K
bl 2R THI ARURDE B A FLBRUR S, SRR 7 7 3 sk )
WR B fig A0 201 R BEAE VOCS it B J7 Th e B0 HY I 25
1. SR, 1545 Ui0-66 PRI EE LML N E, X
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N ) g R ] () 442 2 6 ST B4 T Bkl SR,
HCNS 1 1= i B b i) 25 3 72 2 5 B TH #3401 2k,
N 5 i 28 Ve o IRTEE B MR 2R & PERE,
X HCNS #7323 D) et e E BAF UV E . H i,
U Z Flob kL2 B Th e A 7 s 4R 24, 0 # i
P A ) B R S AR PO B R NaxZnOs
Na3BOs. NaAlO: i AT AL Hodr, A
TS 51 R R L R T RURN FLAR 25 M AR 4k, 3
T AL P 5 T VA P e R SO R () R B S 5
BT, ARG RIS BOECIEREE . KR,
B ER U H X HONS R 2505 s, et —
B IR XT HONS 5 Ui0-66 & &4k 451
SRR AL

AHIF T R NaOH 1 FITE AL R B IR,
FIE T K 9 %% — & 51 HONS-x/Ui0-66 & &4 KL,
AR AR A PR R . it 2 PR AR T
B ARG T MR IR IR S 550, 4G
SR VPG T AR E M, B R AT
G217 JFNT F R (1 IR 12 R

1 SLIHE

(1) HCNS ##ill#% . B 5e¥ 10.4 mL TPOS. 30
mL & F/K. 210 mL /K4S 9 mL Z/K(f &
I3 25%)TE 25 °Coc A NIREHHE 20 min, B 5K
1.20 g (M2 W5 1.68 mL FEEIMAE] LRESY
W RREENERE 240, OO0 S, AR KB TR
YR, TE 60 °CCHE AT 12 h, 133 (8] 2K 1 FH
WHE(RF)@Si02. K RF@SIO, BT E AW, 5
ARG B 2 °C/min FE R T FHRZE 700 °C, 18
BAAE: 5 h, BRAHEZRE, BE7WIRN HF
IR 10%)H, 75 25 °Co& 1 N R+ 24
ho ZB D ACFR )G, WKIKH BRI B F KA B ik
=R, WJETE 60 °CHZA T4 12 h, 33| HCNS.
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(2) HCNS iEfb. H5¥ 2 g HCNS IAZ| 53
mL NaOH ¥ (1 mol/L)H, SRJ57E 60 °Cifiis i
P12 b, HIE, FFHEBEFREERESN, BEH
JEVIFE 60 °CEMF F T8 12 h, IR m 2N
HCNS-1. 7EfRFFH AR F AN ZRATHR T, K
NaOH ¥ K FE 45 3 mol/L #4754k, B S b fir 44
N HCNS-2. FELRFFHARFA A B I HTHE T, it
MEEEREEN 30 °C, NaOH ¥ K FZ %y 3 mol/L
BEATIEAL, P43 i 44 9 HCNS-3.

(3) HCNS 5 Ui0-66/ 5 & . 73 71 H0.6 g HCNS-
x(x=1. 2. 3). 2.44 gH,BDCAH10.1678 g ZrCls, A
#|36 mL DMFH, 15 2| 1R &7 =3~ LL500
r/min ) HE 30 min. ARG, BREBRZEHT
R RN, FRE120 cCHUR KB UInF24 b, B
RAMEZIR)G, HDMFE LYEWR =R, &)1
80 °C4 1 F H % T 112 h, FT 15y 4 N HCNS-
x/Ui0-66(x=1. 2. 3). RIEHEEE AT M4
JNHCNS/UiIO-66; HCNS 5 UiO-66 %5 Jii & AL IR &
I i i 44 NHCNS+Ui0-66.

2 HER51R

2.1 RS

K& AFFE S FIXRDE W . i 1(a)fw, Bt
A FE T TE26=23.0° Ff 1T 35) HH LA B8 (R A7 9 0,
T K 19(002) f T 28, R B HCNS A G € ¥ 45
Ko MAk, 5ARIEHIHCNSH L, AN &85 G
[FIHCNS-x £ 2 8=23.0° kb [¥ 177 5 0 58 i 35 75 T BRATK,
X2 R A NaOH ¥ ¥ Ak B 2 A HCNS AR #1291, 4 ]
1(b)FT7R, 20=7.3°, 8.4°. 14.5°, 18.4°, 22.1°#126.0°
Ak B AT S 23 ) JE T Ui0-66 A1 & BE S I (111)
(002)+ (113)~ (004). (115)F1(224) 0 THIBY, KRB B Th
A RUI0-66. &AM K AT 5 UI0-66 117 5 16
R — 8, R EE R B A HCNSKRAE U6, i B 5
AHCNS A M AZ Ui0-66 1 ik 25 14, 3 Bl Ui0-661E
A PRE R AT BR SR  ven  40 E AN &4 R e e . R L
1E26=8.4°F126.0°4L, 5 & AR REAE AT 5 06 5 T
Ui0-66, % W% AL )5 THCNS X} 1 3 Ui0-66 H. A 112
BEAEF
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Fig. 1 XRD patterns of the samples
2.2 HUEEHH

HCNS FITHCNS-x [ FT-IR )¢ i 41 B 2(a) B 7 .
1230 oo Ak 45 11F U6 H C—HU B 1) THT P 228 T 9% 30 it
3, 1621 om A I RFAIE W X . 55 7 I Bk 1 22 (C=C)
[R4%50; 3500 cm™ Ak i) T W YAc g B O—FH g 1) il 4
35| i . & NaOHWA T ZI ki 46 )5, HONS-x 3% 7] 2 #%
KEBIE A s, KB EHMEY, WiksS
HCNSAHH Et, HCNS-x7E 1% A I W Ysc e B I 389 o, 3L
i, HONS-2 (1) 2 L1 £ 5%, HCNS-1/% 2, HCNS-34H
B AR, R HEIRE N60 °C. NaOHE K E N3
mol/L& M F, BIEEMMRRANEE. EEME
HCNS-x/UiO-66 I FT-IRG i an B 2(b) ix . 15905
1400 cm ' Ab R HRFAE U6 X0 B 2 BR AR (~COO™) 1) A 4 I
B, HAiHCNSAHLL, Frfa 268 3 7E6605770
em P HH BT B REAE IR WS UG, 43 T B Ze-O B 1)
Przh33 34, FIHUI0-66 ) f1 3 T HCNSZK I
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Fig. 2 FT-IR spectra of the samples
2.3 IKERSIRE

AN TRV it PR 7 25 7K I B 2 B B 3 (a) T s,
1L Boehm i & 2 12 4 o0 A ot R R THT R R 450, A
KEHE ST ST, JRAHHCNS 1 3R 1 32 HE 4 i+
2.85x10% g !, 25 /K W B 4% & 90.8850 grg s
HCNS-1H 3R 1 F2 H H08 5 i A5 7K W B o2 1 0 il 4
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%3.03x10%° g 150.9615 g-g”', FlJFRIHEHCNSH b4
IR T T 6.3%F8.6% . HCNS-2 3% [f ¥ 3L % & N
3.54x10% ¢!, MR T R A HCNS I F+ 1 24.2%; H
Fp A K W B 28 B 1.1020 g-g”!, AT JRIEHCNS
Tt 124.5%. HCNS-3 1R 2 FEH & (2.91x100 g~
1) 55 5 A5 7K W B 2% (09056 g-g ) IR T HCNS-
1. 45 5E8, #£3 mol/L NaOH. 60 °C% 1 FiFfh 15
FIMJHCNS-2FE R M E R 2 . HEISIATLUE
H, ASTRIRE ol P 7 24 I PR B 25 2 o o JHC 9 T 4
RN EG In . BeAh, RS R IR E
(175 Ak, e 34 5 FT-IR R A ¥ 35 JE 7 1iF 0 ik FE AR 10 i
F—8, BRI RTR RS R L, HX R
A TKR P 75 BBk iy, PR BE AR AR 0Bk A, N T AR A
FHCNSFIUIO-66 I E Ao SURTK i 45 W B - i Wi 435
FALTR, BT RE SRR K2 T 99%, R B
A R R AF(ES2).
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Fig. 3 Static water adsorption capacities of samples under
different activation conditions

24 WHMILEHWSH

K 4 AN EFES ) SEM B A . BRI ] 40, Uio-
66 E/\HAELZER(E 4(a)), HCNS I FEIRIZRZN
300 nm(/& 4(b)), FHiEMSG HCNS Pkiff 0B &
A (B 4(c, e, g))- Bl 4(d, f, h)/& HCNS-x/UiO-66 [
SEM [ Fr, b HCNS-2/Ui0-66 & &1k L %
¥I5). BUE R Ui0-66 13451 . iXJH KT HCNS-2
Wk BA 2 MRIBRRELGE, TSR et
F B WA B, T 7E & RO 2 oA Rk A AL
KB, 755 Ui0-66 @ik 4 B S ik 541K
MEEZF, BT HCNS-1 HERmZEEER D>, H
FRAEREC AL AL AR A R, 580 HCNS-1/Ui0-66 1
1) Ui0-66 f#k &> Ho A . M HCNS-3 [
KA EHEE =ZF P &L, FHHHEE S MR
HCNS-3/Ui0-66 K] Ui0-66 fiz & il . X
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PR Z TS FT-IR J6 1% 55 i 38 FE R A0E 06 ) 5 B
Al —3, #— IS HONS-2 RHBERE X,
HHIT Ui0-66 14 % -

K4 FERIISEMIE

Fig. 4 SEM images of the samples

(a) UIO-66; (b) HCNS; (¢) HCNS-1; (d) HCNS-1/UiO-66; (e)
HCNS-2; (f) HCNS-2/Ui0-66; (g) HCNS-3; (h) HCNS-3/UiO-
66

5 RASFEFERK TEM BB . WEHRT LR
th, E4H HCNS K-F-35 k4% 5 BE JE 43 7112979 300 nm
A1 51 nm(B 5(a)); Ui0-66 2 /\ AL, HT UiO-
66 AL, HAMLFBR B 5(b)). EMAFMAT,
NaOH ¥ AEAZI7], 5 HCNS H 8RR 4
AAIEJE B, fF HONS-x # 5 (1) B 324 H 2B &2
(B 5(c, e, 2)PY. EASLIRE LT, DS
NaOH %t /5, HCNS 74 fit 5 Ui0-66 HiTh & & (hf tb
Kl S3(a, b) 5K 5(d, £, h)). FHH, HCNS-2/Ui0-66 &
GMEHE UIO-66 %, MEEELA 25 nm;
Il HCNS-1/Ui0-66 5 HCNS-3/Ui0-66 ] UiO-66 it
AWM X R D . HONS-2 R AE A #2508 B
%, ML T Ui0-66 s L3R, %4515 SEM
ZERME .
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K5 FeEa R TEMBE F
Fig. 5 TEM images of the samples

(a) HCNS; (b) UiO-66; (c) HCNS-1; (d) HCNS-1/Ui0-66; (¢)
HCNS-2; (f) HCNS-2/Ui0-66; (g) HCNS-3; (h) HCNS-3/UiO-
66

Ak, TGA &5 REW (B S4), it H HCNS-
x/Ui0-66 & &M BHE 300~650 °C 2 [8] ) 2% B B K
T-H.— HCNS, F B #F8 e P = 1 Ui0-66 M)
I IE HCNS R, JAMSEF T 2 A MR 4
PFaE .

B 6 S A5 i 11 N R B - ot B ot 2 B AL AR 23 A T,
KN (R FLGE K S B2 S2.0 W B 4530 28 Bl s SR )
H4 Y35 5 REAE, RAMELEA RKIE LG
FE i BRI LA 23 A L 7R %% SRR R AE 2~7 nm X [A]
AN IRBUE, UL FTA RS LA L) — 1
A FLEEL . SR B R BE Ui0-66 ) HE 22 T A (SeeT) N 236
m?-g !, LA N 0.16 em®-g7!, PSRN 2.7
nm; JRELEM KB HCNS [ Sger 9 968 m* g !, Vi N 1.25
em’-g !, SFHFLEN 5.2nm. 4 NaOH &AL %1 s,
HCNS (0% S5 4T, ACA B FLAE R, i Af
IR A WAL E I, TR T R AL 45 R BO [
HCNS-1 (1069 m?>-g!'. 1.60 cm®-g™'. 6.0 nm). HCNS-
2(1514m?g"'.2.23 cm* g '.6.0 nm)Fl HCNS-3 (1055
m*>g . 1.13 em®g's 5.9 nm)f¥) Sger. Vi AISFIFL
BRI RN, Hod, HCNS-2 () Sser MILEE IS4
B fE, T HCNS-1 fil HCNS-3 45 AT, H HCNS-
3 W& T HCNS-1. HCNS-x 5 Ui0-66 &5, &
MR Sper HALE M S E0 — P htm, X FEIHE
T Ui0-66 47 HIUFE A 202503 K 9 AH 5 T Ak BT AL B
(1B [ A B2 37381, Foep HONS-2/Ui0-66 3 il
e, H Sper(3694 m?-g ). 74(2.53 em’-g ) K
¥4 (6.9 nm) ¥ & 3 & T 45 R AH I ) HCNS-
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1/Ui0-66(1504 m?>g'. 2.47 cm*g'. 6.6 nm) Al
HCNS-3/Ui0-66(1470 m* g '.2.41 cm® g . 6.6 nm).
R, @I NaOH K 7 HCONS R HR 2
B, XAMUEFT HCNS Al Ui0-66 HIE &, i&A]
AR E G MRLEE
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Fig. 6 N2 adsorption-desorption isotherms (a, b) and pore size
distribution curves (c, d) of the samples

2.5 ERASIRFMEEE

P 7 S A o T 5 S PR R TIR B 285 R . U1O-66 il
HCNS [ H 28 W% B 25 & 43 1 J90.220F11.436 g-g !,
T EAE TR R AR S (HCNS+UI0-66) 1 W B 758
HH0.508 g-g”!, —F HIEE A (HCNS/UIO-66)
R B 25 & 0.856 grg e 4 NaOHVE TG L )5,
HCNS-1.HCNS-2 5 HCNS-3 f) & 245 B 22 I 2% 2 4y
A E1.731. 1.96611.509 g-g!. HA1, HCNS-2
(R B 1 i f A0, HONS-17k 2, HCNS-35¢1I%, (H=
H T FAEHCNS . HCNS-x/UiO-66 5 & 4 KB 1
Bt 7% B ¥ 0 3% T A N HCONS-x A& J5 46 Ui0-66 .
HCNS-2/UiO-66 [ W B 25 & &% w5, 42305 g-g’,
HCNS-1/Ui0-66241.743 g-g”!, 1MiHCNS-3/Ui0-66 4
1.536g-g”'s LIRS R U, 7E3 mol/L NaOH. 60 °C
ZAF N X HCONS#HAT L SR Bt 14510 5N,
W B 23 AT 25 R — 3, R BTHCNS-2/Ui0-66FF i H A
(1 012 S FR 2RI B e o B2 A R T L K B SR T AR
TRRFLEEH, X B SR F SR AL T = 5 AR B A7 A,
HABEAE T AL 7.
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fnd
>

>

Adsorotion Capacity/(g-g")
b in

b4
)

ity/(g-g™")

Adsorotion Capac

BIT7 O ol PR 7 2 P o 2 B
Fig. 7 Static toluene adsorption capacities of the samples

K FCIEXT N A 2 LERA 92495 ik
AT 1 & 7 1 R0 W B Ik (B S5(a)), 4 R R,
HCNS-2/Ui0-66 & &M BT AE H K L R AR AR AL
IFLEER, XE5M & R — VOCsChf —HZR, &
TR B8 CA S AR A VOCSs(92475 111 ) 15 g I H 53¢
e PR B 25, L35 5 3 v T B ) R — A AR,
XA EE SRS R — 3, AR
FLIE &5 1 F0 2 T A4 2 B e A AOE i 22 B VOCs 43,
B A M HE A A oy IR SR 7. HCNS-2/Ui0-66 &
AMEBIST IR 6 IR LR BRI 9247 M T
HRA A B 2 BAEEZ R, 0 A08 2.305. 1.580,
2.665 F11.478 g-g™!, F M HCNS-2/Ui0-66 WK 47
s R B o AR 20 RS S5 A M o A ) T
IR

HH I S5(b)FIE S6(a, byrl %1, FrfFEmet 5
IRERATEIRL S, AR AAE 95% A Fo Xt
BB 7R B ) VOCs R R B, TR BRI R A B
UF B PR AE PE RO E 1, X — R Bh T S I 5
()4 FH 5 A B9 DT sk /b A5 Tl 3 FH o ) B 46 A
B HA
2.6  BhASIR B AE

I8 AN [FI A i (1) FR R 23 i 28 24 HY FIR Ik
FIBE TR FE 1 10% 5 (Ca/Co=0.1), X B [ B TR FR
2 I 1) (fp); 24 HH 1R BE 08 B3k 11 R BE 19 90% It
(CalCo=0.9), Xt . ) B [8]FR A ~F- 185 I 18] (2e), %5 B ()
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Table S1 Static water adsorption capacities, desorption efficiencies and density of surface hydroxy of different sam-
ples

Sample Adsorption capac-  Desorption effi- D/(x10%, g

. _ ciency/%

ity/(g-g™")
HCNS 0.8850 99.62 2.85
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HCNS-1 0.9615 99.64 3.03
HCNS-2 1.1020 99.20 3.54
HCNS-3 0.9056 99.44 291

RS2 HmBVILEHRSH

Table S2  Pore structure parameters of the samples

Pore vol- Micropore

Sample (IEZB .ETKI ume, volume, . Pore
g) v (cm3-g") v (cm3-g") diameter, D/nm
HCNS 968 1.25 0.10 52
HCNS-1 1069 1.60 0.12 6.0
HCNS-2 1514 2.23 0.62 6.0
HCNS-3 1055 1.13 0.18 59
Ui0-66 236 0.16 0.10 2.7
HCNS-1/UiO-66 1504 2.47 0.19 6.6
HCNS-2/Ui0-66 3694 2.53 0.44 6.9
HCNS-2/Ui0-66 1470 2.41 0.14 6.6

RS FREIMMEENTSRERMSH

Tableb S3 Dynamic toluene adsorption parameters of different samples

Sample fy/min te/min ge/(g-gh) Des.orption

efficiency/%
Ui0-66 16 68 0.198 99.5
HCNS-1/Ui0-66 68 148 1.586 99.6
HCNS-2/UiO-66-1st 90 210 2.140 98.7
HCNS-2/Ui0O-66-2nd 90 214 2.150 99.3
HCNS-2/Ui0O-66-3rd 98 206 2.200 99.7
HCNS-2/UiO-66-4th 94 214 2.230 99.6
HCNS-2/UiO-66-5th 90 212 2.130 99.3
HCNS-3/UiO-66 60 128 1.382 98.9
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Tableb S4 Dynamic toluene adsorption fitting parameters of different samples

Sample 7o/min k'/min™* R?
Ui0O-66 30.9 0.337 0.997
HCNS-1/Ui0-66 55.3 0.224 0.997
HCNS-2/UiO-66-1st 122 0.087 0.998
HCNS-2/UiO-66-2nd 118 0.087 0.998
HCNS-2/Ui0-66-3rd 114 0.087 0.998
HCNS-2/UiO-66-4th 110 0.092 0.995
HCNS-2/UiO-66-5th 112 0.094 0.995
HCNS-3/Ui0-66 77.1 0.194 0.997
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Tableb S5 Performance comparison of different categories of VOCs adsorbents

Category Sample (Ii}za .E;/l) ge/(g-gh) Reference
Porous carbon materials AC 1654 0.48 [40]
Porous carbon materials HCNS 968 1.436 This work
Zeolites ZSM-5 418 0.12 [41]
MOFs MIL-101 2907 0.55 [42]
MOFs Ui0-66 236 0.220 This work
Composite materials C/Si 431 0.11 [43]
Composite materials HCNS-2/Ui0-66 3694 2.140 This work
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Tableb S6 Dynamic toluene adsorption fitting parameters of the samples at different temperatures

Sample fo/min fo/min ge(g-g) Desorption
efficiency/%
HCNS-2/Ui0-66-25 °C 90 210 2.140 98.7
HCNS-2/Ui0-66-60 °C 40 120 1304 99.2
HCNS-2/Ui0-66-80 °C 20 64 0.639 99.4
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