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Abstract: Mesoporous organic-inorganic hybrid siliceous hollow spheres (MOSs) were successfully synthesized by
co-condensation of tetracthylorthosilicate (TEOS) and 1, 2-bis(triethoxysilyl)ethane (BTSE) with reverse micelle as
template under basic condition. Structure and property of the prepared samples were characterized by different
methods. The MOSs was used for VOCs removal with commercial silica gel (SG) and activated carbon (AC) as
references. It is found that the sample with initial BTSE/(BTSE+TEOS) molar ratio of 10% (MOS-10%) displays

uniform hollow mesostructure with the highest static VOCs adsorption capacities (1.28 g-g™' n-hexane, 1.25 g-g'
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toluene and 1.14 g-g ' 92# gasoline), and the lowest water vapor adsorption capacity of 0.630 g-g'. Dynamic single

component (n-hexane, toluene adsorption under dry condition or n-hexane adsorption under high humidity condition,

95% RH) adsorption results show that MOS-10% has the best breakthrough times, adsorption capacities, and

hydrophobicity. For binary component (n-hexane and toluene) adsorption, MOS-10% preferred to adsorb n-hexane

rather than adsorb toluene. The higher dynamic VOCs capacity of MOS is attributed to the cooperation of the

introduced organic groups, surface area and pore volume. The MOSs with high VOCs removal capacity and excellent

recyclability show great potential for VOCs adsorption.

K ey wor ds. mesoporous organic-inorganic hybrid siliceous hollow sphere; VOCs adsorption; stability; desorption

W Bk 2 Br VOCs —HE. 52 3] iz JyE A 78,
FH 22 FLWR B 790 B VOCs & — Fh 2850 2 Ab B2 7
o TEWRPHIEFEA, EBW A RS AR EmH %
MR MR SO E S, WA WA S AC,
SG. WA A& & - A HUHELZL AL BE(MOFs) &, Ht AC
UG A AR G (IR B RE 7T R & )32, (BHAFAE
PR, LA FLER 5 PHZE . MR DL K
AR AR, SURH T AC IR Y EALRE
T REEEFE/KIE Si-OH, 7EWIE KI5 T 5 Wb
H,0 SR PEREE 2, WA nA Ol FE R 44 HFE
i 121, MOFs 1775 K 845 [ 25 1] DA S ) e A A0 4 1
(0T T804 J AT 5 AN T 3 B 55 4 0 , HL 4% i
Akt ARG T HSE N Rk, TEIF R
Folt i U B 28 R CBOR L R A A ALEY) . Re B R H
(BRI FLAR AN B 2 1)1 L 22 4 1k v GRRURE /N 1
W B 751 2R T iR IR AN 2

AR, NHLA NN B & F AR 20 Bk
(MOSs) LA H B s R AL 35951 FIFLAR A K i FL A4
R 2 2z oD, BEENE, Bk A
A5 BRI RS E . AT A3 TR DL
Si-O-Si-B 4 T g A WL H 1) 35— 45 &/ 2= A0
RAFAEYMEENE, FHAELR VOCs HaugH RA
E oK . Bf Mo e iiE &, MCcM-4177),
MCM-48% 19 MiL-1011", SBA-15° 11 KIT-61* 1),
AL SiON, A ERNTISRI K AL AT AL R
KU £ B VOCs I BTk TS5
Si-OH HIAHBAEH, fEKZSAFAET, SiO, FA1L
MER I VOCs [EE 1 BE%. Fk, 3k
B PE AT LU RO s L B vOCs fig /71l

AR TAEFERIME 261 T, 38 o 3 T 3% 1 771 5 i 4
HAERIBE IS IRt 72, 208 IERERR ZlE(TEOS)
A1, 2-X(= LA EE FHEE R (BTSE) 4 & R B &
&% MOSs, TE SiO, 2L ERFLEEN 51N T A HL
B, RS 1A R B A HLAEE YR &) MOSs %
VOCs F 25 W B P B, 0 B HE A HLEE I8 L 491 4

MOSs Zh#&WH VOCs I RESHATIF I, F+ 5 H
AC. SG AT LR, MR HAE VOCs WYt 4k
S

1 EWHE

11 KGNS

1,2- W= LA FE e bi 2 ) 458 (96%, [T & 4y
#)(BTSE)W H Aladdin tb 243857 A &; IERERR DY 2
BE(TEOS). #Ab4. SN, EhIR(37.5%, JiiE
P80 1ROk ZUKAF R B 1 255 H 4 5]
AF] 7 b = IR (CTAB) FIAR 2K — H R
A A BB R A R ACHISG, H N A
—JEIRBHL A T AP (R ACLSG 451231
TLER S1); 9245 e H A4k .
12 ITFE

¥ CTAB(0.32 )V i 7E & 47 60 mL LK% 150 mL
KT 2.0 mL IREIK(25%, iR 050 R A E R,
fE35 CHidt 1 h )5, 2RI ZHE T PR hn N TR & ik
J5(0.3 mL BTSE 1 1.7 mL TEOS), F{E 35 C4k4t
P 24 h 53] S A=Y, X HETEOWEIEH 2
ke, BT RS TEREME T TREIR, K5
MOSs L EK. a4 A4 MOS-x, Hi x &
BTSE/(BTSE+TEOS) [k EE /R 73 %
1.3 MR

FIA JEM-1200EX 1% 5t B 7 2 85 (TEM) 73 Bt
MoRLEE R, B Tristar3020 b2 1 20 A AX 4 Hr i
mn I EE R S 3 I X 5 8k RATHHU(XRD) 7 #ir
FE S 458, A Nicolet-460 {8 HLIH 21 4h )¢ 1% 4%
(FT-IR) 73 i i B B 22 e 41, FIHAE TG/DTA 4>
Hr4% (Labsys Evo)fs il 44 K} 1 52 A0 72 FIH
GC-950 S F (B i A3 (SE-54) K 37 HH A4 1
1.4 /NS SEI6

FRASIRBMSEEG . Ko — o & 1R PR (K



%59 3

FaoT, % AY-THVEEESSOBRIKE R VOCs W B N F 993

FROR. IR CREE 926/ ) I AR T 45 I 1H iR K 78
W, R BH R 48 h, HXZY 0.2 g TR B TR E T RR =
A, 100 CEASTRACEE 2 h, FRFR & HBCE 2%
T-2RBEAR 177, 25 C N ARIUER PR -5 8 5578 23 fi
24 ho ZJ5, WENFITE 100 CE 244 F T 85 min.
T PR A 750 W B — A P i i ) AR Ak, A A () A
A 3(2) T B B 71) 00 2 R R 25 8 R AR I 26

my —m

X = (1)
nmy
y =874 100% )
my —my

2, X AR B 7R (0 PR R, e Y R R A
W2, Yo, my~ mo J9W BRI B HT JS R &2, g5 mas
ma R B 7 B0 B AT S B R g

BNASIRBSES . FH— e Wk FE ) IE Cbe el B R
AR, BRESIR A IR R, 8 S
R ORI IR, 33— @ SRR IE O el
IR, IR AR AT Bh AR SR . Ak
WIEN 0.130 L/min, K051 A 8 R BAE gk
1T VOCs W, WPt ARl &y 0.5 g, 7EM P&
ZHT, KFESATE 100 CEZKM T BT R, LA
R VB K FARVD B LR . ESEN
WA, AT, DARIE B L&A KA T
RS 25 PR SR € T SN 52 R B T i DA AR A SR
S A O P A2 P R A 25 B R R 1) ) 3 2 S i O o 2%
H(qe) H B MR ARG THEAH .

-2}

be=—"" 7 3)

XA, g ARSI TR A&, gg 'y Fa N
W BB S AR YR I3, Lomin ' Co Al Ca 43 519N LAY
FREE, g LY w ORI &, go MBS 1A LA 4R
WRE Co VRN BHAE, BRI B 5T R FE Ca 1
HORBIWIUEIR . Co BiBS/NT Co, — BELEIA H [ i,
IR T 1R B~ 87 o 224 B 7R HE I g P A R R
BERBIWIGE IR E 1) 10%0, VB I T FIEM R .

2 #HER5ITiIE

21 HmERERDR

MOSs [ TEM JESi a1 Fros. B 1(a)AT I
MOS-0 S HRi4EZ N 189 nm HISZOIR. 51 NHHLEE
Ji BTSE Ja, FEMMITESA NN, Xl T
TEOS H1 BTSE [ 7K fi# Al 4 Sk 22 AN ], 38 3R 1 v
P 750 5 1 S 2 2 (B P A Mt B 3o R A g 202

K1 A EAE B B MOSs 19 TEM [ )

Fig. 1 TEM images of MOSs with different initial BTSE/
(BTSE+TEOS) molar ratios

(a) MOS-0; (b) MOS-5%; (c) MOS-7.5%; (d) MOS-10%; (e)
MOS-12.5%; (f) MOS-15%
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Fig. 2 N, sorption isotherms (a) and pore size distributions (b) of MOSs with different initial BTSE/(BTSE+TEOS) molar ratios
(A) MOS-0; (B) MOS-5%; (C) MOS-7.5%; (D) MOS-10%; (E)MOS-12.5%; (F) MOS-15%. In (a), the Y-axis values of (B-F) are 300,
600, 800, 1000, and 1300 m?-g', respectively. In (b), the Y-axis values of (B-F) are 0.1, 0.4, 0.8, 1.0, 1.2, and 1.4 cm®-g', respectively
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Tablel Structural parametersof MOSswith different
initial BTSE/(BTSE+TEOS) molar ratios

Sample SzB ET—/I Agm/fl I;t/ —1 Vzm/ -1 .Pore
(m™g") (m~g’) (cm’g ) (cm’-g ) size/ nm
MOS-0 591 0 0.721 0 2.5
MOS-5% 612 0 0.722 0 2.7
MOS-7.5% 612 0 0.776 0 2.8
MOS-10% 696 0 0.887 0 2.6
MOS-12.5% 655 0 0.873 0 2.7
MOS-15% 648 0 0.857 0 2.7
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Fig. 3 FT-IR spectra of MOSs with different initial BTSE/
(BTSE+TEOS) molar ratios

(A) MOS-0; (B) MOS-5%; (C) MOS-7.5%; (D) MOS-10%; (E) MOS-
12.5%; (F) MOS-15%; (G) CTAB
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Fig. 4 XRD patterns of MOSs with different initial BTSE/
(BTSE+TEOS) molar ratios

(A) MOS-0; (B) MOS-5%; (C) MOS-7.5%; (D) MOS-10%; (E) MOS-
12.5%; (F) MOS-15%
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Fig. 5 TGA curves of MOSs with different initial BTSE/

(BTSE+TEOS) molar ratios

(A) MOS-0; (B) MOS-5%; (C) MOS-7.5%; (D) MOS-10%; (E) MOS-
12.5%; (F) MOS-15%;
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Fig. 6 Histograms of static VOCs (n-hexane, toluene and 92# gasoline) adsorption capacities (a, ¢, ¢) and
desorption efficiencies (b, d, f) of different samples
(A) MOS-0; (B) MOS-5%; (C) MOS-7.5%; (D) MOS-10%; (E) MOS-12.5%; (F) MOS-15%; (G) SG; (H) AC
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& S1 @k AC, SG HIZEHSE
Table S1 Structural parametersof AC and SG

Sample Sper/(m* g™ Sy/(m* g™ V/(em® g Vi/(cm® -g 1) Pore size/nm
AC 1451 973 1.03 0.48 5.6
SG 430 15 0.710 0.010 6.9

RS2 FAREAHEEE MOSsZE 30~900 C, ESES5(10 C/min) FTHREHHRELER
Table S2 TGA results of different MOSs under nitrogen atmospherein the range of 30-900 ‘C (10 ‘C/min)

First event Second event Residual mass /%
Sample
(Tons-T; )/C Am/% (Tons-T;)/C Am/%
MOS-0 30-200 1.7 200-900 8.1 90.2
MOS-5% 30200 1.7 200-900 7.6 90.7
MOS-7.5% 30200 1.9 200-900 12.6 85.5
MOS-10% 30200 53 200—900 20.1 74.6
MOS-12.5% 30200 1.5 200—900 7.9 90.6
MOS-15% 30-200 1.4 200-900 9.0 89.6
RSB AEEMYKZESKRHTE. BRESENREARESE
Table S3 Water vapor adsor ption capacities, desor ption efficiencies and the densities of
surface hydroxyl groups of different samples
Sample 711%ds0rpti0n : Desorption : _OH/(x10%, ¢
Average/(g-g) STDE"/% Average/% STDE"/%
MOS-0% 0.903 0.0168 99.4 0.205 3.11
MOS-5% 0.667 0.0177 99.3 0.329 2.35
MOS-7.5% 0.656 0.0165 99.4 0.283 2.31
MOS-10% 0.630 0.0137 99.4 0.134 2.23
MOS-12.5% 0.697 0.0156 99.4 0.230 2.44
MOS-15% 0.697 0.0136 99.4 0.365 2.45
SG 0.433 0.0984 97.7 0.867 1.72
AC 0.482 0.0305 93.5 11.1 1.77

Note: a is the standard deviation
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Table S4 Comparison of dynamic n-hexane adsor ption parameterson different samplesfor 5 times under dry condition

Sample t,/min t./min q/(g'g™h Desorption efficiency/%
MOS-10%-1st 50 104 1.23 99.8
MOS-10%-2nd 48 102 1.20 99.5
MOS-10%-3rd 46 100 1.19 99.4
MOS-10%-4th 48 102 1.22 99.6
MOS-10%-5th 48 102 1.21 99.2

SG-1st 16 72 0.361 98.9

SG-2nd 14 70 0.321 97.5

SG-3rd 14 70 0.334 98.7

SG-4th 12 72 0.321 98.6

SG-5th 10 72 0.343 97.6

AC-1st 38 50 0.574 73.7

AC-2nd 28 44 0.465 83.6

AC-3rd 28 42 0.461 90.9

AC-4th 26 44 0.452 98.6

AC-5th 24 42 0.458 97.2

x S5 FTHEEZHT, MOS-10% K X AR SN SR M S LB
Table S5 Comparison of dynamic toluene adsor ption parameters on MOS-10% for 5 times under dry condition

t,/min t./min g/(g'g™h Desorption efficiency/%
Ist 48 100 1.21 99.7
2nd 46 98 1.18 99.5
3rd 44 96 1.17 99.3
4th 46 98 1.18 99.4
5th 46 98 1.18 99.1
& S6 ETHEFHT MOS10%F1 AC IRMBETAI IR ENEWRMIECKREHFLEHSE
Table S6 Structural parametersof MOS-10% and AC before and after 5 times dynamic
n-hexane adsor ption under dry condition
Sample Sper/(m?-g ™) Sp/(m*-g ™) Vi/(em®-g ) Vl(em®-g ™) Pore size/nm
MOS-10% 696 0 0.887 0 2.64
MOS-10%-5th 638 0 0.830 0 2.64
AC 1654 652 1.06 0.48 5.58
AC-5th 1310 395 0.880 0.38 5.51

Fz ST MOS10%SsETFREZEHET, IRBANREDKRMBRDESRMHIUNESH

Table S7 Simulation parameters of 5 times dynamic n-hexane and toluene adsor ption on MOS-10% under dry condition

n-hexane Toluene
7o/min K'/min™! R? 7o/min K'/min”! R?
Ist 63.1 0.150 0.984 58.4 0.0948 0.979
2nd 61.3 0.172 0.990 52.8 0.105 0.977
3rd 56.7 0.174 0.979 51.5 0.114 0.987
4th 57.1 0.169 0.986 54.1 0.111 0.978
Sth 58.9 0.165 0.984 54.2 0.110 0.982
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Table S8 Dynamic n-hexane adsor ption parameterson M0OS-10% for 5 times under 95% RH

piminf/min Gpeand(@8 ) dal(@8 women)  Feswarer (22 asorvent) q;iew*::/ efticionmy 1%
Ist 46 100 1.23 1.23 0.006 205 99.6
2nd 44 98 1.20 1.20 0.003 400 99.7
3rd 42 96 1.19 1.19 0.006 199 99.6
4th 42 96 1.21 1.21 0.003 404 99.4
5th 44 98 1.17 1.20 0.008 147 99.2

£ 9 FEEET MOS10%#EFIE 2 kB 2K 7R sh 7 E B R it S 41
Table S9 Comparison of simultaneous adsor ption n-hexane and toluene parameterson
MOS-10% for 5timesunder dry condition

Dynamic adsorption capacity, ¢. /(g'g"")

Single component Bi-component
n-hexane Toluene n-hexane Toluene Total VOCs
Ist 1.23 1.21 0.642 0.569 1.21
2nd 1.20 1.18 0.631 0.547 1.18
3rd 1.19 1.17 0.613 0.532 1.15
4th 1.22 1.18 0.607 0.550 1.16
Sth 1.21 1.18 0.628 0.547 1.18
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