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Synthesis, Characterization and CO, Adsorption of Mesoporous

Composite Materials

Student : Yu-Chun Chen Advisor : Dr. San-Yuan Chen
Department of Materials Sciences and Engineering

National Chiao Tung University

Abstract

This work focuses on developing a series of mesoporous CaO-based
adsorbents for CO, capture at high temperature.

First, mesoporous ‘CaO/SBA-15 " composites have been successfully
synthesized by wet impregnation using SBA-15 and ion-exchange method with
the SBA-15-COOH as the support. The composites undergo calcination at 800°C .
These mesoporous CaO/SBA-15 composites have been characterized by XRD,
N, adsorption-desorptgion isotherms, TEM and CO, adsorption capacity by
TGA at 450~650°C. The mesoporous CaO/SBA-15 by impregnation show CaO
in the channels and aggregation on the external surface of SBA-15. The
CaO/SBA-15 by ion-exchange method have more CaO in the channels. A CO,
adsorption capacity as high as 16.32% of adsorbent was obtained for S15-Ca0O-3

adsorbent at 650 °C, equal to 100.74% of CaO, with a CaO/SBA-15 ratio of 1/5.
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The CO, adsorption mechanism was investigated by adsorption kinetics.

Second, a series of mesoporous Ca-Al mixed oxide composites with Ca/Al
ratios of 3 and 7 have been synthesized through homogenous decomposition of
urea under hydrothermal conditions and subsequent calcination at 600°C. These
mesoporous Ca-Al mixed oxides have been characterized by XRD, N,
adsorption-desorptgion isotherms, TEM and CO, adsorption capacity and cycles
by TGA at 300~700°C. At 150°C, Ca*" and OH form Ca(OH), and CaCO; on
the 7 -Al,O5 surface. The calcined samples showed that Ca’" was introduced
into the mesoporous 7 -AlOs5 support to form the mesoporous Ca-Al mixed
oxides. The mesoporous Ca-Al oxides revealed a high CO2 adsorption capacity and
a fast CO, adsorption rate. The mesoporous Ca-Al oxides using high base
concentration have a better reversibility of adsorption/desorption cycles. The Ca-Al

oxides provides a stable framework inhibiting deactivation of Ca(OH)s,.
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ZIF-68 ZIF-T0

B) 2-4 ZIF % & 7+ 3, B

(4) &k -k = (Layered double hydroxide, LDH)

B Ak £ 2 4 5 Hydrotalciteslike-compounds (HTlcs)> & 545 & brucite-like
[M(ID(OH),JH = 1 & HF 45 A% = F5 g+ 5Bt 15 > M(ID) ~ M(II) i 35 &
AN AT s o B Ekd OH A il d 5 Renr TRl d A B IR AT
oo it B 5% G MM (OHRT [A" v, - MH,0)]™ = Yong % 4 7 3 7 Mg-Al
LDH #.= § it pnsigennfs® 0 35 5 2 e o dide s § RS B ) S AR A
engrd] s RSV R G AT Y ERIE R R R RS PR
%o fed 3 Mg-Al S 8 A koK T s § RS G e

T8 PR 4 80°C~300°C eiE B iE (TS F (YRR BN o

10



223 = F R (Al b g 2 g gty

FORE s § R A RS R E R AT o FH RGO

SOHHAL - R ARRAL 0 T 5 2 F AR A LT R B sy

B LA RFET 2 F RS A RE L A 5

b

(D)
2)
3)
4

stability after cycles co,

e B

SRR T PR E LT LY
R S TR R R Rt 7L A R
G EAF PR B 0 08 R

E@@Iﬁﬁ'ﬁ ’ '%,,El’ﬁ ’ié%ﬁjﬁﬁﬁgé‘}i A

High adsorption capacity

Stable adsorption High CO, selectivity

Incorporated an “inert” Adsorbent

material in the sorbent

Adequate adsorption/ Good mechanical strength
desorption kinetic

B 2-5 s s 95 5 i

11



23 ¢ FHBZHA
23.1 3VF R OH A

1235 IUPAC (International Union of Pure and Applied Chemistry) #-% 3+
B G pRI Bk A= & et 2]

%\'2-1 ? Jb:]:jt_ﬁﬁip /R? X 'J‘ A::\Z;(F—

XA £ S Lk E R (d)
M3t F  (microporous) <2 nm
¥ 3Lk (mesoporous) 2~50 nm
E 3“JF (macreporous) >50 nm

PV HDR S R A ARSI 2L B Y - R
e ¥ g Kk B (lamellar structure) fr- & 3 f# % 4 (hexagonal
structure) > = MPEFIHALY F L ehF F 5 o blder FHE G RMEBHE

(bicontinuous cubic structure) > 4o @2-52 o

,y/}

F12-6 ¥ 34 HLehgtAifs ()7 & 425 5 ()= = W47 5 (o) 4 71

12



232 ¢ IViE LA R 8 4

\

FUR MRS S AR Y p A e s (self-assembly) 2R & AR R

w5 A (surfactant) 28 & B ehE B R A F e B oL HEASF 3R gk

E

i Pl fh ficte Jk & (critical micelle concentration * CMC) P# > ¢ p 2\ %2 & =0 3§

-

;4
A 2 FlAL Bk e (micelle) » SEF R RER T - H e bar k22

Bk R S AR e

Rod-Shaped i Hexagonal Cubic Lamellar

— =

S~ :
/:.../... '\ Spherical:

Surfctant : Isotropic Micellar
Molecules : Phases Liquid Crysial Phases

v

+
cmc Increasing surfactant concentration

Bl 2-7 B o Sk % adp B

233 ¥ 3k F it (Mesoporous silica)
2331 ¢itF3 itpag s

FORE R < KR k#3374 % (sodium silicate solution) ¥ # 'z
(TMOS, TEOS) » ¥ 3% e pH & ~ fe St 6] ~ K fFfs en? B A F e 5 3
PILFF LR HRDLARFELERPET o AkRRY LB FRBICREE
Teigm )= = R FSH BRI RS L3R KRR E F R F s AL

-~

FAR HAKRRES BE R L ATSF BiE o ARG o R
13



&l

15 H > tdkBiaip? > Bt 5 OH > -kfais4| L g 2-70 -

Acid - Catalyzed Hydrolysis

OR OR O RO

“~ NS .
OR—3i — OR === [J0--- §i --- OR === RO—S8i— QH +ROH + H*
-~ H I H o~
OR UK RO

Acid = Catalyerl Condensalive

RO— Si{OH, '-‘IFH OH
RO — Si(OHh - H' == :!r RO— Si{ﬂH},ﬂm—‘-—...#Rﬁ~5ii~ﬁ~§':-i~{m
/ N\ CH OH
H H HO*

Base - Catalyzed Hydrolysis

DR R OR RO
at \ A ™~
OR—3i — Ok === Hir+-- Siv=- o == RO—Si—0H + OR
u” I g
OR RO

Base - Catalyzed Condensation

fast
RO — Si{OHY + DH =m——— RO — Si{OHLY" + H0

'CI'H OH
: gl . |, ]
RD — SilOHh 4+ RO — S{OHL0 m—?!:l: 0—36:011 + OH

Bl 2-8 & =k Rt BE e

14



2332 ¢iviFF MR GE G TSR

dow o ARG S Y SLFF L (SIO) HE BICER LG T PF
A (=Si-0-Si=) ©# 4 5 & (Silanol; =Si-OH) F - # 4 5 A4 % 1 (1) B
Z A f&  (isolated silanol) » (2) @ Ap A fh > F @ 3 A0 A5 G B

(hydrogen-bonded or vicinal silanol) > (3) = #}3] & (germinal silanol) °

Isolated silanol Vicinal silanols Geminal silanols
H H H H
O/ O/ \O/ \O O/H
} " No
Sl Sl Sl /N
7N 1IN 7N

B2-9 = AA T & 534

PItEF PR MR AGT T o RE A e AL DRI FHREK
LU I Y S E NG - A I S R A

B N A RT A LT 2
(1) # &% (grafting) :

5 & =% e iz (post-synthesis modification) o 4 45 e RN 2 T
¥ % wm 2. Si-OH ¥ 5 ¥ % 2 (anchoring point) > % silylation ¥ & (=Si-OH +
X-Si-R3 — Si-OSiR;3; X=Cl, OR') k:i& {75 ¥4~ 0F i A ¢ (functionalization) °

(2) % W% (coating) :
15



hig {7 silylation & w0 £ ¥ Vi § L& £ & 27k & (hydration) ¥ J&
B4vatik 4% 0 Si-OH A o f1* M2 27 @FRFHT A MEis RES
(surface coverage) °
(3) = % £/ (co-condensation reactions) :

BETIRB-R R R e PR B Efc’%frr,__‘f?l]-— fpigiv-kfz ~ B &2

= F #-m & (organic-inorganic hybrid) 3@ Ui #7 & 43R o BT FR| HE Ay

Rena D b kEr FEP o
Grafting | )
g g
OH OH_ xR ?/c}\‘? P\?/i\?
L_&él_,ﬁl SL_S,I S ___SI
Hydration|H R R
X Coaling l|q 'i' .
5%

?‘H | X 51-R f:’ ‘\j I

rF S

Si + 8l surlactant
7N SN —>

RO op OFF RO ap OR catalysi H,O
surfactant remonval

B 2-11 % % & (co-condensation) :z % 7 &, B
234 ¢ itk % it 48 (Mesoporous Aluminium Oxides)

16



FIARE G R BE BN TRSEE SN B RRBAEZ B E
PRI R AR LY N AR doso B R o §
FEFSBELALE a0k~ ~7 00~ B bFELF i EEY
PR atpF ARG RERRLL A RAT L F MRk A
SiEAEY RS o T 4R Y TEAAR -

7-F ARG e S A FRF A RBOEI A § RS TS de

Bl 2-12 y-3% it ggi‘g—ﬁl:%‘g][%]

BOAEfe N BRI R Y BB -1 o - M eEL BHREL R T
17



(Magnesium Spinel, MgO, ALOs) 2 Sigdp g iTiz o H &4 > @ 3Lk v -5 448 (7
-ALOs) 24 B & 5 A (100~300 m°g") ~ 34k 884 (0.3~1.0 cm’g) » Fpt 514
FLIRAF M A -

WHE KR IV -3 HAEZ R 2 G AR P F F 7Y > Fang ¥ 4

1% B4+ (bulk material) %% /B k4 & =™ Boissiere % 4 % = R § & F ;=

F 7% (aerosol) A ™ > Ren ¥ A % frjk & 5= WA e 5 ob 5 F2ig
DA P IR PSR R R R AR IRLATF SRR AN

BWIE G & Ik -5 (V4R

Zhang 41 * [Al;304(OH),y(H50),]Cly & iE R Spdr » 11 = BRH £ E§ &4+ F iF
B aths o Az 8T EFRA8 (sol) » £ k#3, % H K487 (boehmite) » &
TS BRI Ry -5 vgEad 3E S ™ o Kuiry BI{1* aluminium
isopropoxide & = 1 % ¥ % % (nanofibers) % 2 X # (nanorods) 2. ® 3'iF v -%

fL ﬁg[SO] o

235 AEP VK ERE V2 S
¥R £ BT Bl A g

(1) z ;2% (Impregnation method) "' :

MR R A BRATKY o B RGEOE Y T e~ > BEF N
Ao PP IETVURERRFELBALHAIE 2 LG > UEFELED

18



M mEEMY > pRd EETT R PR T AT o
(2) 3+ 2 $# 7% (Ion-exchange method)*>! :

P EHZALEHRA SFPMAG DT I AR P T RER
BRI YRR # EHRT UL BRI &R k0 R S

2 f gk R R ER TT AN ERF C R 2R R

(3) % it#kiz (Co-precipitation method) " :

gx‘(

ERCFRTRIAPNZ ERPR S PUH RS oA RS T SRS -
B g

e r R B OBEARY LKA L4 .% v % (hydroxides) & 7 'k ¥

A

it 4 (hydrated oxides) 257\ = A=ywik & K > #ilg RiEigE STV F LB L
fq"}'\ S § iL 7 mﬁ* % = Z_
(4) i F - Hx % (deposition-precipitation) -

Vo

N NI UaNE L k5 N
P /'ﬁ:ﬁi‘-/l—c YES K‘H‘J 3 ZL ST

¥
W
(7
Bl

L Lk {i%—%%ﬁﬁ’iﬁ} ’ ‘ﬂ
HEBBA A GFFF R EPIRT B kD B LUK o X MEWE

»/ 7 —

A 3BT ORELIY e B AR

e

if*ll"’_’ DY At R S-SR S -1 B CE e g

HRB o LA Uk T — S

(5) i* & % 4p #T#% ;2 (chemical vapor deposition ; CVD) :
FI* FEF 2 BB EPFF 0 mS > I R ML ER RS L

FAG MY > REBBEFEENIGFL R AR EBBEFR

19



W
SN
2
S
=1

4 %"‘ﬁ#}ﬁ’.ﬂ}uﬁﬁ?ﬁ %

EREART  FAMRGH AR PR APER S PP e E
B2 M AR A B SR R IUPACK- 28 s st 8% A 5 7 5] 53]
0 deB12-13(a) T

Type I# £ & R > ~ fiFLangmuird] & g & R > 2 A ifd R 5L 3] st

¥ #4L (microporous materials) » 4oi® 7 ~ B E o A MAPHIER A T > Hewg
B H A AR TOMIC T 2BEE S BT I o FE 0 W

FTEEFAE CERTRNCl BT 2 e S

Type 1% g & & > ~ FLIESA|FH & 5 3 F % 4 2534 F (nonporous) &
< 34 JF (macroporous) g { o BEEG Bt R Mk o B Aoom H K et

I3

g AR AT

(o]
\

y Fo o~ = é] VXSS pllf\«]-;kz_;""éf‘gﬁ_'r_i IR R
v X

o = BET & 25" -

Type 1% 8 & & > p2g 3] e g S0 ER WA > 525 BRO® > 24

5

1 ’ 2 /3/1 N«
‘1] EE e

-

SRR L - R DR Rl AR AR N b

Fiew 4 pF o> vi}’\ngr%@,l\ %@p}\xﬁ?ﬁfiﬁ—f %&il}ilpél‘ » & plx;ﬂtigfqé s u};xﬁ%‘r%
B i F R 2 (TR 4 X e R 4 oG

2 TE% 4O P RAGAPEIR S H e o
B R A OBTHE <

20



Type IVEE & &> ~ 5484 3 53V e i HM L > & 4] 3V iF R
FVRESY AR FAAHRA A gL I B REA B A L e
J % (capillary condensation) » i = ¥ fit B I > S A K L BEFR %
(hysteresis ) » & BleAjk s € S F IV F DA RIS E DR A A A F AT o

Type V& E & w3 sd 587 Type Il 4p i £.d 2§ fiv ¥4 F (adsorptive)

2R g4 At g B S e A 2 B il 4 o R R ARHRA B g
ITHRSPR R AL

Type VIZ E & & > ~ FLiars 5% % F M (stepped isotherm) » i€ # 3 4 A& %

BREIBPFE et SO Bl da g gt 2 R % (layer-by-layer

adsorption) °

REIUPAC T & » BEF R ¢ 7 A LA & 0 4o B2.13(b)*7 71 o fdr e i
FRYMRDE LF R FRTE L DB FIR % F S mesoporetF L dm o gy
ST R PR B AT A Ak cHIAIRFF AN IS FY

G- ENEIPES TS RS U RE R LI S )

1p¥ <713 & o

A

¢

Ay il o B ELE - FUJR A ] B AL AR B edt i RE A
BAFR G o H2A A Pld & 5 ‘w5 ¥ 48 (Ink bottle)2_ 3¢ i i = o H3 3| fi v v o
CEAHBRA FFHL -t E A2 R G AL T E ST E M R
# (Plate-like) # A5 & jt s (Slit-shaped) =03t #7i% & «H4%) fi AvH3&F 2 »

21



@ R AR I T L AT S

(a) (b)

I I
f‘ “
\
m X [
3 :
3 g
g B 3| H3 H4
+ t
=
HF - §
,I
/,
Relative pressure —» Relative pressure —

Bl 2-13 (a) % # =B /%vtd s8] 5 (b)) F 7] i
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31 F%EX

1. Poly(ethyleneoxide)-block-poly(propylene oxide)-block-poly(ethylene oxide)
(M,y = 5800, EO»yPO7,EO,, P123, Aldrich)

2. Hydrochloric acid (37 wt%, Sigma-Aldrich)

3. Tetraethyloxysilicate (TEOS,99 wt% ,Merck)

4. 3-Cyanopropyltrimethoxysilane (CTES, 97 wt%, Aldrich)

5. Sulfuric acid (95-97 wt%, Fluka)

6. Calcium chloride dihydrate (99 wt%, Riedel-de Haén)

7. Ethanol (95 wt%, % F*)

8. Ethanol absolute (Sigma-Aldrich)

9. Aluminium isopropoxide (AIP, 98+ wt%, Aldrich)

10.Nitric acid (70 wt%, J.T Baker)

11.Urea (99.5 wt%, Merk)

23



3.2 PN IE

32.1 3tk § L@ s 2 (SBA-15)

P123 5 0 & e 412 M HCI
FRE o KB °

| |
l ™y

4 F i RIEGRA  EA40°C
FHE 2B o

J

4

g ™
HFTEOS R %l A L5k - 42
40 CF 48 3420 ) 0% -

(. vy

l

4 ™
BAS £ HMMS0 CAS PHE
UNCE

!

%8 &b KGR o LAk BT KB Rk
H 65 Tt P 3L kk -

ik & 45 A SBA-15-as »

B F ok & 4 AT AR BE 0 5 SBA-15-c ©
L iy S g LR/ #& &
H S8R, 7% g

FTIR

BET

# 5Lk § L (SBA-15) 4% B AR2 2 E G

Temperature

540°C. 8h
. 1 °C/min
180 °C. 3h 5°C/min
5 C/min
+«——— Air (100 mL/'min)y ——
307C

30°C

Time

24




322 ¢ 3k F t & A a B g = (SBA-15-CN & SBA-15-COOH)

P123 75 i o % B2 MHCI
Tk - RIBHR

W @RS 3 440C
T2 -

AFCTESZ & il A L5k » #£40
CF##30541% » B TEOSE
WA 0 BP0/ 0 -

B ZRMO0OCTKE P E24
,]\a# o

N & &k KR o oA E BT K BB
o EMBOCHA TR wEds
SBA-15-CN -

g l N\

H5SBA-15-CN sy K 5 #5 748% 4
AKIERY » £9SC TF oshi@if -
N S

(1@ ah Rl AEMTF iz
T s AR iE P GO Tt 4
Bl 33SBA-COOH -

N >
R FLIF/ 4 @
XRD ~ FTIR ~ NMR BET

25



323 5§ (M 4Een? 3VF§ LA & ML & (CaO/SBA-15)

(1) 7 :&i# (Impregnation method)

SBA-15-c #3 K X4
B > L£IS0C AR
ST R AKI2/ 8% -

B W R ) R 6y
CaClyif§ #k 75k -

=
R Y R T S PPN
SBA-15-c » 3312/ 0% -

FN K Fh FEIR

E" B = AHkE 4TL1()SBA]3}

N
[%’J PR 39 A R 46 A% B Bl dh 32 0 3E

ﬁﬁ%i LR IR RS LR/ & & = R b
SEM o Hr & [t 5
l"TIR TEM BET TGA
PR ET LR EBA B AP A EY 2 Lg b

PRHEWL D LR EETT %

(SBA-15-c) L4+

26
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(2) 3+ =2 3% (Ion-exchange method)

<

SBA-15-COOH # £ ¥ 7 S

M RAL S+ 2150°C 2 HG & 1o
":’f“?f&-FF{f\yk 12’1\ B;J__r " ) (,rlc-|27k-:»6-r?§( o

i L2 A5 TR e
SBA-15-COOH ¥ » ##4¥12/]v 85 »

e B
FIA E A BE 0 AR AR A0 IETR
B RN EGIE -

B )

& d % R 1§Ca0/SBA-15 -

L J
**?Fﬁﬁ%;fz_ LRI R RS LR/ & & — A
SEM 7 & it 5 7
l“TIR TEM BET TGA
PR E A B R AT IV PR IVEN BRROTS o % SR TS

AW REF LI BEHERT UL BEABAR K E o gd o @
SRR R AP T R P

4T end 3Lk § 1A & HORL (CaO/SBA-15) 4 i Az.2 =g if *

) 800 °C.4h

=

~

= 5°C/min 5C/min

=%

E +——— A (100 mL/min) ——m

2 30°C 30°C
Time

27



324 ¢ 3tk F iv4Ehs X (MA)

' HFAIP hu N KB 0 3R
o3 BN I 7
P123 75 a7 &K e A B 70 Wt 5 B

N ~:}‘_ 5
B FEHE R A -

| |
|

W EERERRES  AFR
Y ER VRS RE o

Lo E A0 Tl 4 3R - a5 IR E|
TR 0 LA ) By &by KRMA-as > B it
B M AT Sk FFMA-c 0

1 \

kT FLiR/ & @

TR
TEM

XRD
FTIR

o
BET

$IVFF 1 4E (MA) g A2 SR i

@ 700°C. 4h

2

F . o, "

) 5 °C/min 5 °C/min

j=5

E Air (100 mL/min) >

N ES 30°C
Time

28



32.5 ¢ L 4T-4EF (A £ ML S 2 (M-CaAl oxide)

MA-c # RiEH & 8 F
A -

e W CaCl, K&k
Fu bk F K IEIR °

( )

A% b3t 45T R KK
Mo AMA-cth B 9 4 -

N

'4 ™
& FMGERFBIAEAEN B
WISOCFREZXR -

' ™
43 K A R M5 69 IR RS 0 L

FEEF ARz 0 60 T4

é’iﬁ& '+ 1% & & % A M-CaAl oxide -

Y 4

-

AR
XRD
FTIR

IR RS FUiR/ & & = R4k
SEM M & it 57 HF
TEM BET TGA

vIViRAT-48F C (M-CaAl) 4EiEf2 2 2 R F 2 ¢

30°C

10 °C/min 10 °C/min

chimitsionr 2 S g 0 0 B | et S 1)

29



33 FHAFRE
3.3.1 X %4544 45 % (XRD)

XEGEs e d @ * LHWERELL P FRELI RS AL T E
§ Xk Etis o F RS Y R A2 B 8o for sfk4p 404 (Bragg’s angle)

AR E T P RMESIEE (2dsind=nd) FF o 0~ SR g AR B 5 B AT EES

=t

W T R T A G R L 1R A 2R TR BRI bR
R §E (d-spacing) > #4835 31 & & % #(Cell parameter) a, > ¥ *F ¥ 12 4| * Scherrer
3 #2378 (d=Ka/Bcosh) > R » 3% L g T REFHR ST ERITL ] o
AP RE S MISXHE » £ * 0-20scan 44 5 X £k (Cus Ay =
1.5405 A) > 3 i3 B S0kV » T T im 200 mA > F 45 i 5 10°/ min > s + &
R %3 (7°~70%) > I 41 * JCPDS #Z S fitpo ¥ ¢Fi# * ®RE L Bede Dl 74 *
0-20 scan > "4F4e 5 X KR F T RA0KV > FET i 40mA > T | R ®

#(0.5°~5%) > FRHIF R

332 & & 4417 % (BET)

FI* § F FESRGRIE > ¥ U EF IR &4 o ff (surface area) ~ I =
/] (pore size) ¥23t ¥ 44 (pore volume) o *F % % # > " 'td AR E (Nitrogen
adsorption-desorption isotherms) #_ %/ & 77 K > ¢ Brunauer-Emmett-Teller

NOVA 1000e & plm ¥ > 2 B Rl EHh&E i 77 K T g § FES/ R A



(adsorption/desorption isotherm) o & &L 4v £ ~ 3 E 7 n/ﬁ,_j # (degas) > % K’/Tt Bk e
Kk 7? 23 é‘%p}dﬁ?ﬁ? i LB & %é’f’%\ ’f"’r’]‘% vOiR TR /R Kﬁ-m-? =% o

(a) BET (Brunauer-Emmett-Teller) # & f

2

PLIEA G LangmuirB IR et W i F N FM A G o d B o IR %

T
)
gx“(

- R EFEFHRBEINE DA PRHRE LG REFSAEM o -
HERE 0 BB R A A - 2 AR A R B o @ s E ORI
TSR AT o e P EGR (- AR ) - R R 0 2 R
FHORGHE o ki g OAAHEA (PP) G RlY o 7 EBET I = v
#2538 (PN (P, -P)=1IN,C+(C-1)PN,.CP, ) IEBL T F Rk Sehdk d ff o

(b) ik % | 4 i ]

A R R F A M A S A R 4 R Pl ke

-

HAAREEIHP R PR HEASOT TR BRES R 240 55 M o
Wit < L TP B AR RS (PP BF o F M SR R S
g » At F 2 ? > Hap R EF ~ Kelvin & 4250
(R, =—2»V, /RT In(P/P,)) #73+ & 1 ke o £ 12 BJH (Barrett-Joyner-Halenda) 1

22 Haley » #2583+ 8 11§ §F 258 » T 247 2 RS F §F S/ &

F MR T S
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333 B+ Rk & (Solid-state NMR)
F1# PSi-CP/MAS 4r PC-CP/MAS 12 £ $e £ 37 it — HrEz e 3Lk § 1t
Foend s B F 0ok % ¢ % Bruker DSX400WB NMR H i 7/ £ & 3k 3§ %

* MAS 45 (Probe) > & 6500 MHz ¢h% R4 & 3 8 chif i T 1279 % o

33.4 &= FH bR kH R (FTIR)

SR ABE L KL LB PARPS T B E AR R

*F %% K B % PerkinElmer spectrum 100 > #f& 52 if £ KBri53 7 B {s -

BAEg L@ Y ks #0F)450-4000 om s 4F 45 =t #c 8 =0 A4 & 4om’ -

33.5 H3 s R YT+ Bikg (FESEM)

Pl 83 HAcsE RIS I A BEFFE TS B F M
fBehdom » FlgrA 2 - AR+ > TREER SR EE G D RP IR T8
#d EDS¥® 14 i & 4 47 o

*F B ATH RE 5 JEOL-6700 & 177 B 5 15kV > Bk & M pl #3535 ZRpEAT
i § * ) e § Flwafer (silicon substrate) o £ 10 % B F 1B -5 AR R eR ALY

WL SR ATIE 2 A ~SEMMEREY ) B SR G A5 B

S

AT e
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$ AP A BRI 2

TEHENT I AL FanF AT ELER M 1000 nm 2T 2 E R &
frE SN D fpe R A 2 3 AR 2 A0S o AR PR F R TR
BEEBE LIS RE - AP B 2 Bk & T st ] % (diffraction
pattern) » & fE47 3 SR A B Y WS (TR X KL FHATR
(EDX) i~ % = i» } efie 47 o

AE AT T ENT T S S JEOLJEM-2100F » #-4 &5 & 3347y (8 7

FoETNFE R R H PR

337 kw7 =~ 47 % (Zeta-potential)
FoatAiirRY R ERSELZe T FEMHE AP SiE T Zetasizer

NANO-ZS » #4k Fa 503t 33 k9 > Q3 A B fcm4ais > pEP VF g

3.3.8 B8 & T R-R+ s kid ik (ICP-AES)
BEME LRRF S LFRIIF RS ~F 2470 BRE - #HHL
VLRl RSA R Y R £~ F o ~F B¢ * Jarrell-Ash ICAP 9000 ik B 4 455 &1

33



g2 gl At p s RPREIVFSF LF FF MEERE A o

339 #E€ 441 &k (TGA)
BRELSFTREAY ABRZRSAFRERGFETHERFA R R 7H

Bp 7 RS R 2 R

o

R e Hs gk i AFRERE S
TA Instrument Q500 » 1 & | * H A frwsrd- § PR UG EEF AV L2 ERF o

S 1 N L B - £ S S B - £ S AL S )
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A&

ST FF LML INEYF CREC§ RS

AR BRI A2 F P L AHA BRSNS F R iR F 4L £
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41 PV FF iR A0

LA R X R gER (W=1.54056 A) &% ¢ itk § *# SBA-15 (i o B
4-1 5 3 F 44 ¢ SBA-15-as 22415 ¢h1 SBA-15-c 2. X L 4tk o o B ¥
g A& % fi SBA-15 (SBA-15-as) st chi= ¥ 5 20=0.821.461.67 & ;
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4%t SBA-15 (SBA-15-c) » 4% chi= % % 20 = 0.93 ~ 1.64 ~ 1.84 B b

55 5 (100)~(110) 2 (200) > 3953 fx 0 crdp > 940 SBA-1S it if 41

F e RS (pomm) o 44%EE SBA-15 hdEsHE Ap it © LA 0 & G4

WERS IV N AEEL o ¥ thBERE SR R P P R e 0 12 ALF] L LR AR

%%@’éf%%%Wﬁmﬁ%@o

T § F R SR LA T EE Y TR P e g

Bl 4-2(a) 5 SBA-15 en§ F =/t S 8 & 5B > B ¥ & P/P=0.6~08 ¥ > § #
AT APIUFR A TS w ARk AR E AR 0 F R &

FIR R o Al 38 Al Type IV ¥ dhik st Bl2) > HBFAIGE 5 HL > R &R

LS 4 ML) 03t B4 Re 4k 5 617.566 m¥/g> 3t iF 484 3 0.950 em’/g ¢
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B 4-1 SBA-15 2. Small-angle XRD ]
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Bl 4-3 27 3k AR fo 50 900CT™ chg F4ER - d
ok R X RMESE 0 T g I MCM-41 ¥ g Bgom B R AE 0 & R iR AUl
6o MCM-41 # 3% & 78 § Sg2 33 > 4p 4430 SBA-1S R 7] 5 B 5 it B> 4
7 SBA-15 # 48 2 1 MCM-41 47 » #c12 ® G & %] & & eh§ 1L 7 SBA-15

3 AR b

---MCM-41-c900
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42 P FF R AGRTLEI AL
Bl4-45 2% & (-CN) & 4 (-COOH) *® 3t § it # SBA-15:] & &
XESES L o d Bl4-4(a)enS % 7 R I4~ & =g AP 3Lk 5 it SI5-CN
(# *# % F ) » # R HICTES/TEOS//9 (S15-CN1) I 2/8(S15-CN2)3#¥
LR R R BRI S & 2 B SESTE HE (100) ~ (110) ~ (200) > F F (100)
B AR o o Bl4-4 (b)ing & T BRI HoSOuf it 2 45 7% 5 8 HiCH [0 sni ik
F¥ IV F Y7 SI5-COOH » = 1 Seid 45 o AR ficd~ & & ehafilsh > FRF 2 &1
P SBA-15 0 i § CTESH7 £ # e o » #3037 3 SR B . SBA-15:1+ 3§
g AR o
o Bl4-4eX ok YEbf LT BP0 f 3] T OERT R 5 e & & CF CTES 0
TR AH LR AR RS R R AVF § 14 # SI5-COOH 3¢ j& +
o 4 SR v 5| CTES/TEOS/£1/97(S15-COOH1) % 2/8 (S15-COOH2) # ] >
Z W F vt 5|CTES/TEOSA% & » 3LiF £t #7 3 chZpph A A% 5 o
Bl 4-5 % S15-CN2 4 S15-COOH2 7 °C CP/MAS NMR %@ > # * % &
TR AARALT S PR LY 3Lk P oF RN o
IR fL B 4+ 18 50> B 4-5(a) 7 1 & =4 122 ppm g » 5 -CN F
fe ANCL =g > @ V= & 1l ppm 5y » . C24r C3 ez » iV i
# % 16 ppm - 70 ppm e fTig Bl 5 4k & R - o S 1A P123 AR
GAELA 4 o B 4-5(b)7 i B =4 179 ppm e qiE > 5 -COOH T #t £ 0 Cl
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=% > @ %27 ppmfcT ppmes ik o Bl 5 C2feC3hiz > ¥ T g R Rk &
16 ppmF70 ppmerwx fcig i £ 7 > & J1 % HySO, 7 = 7 = 4 i B S A opk 1
CNE 7t 4 o

Bl4-6 % S15-CN24rS15-COOH257°Si MAS NMR k3 8] » 7 * KBy f35 R+
¥ Bl ks > 1 E R RCTESTPTEOSE7 £ R e = & o

Bl4-6(a)v LRI T B i & Fpcd =8 > -112 ppm ~ -103 ppm¥£2 -92 ppmeiiz
B A B Qq (Si(0Si)s) ~ Qs (Si(0Si);(OH)) £2Q;, (Si(OSi)y(OH),) a5y » #
P QuFm ¢ dtiF F 1R IR PRSI0 B BB H 0 Qi frQu 1 Y 3t
*3x & e £ 3 Si-OHF o fk © m-68 ppm¥ -57 ppmei=¥ > Bl A B 2 T,
(RSi(OSi),(OH) > R = alkyl group) £ Ts (RSi(OSi);) 4% #ic'é chi= % > %>Si NMR
FRBIFEN Tt > TE T T BB IR PR B
HFeCNE a4 o ¥ 0b > B B4-5)? s EE 7 FIT; (RSI(OSi)(OH),) 35875
B B FIE XA B i A& GCTES K32 18 » % 8001 — et gt
CFF R

d Bl4-6(a)f-Bl4-6(b)7" Si NMR*& ¢ » e it fofp Srp A R SR Q
HTABL) % 0 @ B Qy/QuEnt Bl 0 £Si-0-Si F Hte g LF S ABRH
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B 4-5 (a)S15-CN1 ; (b)S15-COOH]1 2. "C NMR ®]
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Bl4-7 5 S15-CN4cS15-COOH - FT-IR . 3% - Bl4-7(a) 5 E* b 7 £ 47 3t
¥ ¥ i*# (SBA-15-CN) e FTIREI# > ¥ 25 ] 42250 cm’ A% A (-CN)e i 4 4
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SBHAEBRAPPIET > g AT RIVF? Bio@gn 2 Lol d o g
SR 0 A Rl My - BRI A 2 > RRIUPACHE & 0 B TR/
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#4-1 % F kB SBA-15-COOH 2 3 jf 1+ F 4 47

Samples Surface Area (m?/g)  Pore Volume (cm®g)  Pore Size (nm)
SBA-15-COOH1 477.501 0.933 6.220
SBA-15-COOH2 443.302 0.554 4.813

B 4-9 % S15-COOH2 1 TEM B > 4-9(a) 5 (100)h & » 4-9(b) % (110)=-
BT EI AL A Il RS AT AR SRFRE S F T d W

4-9 ¥ g HILE L g 5 45nm e

Bl 4-9 SBA-15-COOH2 2. TEM @] (a) = w % (100) ; (b)= = % (110)
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potential) B % > #-P FLiFF tFIVF PN A h 25 (-OH) AR AR LG
T imd S 19mVE{ 4 2 -315mV~-325mVe ¥ it B RS e f R
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B e A 4 o EiE * SBA-15-COOH2 5 AF7 § et o

S15-¢c S15-COOH1 S15-COOH2

LN
[4)] o ()] o
L N L N L N

-20 -

25 -

Zeta Potential (mV)

-30

-35
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#4-2815-Ca0ehf L 4F A€ B A v 2 A 45

Samples CaO (wt.%)
SBA-15-CaO-1 5.3
SBA-15-Ca0O-2 10.4
SBA-15-Ca0-3 16.2
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B 4-12 7 I §* £ 9 S15-Ca0 2. Small-angle XRD ]

5 &% % 9S15-Ca0 » 1% XRDE TG 4% 15 :7S15-Ca02 % & 25 i
81 % gt PR XRD e S0 B14-13 5 3 I 4 £ 19S15-Ca0 » GBS #T & IR
X SR 0 W O F B 287 327 467 P BEenz B MESE > H A u G
Ca(OH),#7(100) ~ CaO#(111) ~ Ca(OH),#(012) = 3 JF i 47 §° & pF > § (1 45

H OGS T 4o 7,8 ehE 4T SRR 0 d BT 3ETP 3Lk § 1 # SBA-1S
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%4-3 7 I 4 2 9815-Ca02 34 P A 5

Samples Surface Area (m?/g)  Pore Volume (cm®g)  Pore Size (nm)
S15-CaO-1 481.988 0.596 5.874
S15-Ca0O-2 357.026 0.452 5.372
S15-Ca0O-3 282.581 0.383 4.605

(b)

Bl 4-15 S15-CaO-1 2. TEM Fl(a)> = 4 (110) ; (b)> w % (100)
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BREFF G RA L B RS P T R TR T

4T IR T

3.4-4 SI5SCOOH2-CaO:h§ 14T & £ 7 A v 2 & 47

Samples CaO (wt.%0)
S15COOH2-CaO-1 6.7
S15COOH2-Ca0-2 8.1

S15-CO0OH-Ca0O-1
— §15-COO0OH-Ca0-2

Intensity(a.u.)

0.5 1.0 1.5 20 2.5 3.0

20 (degrees)

B 4-16 #* & i“ £ 1 SISCOOH2-Ca0 z_ Small-angle XRD ]

vEE S R 32 4l & hS15COOH2-CaO » F1 * XRD # %5 i 4 4 14
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SI5COOH2-CaO2 ' s 75 & > Bl4-17 3 ‘L1414 3 b § £ ¢9S15COOH2-Ca0
Xk YEbT K ¥ o B I&ﬁfumﬁi P FURF VP T AN M YRR
HRFIF i 2 ddx | XRD&EZE BB (- 4 XRD Wp &kt | &2 > &)
$o AFF BN R I EY o R A Kb T F R ER
BPE T FIXCR SRR IR A28 327 467 = B H sS4
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PATER R b SRS PR - U R R
SR BT IR ETHITP IR E C P G o RS AR nE V4T R

Pl E Y F 4G > @ XRDEBLW AP A g o

S15CO0OH2-Ca0-1
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Bl 4-17 7 F §* £ & SISCOOH2-CaO 2. Large-angle XRD Bl
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#4-5 7 | 4 2 #9S15CO0H2-Ca02 34 J 1 A 4%

Samples Surface Area (m?/g)  Pore Volume (cm®g)  Pore Size (nm)
S15COOH2-CaO-1 450.034 0.502 5.499
S15COOH2-Ca0-2 395.306 0.424 4.803

B14-18(a) % 7 I § i“40§ & 2 ¢ 34 iF § it # SISCOOH2-CaO 2. § F H i
/L AR IR AR R CADenY JUF LR SBA-15S HBFY A
5 %45 SBA-15 ¢ 3 iF o ¥7b5 d B 4-18(b)fr & 4-5 7 F | F 4T E BB
PEo B3v o m ¢ Lz m# PV ) M A e - L FRFIET TR IR
o rr b BREM T F AT & SBAES g

B 4-19 %41 72 = 2 & & &9 CaO/SBA-15 2. SEM ] * 4-19(a)™ 11 5 ¥
S15-Ca0-2 # @ 3Uif § “F & 6 F 3% % X 3fkchf 4T E > HE b 5 @ 4-19(b)
Pl e x 3pkeng (Y4T30 4 6 o B 4-20 2 41* 2 22 & = 5 CaO/SBA-15 2
TEM K] °4-20(a) S15-CaO-2 7 11 5 T § 3% 5 § (“ 4T R B0 9 3L § 10 p2 choh 3

—

GiA20(b)R A AT R TR F A R R d i

i
=
W
=
—b
s
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Al

AR FESE -
P> S15-Ca0 2. § 1“4T4 3 5 & 23V F R 3R> @ 1% g3 2 plv 1%
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SEI 15.0kV X20,000 Tum WD 8.6mm

(b)

SEI 15.0kV 20,000 1um WD 8.5mm

&l 4-19 (a)S15-CaO-2 ; (b)S15COOH2-CaO-1 2. SEM [#
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4.4.1
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RIEF G P 3tk g Pp a3t pIneng Y40 FEd - F PR AE A TVF RN A
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S15COOH2-CaO-1 ] % 3.41% e H vt bR defr > 2 H oo M4 5 4p 4
Bood WA T UFREFF LAHF R0 2 F PR E S H e o
BEQ ICP A45eng (H4E9r il b2 B % > #5 5 L4E2 9P TLp§ 1
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R* =0.9583
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Dw/res (10° hh R’
S15-Ca0-3 3.19 0.960
S15COOH2-Ca0-2 2.87 0.958
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#5-1 7 F4T/4F 0 blen? FUIR4T-4RF W 2 3V IR LA 4T £

Samples Surface Area (m?/g)  Pore Volume (cm®g)  Pore Size (nm)
31-b2 59.895 0.132 5.3844
71-b2 36.731 0.079 5.3732
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Samples Surface Area (m?/g)  Pore Volume (cm®g)  Pore Size (nm)
31-bl 56.148 0.132 5.4430
31-b1-c600 58.528 0.187 8.3928
31-b2 59.895 0.132 5.3844
31-b2-c600 61.357 0.172 7.1312
71-bl 32.238 0.075 5.3980

71-b2 36.731 0.079 5.3732
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%53 2 & EY IVF4T-4RF (V2 IV F T A 47 A

Samples Surface Area (m?/g)  Pore Volume (cm®g)  Pore Size (nm)
cp-CaAl-31 18.235 0.032 15.7690
M-CaAl-31 58.528 0.187 8.3928
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