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Impregnation of Ibuprofen in Mesoporous Silica,
MCM - 41, Using Supercritical Carbon Dioxide

Jung-Teag Kim

Department of Chemical Engineering, Graduate School

Pukyong National University
Abstract

The characterization of adsorption or impregnation processes using
conventional or supercritical fluid technologies becomes an increasing
part of the research on the drug formulation.

In this study, we chose supercritical carbon dioxide, that is harmless
and good penetration, as a substitute for the organic solvents in
processes that treats drug. And MCM -41, which is a typical mesoporous
templated silica, was used as a support for drug. This material
represents the large specific surface area and ordered cylinderical
mesopores that allow the inclusion of drug into the pores with a narrow
size distribution. Ibuprofen, an anti-inflammatory drug, was selected as a
model drug for its low solubility in water and its molecular size
suitable for its incorporation within the pores of MCM - 41.

Our experiment is composed of three parts, such as the synthesis of

MCM - 41, the supercritical impregnation process and the dissolution

_Vi_



kinetics. The synthesis of MCM -41 was performed under hydrothermal
conditions in presence of cetyltrimethylammonium bromide (CisTAB), and
the characterization = was analyzed by XRD (X-ray diffraction
spectroscopy), SEM (Scanning  Electron  Microscope) and nitrogen
adsorption isotherm. The supercritical impregnation process was
performed in semi-batch reactor. Main parameters in these experiments
are pressure, temperature and impregnation time. Amount of
impregnated ibuprofen were determined by measuring the absorbance
using UV-Visible spectrophotometer. Finally, drug dissolution studies
were performed in phosphate buffer solution of pH 6.6 (25 T) at 37 T

and 50 rpm.
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Ma, EAdo] gle o|tE Aol o]§, wAEOE mesoporous silica,
MCM -41 9] SEHE Ao dTold. o%F2 FHSA <! ibuprofen &
AH&3E AT Ibuprofen & 3 FEZ A HAASHA E olf+ ibuprofen ¢
B2 AZ7)17F MCM -41 9] Alg 3o &gt7] w o]t} [2].

A b3 wWAZ 282 mesoporous silica, MCM -41 ¢ 34, =
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21 Mesoporous Silica, MCM - 41

o

A E
StHAl AFE-E o] AHh. IUPAC ool mar, g3y =2 molaz A
%=

o
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S 2 uuEuAd g FHAA, Fu, Fue] FAZAN &
(<2nm), W& AF @2~50nm), WIZE AlF (>50nm) e A 7IAE EF
At} [24].

MCM-41 & AF°] 2~10nm & #wlx AlFS 7HA<= =4t MCM
(Mobil composition matter) ©| & Tofo| A7 1992 A Mobil AFe] A3
o 93 AL FAHAAG[25]. EE oxmt I 1990 EA
kanemite o] A FSM-16°]2t& WZ AldS 7IXEe 2SS FAFIoY,
A FENR XA oo HlE] MCM-41-2 Aol &xH o]y, o=
EUH o gFetA EFsetHoz AFEHEA MCM-410] wlx AlFs
7HAE dEH o] HA[26].

dutr oz wzx MF =4 AUHSHAY AFHAH  aEA
(amphiphilic polymer) & +% FE=EF=E ALgste] FAT. AUSAHA

= FEd Ahdr exe wxo wE EA st 2k Fig 1o

[¢]

Hel AAY 2571 wowl AAGAAQ] CiTAB (cetyltrimethylammonium
bromide) & & el 24 HE7F BES olEH. THY =7} Eo}
AW o] wal C TAB S A ey @a At o3 E& & 9o
Ae A7 @R EAA AAR, dA P FE (critical micelle

concentration) X S| A H AAGHA FAEC] AE EAAX T3
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Fig. 1. Phase diagram for concentration of

CiTAB and temperature in water.
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Fig. 2. Pore structure representing mesoporous material.
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Fig. 3. Liquid-crystal templating mechanism proposed by Beck et al.

[40] showing two possible pathways for the formation of MCM

-41.

Fig. 4. Folding sheat mechanism expressing hexgonal meso-

porous material derived from the laminar structure.
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Fig. 5. Pressure - temperature projection of the phase diagram for

a pure component.
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Table 1. Comparison of the physical properties of gas, liquid and

supercritical fluid phase

Phase
Property Unit
Gas SCF Liquid
Density g/ (0.6~2.0)x10° 0.2~0.9 0.6~1.6
Diffusion /¢ 0.1~0.4 (02~0.7)x10°  (0.2~2.0)x10°
coefficient o - -
Viscosity cPs (1~3)x10” (1.0~9.0)x10™ 0.2~0.3

Table 2. Critical properties of some common supercritical solvents

Solvent Pc (bar) Tc (T) oc (gfer)
Carbon Dioxide 73.8 31.0 0.468
Propane 42.5 96.8 0.217
n-Pentane 33.7 196.6 0.237
Propylene 46.0 91.8 0.232
Ethanol 61.4 240.8 0.276
Water 221.2 374.1 0.315
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of= HEAzdold 7|E ofFo FAELS Hagsta 5 ¥ AFAE
Sulst AA Zod Jo FES m5gFeR AT F J=F AAT Al
g5 T

ofE HEA =g AFoA ol AHEEHe 2AA FAHd= o9 471
A 7F ok [33-34]

(D Rapid Expansion of Supercritical Solution (RESS) : =LA A &3
He 848 294 £99 £8A7] F nozzle S B3ty FHFAIH
e gAde= sty wAYATE AEEH= 5 F

@ Supercritical Anti-Solvent (SAS) : 825 &g &vfjeo] &sfA]7]aL o]
A& WH&n) (anti-solvent) 91 2 YA FA} A HEFsH, Svjo &3
g Astz Qleto] & Foll §do] H4EH= 574

(3 Particles from Gas-Saturated Solutions (PGSS) : &8 ZAAFAE
=X JtA-xs g HE F olE =&ES Tt W AAA dAH
dH e vEs A

@ Supericital Processes to Prepare Composite Particles : Encapsulation,
CD (cyclodextrin) Inclusion, Impregnation
ZUAE o] 8T 474 T BF F84 e & £=E w7 A3

AHE-E A ¥F[33], composite particle & F8&4 oF=9] &3 = A3t ¥ oly

2} Alo}W}= (release controlled) #F LA Aol A EQHE S Edo it 84

FAZA slAE 4 A= FH 0|t} [34]. Table3 2 Perrut [35] 7} A Al 5l A &

W, o] &= composite particle A X Al FZ s 7|FE& AAG Aolh.
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Table 3. Formation of composite micro - particles for dissolution enhancement [35]

Substrate solubility = Matrix solbility Available process  Type of particles produced Remarks
in SCF in SCF
Yes Yes RESS Microspheres -Few substrates/coatings both
soluble in SCF COg
-Possible use of polar SCFs
Yes No SCF impregnation  Active adsorbed onto a porous —Carrier impregnation by
carrier extracted active
—-Easy scale-up
—-Rarely used for dissolution
enhancement
No No Supercritical anti- Microspheres and microcapsules —-Difficult solvent/fluid separation

solvent
Fluid-assisted
micro-
encapsulation

CPF impregnation

CD complexes
Microspheres/capsules

Liquid active adsorbed onto a
porous carrier

and scale-up
-Very low COs consumption

-Easy scale-up
-Continuous process

-Easy scale-up
—Rarely used for dissolution
enhancement




o] 7] A CD (cyclodextrin) o] & &Zo] AAlHo] J=d, o] EHL& T
g FEY o F2E /AL Jon, e IAFA, Wie &254Ss UEd
ok ol A o FEE AFAHE HAA Ha §EEE Fs 2 Ao
W& T 71osHA Ao 28 EE old A4S JHAE EEdEL FEAY

3AT[36]. Bl A5 thEE SwkA

>
[
-
©
o
>
2
_>|i
X
y
&
)

o] = FHYES Suets WAZA 29A FAE AT = dd

Table 3 o] A A ¥ “CPF (concentrated powder formation) impregnation”
< 4 el FHEst= AT ol AL JATE g o]itEtEAof

HAZF 2opEUAM A HE=rF Fgaetar, o2 Qlete] o wiA el A

= Adste TxTleEA O Age] ZiddEn.
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3.1 Mesoporous Silica, MCM -41 9] 34
AukA Q] W= MF9 silica, MCM-41 ¢ &4 FE= SWuld 739
o] dAE 4 g CiTAB &N colloid silica W sodium silicate 5

A3t silica Yo] ol dv LItEld 8HE JtstE Aot Silica S0

—

712 ZFursRo AWMgAY} silicate So] o] WHSEEE silica &4
olF HH3F sHe. o= o] Pt o &
S At AHGE & FY] TN aAst AREAAE AAGH
MCM -41 ©] FA4HH. o] FAAS Fig. 5 YeE AT

Silica 92 Syloid C 503 (Grace Davison) & AF&3}¥ L olgo] 7&d W
Holl wal MCM -41 & A3t

Silica 45 g 2 7.5x10° mol ¢] CiTAB (Aldrich) & sodium hydroxide (95

A

guk-g A7)

g

oo

Sg

-

%, Tedia) 0.2 mol & F < 500mL o] &ajA1Zl &He] FY3tHt. o] &
g} E-& stainless autoclave oA 115 T ol A 20 A|7F &<t 71EsE . 18
3 PFAAE EEZE A7 T 50wt % 9 ethanol &40 2 A HS v 90 T
ol A AXsAT. v HozE AxH A JA= 550 T oA 7 A7 &k

} ST

24

of
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[ Silica source ] Cationic surfactant

A 4

( Alkaline solution W

( Hydrothermal treatment ‘

( Filter & Drying W

Calcination
under the air flow

Fig. 6. General synthesized route of MCM - 41 material.
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3.2 Ibuprofen o Z4A A
B Ao AT FHZA Y A¥=e Fig. 73 2o A3FA = 0
e AZR A, ALFx, 58 LGP ZS 4 WS TIE ol Fo A
Att. ojitsteas AFRW AN ALFE7FA= 1/4in 03, YA A= 1/8
in¢ ¢+8 g #HS ARESAT FF ¥HE-7] (impregnation
reactor) & &S 300cm’ ©]3L stirred reactor system, R-201 Series &
Reaction Engineering Inc. oA A Zet At 3 wks-7]e] 2= &7 &
o ¢d A, 2= FAAGA G} 7tEFAZ T H A
A2E 370 ojqtEteta A WA Y2 o]itE

g
28 AH 548 ngBTA N UYF ex2 FAE
8

uu}
o
rr
1)
ro
e Ay

ey
)

T
oo
N

Fo] 3L w3 E 2] (semi-batch) &2 B.P.R. (back pressure
regulator) & AF8-3te] GAHSA FAEHAL, wREEE=E 1000 rpm 0.2 7
HE fFASAT. 4F T8 Ad= w7 Wi
HS & MBEE B3 AU s w=A 7FststH Tt
Aol g < 2
Me a3 2.

M
ﬁ

T WHYE 90~120bar, 35~45C gom A3

iy

@ g ¥b-g-7]e] #B3F9] ibuprofen & el A 4SSt}

@ MCM-41, 2g< AZ=77} 1m <l BE A (Advantec, 5C, 110 mm) ol
AdY (% ¢15x4m’) o2 TAFE, w37 Fdie mAFAF
=3

@ WS71E WEG F, olAsEh PP WHE DolN BWAE

¢
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Check valve

Low temperature bath
Pump

Safety pin

Impregnation reactor
Back pressure regulator

2

Fig. 7. Schematic diagram of the supercritical impregnation

apparatus.
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g&Ex 54 FE HE 432

3
SallEEe] AL MCM-41 0 3 | =9 F=E 4d& A8

x4 37T, 50rpmelA pH 6.6 (at 25 T) ¢ phosphate buffer
solution (Aldlich) 400 mL o 4@ #F<9 N85 FsArh As5e T3 =
Algek ge] HA e ARE EF A Bl gglen, d3 | A
Br v=HE FAc 4 @ Fol BE SfEHE] WEE Bk
Ao e &3 A=E 47 A8 = £4s dF AR HHoE
syringe ¢} syringe filter (pore size 0.45 ym, diameter 25mm, Advantec
MFS Inc) & AR&std oF 2mLe AIRE AHASAG. AH & AMEc
UV-visible spectraphotometer (Genesys'" 5, Spectronic Instruments) & A}

ot B4R, B4 A AHER HAHFF I (Anax) & 223 nm T
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4. A3 9 nF

41 MCM-419 4

ddE MCM-41 & x4 542 XRD (X-ray diffraction) #} nitrogen
adsorption isotherm #4]& F3dlo 273t

Fig.8 2 3dH MCM-41 ¢ XRD pattern & YEFAT. XRD pattern =
HW, 2theta (6) 7} 2.0~5.0° Ato]ol A E 7] ¢ Bragg peak’} UEFATEH o]
peak © " Z AlF 9 ¥k 724 v <& (quasi regular arrangement) < ] 7|3}
H, &7} (hexagonal structure) & W3S Yetdo. =3 /158 met

Ne od FHHdE YJeEtYA] S B2 Bragg peak ¢ Miller - Bravais A~

rr

(hkO) 2.2 JAT & Ath[39]. 23 F AFEA Alole whiE A

(a100) & BT AF FHL 4 )T 2 25H A2T & sl

2
199 = dyog (_\/f-}) (1)

Pore Diameter = ay, —t (2)

o] 7]A Beck & [40] ©] 93t MCM-419 ZAFHQA AFHFA (t) =
1.0 nm o]t} o] Z A Axkst Ht MF FHL 3.28 nm A
Fig. 9 = &% MCM -41 ¢ nitrogen adsorption isotherm °©]®, IV & 9]

F4 54 JEa N 39

2}

ojfl

2%

=

]I]o{t
ro

Wz Alds /I A= 54
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Fig. 8. XRD pattern of synthesized MCM - 41 silica material.
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Fig. 9. Nitrogen adsorption isotherm of synthesized MCM -41 silica

material at 77 K, degassed at 573 K.
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Fig. 10. Pore size distribution from nitrogen adsorption isotherm of

synthesized MCM -41 silica material at 77 K.
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42 Z9A IA

Ibuprofen & A&/} o] A A (enantiomer) 4] nonsteroidal & & 5 A
ojth [23]. A7IA A ol EA = LEEH ALY BAEN HNE EN
AA = EES 2oH, A oAAAY ¢ S AV EFE
(racemic mixture) = -2 2}A| ¥ A (racemate) 2F FET. AP = A v A
& AF8-3F A}, o] racemic ibuprofen ¢ &3 = A FE & Table 4 o A A] 3}
Aok 283 Ao dg 4HH 2% M9 = 90 ~ 120 bar, 35 ~45 T & A
Aot At 2YA FHoA e 2% A5 ot & =7 HAhste o
2= Aol wt FAl =T SUksle @HoE Yro] AW, 2= wE
gz WAAHE crossover region &E FET.  Ibuprofen <
crossover region <= 125 ~ 132 bar A}o] o] &g}, 218 a1 o & &
&l = W 38} 7} crossover region o}l G ol A 2 7] wj o FHEZAL 90~
120 bar 2 A A3t A k. =3 A¥EA QD racemic ibuprofen 2] §H -2 76 T
o] A1 gt 74, 96, 180 bar &] =Y A o]4tsteta &) Sl ibuprofen ¢ 84
2 55,50,45 T & Yo} A ™, 220 bar ¢35} szl A 35,40 T o 4
g s2de daldes FRHAs I yEUA fetdes A7 230 Ao
[18]. @&t A ibuprofen ¢ 3o et 2=+=35~45 CZ A A3 A,
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Table 4. Solubility data for the racemic ibuprofen [18]

Temperature Pressure Solubility
[C] [bar] [mol fraction X 10°]
35 80 0.053

85 0.543
90 0.995
100 1.35
110 1.81
120 2.13
130 2.50
140 2.43
150 2.68
160 3.23
170 3.82
180 3.78
200 4.23
210 4.23
220 4.41
40 95 0.585
120 2.32
140 3.18
170 4.67
200 6.80
220 6.49
45 85 0.030
90 0.040
95 0.113
100 0.302
110 1.29
120 2.00
140 3.74
170 5.84
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Fig. 11. The time profile of ibuprofen loaded onto MCM -41 at 35T

and 120 bar.
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422 Ibuprofen 9 g3
Table5 = &me] Add W& FF 549 ®sE UYed Fo|th. Table
504 EH+ ue} #o] DMSO (dimethylsulfoxide), DMF (dimethyl-
formamide), DMA (dimethy-lacetamide) ¢} #2 %3 4 &= &
Z+H ibuprofen o o] ofF FAYUY FAIF & Jth. £ZFHOF ethanol,
hexane ¥} £& £jE ALE5lH S W= MCM -41 3 aerosil =5 % 5
ATt F, oA & wet FFeo] dEde AS AATT 1
i MCM -41 oA 9] &F3o] aerosil o] A 9] FHET Ag A =3 & 5
il

ATk, MCM-41<& gaAoz osile wWe HEHizge 7xEs u

aerosil & H|3EWZH o] A Hoz At =, H|3EHZ Zo|7} Sk o g
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Table 5. Effect of solvent on the adsorption of ibuprofen on MCM -

41 and aerosil particles at 303 K [2]

Adsorvent Solvent Ci [mg/mL] Ceq [mg/mL] 4 [mg/gl]
MCM 41 DMSO 35.0 34.7 25.5
DMF 28.9 28.4 47.0
DMA 30.0 30.0 0.0
Ethanol 32.6 30.9 184.0
Hexane 34.2 27.0 590.0
aerosil DMSO 32.0 32.0 0.0
DMF 28.9 28.3 34.0
DMA 30.0 30.0 0.0
Ethanol 31.2 30.5 42.0
Hexane 30.9 29.5 104.0
where G : initial concentration of ibuprofen
Ceq : concentration of ibuprofen at equilibrium
¥y : amount of ibuprofen adsorbed for adsorbent
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Table 6. The amount of ibuprofen loaded on MCM -41 using

supercritical carbondioxide

Temperature [C] Pressure [bar] Ci [mg/mL] 4 [mg/gl

35 90 3.1 101
100 4.5 112
110 6.3 132
120 7.7 157
40 90 1.0 78
100 2.7 107
110 4.8 122
120 6.9 136
45 90 0.1 40
100 0.7 79
110 3.7 119
120 6.2 128
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Fig. 12. The effect of pressure and temperature for the amount of

ibuprofen loaded on MCM - 41.
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Fig. 13. The effect of solubility for the amount of ibuprofen loaded

on MCM -141.
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Charnay [2] & ethanol & &"|Z 3}4 ibuprofen & MCM -41 o] &gt

I oojRade 24dE FFHNLH, WA T2 HAgEdE & HAva
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olm, Wi AFol FZH ibuprofen & EA=7)Y o 2087t HE T3
ARk A7 Aol JhsEtA HERE AARTH SHA HFEdRE FFEH

&5 933 9t} [41]. Charnay 9 9 ZA#E Edz 2 o, 294 @
4D A A @A ojibsteio] wmE £l o] ibuprofen ¢

A% YHS AAG Aoz Atz

™

Fig. 15 & Z YA o|4tgtetdo thgt ibuprofen ¢ &3]%= 2 MCM -41 |
gt ibuprofen F&HE 7|F S E g Langmuir plot o™, oFzfe] 2] (3) 9
o] ALtstH L™, Fig. 16 2 Langmuir plot S 7]|%Z 3§ ibuprofen ¢ &
522 ot

3) 7 Fig.15 ¢} Fig. 16 S22 FH T-F 4 silica ol 3t ibuprofen & &
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(a) = buprofen (1)
= MCM-41 impregnated (2)
— MCM-41 impregnated and washad

5 10 15 20 25

Degrees of 2 theta

Fig. 14. XRD patterns (a) study of Charnay [2] and

(b) (1) ibuprofen powder (2) MCM -41 loaded

with ibuprofen 157 mg/ (3) 128 mg/.
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where C : solubility of ibuprofen for supercritical carbon dioxide [mg/ Cm3]
¥y : amount of ibuprofen loaded on MCM - 41 [mg/g]
Vi : monolayer capacity [mg/g]
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Fig.17 & MCM-41 9] 38 o] & Algd tg &3 F&E e
W aEjzolth. MCM-41 9] 157 mg 9] ibuprofen & X%3dt= A5 136
mg S EFs= AEE 60min 4 86 % FE7F &3]3, 107 mg 2 88
% 7F S EAT. =, EE AR desi Ao LT & FEe Hela
ATh Horcajada & [42] 2 Z}Z} 25nm 9 2.7nm & M FAEE 7HA=
MCM -41 o] & <9 ibuprofen o] FHE A5 &f&EEE FHIIAS
H, o] A= Mg Y aHZ FHE A A

Fig. 18 & MCM -41 °] 157 mg ¢| ibuprofen
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TS AN ARRY w=2n, oA FEHLDA (drug carrier) A ¢
MCM - 41 o] A|o}W= (controlled release) & STZ A oF&E AGA2H (drug

delivery system) ol &&2 + dv= AS gv|go.
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Fig. 17. Dissolution profiles of ibuprofen loaded on MCM - 41.
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Nomenclatures

a lattice parameter [L]

d d-spacing [L]

t average pore wall thickness [L]
C concentration [ML'3]

¥ amount of adsorbate loaded for adsorbent [-]
K equilibrium constant

Greek letters

A wavelength [L]

subscripts

i initial

eq equilibrium

m monolayer

max maximum
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