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Abstract Ephedrine was loaded onto siliceous mesopor-

ous materials of different pore sizes, and the corresponding

drug release into simulated body fluid at pH 7.4 and 37 �C

was measured against time over a period of 72 h. The

mesoporous materials designated MCM-41(CN) were pre-

pared at different pore sizes using a self-assembly mech-

anism. The pore size was controlled by the use of

alkyltrimethylammonium bromide (CNTAB) surfactants

having different alkyl chain lengths (C10, C12, and C14).

The three mesoporous materials showed good ephedrine-

loading capacities from dry ethanolic solutions, which

slightly increased with the pore size of MCM-41(CN).

From the drug release profiles, the overall release of

ephedrine followed the order: MCM-41(C12) [ MCM-

41(C14) [ MCM-41(C10), with the release of ephedrine

attaining 92% of the drug load from MCM-41(C12).

Ephedrine release approached 60% of the drug load in 6 h

and 92% in 20 h. The results of in vitro release kinetics

indicate that pore size is not the only factor affecting

ephedrine release, but also pore channel length and overall

particle morphology.

Keywords Drug delivery � Ephedrine � MCM-41 �
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Abbreviations

SBF Simulated body fluid

CNTMB Alkyltrimethylammonium bromide

MCM-41 Mobil crystalline material no. 41

DW Deionized water

1 Introduction

The synthesis of a new family of silica-based mesoporous

materials in the early nineties [1, 2], designated as MCM-

41 (Mobil Crystalline Material number 41), indicated a

great potential for new applications involving relatively

bulk molecules [3]. This class of mesporous materials

possesses uniformly organized porous structures, which

comprise hexagonally arranged channels having diameters

between 1.5 and 10 nm [4]. These systems exhibit some

favorable physical properties that have attracted the

attention of scientists, including their highly ordered

structures, very high specific surface areas, adaptability to

pore size control, and moderate thermal and hydrothermal

stabilities. With these unique features, members of MCM-

41 are regarded as good materials for hosting drug mole-

cules of several sizes, shapes and functionalities, and are

thus advocated for utilization as drug delivery vehicles [5].

Inorganic microporous and mesoporous materials based

on clays and silica have shown adequate and, in some

cases, favorable physical characteristics [5, 6]. Several

research groups have utilized the highly ordered mesoporus

material MCM-41 as a drug delivery system. Examples of

the drugs that have been studied are: aspirin [7], atenolol

[8], captopril [9], coumarin derivatives [10], diflunisal [11],

hydrochlorothazide [12], ibuprofen [4, 5, 13–16], metho-

trexate [17], naproxine [13], and sertraline hydrochloride
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[18]. The results of these studies are very promising,

especially with regards to applications involving drug

sustained release. However, considerable research work is

still needed to explore the various modes of interactions

involved between the mesoporous host matrix and the

guest drug molecules, especially in relation to their effect

on drug loading and drug sustained release.

Herein, we report on the preparation of the siliceous

MCM-41 with different pore diameters employing alkyltri-

methylammonium bromide surfactants having different

alkyl chain lengths (C10, C12, and C14). Physical character-

ization of the prepared mesoporous materials was conducted

using XRD and SEM, in addition to N2 adsorption/desorp-

tion measurements and BET analysis for specific surface

areas. Samples of the synthesized siliceous materials were

loaded with free ephedrine (Fig. 1), and the corresponding in

vitro release profiles into simulated body fluid (SBF) were

measured at pH 7.4 and 37 �C over a period of 72 h. The

results of release kinetics, which were obtained through

rigorous analysis of the experimental data using different

release models, are also reported and discussed.

Ephedrine is a natural alkaloid isolated from Ephedra

sinica herbs which grow mainly in the northeast and

northwest regions of China. The herb has been used as a

Chinese folk medicinal for a long time. Ephedrine is a

central nervous system stimulant, which has been utilized

in the treatment of several human ailments. For example, it

is used as a bronchodilator, as a nasal decongestant, in the

treatment of orthostatic hypotension as well as other dis-

eases [19]. Ephedrine was selected as a model drug for this

study for two reasons: first for its molecular size which is

suitable for loading into mesoporous materials, especially

MCM-41, and second for exploring the possibility of

attaining sustained ephedrine release, over an extended

period of time, due to the hazardous side effects accom-

panying an otherwise fast ephedrine release [20].

2 Experimental

2.1 Materials and methods

(1R,2S)-(-)-Ephedrine hydrochloride and dodecyltri-

methylammonium bromide were obtained from Aldrich

Chimica. Decyltrimethylammonium bromide, tetra-

decyltrimethylammonium and tetraethylorrthosilane were

obtained from Acros, USA. The above chemicals were

used as received. Solvents were dried by standard proce-

dures. Deionized water (DW) was used throughout. Sim-

ulated body fluid at pH 7.4 was prepared following an

earlier procedure [21] with some modification. X-ray

powder diffraction spectra were measured using a Philips

2 kW model x-ray diffractometer (Cu-Ka radiation source

at k = 1.5418 Å) at a scan rate of 2�/min. Specific surface

areas and pore size distributions were estimated through

BET modeling using a nitrogen adsorption/desorption

instrument (Nova 2200e). FTIR spectra (4,000–400 cm-1,

4 cm-1 spectral resolution, KBr pellets) were measured

using a Thermo Nicolet NEXUS 670 FT-IR spectrometer.

UV–Visible spectra were recorded using a Cary 100 Bio

UV–Visible spectrophotometer (Varian). Thermal gravi-

metric analysis (TGA) was conducted using a Netzsch Sta

409 PC instrument (NETZSCH-Ger). The morphologies of

the solid samples were monitored by scanning electron

microscopy (SEM) using an FEI-FEG INSPEC F50

instrument.

2.2 Synthesis of MCM-41 samples

Samples of the mesoporous silicious MCM-41 of different

pore sizes were prepared following an earlier procedure

[22] with some modification: 5.60 mmol of the appropriate

alkyltrimethylammonium bromide surfactant (with C10,

C12 or C14 alkyl chain length) were dissolved in DW

(122 mL). To this solution, 8.0 g of ammonia solution

(25.0%) were added and the mixture was stirred for

10 min. Following this, 10.0 g of tetraethylorthosilicate

were added dropwise with vigorous stirring till the addition

was complete, then stirring was continued for 4 h. The

solid precipitate formed was filtered, washed with DW and

dried at 110 �C for 12 h. The mesoporous material was

then calcined at 540 �C for 6 h in air to remove the sur-

factant template. These calcined solid products, which

were obtained using the C10, C12, and C14 surfactant

templates were respectively denoted as MCM-41(C10),

MCM-41(C12) and MCM-41(C14).

2.3 Drug loading and release

Loading was started with the liberation of (-)-ephedrine

from the corresponding hydrochloride salt by reaction with

sodium ethoxide in dry ethanol. To a round-bottomed flask

containing 100.0 mL dry ethanol, sodium (0.70 g, 0.030 mol)

was added in small pieces under nitrogen atmosphere. As

the reaction of sodium ceased, (-)-ephedrine.HCl (6.00 g,

0.030 mol) was added and the solution was stirred for 15 min

Fig. 1 Structure of the ephedrine isomer used which is (1R,2S)-(-)-

ephedrine
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under nitrogen. To 50 mL of a filtered solution of

(-)-Ephedrine, 1.50 g of MCM-41 were added and the

mixture was stirred at room temperature for 24 h. The

loaded material was filtered, washed with dry ethanol and

dried in vacuum. A blank sample was prepared by stirring

MCM-41 (1.50 g) in dry ethanol (50 mL) at room temper-

ature for 24 h, and then treated as above. The loading

capacity of the drug was determined from the initial and

final concentrations of (-)-ephedrine in ethanol solution,

which were measured UV–Visible absorption spectropho-

tometry. Absorbances were measured at 256 nm and con-

centrations were estimated against a calibration curve of

ephedrine in ethanol at 25 �C.

Samples of the drug-loaded material (0.30 g each) were

pressed under pressure (*60 MPa) into discs (2.5 9

13 mm). Each disc was soaked in 250.0 mL of SBF solu-

tion at pH 7.4 and 37 �C and left continuously stirred in a

thermostated bath shaker for 72 h. Filtered samples

(2.50 mL esch) were withdrawn at the time intervals 1.5,

3.0, 4.5, 6.0, 7.5, 24, 33, 48, 56, and 72 h. The molar

concentrations of ephedrine released into these samples

were estimated from the corresponding absorbances mea-

sured at 257 nm against a calibration curve of ephedrine in

SBF buffer at pH 7.4 and 37 �C.

3 Results and discussion

3.1 Characterization of mesoporous materials

The powder X-ray diffraction patterns of the MCM-41(CN)

samples prepared for C10, C12 and C14 are depicted in Fig. 2.

The corresponding patterns are characteristic of mesoporous

materials, which normally exhibit a very intense peak at low

angle corresponding to (100) reflections, in addition to the

weak broad peaks at higher angles. Estimates of the 100

planes distances (d, nm) are listed in Table 1 for MCM-

41(C10), MCM-41(C12) and MCM-41(C14).

FTIR spectra were measured for MCM-41 samples over

the range 4000 to 400 cm-1 using a KBr pellets at a

spectral resolution of 4 cm-1. Each sample was heated to

60 �C in a vacuum oven overnight prior to FTIR mea-

surement. Figure 3 depicts the spectrum corresponding to

MCM-41(C10), which was typical of mesoporous MCM-41

materials exhibiting the MCM-41 characteristic prominent

bands. These bands were thoroughly checked with the

related literature [23–30] and were properly assigned. For

example, the presence of free surface silanaol hydroxyl

(Si–O–H) groups was ascertained by the characteristic

stretching vibration at 3,743 cm-1. Si–O bond stretching

and Si–O rocking vibrations of surface Si–O–H groups

were also evident at 967 and 460 cm-1, respectively. The

very broad (hydrogen-bonded) hydroxyl stretching band

for both silanol Si–O–H and water hydroxyls was apparent

at 3415 cm-1, in addition to the characteristic water H–O–H

twisting band at 1,633 cm-1. Moreover, the surface (exter-

nal) Si–O–Si asymmetric stretching vibration at 1238 cm-1,

the internal Si–O-Si stretching vibrations (SiO4 asym-

metric at 1,084 cm-1 and symmetric at 802 cm-1) were all

very clearly evident (Fig. 3). No significant variation among

the IR bands of the three mesoporous materials was

observed.

The nitrogen adsorption/desorption isotherms measured

for the three MCM-41(CN) materials are shown in Fig. 4.

The curves correspond to a type IV isotherms (IUPAC

classification), which are typical of mesoporous materials.

Estimates of the surface areas (SBET, m2/g), pore volumes

(V, cm3/g) and average pore sizes (Dp, nm) corresponding

to MCM-41(C10), MCM-41(C12) and MCM-41(C14) are

listed in Table 1.

The morphologies of MCM-41(C10) and MCM-41(C12),

which are depicted by the SEM micrographs in Fig. 5,

indicate spherical particles with average diameters of 1.1

and 0.8 lm, respectively. In contrast, the SEM micrograph

of MCM-41(C14) depicts irregularly-shaped rods with an

average length of 2 lm (Fig. 5).

Figure 6 shows the thermogravimetric (TGA-DTA)

spectra obtained for MCM-41(C10) over the temperature

range 25 to 1,000 �C at a rate of 20 �C/min. Similar spectra

were obtained for MCM-41(C12) and MCM-41 (C14), and

the corresponding data were evaluated for the loss of water

Fig. 2 XRD spectra of the mesoporous materials: a MCM-41(C10),

b MCM-41(C12) and c MCM-41(C14)
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over different temperature ranges in light of what has

generally been agreed to in the reported literature [31–39].

The results of this analysis are summarized in Table 2 for

the three T-ranges: 25–300, 25–1,000, and 300–1,000 �C.

In the first T-range (25–300 �C), the % mass loss is con-

sidered to result from desorption of water residing within

the pores as bulk water plus water H-bonded to surface

silanol groups. In contrast, the % mass loss within the

300–1,000 �C T-range is attributed to surface silanol

groups decomposing into water, which was used to esti-

mate the surface densities of pore surface silanol (Si–OH)

hydroxyls. The total % mass loss over the T-range

25–1,000 �C expressed in terms of water is also indicated

in the lower half of Table 2 for comparison with similar

data that has been reported in the literature.

Within the 300–1,000 �C T-range, the number of moles

of Si–OH groups (nSi–OH) was estimated to be twice that of

water lost according to

nSi�OH ¼ 2nw lost

¼ 2½ð% mass lostÞ=ðMw � SAÞ� � 106l mol=m2

ð1Þ

where nSi–OH is the number of micromoles of silanol

groups per m2 of MCM-41 pore surface (l mol/m2), %

mass lost is the mass of water lost on heating above 300 �C

in g water per g MCM-41, Mw is the molar mass of water

(g/mol), and SA is the MCM-41 pore surface area per g of

MCM-41 (m2/g). The silanol number density (number of

Si–OH hydroxyls per nm2 surface,) is readily given by

NSi�OH ¼ 10�6 � nSi�OH � L=1018nm�2 ð2Þ

where L is Avogadro’s number (6.022 9 1023 mol-1).

The results listed in Table 2 indicate that the number

density of surface Si–OH groups (lower half of the Table)

decreases as the pore size or the overall pore surface area

increases. For example, the number density goes down

from 1.44 to 1.21 nm-2 on going from C10 to C14. In units

of l mol/m2, the respective decrease is from 2.39 down to

2.01 l mol/m2. The corresponding literature reported val-

ues for MCM-41(C16) range from 1.6 to 4.5 l mol/m2 [31–

40]. It should be stressed, however, that the variation in the

reported measured number densities stems from the vari-

ability of many physical factors involved in the methods of

preparation of MCM-41. These include variations in the

methods of template removal, the types of surfactant

templates used, the rates of heating up to the calcination

temperature, the calcination temperatures used (typi-

cally C 540 �C), the time periods spent at calcination, as

well as the methods and rates of re-hydration. All of these

lead to variations in the extent of pore surface hydration

and, hence, to corresponding variations in the surface sil-

anol densities measured.

Table 1 Structural and surface properties measured for unloaded MCM-41(CN) samples

Sample Morphology Lattice

parameter d100 (nm)

Pore

diameter Dp (nm)

SBET (m2/g) V (cm3/g) Loading

capacity (wt%)

MCM-41(C10) Spherical 3.1 1.4 869 0.51 29.4

MCM-41(C12) Spherical 3.3 1.6 984 0.56 30.1

MCM-41(C14) Rod-like 3.7 2.2 1149 0.75 33.2

Fig. 3 FTIR spectra (4,000–400 cm-1) of MCM-41(C10) obtained

using a KBr pellet (spectral resolution & 4 cm-1)

Fig. 4 Nitrogen adsorption/desorption isotherms for a MCM-

41(C10), b MCM-41(C12), and c MCM-41(C14)
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3.2 Loading of the drug

Ephedrine was first liberated from its hydrochloride by

reaction with sodium ethoxide in dry ethanol. Loading of

free ephedrine was performed by the impregnation method

using calcined MCM-41(CN) samples. Loading of the drug

into the mesoporous material was tested by nitrogen

adsorption/desorption and IR-spectrometry. The loaded

samples show a decrease in the pore diameter, pore size,

and pore volume compared with those of the corresponding

unloaded samples. In addition, the IR spectra of the loaded

samples clearly show the presence of the drug in the loaded

MCM-41(CN) samples. The ephedrine-loading capacities

of the MCM-41(CN) samples were determined via UV–

Visible spectrophotometry to be 29.4, 30.1, and 33.2% for

MCM-41(C10), MCM-41(C12), MCM-41(C14), respec-

tively (Table 1).

3.3 Drug release profiles

The release profiles of ephedrine from the ephedrine-loaded

MCM-41(CN) disks into SBF buffer at pH 7.4 and 37 �C

were measured in triplicates, and were averaged over the

three experimental runs, for each of the CN values. The data

of each release profile were corrected for solution volume

depletion, which results from sampling for measurement

of ephedrine concentration in the release medium. These

are depicted in Fig. 7 for the three MCM-41(CN) materials:

MCM-41(C10), MCM-41(C12), and MCM-41 (C14), fol-

lowing normalization to 100% release.

Correction of the measured molar concentrations of

ephedrine released into the buffer medium for solution

volume depletion, on sampling, was conducted as follows.

For a number of samples (n) consecutively drawn from the

liquid release medium for analysis, the measured molar

concentration of ephedrine (Cn) released into the medium

at time (tn) was corrected for liquid volume depletion using

the following relation:

Cn;corr ¼ Cn þ ðv=VoÞ
Xi¼n�1

i¼1

Ci ð3Þ

Fig. 5 SEM micrographs of unloaded MCM-41(C10), MCM-41(C12),

and MCM-41(C14) samples

Fig. 6 Thermogravimetric (TGA-DTA) spectra obtained for MCM-

41(C10) within the temperature range 25–1,000 �C with a heating rate

of 20 �C/min
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where Cn,corr is the molar concentration of drug released at

time tn corrected for liquid volume depletion on sampling

for analysis, Vo is the initial volume of the release medium

(250 mL SBF buffer solution), v the volume of each

solution sample drawn for analysis (2.5 mL), and Ci is

the measured drug concentration number-indexed for

appropriate volume depletion correction; e.g., for a

sample numbered (n; n ‡ 2) drawn from solution at time

(tn) for analysis, the index (i) runs from 1 (first sample) up

to n-1. Using nonlinear regression analysis, the corrected

molar concentration data (Ct,corr) against time (t) were fit to

the first order drug release model [41] that is given by

Eq. 4.

% Release ¼ Ct;corr=C1 ¼ 1� e�k t ð4Þ

where Ct,corr = Cn,corr at tn, C? is the maximum molar

concentration of drug that can be released into the medium

that is normalized to the initial solution volume (Vo), k is

the corresponding release rate constant, and t is time in

hours. Both C? and k were used as floating parameters

in nonlinear regression of % release against (1 - e-k t),

and the best parameter fits thus obtained were used to

estimate the solid curve passing through the experimental

release data shown in Fig. 7. Note that the % release data

depicted in Fig. 7 were all normalized to 100% release.

Normalization of % release to 100% release (Qt) was

carried out according to Eq. 5 below:

Qt ¼Wt=Wo ð5Þ

where Wt = Ct,corr 9 Vo 9 M is the mass of ephedrine

released at time t, Wo is the mass of ephedrine that was

initially loaded into the MCM-41(CN) disk, while M is the

molar mass of ephedrine.

The kinetic release parameters are tabulated in Table 3,

which shows that the first order release constant

(k) increases with the pore size of the MCM-41(CN) host.

In contrast, the HiguChi square root time model based

on Fickian diffusion [42] was also applied to the initial first

burst given by the relation:

Table 2 Surface silanol (Si–OH) group densities estimated for MCM-41(CN); N = 10, 12 and 14, from thermogravimetric (TGA-DTA) data

over the T-range 300–1,000 �C (lower half of the Table)

T-range = 25–300 �C T-range = 25–1,000 �C

(CN) % Mass lost nw lost
a (mmol/g) (CN) % Mass lost nw lost

a (mmol/g)

C10 3.14 1.74 C10 5.01 2.78

C12 2.80 1.55 C12 4.85 2.69

C14 2.80 1.55 C14 4.94 2.74

T-range = 300–1,000 �C

(CN) % Mass lost nw lost
a (mmol/g) SAb (m2/g) nSi–OH

c (l mol/m2) NSi–OH
d (nm-2)

C10 1.87 1.04 869 2.39 1.44

C12 2.05 1.14 984 2.31 1.39

C14 2.14 1.19 1,149 2.01 1.21

For the T-range 25–300 �C, only the number of moles of water lost on heating were listed (upper half of the Table) since only bulk water within

the pores and water H-bonded to surface silanol groups are considered to desorb. The total water loss on heating from 25 to 1,000 �C is also listed

(upper half of the Table) for reference
a nw lost = number of moles of water (mmol) lost on heating MCM-41 per 1 g MCM-41
b SA = surface area (m2) of the mesoporous material per 1 g MCM-41
c nSi–OH = number of micromoles of surface silanol lost on heating per 1 m2 MCM-41
d NSi–OH = number of silanol hydroxyls lost on heating due to decomposition into water
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20%

40%

60%

80%

100%

0 20 40 60 80

Time (Hrs)

Q
t =

 W
t /

 W
o
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C14

Fig. 7 Percent release profiles of ephedrine from ephedrine-loaded

MCM-41(CN) disks into SBF buffer solution at pH 7.4 and 37 �C,

normalized to 100% release
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Qt ¼ kHt1=2 þ c ð6Þ

where kH is the Higuchi first burst rate constant for initial

drug release, which occurs relatively fast compared with

subsequent release and c is a constant characteristic of the

drug and host being formulated. Figure 8 shows a plot of

Qt against t1/2 for ephedrine released by the three materials

and the corresponding linear regression data fits are listed

in Table 3. Unlike the first order rate constant (k), Table 3

shows that the value of the Higuchi first burst rate constant

kH is significantly higher for (C12) than for (C10) and (C14),

a trend which does not follow the change in pore size. In

addition, the release appears to be bimodal where the first

burst releases a major portion of the dose in about 6 h,

while the remainder of the drug is more slowly released

over a relatively longer period extending to some 20 h.

Further, the relative contributions of diffusion (A) and

erosion (B) processes to ephedrine first burst release were

estimated using nonlinear regression analysis of data

according to the Kopcha’s Empirical relation [43] given in

Eq. 7 below:

Qt ¼ A t1=2 þ B t ð7Þ

The A/B ratios thus obtained are listed in Table 3. It is

evident from the A/B values (1.6, 4.1 and 32) for (MCM-

41(C10), MCM-41(C12) and MCM-41(C14), respectively),

that diffusion is the principal mechanism for ephedrine

release from MCM-41(CN) disks, which becomes much

more dominant as pore size increases.

Overall, the results of the investigation of loading into,

and % release, of ephedrine from the three MCM-41(CN)

disks into SBF buffer at pH 7.4 and 37 �C, reveal the

following observations:

(a) Loading of ephedrine into MCM-41(CN) from dry

ethanolic solutions of ephedrine is quite efficient,

increasing slightly with an increase in pore size from

MCM-41(C10) to MCM-41(C14), with the latter

attaining a 33% load (Table 3).

(b) Among the three MCM-41(CN) hosts, % release of

ephedrine from MCM-41(C12) appears to be the most

efficient, approaching 92% of the loaded ephedrine in

20 h compared to only 56% for MCM-41(C10) and

60% for MCM-41(C14), over the same release time

period (Fig. 7, Table 3).

(c) About 60% of the loaded ephedrine is released from

MCM-41(C12) in the first 6 h, while the remainder is

released in the next 14 h (Fig. 7).

(d) The first order release rate constant (k), which was

estimated from all data of the release profile, accord-

ing to Eq. 4, consistently increases with pore size

from 0.11 h-1 for MCM-41(C10) up to 0.26 h-1 for

MCM-41(C14); the corresponding Mean Dissolution

Times (MDT = 1/k) therefore decrease from 8.9

down to 3.8 h, respectively (Fig. 7, Table 3).

(e) In contrast, the Higuchi first burst rate constant (kH),

which was estimated over the first 6 h of release,

Eq. 6, is clearly higher for MCM-41(C12) than for

Table 3 Kinetic parameters of ephedrine release from ephedrine-loaded MCM-41(CN) disks into SBF buffer at pH 7.4 and 37 �C

MCM-41(CN) disk parameters Qt = Wt/W? = 1 - e-k t (First order release model) Qt = kH t1/2 ? c,

First burst

Qt = At1/2 ? Bt, A =

Diffusion, B = Erosion

CN Wa (mg) % Load Wo
b (mg) W?

c (mg) Q?
d (%) k (hour-1) MDTe (hour) kH (hour-1/2) A/B

C10 296 29.4 86.7 44.3 56 0.11 8.9 0.16 1.6

C12 326 30.1 98.0 89.4 92 0.16 6.2 0.32 4.1

C14 281 33.2 93.4 51.5 60 0.26 3.8 0.21 32

a W = the mass of ephedrine-loaded MCM-41 disk
b Wo = the mass of ephedrine in the loaded MCM-41 disk
c W? = the maximum mass of ephedrine released into the SBF buffer solution
d Q? = W?/Wo = % load of ephedrine achieved, normalized to 100% release
e MDT = 1/k = Mean dissolution time (hours)

0%

20%

40%

60%

80%

100%

0 2 4 6 8

( t  hrs )1/2

Q
t

C10

C12

C14

Fig. 8 % Release (Qt) of ephedrine from ephedrine-loaded MCM-

41(CN) disks into SBF buffer solution at pH 7.4 and 37 �C plotted

against t1/2

J Porous Mater

123



MCM-41 (C14) (Table 3), a trend which does not

follow the corresponding increase in pore size from

MCM-41(C12) to MCM-41(C14), as would have been

expected (Fig. 8, Table 3).

(f) Diffusion is the principal process governing ephedrine

release, from MCM-41(CN) pores (Table 3), which

becomes much more dominant as pore size increases

from MCM-41(C10) to MCM-41(C14).

It is not readily obvious why the first burst rate constant

(kH), of ephedrine released from MCM-41(CN), is higher

for MCM-41(C12) than for MCM-41(C14). For example, kH

rises from 0.16 h-1/2 for MCM-41(C10) to 0.32 h-1/2 for

MCM-41(C12) then drops down to 0.21 h-1/2 for MCM-

41C14). One physical difference that may contribute to this

unexpected behavior may be attributed to the relatively

longer and irregular pore channels observed in MCM-

41(C14), which may impart a relatively more steric hin-

drance to ephedrine release than those more ordered, yet

shorter, pore channels observed in both MCM-41(C10) and

MCM-41(C12). For example, it has been shown earlier

(Table 1, Fig. 5) that MCM-41(C14) exhibit irregularly-

shaped rod-like particles which are roughly 2 lm long,

compared with spherical MCM-41(C10) and MCM-41(C12)

particles having 1.1 and 0.8 lm diameters, respectively. A

similar behavior has earlier been observed for the release of

captopril from MCM-41(C12) into SBF buffer, which was

found higher than the corresponding release from MCM-

41(C16), though the latter exhibited higher pore surface

areas and higher captopril loading [44]. Again, MCM-

41(C16) particles were reported to be rod-like having pore

channels & 500 nm long, while those of MCM-41(C12)

were spherical with relatively short pore channels

(120–150 nm).

No obvious trend was observed between the measured

% release of ephedrine from MCM-41 mesopores and the

corresponding silanol number densities, which have been

estimated from thermogravimetric (TGA-DTA) analysis

(Table 2).

4 Conclusion

Ephedrine loading into the mesoporous materials MCM-

41(CN) from dry ethanol solutions was observed to slightly

increase with pore size, pore surface area or pore volume

for the series MCM-41(C10), MCM-41(C12) and MCM-

41(C14). In contrast, the release of ephedrine from ephed-

rine-loaded MCM-41(CN) disks, into simulated body fluid,

was found most efficient for MCM-41(C12) than for MCM-

41(C10) and MCM-41(C14). The first burst release reached

60% of the drug load of MCM-41(C12) in 6 h and 92% in

20 h. Therefore, MCM-41(C12) is suggested as a good

carrier for sustained release of ephedrine over many hours.

Exploration of the in vitro release kinetics of ephedrine

indicate that though drug-loading into MCM-41(CN)

materials from dry ethanol solutions slightly increase with

pore size, the first burst release rate is not only a function

of pore size, but is influenced by steric modulations

restricting drug diffusion through the pores, which are

imparted by extended pore channel lengths and varying

particle morphologies.
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