
C H A P T E R  IV

SYNTHESIS OF MCM-41 FROM RICE HUSK SILICA

4.1 Introduction

Due to the fact that rice husk ash is a cheap source of an active form of 
hydrated amorphous silica, it has been utilized in various material applications. The 
synthesis of microporous materials such as zeolites from rice husk silica has been 
introduced [Hamdan, 1997; Wang, 1998; Lohsoontom, 2002], It has been investigated 
that the zeolites obtained from rice husk silica perform with high crystallinity and 
uniform pore size distribution similar to that of commercial silica. Nowadays, these 
synthetic zeolites have been widely used for catalytic applications. The success in 
zeolite prepared from rice husk silica has motivated US to pay more attention in the 
synthesis of other molecular sieve materials. MCM-41, a mesoporous material with a 
uniform pore diameter in the range of 20-500 Â, well-defined hexagonal shape and 
narrow pore size distribution is very attractive in environmental applications, such as 
adsorption and catalytic reaction. Unfortunately, the MCM-41 material has not been 
commercialized so far. Either sodium silicate or fumed silica used as a reactant for the 
classical MCM-41 synthesis is obtained from quartz. The high cost in the process of 
changing the crystallinity phase of quartz to a reactive silica results in an expensive 
commercial MCM-41 product. In stead of using commercial silica, silica extracted 
from rice husk obtained from Chapter II is extremely attractive.

In this chapter, an alternative challenge in waste management is proposed. The 
effort is focused on the utilization of rice husk silica as a raw material for the 
synthesis of mesoporous catalyst support, which can be applied to chlorinated 
adsorption and its hydrodechlorination of volatile organic compounds.
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4.2 Objectives

With the corporation of a waste utilization program, this chapter aims to add to the 
value adding of rice husk silica by using it as a replacement of commercial silica in 
the synthesis of MCM-41. The preliminary application of RH-MCM-41 was 
conducted by the adsorption of some chlorinated volatile organic compounds 
(CVOCs), compared with the commercial adsorbents. The specific purposes are as 
follows:

1. To utilize the extracted rice husk silica from Chapter II for MCM-41 
synthesis.

2. To ร  tudy t he i nfluences of sy nthesis p arameters ร  uch a ร  a ging t ime a nd P  H 
values on the crystallinity of the final product MCM-41.

3. To examine the physical characteristics and chemical compositions of MCM- 
41 synthesized from rice husk silica (RH-MCM-41) and compare them with 
the parent MCM-41 obtained from the previous chapter.

4. To determined the capacity and behavior of CVOCs adsorption on RH-MCM- 
41 compared with the mordenite and activated carbon.
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4.3 Experimental

Materials and apparatus used for the synthesis of MCM-41 from extracted rice 
husk silica in this chapter were set up by following the procedures in Chapter III. To 
understand the significant parameters related to the formation of a liquid crystal in the 
early stage of the MCM-41 synthesis, the studied parameters of pH and aging time are 
reported.

4.3.1 Methodology

The synthesis of RH-MCM-41 mostly followed the procedure described for a 
parent MCM-41 in Chapter II. CTAB was still used as a template. However, TEOS 
was replaced by our sodium silicate solution, which was prepared from a mixture of 
sodium hydroxide and rice husk silica obtained in Chapter II. The molar compositions 
of the gel were lSiC>2 ะ 1.09NaOH ะ 0.13CTAB ะ O.I2H2O. The synthesis procedures 
are listed consequently as follows:

1. Sodium hydroxide solution was initially prepared by dissolving 0.38 g of 
sodium hydroxide in 50 mL of deionized water contained in a Teflon 
beaker.

2. 1 g of CTAB was then transferred to that alkali solution and vigorously 
stirred until the solution was homogeneous.

3. Sodium silicate was prepared in another container by dissolving 0.672 g of 
sodium hydroxide in 2.69 mL of deionized water. Then, 1.44 g of rice 
husk silica was added and the solution was heated gently until it was clear 
and viscous.

4. After that the CTAB alkali solution was poured into a sodium silicate 
container. The mixture was mechanically stirred for 30 minutes without 
the synthesis pH control. Then, the gel was continuously stirred at room 
temperature for aging. To study the effect of aging time on the crystallinity 
change, the aging time was varied from 24, 36, 48 and 60 h. The optimum 
aging time that provided the high intensity of XRD patterns in the d io o  
crystallinity peak was selected for the study of pH effect in the same
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manner. The desired pH values were studied from 9, 10 and 11 by 
adjustment with 1% HC1. .

5. After aging, the suspended solid was filtered through Whatman paper with 
sieve size No. 48 and washed with ethanol and finally rinsed with 
deionized water before calcination in the furnace at 550 °c for 5 h under 
airflow.

4.3.2 Sample Characterizations

Similar to the characterizations of the parent MCM-41 discussed previously in 
Chapter III, the physical characteristics and chemical compositions of RH-MCM-41 
were examined by the same techniques. The formation of crystallinity was studied by 
XRD diffraction. Porous characteristics of the sample such as specific surface area, 
pore diameter, pore volume and pore size distribution were determined by nitrogen 
adsorption isotherm combined with BET method. The functional groups within 
MCM-41 were examined by FTIR spectroscopy. The physical morphologies were 
observed by SEM and TEM microscopic techniques.

4.3.3 Results and Discussion

4.3.3.1 XRD Characteristics

The XRD diffractograms of RH-MCM-41 prepared at room temperature and 
the aging time ranging from 24-60 h without synthesis pH control are shown in Figure 
4-1. Similar to the XRD patterns of the parent MCM-41, the XRD of RH-MCM-41 
exhibited four pronounced peaks indicating a high structural ordering of the MCM-41 
materials corresponding to Bragg peaks in the range of 20 between 2-8 at 2.6, 4.2, 4.8, 
and 6.0 which are representative of the most syntheses of pure silica MCM-41 
reported elsewhere [Beck, 1992; Chen, 1993; Ciesla, 1999], It was noticed that within 
24 h after all reactants were mixed and the pH value of the mixture was adjusted to 
10, an initial precipitate was formed by the assumption of self-assembled tubular
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mesostructures exhibited at a hkl reflection equal to d l  00. Other identical peaks such 
in d l i o ,  d 2 0 0  and d 2 1 0  were observed when the aging time increased. The XRD 
spectrum of 60 h aging time shows the most complete orientation of tubular 
structures. However, it was seen that precipitation within 48 h was adequate for 
stabilization of ordered mesoporous molecular sieves.

Figure 4-2 shows comparisons of the XRD patterns of assynthesized RH- 
MCM-41 and calcined RH-MCM-41 of which the synthesis pH were varied from 9- 
11 and the aging time was 48 h. The differences in pH led to the changes in the XRD 
crystallinity of calcined samples. When the pH value less or more than 10, the 
intensity of d i o o  peak was obviously lower as well as other reflection peaks. On the 
other hand, well-ordered RH-MCM-41 was obtained from the synthesis mixture 0 f 
which the optimized pH was adjusted at 10. It was indicated that without the synthesis 
pH adjustment, the well-defined porous structures of MCM-41 were not satisfactorily 
obtained. These results can be explained by a lower degree of polycondensation of the 
silicate species when the pH value of the gel is too high or too low. This results in the 
greater contraction of the pores and the tendency of disordered assembly after 
calcination [Voegtlin et al., 1997], The broad peak at d i o o  of an uncalcined sample is 
caused by the low stability of the lamellar phase structure. Upon calcination at 550 ๐c  
for 5 h, the rod like silicate complex is reorganized and the pore structure is 
eventually contracted to form a more stable hexagonal mesoporous material, which 
attributes to an increase of the intensity of the XRD peaks by about 2.5 times and the 
resolution of the higher order peaks. RH-MCM-41, which provided the best quality of 
XRD crystalline results, was selected as the representative sample used for other 
characterizations mentioned later and prepared for the catalyst support in Chapter V.
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Figure 4-1 X-ray powder diffraction patterns of RH-MCM-41 at various aging time 
from 24 to 60 h and at a pH value of 11.



64

Figure 4-2 X-ray powder diffraction patterns of assynthesized and calcined 
RH-MCM-41; synthesized at an aging time of 48 h with various pH values from 9 to 
11.

4.3.3.2 Nitrogen Adsorption Isotherm and BET Analysis

The nitrogen adsorption isotherm for RH-MCM-41 particles is shown in 
Figure 4-3. According to the new classification, the isotherm was Type IVc, 
which is the same type of isotherm as the parent MCM-41. As the relative 
pressure increases, the isotherms exhibit sharp inflection, which is the 
characteristic of capillary condensation within uniform mesopores. The ratio P/Po  
at the inflection point is related to the diameter of the mesopores. The capillary 
condensation in a very narrow range 0 .2< P /P o< 0 .3  demonstrated that the RH-
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MCM-41 p articles h ave n early น niform p ore ร ize. T he t otal ร urface a rea o f  t he 
RH-MCM-41 particles evaluated by using the BET theory was (800 ± 80) m2 g"1. 
The pore size distribution from the nitrogen isotherm produced by using the BJH 
is shown in Figure 4-4. The BJH pore size distribution curves shows the MCM 
particles with quite a narrow pore diameter distribution, which is centered at 29.0 
Â with a pore volume of 0.93 cm'3 g'1.

Figure 4-3 Adsorption isotherm of nitrogen gas at 77 K for RH-MCM-41 at an 
aging time of 48 h and pH value of 10.
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Figure 4-4 Pore size distribution of RH-MCM-41 calculated from nitrogen 
adsorption isotherms at 77 K using the BJH method.

The c  omparisons O  f P  hysical p roperties o btained from t he BET analysis 
between the synthesized MCM-41 and MCM-41 from references are reported in 
Table 4-1. It was confirmed that this work gave somewhat similar results to that of 
others.
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Table 4-1 The comparison of physical properties obtained from the BET analysis 
between the synthesized MCM-41 and MCM-41 from references.

Samples Pore diameter
(Â)

Pore volume
(cm3 g 1)

S b e t  

( m 2 g ' 1)

Pore wall thickness
(A)

Parent MCM-41* 29.5 0.87 800 ± 25 5.68a /6.1b
RH-MCM-41** 29.0 0.93 800 ±8 5.48a /5.6b
MCM-41*** 26.1 0.79 871 6.4
MCM-41**" 30.8 0.73 1039 6.2

Rem arks:

apore thickness calculated from the BET method.
bpore thickness calculated from the method recommended by Naono et al., 1997.
’synthesized by CTAB and TEOS in a basic solution with the aging time of 48 h at room 
temperature
’’synthesized by a CTAB and sodium silicate with an aging time of 48 h at room 
temperature
’’’synthesized by CTAB and TEOS in a basic solution with an aging time of 36 h at 
110°c in a Teflon-lined autoclave [Yu et al., 2001],
” ” synthesized by CTAC1 and a sodium silicate in basic solution with an aging time of 16 
h at room temperature in a Teflon flask [Naono et al., 1997].

4.3.3.3 SEM and TEM Morphology

The surface morphologies of RH-MCM-41 synthesized within a 48 h 
aging time and its pH value adjusted at 10 are shown in Figure 4-5. The SEM 
image in Figure 4-5 (a) indicates the agglomerations of uniformly spherical and 
drum-like particles with a diameter in the range of 150-200 nm. The TEM image 
of the hexagonal arrangement with well-defined pore size 2.0-3.0 nm is observed 
in Figure 4-5 (b). It was seen that the RH-MCM-41 sample performed a unique
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characteristic, which is particularly found in mesoporous MCM-41 as reported 
elsewhere.

Figure 4-5 SEM (a) and TEM (b) images of RH- MCM-41 with an aging time of 
48 h and a pH value of 10.
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4.3.3.4 Fourier Transform Infrared Spectrometry (FTIR)

The FTIR spectra of RH-MCM-41 in transmittance mode are shown in 
Figure 4-6. Similar to the FTIR results of the parent MCM-41 discussed in 
Chapter III, adsorption peaks identical to siliceous mesoporous solid are observed. 
The rocking mode near 460 cm'1 is due to Si-0 bonds. The systematical stretching 
mode and the asymmetric stretching mode of Si-O-Si are pointed at 800 cm'1 and 
1080 cm'1, respectively. A broad absorption band around 3470 cm'1 is assigned to 
H-bonded silanols (Si-OH), corporate with the symmetric stretching of Si-OH at 
956 cm'1, which is particularly found in MCM-41.

4500 4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm1)

Figure 4-6 FTIR spectra of RH-MCM-41 with an aging time of 48 h and the pH 
value of 10.
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4.4 Adsorption of Chlorinated Volatile Organic Compounds (CVOCs) on
RH-MCM-41

4.4.1 Experimental

The adsorption behaviors of CVOCs on RH-MCM-41 were studied by 
temperature programmed desorption (TPD). A certain amount of pressed RH- 
MCM-41 pellets was loaded into each studied CVOC solutions (99.8% purity of 
TCE, PCE, and CT) and kept toward equilibrium time. The experiment was 
carried out in a 20 ml vial with a Teflon septum and tightly capped with an 
aluminum lid. MCM-41 was filtered and dried at room temperature before being 
placed the known amount on a platinum pan and was later analyzed by using 
thermogravimetric analysis. The weight loss due to desorption at increasing 
temperature rates set at 3, 5, 12, and 20 °c min'1 were recorded.

4.4.2 Results and Discussion

Figures 4-7 to 4-9 show the derivative peaks of desorption (-dm/dT) from 
the TPD of each chemical with different increasing temperature rates. The area 
under the desorption peak represented the adsorbed amount and the desorption 
energy was assumed to be close to the adsorption energy.



71

Figure 4-7 TPD profiles of TCE for RH-MCM-41 at different heating rates.

Temperature (° C)
Figure 4-8 TPD profiles of PCE for RH-MCM-41 at different heating rates.
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T e m p e r a t u r e  (°  C )

F ig u r e  4 - 9  T P D  p r o f ile s  o f  C T  for  R H -M C M -4 1  at d iffe r e n t h e a t in g  rates.

T h e  m a x im u m  p e a k s  for  T C E  w e r e  sh ifte d  from  4 0  to  4 3 ,  4 9  and  8 2  °c 
(F ig u r e  4 - 7 ) ,  a c c o r d in g  t o  th e  in c r e a s in g  h e a tin g  rate. I t  r e v e a le d  th e  c h e m ic a l  
d e so r p tio n  fro m  th e  su r fa c e  b e fo r e  r e a c h in g  its  b o il in g  p o in t  (8 7  °C ). It w a s  fo u n d  
s im ila r  to  th e  T P D  sp e c tr u m s o f  P C E  and  C T . T h e  m a x im u m  p e a k s  fo r  P C E  are 
at 3 8 , 5 2 , 7 0  an d  7 9  °c (F ig u r e  4 -8 ) .  T h o s e  tem p era tu re  are lo w e r  th an  its  b o il in g  
( 1 2 0  ° C ) .  T  h e  m  a x im u m  p e a k s  f o r  C T  a re 5 3 , 6 1 , 6 4 a  n d  8 1  ° c  (F ig u r e  4 - 9 ) ,  
w h ic h  w e r e  p a r tia lly  c lo s e  to  its  b o il in g  p o in t  (7 7  °C ). It w a s  fo u n d  that for  a ll 
c h e m ic a ls ,  m  a x im u m  p e a k s  m  o v e d  t o  t h e  h  ig h e r  t em p era tu res  c  o r r e sp o n d in g  t o  
h ig h e r  in c r e a s in g  tem p era tu re  rates.

B y  a s s u m in g  that th e  d e so r p tio n  p r o c e ss  is  f ir st-o rd er  an d  th e  h o m o g e n o u s  
su r fa ce  fo r  a d so r p tio n  an d  th e  rea d so rp tio n  o f  th e  d e so r b e d  g a s  d o e s  n o t  o c c u r , th e  
d e so r p tio n  e n e r g y  (Ed) c a n  b e  c a lc u la te d  from  th e  s lo p e  o f  th e  p lo t  b e tw e e n  th e  
natural lo g  o f  T m v e r su s  (T m )1, as s h o w n  in  th e  E q u a tio n  4 -1 .

2๒7; -IทB  = (4-1)
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N o t e  ะ T m is  th e  tem p era tu re  at th e  m a x im u m  d e so r p tio n  rate, K  
Ed is  th e  a v e r a g e  a c tiv a tio n  e n e r g y  for  d e so r p tio n , J m o l'1 
B  is  a  h e a tin g  rate, K  m in '1 
A  is  th e  p r e -e x p o n e n tia l factor  
R  is  th e  g a s  co n sta n t

F ig u r e  4 - 1 0  P lo t  o f  21nT m-ln B  as a fu n c tio n  o f  1 0 0 0 /T m o v e r  th e  sa m p le  o f  R H -  
M C M -4 L

T h e  Ed o f  e a c h  T C E , P C E , a n d  C T  c a lc u la te d  fro m  F ig u r e  4 - 1 0  are 33.2, 
3 5.9, a  n d  5 8 .4  k  J m  o f 15 r e s p e c t iv e ly . T  h e  o  rd er o  f  a  d so r p tio n  e  n e r g y  d  e c lin e d  
fro m  C T , P C E , to  T C E . T C E  an d  P C E  so m e w h a t a d so r b e d  w ith  m o d era te  
a d so r p tio n  e n e r g y , w h i le  C T  a d so rb ed  m o re  s tr o n g ly , p r o b a b ly  w ith  a  c o v a le n t  
b o n d . T h e s e  r e su lts  a g r e e  w ith  th e  to  T P D  sp ec tru m  o f  th o s e  c h e m ic a ls  to  M C M -  
41  a s  s h o w n  in  F ig u r e  4 -1 1 .
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T e m p e r a t u r e  ( °  C )

F ig u r e  4 -1 1  T P D  p r o f ile s  o f  T C E , P C E , and  C T  o v e r  R H -M C M -4 1  w ith  h e a tin g  
rate o f  5 ° c  m in '1.

T h e  T P D  o f  c h e m ic a ls  at a co n sta n t h e a tin g  rate o f  5 ° c  m in -1 in  F ig u re  4 -  
11 d e m o n str a te s  that th e  R H -M C M -4 1  p r o v id e d  th e  s im ila r  a m o u n t o f  c h e m ic a l  
so r p tio n  u p ta k e  for  a ll th ree  c h e m ic a ls . It s h o w s  that th e  m a g n itu d e s  o f  th e  
so r p tio n  u p ta k e s  o n  R H -M C M -4 1  fo l lo w e d  th e  o rd er  o f  th e  H e n r y ’s la w  
co n sta n ts: T C E  >  P C E  ~  C T , b u t s l ig h t ly  d iffe r e n t from  th e  ord er  o f  th e ir  b o ilin g  
p o in ts , w h ic h  w a s  in  a g r e e m e n t w ith  K h a n  et a l., 2 0 0 0 .

In a d d it io n , th e  c a p a b ility  for  th e  a d so rp tio n  o f  C V O C s  o f  e a c h  so rb en ts  
w e r e  c o m p a r e d  w ith  c o m m e r c ia l a d so rb en ts  in c lu d in g  m o r d e n ite  (ra tio  o f  S i /A l  =  
1 9 ) and  a c tiv a te d  carb o n . T h e  p ro p er tie s  o f  c o m m e r c ia l a d so r b e n ts  an d  R H -  
M C M -4 1  are s h o w n  in  T a b le  4 -2  and  th e  T P D  p r o f ile s  o f  C V O C s  o n  v a r ied  
a d so rb en ts  are s h o w n  in  F ig u r e s  4 -1 2  to  4 -1 4 .
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T a b le  4 -2  P r o p e r tie s  o f  c o m m e r c ia l a d so rb en ts  an d  R H -M C M -4 1 .

M a ter ia ls S u r fa c e  area (m 2 g '1) P o re  d ia m e te r  (Â )

R H -M C M -4 1 8 0 0 2 9 .5
A c tiv a te d  ca rb o n 1 2 0 0 6 -2 0 *
M o r d e n ite 4 5 0

*00
N o te  ะ Farrauto et al., 1997.

F ig u r e  4 -1 2  T P D  p r o f ile s  o f  T C E  o v e r  R H -M C M -4 1  w ith  a  h e a t in g  rate o f  5 ° c
m in '1.
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F ig u r e  4 - 1 3  T P D  p r o f ile s  o f  P C E  o v e r  R H -M C M -4 1  w ith  a  h e a t in g  rate o f  5 °c 
m in"1.

T e m p e r a t u r e  f  c  )

F ig u r e  4 - 1 4  T P D  p r o f ile s  o f  C T  o v e r  R H -M C M -4 1  w ith  a  h e a tin g  rate o f  5 °c 
m in"1.
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C o n s id e r in g  th e  a c c u m u la te d  area  u n d er th e  a d so r p tio n  p ea k s, th e  b e s t  
a d so rp tio n  c a p a c i t y  f o r  C V O C s w a s  o b s e r v e d  i n  R H -M C M -4 1 . M o r e o v e r , R H -  
M C M -4 1  w a s  th e  o n ly  m a ter ia l that ad so rb ed  C V O C s b y  a  s in g le  ty p e  o f  a c tiv e  
s ite  b e c a u se  R H -M C M -4 1  p o s s e s s e s  a u n ifo rm  p o r e  s iz e  d ia m e te r , la rg e  e n o u g h  
for  C V O C s  to  a d sorb  u n ifo r m ly  [Z h a o  e t a l., 2 0 0 0 ] .  O n e  p e a k  at a  c o m p a r a tiv e ly  
lo w  tem p era tu re  in  th e  d e so r p tio n  p r o f ile  o f  R H -M C M -4 1  s u g g e s te d  s e lf -b lo c k in g  
o f  th e  c h a n n e l n e tw o r k . T h is  in fo r m a tio n  w o u ld  b e  u se fu l fo r  further c a ta ly tic  
a p p lic a tio n . It h a s  b e e n  rep o rted  that th e  T P D  sp ectra  o f  o r g a n ic  c o m p o u n d s  from  
m ic r o p o r o u s  z e o l i t e  fr e q u e n tly  d is p la y  tw o -s ta g e  d e so r p tio n  p r o c e s s e s  d u e  to  th e  
s e lf -b lo c k in g  o f  th e  c h a n n e l n e tw o r k  b y  f le x ib le  m o le c u le s  b e n d in g  th rou gh  9 0 °  at 
in te r se c t io n s  o f  th e  c h a n n e l sy s te m  [R ich a rd s and  R e e s ,  1 9 8 6 ] . O b v io u s ly ,  
a c tiv a te d  ca rb o n  s h o w e d  tw o  d e so r p tio n  p e a k s  for  a ll te s te d  C V O C s  and  
m o r d e n ite  s h o w e d  tw o  p e a k s  fo r  P C E  an d  C T  in d ic a tin g  that th ere  are tw o  
d iffe r e n t a c t iv e  s ite s  or  tw o  d iffe r e n t p o re  d im e n s io n s . B o th  m o r d e n ite  and  
a c tiv a te d  ca rb o n  h a v e  m ic r o p o r e s  an d  m e so p o r e s  w h ic h  c o u ld  b e  r e sp o n s ib le  for  
th o se  tw o  d e so r p tio n  p e a k s . T h is  r e su lt  r e v e a le d  that th e  h ig h  tem p era tu re  w a s  
req u ired  for  a d so r b e n t reg en era tio n , w h ic h  m ig h t  g r a d u a lly  d a m a g e  su r fa ce  
structure.

4 .5  S u m m a r y

H ig h ly  r e a c t iv e  s i l ic a  e x tra c ted  from  r ic e  h u sk  c a n  b e  u se d  for  th e  
sy n th e s is  o f  M C M -4 1  m e so p o r o u s  m o le c u la r  s ie v e . In stea d  o f  u s in g  T E O S , th e  
w e ll-o r d e r e d  M C M -4 1  w a s  sa tis fa c to r ily  o b ta in e d  from  th e  a q u e o u s  m ix tu r e  o f  
C T A B  an d  s o d iu m  s i l ic a te  u t il iz e d  from  r ic e  h u sk  s i l ic a  w ith  th e  m o la r  
c o m p o s it io n s  1 S i0 2 :  l . I N a O H :  0 .1 3 C T A B : O .I2 H 2O . T h e  o p tim u m  p H  v a lu e  o f  
th e  sy n th e s is  g e l  w a s  c o n tr o lle d  at 10 w ith  an  a g in g  t im e  o f  4 8  h  at ro o m  
tem p era tu re . T h e  s y n t h e s is  p H  a n d  a g in g  t im e  a r e  s ig n if ic a n t  p  aram eters i n  t h e  
fo rm a tio n  o f  a w e l l -d e f in e d  m e so p o r o u s  stru ctu re. T h e  o p tim u m  p H  o f  th e  
sy n th e s is  m ix tu r e  e n h a n c e s  th e  d e g r e e  o f  p o ly c o n d e n s a t io n  o f  th e  s i l ic a te  s p e c ie s  
as w e l l  as lo n g e r  a g in g  t im e  attr ib u tes to  th e  w e l l -a s s e m b le d  s i l ic a te  c o m p le x ,  
w h ic h  e v e n tu a lly  p r o v id e s  th e  fo rm a tio n  o f  u n ifo r m ly  h e x a g o n a l c r y s ta llite s .
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S im ila r  to  th e  p aren t M C M -4 1 , R H -M C M -4 1  s h o w e d  th e  h ig h  in te n s ity  o f  th e  
X R D  c r y s ta ll in ity  p e a k s  an d  fa v o r a b le  p o r o u s  c h a r a c te r is t ic s  w ith  th e  n itro g en  
a d so r p tio n  iso th e r m  c la s s i f ie d  as T y p e  IV c . C a p illa ry  c o n d e n s a t io n  w a s  fo u n d  in  a 
v e r y  n arrow  p r e ssu r e  ra n g e , in d ic a tin g  th e  p r e se n c e  o f  n e a r ly  u n ifo r m  p o r e s  in  th e  
M C M -4 1  p a r tic le s , w h ic h  a g r e e s  v e r y  w e l l  w ith  th e  T E M  r e su lts . T h e  su r fa c e  area  
e s t im a te d  b y  u s in g  th e  B E T  m e th o d  w a s  ( 8 0 0  ±  8 )  m 2 g '1. T h e  p o re  s iz e  
d is tr ib u tio n s  fr o m  th e  n itr o g e n  iso th e r m  u s in g  th e  B J H  s h o w e d  q u ite  n arrow  p ore  
d ia m e te r  d is tr ib u tio n s  c e n te r e d  at 2 9 .0  Â . F o r  th e  a d so r p tio n  te s ts , R H -M C M -4 1  
a d so rb ed  a s im ila r  a m o u n t o f  T C E , P C E  and C T , b u t th e  a d so rb ed  C T  w a s  
s tro n g er  th an  T C E  an d  P C E . R H -M C M -4 1  h ad  o n ly  o n e  k in d  o f  a c t iv e  s ite  for  
a d so r p tio n  o f  C V O C s . In co n tra st, a ll รณ d ie d  C V O C s a d so r b e d  o v e r  tw o  a c t iv e  
s ite s  o f  a c t iv a te d  ca rb o n . T C E  a d so rb ed  o v e r  m o r d e n ite  o n  a s in g le  s ite , w h ile  
P C E  an d  C T  a d so r b e d  tw o  a c t iv e  s ite s . T h e  a m o u n t o f  a d so r b e d  T C E  o n  R H -  
M C M -4 1  w a s  g rea ter  th an  that o n  a c tiv a te d  carb on  and  m o r d e n ite . H o w e v e r , P C E  
an d  C T  a d so r b e d  o n  R H -M C M -4 1  a s  m u c h  as a c tiv a te d  ca rb o n  b u t m o r e  th an  
m o r d e n ite .
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