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DISCLAIMER 
This report was prepared as an account of work sponsored by an agency of the United 
Sates Government. Neither the United Sates Government nor any agency thereof, nor any 
of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process or service by trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United Sates Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States Government 
or any agency thereof. 
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ABSTRACT 
It is attempted to synthesize hydrogen selective silica-based membranes through a novel 
thin film deposition concept. This report describes the progress made during the 1st Year 
of this award. All project Tasks, for Year 1, were completed and the first thin films were 
prepared and characterized. 



 4 

 
 

Table of Contents 
 
 
 
 
Title Page…………………………………………………………………………. 1 
Disclaimer………………………………………………………………………… 2 
Abstract…………………………………………………………………………… 3 
List of Graphical Material………………………………………………………… 5 
Introduction……………………………………………………………………… 6 
Executive Summary……………………………………………………………… 7 
Experimental…………………………………………………………………….. 8 
Results and Discussion………………………………………………………….. 10 
Conclusions……………………………………………………………………… 12 
References………………………………………………………………………. 13 
List of Acronyms and Abbreviations…………………………………………… 14 
 



 5 

 
 
 
List of Graphical Material 

 
Figure 1: SEM top view image of uniform, oriented and high-coverage deposit of silicate 
plate shaped particles on alumina support. 
Figure 2: SEM and XRD of as made layered silicate (before calcination for the removal 
of SDA). 
Figure 3: Size distribution curve (from DLS) of layered silicate suspension in toluene 
after sonication for 1 hour. 
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INTRODUCTION 
 
As stated in the NRC report on Novel Approaches to Carbon Management “there is a 
need for novel membranes that can perform the separation of CO2 and H2 at high 
temperature and pressures.”  Extensive efforts over the last several decades have 
explored high temperature H2-selective membranes made of SiO2, other oxides, Pd and 
other metals or alloys, and more recently various zeolites and non-aluminosilicate 
molecular sieves.  Although promising separation results have been reported for many of 
these technologies they all suffer from high processing costs for membrane fabrication 
and long term stability limitations.  In this proposal we revisit the objective of high 
temperature H2-selective membranes with a fresh look and propose to explore a new 
simple concept for the fabrication of ultra-thin, stable molecular sieve H2-selective 
membranes.  
 
This proposal is based on the use of thin films of plate-shaped layered silicates to form 
hydrogen selective membranes. 
 
This simple idea has not been attempted before. The potential advantages of the proposed 
approach compared to other technologies that are currently under development include: 
• No need to grow (hydrothermally or by chemical vapor/fluid deposition) the 
selective layer on the support.   
• Potential for high selectivity and flux.   
• Potential for high stability.   
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EXECUTIVE SUMMARY 
 
The goal of this work is to use crystalline layered silicates to form hydrogen selective 
membranes for use in high temperature hydrogen/carbon dioxide separations. 
It was proposed to: 
a.  Synthesize layered silicate materials. 
b.  Prepare dispersions of as synthesized or delaminated layered silicates. 
c.  Prepare membranes by coating the layered silicates on macro-mesoporous supports  
d.  Test the membranes for H2/CO2 selectivity at high temperature and pressures and for 
structural and functional stability at high temperature in the presence of water vapor. 
 
All Year 1 project Tasks are completed. Layered silicate particles were synthesized 
hydrothermally. Crystal shape and size was optimized for the formation of thin films. 
Calcination procedures that avoid particle agglomeration were developed and 
suspensions of the calcined silicate particles were prepared. The silicate particles and 
suspensions were characterized by X-Ray Diffraction, Electron Microscopy and Dynamic 
Light Scattering. The characterization data indicate that plate like morphology, large 
aspect ratio and good dispersion have been achieved. A deposition process that leads to 
uniform, high-coverage (~100%) coating of the layered silicate particles on porous alpha-
alumina supports was developed (see Figure 1).  
  
 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
Figure 1: SEM top view image of uniform, oriented and high-coverage deposit of silicate 
plate shaped particles on alumina support. 
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EXPERIMENTAL 
1. Synthesis of Layered Silicate 
Layered silicate precursor was prepared using an organic structure directing agent (SDA), 
Fumed silica (Cab-O-Sil, M-5), sodium aluminate (MP Biomedicals), sodium hydroxide 
(98% Fisher), and deionized water. More specifically a sample with Si/Al = 50 was 
prepared as follows: 0.72g of sodium aluminate and 2.48g of NaOH were dissolved in 
310.75g of H2O by magnetic stirring for few minutes, then 19.12g of SDA were added 
slowly leading to a yellowish solution, and finally 23.58g of fumed silica were added 
very slowly under continuous stirring. After 30 min of vigorous stirring, the very viscous 
final gel was poured into eight 45ml Teflon lined stainless steel autoclaves and treated at 
135oC for 11 days under rotation at 30rpm. After cooling down the autoclaves quickly, 
the samples were centrifuged at 10,000 rpm and washed with water until pH < 9.  
 
2. Calcination of layered Silicate 
Calcination of silicate particles without any specific treatment will lead to severe 
agglomeration. To avoid this problem a polymer-aided calcination method was adapted 
according to reference.[1] In addition, before calcination the particles were filtered by a 
polymer membrane. The procedure is the following. 5.0g of silicate wet cake was 
dispersed into 20g of deionized water by stirring overnight followed by ultrasonication of 
one hour. The suspension was filtered by a high-density polyethylene (HDPE) film 
(Porex) with particle retention size of 15 micrometers. About 80ml deionized water was 
added to the filtered suspension to make the total volume of 100ml. Then 10.0g 
acrylamide (AM), 0.1g N,N’-methylenebisacrylamide (MBAM) and 0.25g ammonium 
persulfate (NH4)2S2O8 were added subsequently to the above suspension under stirring. 
The mixture was kept stirring for another half hour at room temperature before it was 
placed into an ultrasonicator with sonication time set to one hour. During sonication, the 
mixture polymerized into a hydrogel due to slight autogenous heating caused by 
sonication. The hydrogel was dried at 80°C overnight and then heated to 540°C with 
ramping rate of 2°C /min and under the flow of nitrogen (150cc/min). After two hours, 
the gas was switched to air with the same flow rate. After 5 hours, the temperature was 
decreased to room temperature with a ramping rate of 2°C /min.  
 
3. Deposition of silicate particles on porous alpha-alumina support 
Porous alpha-alumina supports are homemade. One side was polished with sandpaper 
(320 Grit, Buehler) and then coated with a thin mesoporous silica film. The purpose of 
the thin mesoporous silica film is to further smooth the surface and to provide a surface 
which can be functionalized and then on which silicate particles can be covalently 
bonded. A detailed preparation procedure and the permeation property of the support can 
be found in references.[2-4]. A typical film deposition procedure is as follows. The support 
was functionalized with 3-chloropropyltrimethoxysilane (3CP-TMS, Aldrich). 3CP-TMS 
is a silane coupling agent that has two functional groups. One can react to the 
mesoporous silica surface that is coated on the support, and the other can react to the 
silicate particle surface. The support was placed vertically in a glass reactor. About 30ml 
dry toluene was added to the reactor until the support was completely covered. Then 3ml 
of 3CP-TMS was added to the above solution. The solution was heated to the boiling 
point of toluene (~110°C). Argon was purging through the reactor to avoid contacting 
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moisture during functionalization. After 3 hours, the support was taken out, washed with 
flesh toluene, and dried at 120°C for half hour. At the same time, 0.01g of silicate 
particles was dispersed into 40ml of dry toluene by sonication for 1 hour. The dried and 
functionalized support was then placed horizontally inside the well dispersed silicate 
suspension. The solution was again heated to the boiling point of the solution (~110°C). 
After 5 hours, the support was taken out with thick silicate precipitation on the top which 
appeared white to naked eye when taken out. The support was put in fresh toluene and 
sonicated for 1 minute. After sonication, what remained is mainly the first layer because 
of the covalent bonding between the first layer and the support surface. 
 
4. Characterization 
X-Ray Diffraction (XRD), Scanning (SEM) and Transmission Electron Microscopy 
(TEM), and Dynamic Light Scattering (DLS) were used to characterize the silicate 
powders, thin films and dispersions. 
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RESULTS AND DISCUSSION 
 
Typical particle morphology of as-synthesized layered silicate is shown in Figure 2. Most 
particles are plate-like with dimensions of about 1µm in width and length and less than 
100nm in thickness. Some particles curl. The x-ray diffraction pattern on the right 
verifies that the synthesized materials are crystalline. 

 
Figure 2: SEM and XRD of as made layered silicate (before calcination for the removal 
of SDA). 

 
0.01g of silicate particles were dispersed in 50ml toluene by sonication for about 1 hour. 
The suspension was analyzed by a BIC Zeta potential analyzer. The size distribution 
curve is shown in Figure 3. There are two peaks in Figure 3. The bigger one is centered 
on 800nm, which is close to the diameter of an individual silicate particle (~ 1µm) 
measured from SEM imaging. The smaller peak is centered on 250nm, which might be 
due to broken fragments formed during sonication. No further bigger peak was detected 
indicating that the layered silicate particles can be well dispersed in toluene by the 
sonication procedure used. 

 
Figure 3: Size distribution curve (from DLS) of layered silicate suspension in toluene 
after sonication for 1 hour. 
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A typical SEM image of the obtained films after one deposition is shown in Figure 1. 
Several conclusions can be drawn based on such images. First, the layered silicate 
particles retain their plate-like shape without breakage or curling. Second, most particles 
attach to the support surface with their flat surfaces. Third, the coverage approaches 
100% and the film uniformity after one deposition is satisfactory.  
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CONCLUSIONS 
Plate-like small pore layered silicate crystals were synthesized and calcined without 
significant agglomeration. They were dispersed in toluene and deposited to form a closed 
packed monolayer on a mesoporous-silica-coated porous alpha alumina support. 
Repetition of this deposition process is expected to lead to multilayer films that can be 
hydrogen selective. 
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LIST of ACRONYMS and ABBREVIATIONS 
 
DLS: Dynamic Light Scattering 
SEM: Scanning Electron Microscopy 
SDA: Structure Directing Agent 
TEM: Transmission Electron Microscopy 
XRD: X-Ray Diffraction 
 


