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Section |. Accomplishments (Please provide a bulleted list of project accomplishments as well as a
description of their importance to the project.)

PROJECT OBJECTIVES

The overall objective of this project is to develop cost-effective, high-temperature gas separation
membranes for producing inexpensive, high-purity hydrogen (H,) from synthesis gas generated by steam
reforming or gasification of fossil fuels. The two specific technical objectives of the project are:

(i) To develop polymeric and/or polymer-based nanocomposite membranes with high H, permeability,
high H,/carbon monoxide (CO) and Hj/carbon dioxide (CO,) selectivities, and high thermal stability
up to 250-300 °C.

(i) To demonstrate the technical and economic feasibility of using such membranes for producing
low-cost fuel-cell-quality H, from synthesis gas streams.

PROJECT ACTIVITIES AND STATUS

The Grant Activities for the project consist of seven (7) tasks. The project accomplishments
during this report period are summarized in the bulleted list below.

uT

e Ultem® Membrane Preparation: Additional films were prepared consisting of Ultem® 1000 filled
with copper nanoparticles. (Project Task 1)

e Membrane Permeation Testing: Permeability was characterized for films prepared in Task 1.
Additionally, PBI films prepared at RTI were characterized when possible. (Project Task 2)

e PBI Membrane Preparation: Preparation of free-standing, dense polybenzimidazole (PBI)
composite films with silica nanoparticles continued. Preparation of Ni-filled PBI blend films will
resume next period. Making good (defect-free) PBI membranes in inorganic-particle-filled
nanocomposite form is an important step in the development of gas separation membranes for
this project. (Project Task 1)




e Membrane Permeation Testing: Permeation-testing of filled PBlI membrane films continued.
Additionally, the permeation properties of the second tubular PBI composite membrane module
from Pall Corporation was measured with pure H, and CO, and a three-component syngas
mixture as a function of feed pressure up to 300 psig at 20 °C. (Project Task 2)

e Thermal Property Characterization: TGA studies were completed on 4.76 wt% Ni/PBI and
10 wt% SiO,/PBI nanocomposite blends in inert and syngas environments to determine whether
addition of these nanoparticles has any effect on thermal stability of the PBI matrix. The TGA
results collected in syngas should provide a fairly realistic evaluation of material thermal stability
under conditions more similar to those of the actual application. The TGA studies are important
for determining the thermal stability (or limitations) of the neat polymer membranes and
polymer-based nanocomposite membranes being developed for the targeted high-temperature
gas separation application. (Project Task 4)

Specific results and details of this period’s project activities are discussed on a task-by-task basis below.

Indicate which part of the Grant Activities as defined in the grant agreement, the above
accomplishments are related to:

TASK 1: Prepare High-Temperature Membranes
uT

Two samples consisting of copper-filled Ultem® 1000 were prepared by dissolving 1.5 g of Ultem
1000 in 20 ml methylene chloride. Once the polymer was completely dissolved (generally requiring less
than 1 h), copper nanoparticles were added to the polymer solution. The nanoparticles were dispersed
by ultrasonication for 15-30 minutes. Immediately after ultrasonication, the sample solutions were poured
into clean, dry, level casting plates and covered to slow evaporation. Samples were allowed to dry until
they were solvent-free, which generally took under two days.

The resulting two films contained 4.4 and 12.2 vol% copper nanoparticles (i.e., 25 and 50 wt%
copper nanoparticles, respectively). The film loaded with 4.4. vol% copper particles was defect-free, and
its permeability was characterized (cf. Project Task 2). The 12.2 vol% film was defective.

RTI

Celazole® PBI (polybenzimidazole) nanocomposite membrane preparation continued using
10-nm Aldrich SiO, particles. Casting solutions for making PBI nanocomposite membranes loaded with
2.5 and 5 wt% silica nanoparticles were made by first predispersing premeasured amounts of silica
particles in minimal quantities of N,N-dimethylacetamide (DMAc) solvent. After stirring for at least
15-24 h, the silica particles appeared to be evenly dispersed in DMAc. The entire contents of each
well-mixed particle/solvent suspension were then added to the corresponding PBI/DMAc solution for
which that particular suspension quantity had been premeasured to obtain the desired filler:polymer
concentration ratio. All silica-doped membrane casting solutions were prepared using a 15 wt% PBI
solution in DMAc. To ensure adequate mixing before use, the resulting PBI/SiO,/DMAc casting solutions
were stirred vigorously for at least 24 h. As an additional precaution to prevent particle settling, the
nanoparticle-loaded PBI solutions were stirred up to the time of the membrane casting step. This period,
the 5 wt% silica-doped PBI solution was drawn down onto glass plates with a 15-mil casting-knife gap.
These cast films were then placed in a 70 °C oven with N, purge to dry for 24 h and then post-heat
treated at ~300 °C for 2 h.

“Proof-of-concept” coatings of unfilled PBI onto a microporous 316L stainless steel support (Mott
Corporation) continued this month to determine whether it could be a viable metal substrate option for



making thin-film PBI composite (multilayered) membranes. The porous stainless steel substrate tried had
a 0.5-um pore size. Previously, the initial PBI coating attempts using the knife-casting technique did not
work because the substrate itself was not wholly flat but somewhat concave. However, the second
stainless support sample was effectively flat; therefore, the knife gap could be zeroed to the substrate
thickness. The steel support was coated twice with PBI solution, with the first coating being dried before
the second PBI layer was deposited. The integrity of this stainless steel-supported, double-coated PBI
membrane will next be checked with pure H, and CO, to determine whether this composite membrane
warrants more systematic permeation studies with syngas.

TASK 2: Evaluate Membrane Permeation Properties
ut

Copper-filled Ultem 1000 permeability was characterized for a series of nanoparticle loadings. At
low loadings, it appears the copper nanoparticles cause an order of magnitude increase in permeability,
while only causing a 20% drop in CO,/CH,4 pure gas selectivity, as shown in Table 1. However, the
CO,/H;, selectivity of the composite was reduced to ~1. Whereas, by doubling particle loading, both
permeability and selectivity begin to decrease. Experiments on additional films is required to determine if
the permeability behavior is following two different trends. Additional testing including sorption
experiments may shed light on the permeability dependence on particle loading.

Table 1. Permeation Properties of Ultem Nanocomposite Films Doped with Different Copper
Nanoparticle Concentrations

nOtem 1000 | COspermeabiity | - Hzpermeabity | oreiy
(vol%) (barrer)
0 3.3 9.4 0.03
4 26.6 328 0.3
8.5 9.0 8.2 0.12
12.2 NA NA NA

Ap = 3.4 atm, T = 35 °C; 1 barrer = 10™'° cm*(STP)-cm/(cm*s-cmHg).

Two PBI films supplied by RTI were also characterized for permeability. A third film was defective
and could not be tested. The permeabilities of the two films as well as their compositions are found in
Table 2. It was not clear if any Ni catalyst nanoparticles were present in the film section tested. Large
agglomerates were visible in the Ni-filled sample, but these sections were purposely avoided in preparing
the permeation sample.

Table 2 Permeation Properties Measured by UT on Pure PBI and Ni-Filled PBI Nanocomposite Films
Prepared by RTI

Nickel loading in PBI | CO_ permeability H, permeability
(vol%) (barrer) (barrer)
0 0.4 2.2
4.4 0.4 1.8

Ap=34atm, T =35"°C.
1 barrer=10"° cm3(STP)-cm/(cm2-s-cmHg).



RTI

Last month and early this month, two 10 wt% silica/PBI membrane films were made by knife-
casting at various knife-gap clearances. After drying and post-heat treatment, membrane samples were
cut from both dry films, masked, and permeation-tested with pure H, at 200 psig and 20 °C. Though they
were able to maintain the desired feed pressure, the PBI/SiO, blend samples had defects because the
permeate H, composition detected by the GC was unreasonably high, continuing to gradually increase
with time.

Testing was also begun on a second tubular PBI composite membrane module that had been
received from Pall Corporation earlier this period. This membrane consisted of a thin PBI selective layer
coated onto the outside of an Accusep® stainless steel tube. According to Pall Corporation, the apparent
PBI layer thickness is 0.65 um, and the effective membrane area is 28.4 cm®. Both of these numbers
were used to compute the gas permeabilities from our measured data. The PBI module was first
evaluated at room temperature with pure H, and CO, as a function of a feed pressure from 50 to 300 psig
in 50-psig increments. Because the pure-gas permeabilities were very low and exhibited the expected
pure H,/CO, selectivity, the PBI module was considered defect-free. Thus, after the pure-gas tests, the
membrane module was evaluated at room temperature with a ternary syngas mixture (36.8% H,, 12.5%
CO,, and 50.7% CO) at 100, 200, and 300 psig feed pressures. The room-temperature pure-gas and
mixture syngas permeability and selectivity results are plotted in Figures 1a and 1b, respectively. The
mixture H,/CO; selectivity of 3-4 is lower than the ideal (pure-gas) value of 5.4-8.4 apparently due to the
lower H, permeability and higher CO, permeability measured under syngas mixture conditions. These
experimental results will need to be further examined because it is not immediately obvious why this
mixture permeability behavior should be seen. Next month, separation performance evaluation of the PBI
module will continue at higher temperatures and different feed pressures.
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Figure 1. Effect of feed pressure on (a) pure-gas and mixed-gas permeabilities and (b) pure-
gas and mixed-gas selectivities for tubular, AccuSep-supported, PBI membrane

TASK 3: Evaluate Membrane Reactor Properties

RTI

module #2 from Pall

Corporation.

Gas mixture used was an

industrially

representative ternary syngas of 36.8% H;, 12.5% CO,, and 50.7% CO. Permeation
data were collected at 20 °C. Permeate pressure = 0 psig; Downstream He sweep
rate = 20 cm*/min. 1 barrer = 107" cm*(STP)-cm/(cm?s-cmHg).

This task has not yet started at RTI.



TASK 4: Characterize Thermal and Morphological Properties of Membranes
ut

[Scott/Benny — Any morphological studies?]

RTI

TGA studies on PBI nanocomposite samples containing Ni and SiO, nanoparticles were
completed in helium and syngas environments. As shown in Figure 2a, in a syngas atmosphere, the
4.76 wt% Ni/PBI nanocomposite shows a little more thermal stability than pure (unfilled) PBI sample, as
indicated by rapid sample weight loss starting at higher temperatures. Figure 2b shows that the thermal
stability of the PBI/4.76 wt% Ni nanocomposite stays essentially the same regardless of whether the
thermal degradation environment is syngas or inert helium. For all samples shown in Figure 2, the
thermal decomposition temperature is 560 °C or higher, which is more than adequate for the
high-temperature separation application targeted in this project.
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Figure 2. Comparison of TGA weight loss curve obtained for 4.76 wt% Ni/PBI nanocomposite
blend film in syngas with (a) previous TGA scan for pure PBI in syngas and (b) last
month’s TGA scan obtained in inert He for the same Ni-loaded PBIl nanocomposite.
Alumina-supported Ni catalyst particles used was RTI Sample #041205a-NiHRP. All
TGA scans were done at a 10 °C/min heating rate. Initially, the samples were heated
in a first TGA scan to 300 °C in He to drive off residual solvent and moisture.
Samples were then cooled back down to room temperature and heated in a second
TGA scan to 800 °C in either syngas or He to obtain the curves plotted. Syngas
composition used was 38.4% H,, 14.8% CO,, and balance CO. Initial sample
weights: 2.36 mg for 4.76 wt% Ni/PBI in syngas; 1.65 mg for 4.76 wt% Ni/PBI in He;
and 3.65 mg for pure PBI in syngas.

Figures 3a and 3b graph the thermal scans for the 10 wt% SiO,/PBl nanocomposite blends
obtained in helium and syngas atmospheres, respectively. Rough estimates of decomposition onset
temperature for the Figure 3 samples are presented in Table 3. In helium, the decomposition
temperature (T4) of the PBI/10 wt% silica nanocomposite is ~567 °C, essentially unchanged from that of
the unfilled, pure PBI. In syngas, however, addition of 10 wt% SiO, does have a positive effect on the
thermal stability of PBI. The PBI/10 wt% silica nanocomposite (T4 ~ 568 °C) is more thermally stable than
unfilled PBI, whose T4 decreases from ~567 °C in helium to 558 °C in syngas. Figure 4 directly compares
the TGA weight loss profiles in syngas and helium for the PBl/silica blend to illustrate how similar the
decomposition onset temperature is in these two environments.
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Figure 3. TGA weight loss curves obtained for 10 wt% SiO,/PBI nanocomposite blend film in
(a) inert He atmosphere and (b) syngas atmosphere. For comparison, plots also
include TGA scans determined previously for pure PBl in each of these
environments. All TGA scans were done at a 10 °C/min heating rate. Initially, the
samples were heated in a first TGA scan to 300 °C in He to drive off residual solvent
and moisture. Samples were then cooled back down to room temperature and
heated in a second TGA scan to 800 °C in either He or syngas to obtain the curves
shown. Syngas composition used was 38.4% H,, 14.8% CO, and balance CO.
Initial sample weights: (i) In He, 2.62 mg for PBI/10 wt% SiO,/PBI and 4.77 mg for
pure PBI; (ii) In syngas, 2.12 mg for 10 wt% SiO,/PBI and 3.65 mg for pure PBI.

Table 3. Estimates of Decomposition Onset Temperature in Syngas and Inert Helium Atmospheres for
Pure PBI and 10 wt% SiO,/PBI Blend Nanocomposites

Decomposition onset T% (°C)
Sample -
In syngas In helium
Pure PBI Resin 558° 565-567*
10 wt% SiO,° + PBI 568 ~567

Determined by TGA at 10 °C/min heating rate.

Ternary syngas composition: 38.4% H,, 14.8% CO,, Balance CO.
From October 2005 monthly report.

From the August 2005 monthly report.

Hygroscopic, untreated, 10-nm silica nanopowder from Aldrich.
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Figure 4. Comparison of TGA weight loss curves obtained in helium and syngas for PBI
nanocomposite film doped with 10 wt% Aldrich 10-nm SiO, nanoparticles. All TGA
scans were done at a 10 °C/min heating rate. Syngas composition used was 38.4%
H>, 14.8% CO, and balance CO. Initial sample weights: 2.62 mg in helium and
2.12 mg in syngas.

The TGA data collected this period thus indicates that addition of nanoparticles such as SiO, or
Ni slightly improves the thermal degradation resistance of the PBI polymer in the non-inert syngas
atmosphere. This trend is clearly illustrated in Figure 5, which directly compares the syngas-acquired
thermal scans of the Ni- and SiO.-filled PBI nanocomposites to that of pure PBI.
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Figure 5. Comparison of TGA weight loss curves obtained in syngas for pure PBl and PBI
nanocomposite films doped with 4.76 wt% Ni catalyst (RTI Ni Sample #041205a-
NiHRP) and 10 wt% SiO,. TGA curve for pure PBI is from the October 2005 report.
Initial sample weights: 3.65 mg for pure PBI; 2.12 mg for PBI/10 wt% SiO, blend;
and 2.36 mg for PB1/4.76 wt% Ni.



TASK 5: Prepare Integrated System Process Design
RTI

This task has not yet started.

TASK 6: Perform Technical and Economic Analysis/Develop Commercialization Strategy
RTI

This task has not yet started.

TASK 7: Manage Project/Prepare Reports
UT/RTI

The twelfth monthly project report was prepared.

Section ll: Problems/Solutions

Problem(s) Identified uT

(Please report anticipated or No major problems were encountered this period.

unanticipated problem(s) encountered
and its effect on the progress of the
project)

RTI

No major problems were encountered this period.

Proposed Solution(s) Ut

(Please report any possible solution(s) N/A this period.

to the problem(s) that were

considered/encountered) RTI

N/A this period.

Action(s) Conducted and uT

Results
N/A this period.

(Please describe the action(s) takento | p
resolve the problem(s) and its effect) -

N/A this period.




Section lll. Goals and Issues for Succeeding Period: (Please provide a brief description of
the goal(s) you hope to realize in the coming period and identify any notable challenges that can be
foreseen)

uT

Cu and Ni filled Ultem® 1000 films will be made and characterized in terms of gas transport. Our
research laboratory at UT will also gain access to a new differential scanning calorimeter (DSC) in the
month of February. This new instrument will allow for the determination of glass transition behavior for
the filled and unfilled samples that have been prepared for this project.

RTI

Next month, more PBI nanocomposite films will be cast from new PBIl/nanoparticle solutions,
including the 2.5 and 5 wt% SiO,/PBI solutions. Nickel catalyst nanoparticles will also be sonicated into
PBI solutions to determine whether sonication could improve nickel particle dispersion in the casting
solution mixture and the resulting nanocomposite films. This sonication approach will be tried on PBI
casting solutions having 2.5 and 5 wt% Ni loadings. When making the new silica- and Ni-doped PBI
films, the knife-gap clearance will also be varied. Permeation studies of the second tubular,
AccuSep®-supported PBI module from Pall Corporation will also continue with pure gases and a syngas
mixture at higher temperatures and different feed pressures.

\KWF/ A

Date: February 23, 2006

Authorized Project Representative's Signature

NOTE: Please attach any additional information that you feel should be a part of your report or that may
be required to meet the deliverable requirements for tasks completed during this reporting period.
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