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ABSTRACT

A significant barrier to the commercialization of coal-to-hyno technologies is high capital
cost. The purity requirements for, Huels are generally met by using a series of unit clean-up
operations for residual CO removal, sulfur removal,, @&noval and final gas polishing to
achieve pure B A substantial reduction in cost can be attained by reducing the nwhbe
process operations for,idleanup, and process efficiency can be increased by conductigssyn
cleanup at higher temperatures.

The objective of this program was to develop the scientific basia single high-temperature
syngas-cleanup module to produce a pure stream bhh a coal-based system. The approach
was to evaluate the feasibility of a “one box” process thatomes a shift reactor with a high-
temperature C@selective membrane to convert CO to £@move sulfur compounds, and
remove CQin a simple, compact, fully integrated system.

A system-level design was produced for a shift reactor tharpocates a high-temperature
membrane. The membrane performance targets were determinegin Sggel benefits were
evaluated for a coal-to-hydrogen system that would incorporatebmanes with properties that
would meet the performance targets.

The scientific basis for high temperature £&@lective membranes was evaluated by developing
and validating a model for high temperature surface flow membranes. Sym@thgoaches were
pursued for producing membranes that integrated control of pore isizenaterials adsorption
properties. Room temperature reverse-selectivity fop @@s observed and performance at
higher temperatures was evaluated. Implications for future membdamelopment are
discussed.
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EXECUTIVE SUMMARY

A significant barrier to the commercialization of coal-to-hygno technologies is high capital
cost. The purity requirements for, fuels are generally met by using a series of unit clean-up
operations for residual CO removal, sulfur removal,, @&noval and final gas polishing to
achieve pure B A substantial reduction in cost can be attained by reducing the nwhbe
process operations for,kdleanup, and process efficiency can be increased by conductissyn
cleanup at higher temperatures.

The objective of this program was to develop the scientific basia ingle high-temperature
syngas-cleanup module to produce a pure stream obhh a coal-based system. The approach
was to evaluate the feasibility of a “one box” process thatowes a shift reactor with a high-
temperature C@selective membrane to convert CO to £@move sulfur compounds, and
remove CQin a simple, compact, fully integrated system.

A system-level design was produced for a shift reactor tltatrporates a high-temperature
membrane. The design features a multi-train, counter-current raeenbeactor. Syngas and
sweep streams enter the reactor from opposite ends and are dit@médtubular membrane

reactor module trains. Each module contains membrane tubes whges synd steam flow in a
counter-current direction on the two sides of each tube. The kegndearameters and their
target values were determined, including the membrane selectivégbrane permeability,

functional layer thickness, pressure differential, ,@@pture fraction, tube length, tube inner
diameters, and tube number.

The system using the G@nembrane reactor can attain overall system efficiency begetater
than 2% over than the base case. The efficiency improvement of uSidgrmembrane reactor
in a coal-to-hydrogen plant comes primarily from the following sources:

* The CQ membrane WGS reactor requires less high pressure steam in the syngas.

» The higher cleanup temperature avoids the heat up and cool down adsedthte

conventional low temperature cleanup processes.

On the other hand, the primary sources of efficiency loss of-an@mbrane reactor include:

* H;loss through the membrane

* The power consumption of G@ompression.

The elimination of multiple unit operations (low temperature gasmgodulfur removal, solvent
regeneration, and G@emoval) and the consolidation of WGS reactor, sulfur removal, and CO
capture into an integrated module reduced capital costs. Theraeduction in the plant
footprint for the clean-up section by a factor of at least twos Tapital expenditures analysis
indicates a potential of up to 3% CAPEX savings for a coal-toeggr plant by using the
proposed one-box module over conventional syngas cleanup system.

A scientific basis for the high temperature £@lective membranes required to enable the “one
box” system was developed. A quantitative model was produced andt@dlida the design of
membrane materials capable of high temperature il€@erse selectivity. The model describes
porous membranes in which selectivity is endowed through the methafigpreferential
adsorption and surface diffusion of €@long the pore walls. Selectivity for G@ver H
requires that the surface flow of €@ large compared with the Knudsen flow aftHrough the



bulk of the pore. Selectivity can result from the combination of twoha@sms: enhanced GO
surface transport and hindered Hansport. Three key membrane design parameters were
identified: surface concentration of geat of adsorption of Gnd effective pore radius. The
first two parameters are intrinsic materials parametesdescribe the rate of surface diffusion
of CO,. They were measured from chemisorption measurements on oxide poWukethird
parameter is a microstructural parameter which accountsdarompetitive Knudsen flux of H

and for the extent of hindered Hux from pore blocking.

Silica membranes were developed that were free of viscous slefetttwhich had an effective
pore radius of less than 1 nm. Those membranes showed reverseitsetectCO,/H, at room
temperature. The selectivity decreased with increasing tetapeidue to the decrease in surface
concentration of C@ That caused two effects: the surface transport rate ferdé€@eased and
the H Knudsen flow rate increased as the effective pore size iecte&ood quantitative
validation was obtained for the predicted selectivity with tempegatising the measured
chemisorption parameters and only one fitting parameter for the effectveguiius.

On the basis of the model, membrane design parameters websbsketh for the membrane
parameters that would allow the attainment of system leyeragon targets. For pore size
diameters of 1-2 nm, heat of adsorption of less than 25 kJ/mol apguf@ce concentration
greater than fimol/cnt are required. Materials were screened based on measuredeeatdrit
adsorption isotherms, with three materials identified as promising candidates

Two approaches were pursued to synthesize membranes with bo#ytimed effective pore

size and C@adsorption characteristics. First, silica membranes withetipgined pore size were
functionalized with alkaline and rare earth oxides in order to isertfze surface adsorption of
CQO,. Second, synthesis of barium-titanate-based membranes was puarsuéer to obtain the

required pore size in a material determined to have the requirgdutface affinity.

The functionalized silica membranes were produced without viscdastsldut no increase in
the high temperature G@everse selectivity over the baseline materials was obsérkatimay
have been due to an inhomogeneous distribution of the functional groups Wwéhimetmbrane
or due to a limitation in the concentration attained.

A series of barium-titanate-based membranes was produced tiedar@esof viscous defects, but
high temperature reverse selectivity was not observed. For thebnaren processing

temperatures required to produce pure barium titanate, the effpotigesize was too large to
observe reverse selectivity. At lower processing temperatura®, Wees a barium carbonate
phase present. Only a small increase in, G@lectivity over the Knudsen value at room
temperature was observed.

Future work for developing reverse-selective,G@mbranes should focus on developing new
processing methods for control of pore size in the materialtifidd by modeling to be
promising candidates. In addition, the materials screening methododogybe applied to
identify additional materials that are more amenable to mamelprocessing in the desired pore
size range.



1 SYSTEM DESIGN

1.1INTRODUCTION

A CO, selective water-gas-shift (WGS) membrane reactor designdeatified as a candidate
design for the high temperature integrated syngas cleanup swstenCO, separation. This
reactor design concept is characterized by a reactor corgfdinllow membrane ceramic fibers,
sulfur-tolerant WGS catalyst and a sweep gas system. Rvatyncost analysis for the design
concept was carried out to determine the economic benefits asasvahe capital cost
sensitivities of various system parameters. These in turn wsee to identify the preliminary
performance targets for the membrane material development. Tostardethe impact of the
membrane reactor concept on the system efficiency, a basecoatto-hydrogen system
analysis model was constructed using Aspen Plus software. Basdt: baseline model, the
process model for the coal-to-hydrogen using integratedn@™nbrane reactor was built using a
customized membrane reactor module. The preliminary analysis resultgénthat the a coal-
to-hydrogen system with integrated £@embrane reactor has a lower capital cost as well as a
higher system efficiency compared with a conventional coal-toelggar plant. Based on the
analyses, the key components of the optimal membrane reactan desig down-selected and
the membrane material performance targets identified.

The conceptual design of the integrated high-temperature menrbearter was identified based
on the conventional coal-to-hydrogen plant process requirements, denxeraged existing
membrane reactor designs for other reaction processes obtaimethé literature. The goal was
to obtain benefits of process intensification from the integrati@everal syngas clean-up steps
into a single reactor. According to the process flow diagramtgpiaal coal-to-hydrogen plant
with CO, removal (as shown in Figure 1)[Gray, 2002], [Chiesa, 2005], the ésatiirthe CQ
membrane reactor for processes intensification were identified as:

* Anintegrated high temperature WGS reactor

» Selective removal of CO

» Selective removal of B

Air
Separation
Unit Steam
Sulf O
ulrur ?
e Cooling & 260°C cos
Claus/Scot Coal Particulates Hydrolysis
Process Ash Fines Feed Water
s Makeup
2
P CETEETE PEPET PP Syngas Cleanup Section - - -, &
' s0C Heat
b )‘{ LTS Ny oL Recovery
Separation 1250°C — 300°C A Steam
200°C : Residual " Generator
1 Fueé C;;as * Steam
' 50°C co y 50°C and i, c £ y
' 2 H . ombustion
: Recovery : PSA “|  Turbine | Steam Cycle | Stack
T ————— ‘ ‘ \—VB/O down
i l Electricity @ Electricity @ waow
co, H,

Figure 1-1. Process flow diagram of coal-to-hydrogen plant with, G€paration



A wide literature survey was also conducted, which focused on vam@usbrane reactor
designs including concurrent flow, countercurrent flow, cross flow, hdiilogr, tubular, plate,
and other configurations. The preliminary membrane design concesteleased based on the
engineering calculations and the critical performance charadawsiesé the system.

Figure 1-2 shows the conceptual design of the water gas WHBS] membrane reactor in a
integrated gasification combined cycle (IGCC) coal-to-hydngglant with CQ separation. The
membrane reactor uses hollow fiber ceramic membranes, sulftartb/GS catalyst and a
sweep gas system. One configuration of the integrated membrata ieaorporates the WGS
catalyst within the hollow C@selective membrane fiber tubes. The syngas flow is directed
within the membrane fiber tubes where it undergoes the WGSomaghile the membrane
selectively removes COfrom the reaction into the sweep gas stream on the exteridreof t
membrane tube. The continuous removal ot Gkerefore, shifts the WGS reaction equilibrium
to nearly 100% CO conversion. At the outlet of the membrane tulbgslragen purity of over
90% can be achieved. On the other hand, 8@aptured in the counter-current sweep stream
(low quality steam) at pressure and can be easily seqeestoa geological storage or enhanced
oil recovery. A section of the membrane fogSHemoval can be placed before or after the CO
removal segment. Other configurations of the hollow membrane fiberdesign may include
syngas and WGS catalyst on the shell side of the membrane ttih¢hes sweep gas flow
through the inside of the tubes. Therefore the membrane reacton dewgrates multiple
functions, including WGS, hydrogen separation,,&8paration and acid gas removal, in one
reactor module.
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1.2 MEMBRANE REACTOR DESIGN
To identify the detailed component design of the integrated membeactor, the following
critical design features and requirements were identified:
* The integrated membrane reactor should satisfy the basiddinres a syngas cleanup
unit where the removal of GQs accomplished by membrane separation.
* From a practical point of view, the reactor unit and its componémtsld be easy to
fabricate, reliable to operate and easy to maintain.
» The integrated reactor should have a relatively low capital @msiparing to current
syngas cleanup and G®eparation equipments.
* The integrated membrane reactor should also have low energy consumpgans of
heating and cooling and steam usage.

The prototype reactor features a multi-train, counter-current namabeactor design as shown
in Fig 1-3. Syngas and sweep streams enter the reactor from eppudstand are divided into 8
tubular membrane reactor module trains. Each module contains mentbbms where syngas
and steam flow in a counter-current direction on the two sides &f tedéde. The prototype
reactor was sized to the syngas flow from a 100MW IGCC pldm&t K€y design parameters and
their target values were determined, including the membrane pehityedhinctional layer
thickness, pressure differential, €€apture fraction, tube length, tube inner diameters, and tube
number.

In comparison with a single-train design, the multi-train reactor provide a more uniform
distribution of shell-side gas streams within the reactor modlibee importantly, this design
produces membrane modules with individual parts counts selected tdatacimass
manufacturing. In case of maintenance or membrane failure, thiietrau design can isolate
faulty component from remaining modules and therefore provides befrefitsa reliability,
availability and maintainability point of view.
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Figure 1-3. Prototype membrane reactor design



The reactor prototype design was developed into a fully intejcetailed reactor model. The
model accounts for mass balance on both the permeate side andeedigletaif the membrane,
heat transfer across the membrane walls and detailed WGSckmetel to calculate the
reaction rate, conversion and adiabatic heat release during thierreate membrane reactor
model was validated against similar reactor models [Huang, 2005]WI@ kinetics is fairly
well known and an iron-based catalyst was assumed for the kinetic model in this study

The counter-current membrane reactor model for the prototype rmapenteactor design, shown
in Figure 1-4, was developed using Aspen Custom Modeler software anttegated in
AspenPlus software for overall plant efficiency analysiss Teactor model was based on a prior
system analysis study where a set of membrane performanmgetst was identified to meet the
project goals in terms of efficiency and economic benefits.

To provide a consistent basis for benchmarking, a two-stage WG®rreaodel was also
developed as the baseline case. The two models, as shown inF@gunere both developed in
Aspen Custom Modeler and were based on the same set of operatioroneratill comparable
assumptions. The base case two-stage WGS reactor model lggistanmperature shift (HTS)
segment and a low temperature shift (LTS) segment. Its undgrkpiretic parameters were
validated by comparison with published literature data. The modeboaurately predict the
spatial profiles of the syngas composition and temperature alomgatir, taking into account
the inlet syngas composition (including the steam-to-CO rati@, ihlet temperature and
pressure, the residence time and catalyst loading. The coundetcorembrane reactor model
was constructed using the same kinetic models validated in thénbasase without any

modifications.
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Figure 1-5. Gas composition profile in a two-stage water-gas-shift reactor

The detailed countercurrent membrane reactor model simulategyl@nparallel train design,
with multiple ceramic hollow membrane tubes in each train whiegesyngas and steam are
flowing counter-currently on the two sides of each ceramic tubexample of the results of the
heat and mass transfer analysis for the two-stage W@&®resshown in Figure 1-5. The WGS
reaction rate for the conversion of CO tg &d CQ is fairly rapid in the HTS zone. The
reaction rate increases along the length of the reactor as the exotheat of the reaction raises
the reactor temperature to above 4%0 At that temperature, however, the WGS reaction
reaches equilibrium, and the reaction is stops. At that point, tipicaly 75% of the CO is
converted. The syngas mixture must be cooled to about’@Oid a heat exchanger before
entering the LTS zone. The reaction rate and temperaturenriie LTS zone is slower due to
the low temperature. At the end of the two-stage WGS reactomalaity of the remaining
25% of the CO is converted int;ldnd CQ with an effective overall CO conversion of above
95%.

For comparison, an example of a heat and mass transfer arfiatysie CQ membrane WGS
reactor is shown in Figure 1-6. The membrane properties wesgHg8electivity of 60 with a
permeance of 6.7x10mol/n?-s-Pa. The reaction rate is high at the entrance of thereantl it
increases with a substantial temperature rise in the isg@ion of the reaction bed. However,
unlike the conventional WGS reactor, the membrane reactor continuouglyese CQ from the
syngas stream into the sweep gas stream through the membrateshiits the reaction
equilibrium towards more CO conversion and more hydrogen production. Aathe time, the
sweep gas on the other side of the membrane hollow tube acts to taddersemperature rise

11
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Figure 1-6. Gas composition profile in a G@nembrane water-gas-shift reactor.

from the exothermic reaction. That results in an ideal temperatofile parallel to the chemical
equilibrium and maintains a constant driving force for the forward WGS reaction h€ogie
integrated membrane reactor can achieve same level of CO sionvas the conventional two-
stage system, while requiring about 36% less catalyst.

One of the key differences between the two reactors is then-$te@O-ratio requirement.
Conventional two-stage WGS reactors typically require a stead®-ratio of over 2:1. The
excess steam shifts the reaction equilibrium toward mererétluction, and it also serves to
moderate the local catalyst temperature to prevent coking. In seccuméent membrane reactor,
however, the constant removal of £®ia the membrane provides a continuous shift of
equilibrium towards hydrogen production, thus eliminating the need for addlitsi@eam
injection. Furthermore, the countercurrent membrane reactor carm wgigte heat from steam
cycle, which functions as a catalyst temperature controllevdml aatalyst coking. As a result,
the membrane reactor requires only a stoichiometric steam-tad@i® (1:1), while a
conventional two-stage WGS reactor requires additional high-presseaion to achieve
steam-to-CO ratio of at least two. This difference in the pigissure steam requirement is tied
directly to the overall system efficiency performance, which ke discussed in subsequent
section.

The detailed reactor models not only enable the optimization of th#brase reactor design,
but also provide important information on the operation condition, reacties aad separation
ratio required by the overall system analysis models to prodcmerade predictions of the
overall system efficiency performance and even capital estimates in a coal to hydrogen
plant.

12
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A similar analysis was performed for$ removal through the membrane. The membrane was
assumed to have a selectivity 0f3fH, of 8000 and a permeance of 6.7%I@ol/nf-s-Pa. The

gas composition profile for #% is given in Figure 1-7. 43 levels were below 1 ppm at 1716f

the length of the reactor required for the g@®moval. However, the required selectivity of the
membrane for BB was much higher than that for €0

Heat and mass transfer models were produced for the basatiedveo-stage WGS reactor as
well as the C@membrane reactor being developed on this program. The models \Wweateda
with the literature. Gas composition and thermal profiles weatuated as a function of position
in the reactor. The models can be integrated in a system |ISREN model to evaluate impact
on system performance of a coal-to-hydrogen system. It wesmdeed that the COmembrane
reactor requires significantly less steam and catalysuatthan the two-stage reactor to attain
the same level of CO conversion.

13



1.3 SYSTEM PERFORMANCE

A series of detailed system studies were conducted to ideh@fypotential energy and cost
savings of replacing the conventional syngas cleanup system wititegmated C@selective
membrane WGS reactor.

The baseline case was a coal-to-hydrogen system using a conaésiingas cleanup system.
lllinois #6 coal was used with a pressurized, single-stage, gkoiryoxygen blown gasifier. A
water quench reduced the syngas temperature and removed pasi@rdtevater soluble
impurities. A COS hydrolysis stage converted sulfur compounds,$ Fhe cleanup section
consisted of a two-stage WGS reactor, gas cooling, Selexol santirCQ removal and a
pressure swing adsorption (PSA) stage fepttrification. The tailgas of the PSA was sent to a
waste heat boiler system including a heat recovery steamag@nand a steam turbine. TheSH
was sent to a Claus/Scot process. The ®&s compressed to 2000 psi and thends purified

to greater than 99.999% and pressurized to 450 psi. The baseline casémilar to one
analyzed in the literature [Gray, 2002].

Several system configurations using a.@@mbrane WGS reactor in place of the two-stage
WGS reactor and the Selexol process were evaluated. Thensystkided a high-pressure
gasifier with water quench and COS hydrolysis. The syngadedbinto a C@membrane WGS
reactor described by the detailed model. Low pressure steamsedsas a sweep gas to remove
CQ.. The residual Hin the sweep gas was utilized to heat the gas temperatore lbeing sent

to a heat recovery steam generator and a €opressor. The Hexiting the reactor was split
into two streams for polygeneration of ldnd electricity. The KHproduct stream was further
purified with a small-scale pressure swing adsorber. Thardam for electricity production was
sent to a combined cycle gas turbine. The membrane requirements were gectiomis2.

For each of the cases analyzed in the study, an AspenPlus systalation was constructed,
corresponding to a 3000 TPD bituminous coal based gasification plant. 9Q%aftre was

achieved. The gasification system conditions for the coal-to-ggdrproduction systems were
based on those from literature references [Gray, 2002], [Chiesa, Z00&kample of a result
from the system study is given in Table 1-1.

Table 1-1. Calculated system parameters

Baseline Case COMembrane Reactor

Total gross power (MW) 72 89

Steam turbine power (MW) 72 58
Gas turbine power (MW) 0 31
Auxiliary power load (MW) 55 73
Net power (MW) 17 16

H, production (L/min) 2.34x10 2.47x106

(MMscfd) (119) (125.6)
Efficiency (% HHV) 59.9 62.8

14



The system using the G@embrane reactor can attain overall system efficiency lemefihigh
about 2.9% over than the base case. The efficiency improvement ofau€id@y membrane
reactor in a coal-to-hydrogen plant comes primarily from the followingcesu
» The CQ membrane WGS reactor requires less high pressure stgamsyngas, leading
to about 2% overall system efficiency improvement.
 The CQ membrane reactor cleanup system avoids the need of steaip@eggas in a
Selexol process.
 The bulk H stream after the membrane reactor is at relatively highspre and high
purity, >90%, which can significantly reduce overajllblss in the PSA process.
* The higher cleanup temperature avoids the heat up and cool down adseadthte
conventional low temperature cleanup processes.

On the other hand, the primary sources of efficiency loss ofan@brane reactor include:
* H;loss through the membrane
* The power consumption of G@ompression.

A high-level capital cost analysis was performed for a-tméilydrogen plant using a membrane
reactor compared with a baseline plant configuration that usesmonal syngas cleanup
units. The costs for the baseline case were taken from publighedsréGray, 2002 ],[NETL,
2000],[Kreuz, 2005].

The following assumptions were used in the analysis of theofdke system with the one-box
cleanup reactor.
» The capital expenditures for similar components were assumedthe [same for both
cases.
 The one-box system eliminates the cost of the base case equipostmtfor low
temperature gas cooling, sulfur removal, and €€paration.
* The one-box system uses equipment for Claus and SCOT processeevir ulfur
from H,S in the membrane sweep gas.
* The one-box system uses a small-scale pressure swing absoREéh gystem for
producing ultra-high-purity H However, the unit cost is reduced in half because the one-
box system delivers a pre-purified stream ef H
* The cost of the one-box unit is the cost of a conventional WGS rgaaomembrane
material costs.
 The CQ and BHS membrane segments meet the targets indicated in Section 1.2.
« The membrane cost is $50G/m

The elimination of multiple unit operations (low temperature gasmgosulfur removal, solvent
regeneration, and G@emoval) and the consolidation of WGS reactor, sulfur removal, and CO
capture into an integrated module reduced capital costs. Theraeduction in the plant
footprint for the clean-up section by a factor of at least twis Tapital expenditures (CAPEX)
analysis indicates a potential of up to 3% CAPEX savings faakto-hydrogen plant by using
the proposed one-box module over conventional syngas cleanup system.

15



1.4 CONCLUSIONS

Several system case studies were evaluated. Results shggesCQ membrane reactor can be
used to increase the efficiency, reduce the footprint and reduc€AREX of a coal-to-
hydrogen system. A multi-train, counter-current, hollow tube memineator module design
was produced and membrane performance targets were establish&@iOfseparation, the
membrane properties were @B, selectivity of 60 with a permeance of 6.7X1fol/nf-s-Pa.
The key technology challenge to the realization of the systerthe feasibility of high
temperature membrane materials, as described in the next section.
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2 HIGH TEMPERATURE CO, MEMBRANE MATERIALS

2.1 MEMBRANE DESIGN

There are three types of transport for gas molecules througbpurous membranes at elevated
temperatures: Knudsen diffusion, molecular sieving, and surface diff(Srtekawat, 2003].
Both Knudsen diffusion and molecular sieving result in higher transgta$ for H than CQ
because His a lighter and smaller molecule than £®o achieve selective separation of LO
from H, in a microporous membrane, surface diffusion must be the dominant ohdde,
transport. High selectivities require that the flux of Gbng the surface of the pores is much
greater than the transport of through the interior of the pores.

The important parameters in the design of the reverse-sel€f membrane are the pore size
and the surface diffusion rate. Pore size must be large enoughntip the access of CQo the
pore surface to avoid the molecular sieving ef However, it must be small enough to minimize
the Knudsen diffusion of frelative to the surface flux of GO

There is evidence for selective surface transport of gasesorganic membranes. Carbon
membranes have shown been used to separate hydrogen from hydrodadmrisOp3], [Rao,
1996]. Surface transport of hydrogen sulfide and sulfur dioxide has diEeerved in alumina
membranes up to 275C [Sloot, 1992]. Moon, et al. [Moon, 2004] have observed reverse-
selectivity of CQ relative to H in silica membranes at 4C with a separation factor as high as
7. They attributed the preferential transport of,G® H, both to CQ surface diffusion and a
reduction in H transport through the pores due to the adsorbedn@iecules (pore blocking).
In those membranes, permeability of & a single gas was much higher than that foy, 6
the effect of pore blocking in the separation of the gas mixtaserequired for the observation
of reverse selectivity. However, there is little known evidencehfgh temperature surface
transport membranes for G@lative to H. [Bredesen, 2004].

The rate of surface diffusion of a gas molecule on a matariédce is dependent on the heat of
adsorption and the surface concentration gradient [Gillland, 1974], [Horid€88b]. A
material with a high surface diffusion rate will have a lowtledaadsorption and a high surface
concentration for C@® Furthermore, for reverse selectivity it must be non-adsorbingfofhe
amount of gas adsorbed on a surface typically increases wittupreand decreases with
increasing temperature. Therefore to maintain a high satgctt elevated temperatures,
materials with high surface concentrations at temperature are regieredrige, 1995].

Development of high temperature, reverse selective membranesecaided by modeling the
separation mechanisms in the membrane structure. Requirements for takepmoitcsize and the
material adsorption properties can be derived to guide the syntfésits. Models of the gas
flux through microporous membranes including surface diffusion havedsatoped [Keizer,

1988], [Moon, 2004]. However, explicit verification of the temperatureeddpnce of the

surface flow is not available, and there are no known treatments of the effeat bfquking.
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A model was developed and verified for the temperature depender@®,/bf, selectivity in
microporous membranes. Silica was used as a model system fiy therimodel. Heat of
adsorption and surface concentration were obtained from &€orption measurements. The
effective pore radius was the single fitting parameter whatha temperature dependence due to
the effect of pore blocking.

Assuming a membrane is an ensemble of similar pores, iefalue consider the different gas
transport mechanisms through an average pore of radius r and lengt temperature T and
with a differential partial pressuf& between the pore inlet and exit. If r is much smaller than
the mean free path of the gas molecule, the gas phase flow thioeigbortte, in units of
mols/time, by Knudsen diffusion is

2r3AP | 811
= = 2-1
Qe 3L VMRT (2-1)

The various molecular species in the feed strealindifiuse independently through the pore,
with relative rates determined by the molecularghieiand partial pressure difference of each

gas. For equimolar mixtures, the flow of each gagroportional to}/\/m. Knudsen flow

increases with increase in pore radius, and deeseaish increasing temperature.

If one of the molecular species in the feed stréas an affinity for the pore wall surface, this
species will tend to adsorb on the pore wall. Tgjyc the amount of adsorption will be
proportional to the partial pressure of the molecuind there will be a higher surface
concentration of adsorbed molecules at the poet.itilthe partial pressure at the outlet is lower,
there will a gradient in surface concentration gldhe pore length. The steady state surface
diffusive flux of the condensed species, in unftaols/length-time is given by
dc

Jo =-D 5 (2-2)
where D is the surface diffusivity of the molecutejs surface concentration, and x is the
distance along the pore length. The surface coratént profile c(x), obtained by solving the
steady state diffusion equation for the boundaryddmns c(0) = g at the inlet and c(L) =.cat
the pore exit, yields a linear concentration pegfil

c(X) =c, +%(cL -C,), and surface fluxJ,,, =-D % lCL (2-3)
The surface flow through the pore is equal to
Q. =-2mD% = opp S-S (2-4)
dx L

In the above analysis, D is assumed to be condemtradependent, while in general, D may be
a function of concentration. Diffusivity can be espsed in the Arrhenius form,

D=D, exp%_'), where q is the activation barrier for surface fiog. Substituting for D, the

surface flow can be expressed as

— —q,C, —C_
==-2mD,expt—=)——. 2-5
qurf 0 p RT) L ( )
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While Knudsen flow depends only on the physical&hsions of the pore, surface flow depends
strongly on pore wall chemistry, since both surfacmcentration of the adsorbed gas and
diffusivity are determined by the interaction oétpas molecule with the surface.

H, transport through SiOmembranes takes place entirely by Knudsen diffyssince the b
adsorption on SiO2 is negligible [de Lange, 19%&wever, CQ transport is attributed to both
Knudsen diffusion and surface diffusion of adsort#d. To calculate the CQOsurface flow, ¢
and g can be obtained from the adsorption isoth@&n®0O, on SiQ. Assuming that adsorbed
and gas phase GQ@re in equilibrium at the membrane inlegjscthe amount of adsorbed €O
corresponding to the membrane temperature and @ep@rtial pressure of in the feed stream.
Since the amount of adsorbed £4 a given pressure decreases with increasingetetype, ¢
will decrease as T increases. The surface condemtrat the outlet cis set to zero, since the
CQO;, partial pressure in the sweep stream in negligible

The heat of adsorptioAH is an upper bound for g, the activation barr@strface diffusion.
—alAH )

RT '
with a between 0.1 and 0.5 correlates strongly wittasurements of D over 11 orders of
magnitude, for various adsorbate-surface syste¥hks.is found to be weakly dependent on
concentration, and has an average value of 18tbokJThis is consistent with the Henry’s law
(dilute limit) behavior indicated by the nearlydiaxr isotherms. Surface flow of G@& now given
by

Sladek et al. [Sladek, 1974] have shown that amesson of the formD = D, exp(

—alAH , C
€02 = 271D, ex -
Qgrf 0 p?) L

where B = 1.6x10° m%s, a=0.45 and\H is the heat of adsorption [Sladek, 1974]. The

temperature dependence @I will be determined by the interplay betweer which

decreases with temperature and D which increagesevmperature.

(2-6)

The CQ selectivity of the membrane is defined as

_Q%? _ Qe +QLy _ L Qa

S(302/He - QH2 - H2 - 02+T ’ (2_7)
Kn Kn
Substituting forQ;? and Q% from Eq.1 and Eq.4 respectively,
—-aAH |, 3c MRT
SCOZ/ H2 = 0.21+ Do exp( RT ) I’ZAOP 8 : (2'8)

Co is calculated from the adsorption isotherms at gpecific conditions of temperature and
pressure. The only free parameter in the expredsiogelectivity in Eq.2-8 is the pore radius.
For constant rS.,,,, decreases with increasing temperature, due tductien in surface flow

as the CQ@ adsorption at the pore inlet decreas8s,,,,,, decreases with increasing r due to
reduced surface-to-volume ratio.

A design curve for a reverse-selective £H) membrane can be used to determine the critical
pore diameter to achieve a target selectivity fomaterial system defined by its heat of
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adsorption and the concentration of £4 the target operating conditions. The curve aot
for Knudsen diffusion of both gases and L€urface transport but not pore blocking. For
example, at 256C with a partial pressure differential across a imeme of 1x10Pa, Figure 2-1
shows the critical pore diameter required to aahiavselectivity of 60 for C&£H,. Promising
candidate materials possess combinations @ndAH that fall above the constraint line. This
line shifts upward with increasing pore radius, mgkit more difficult to achieve the desired
selectivity in structures with larger pores. Phg8lig this is due to the higher degree of surface
diffusion needed to offset the increased Knudsew flhrough the larger pores. This analysis
indicates that the membrane structure should psssesall pores and comprise materials with
high ¢ and lowAH.
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Figure 2-1. Calculated required adsorption properties for/EiQselectivity of 60 at 250C as a
function of the pore diameter. Materials parameteym the region below the line of constant
pore diameter do not provide sufficient surfacengprt to meet the selectivity target and
materials parameters from the region above thednmeet the selectivity target.
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2.2 SYNTHESIS OF MESOPOROUS INORGANIC MEMBRANE STRUCTURES

A process for making repeatable silica membranes dexeloped. Since silica is known to be
reverse-selective at room temperature, it can le®l us verify the design model. Sol-gel
processing is a versatile, solution-based methad pimducing particles, thin films, and
monoliths with finely controlled microstructure andorphology.[Brinker, 1990][Lin,2003]
These methods utilize a multi-step procedure inctvla liquid sol is prepared, processed into
gels of the desired morphology, and, optionallygtiteeated to densify or adjust the crystallinity
of the ceramic. Control over the microstructureiaer from a wide range of factors including
the sol composition, its aging history, the gelationditions, and post-gelation treatments.

Silica is a model system for sol-gel processingabee of the availability of precursors —
including organometallics and bio-ligands, andu&dl-understood chemistry [Brinker, 1990]. Of
particular interest are sols comprising moleculaecprsors, which enable tight control of
composition on the molecular scale as well as thidityato fine tune the microstructure.
Depending on the processing conditions, molecukacyrsor-based sols react to form particulate
or polymeric sols that produce patrticles, bulk o@cs, coatings, or membranes. Alkoxide
precursors offer the possibility of polymeric andrticulate microstructures. One limit is
polymeric microstructures — cross-linked chainsibb€a oligomers. The other limit is particulate
microstructures — particles that nucleate and grow.

Focusing on sol-gel derived silica films, suitalteterial properties are achieved only by
properly aging of the sol, typically for hours tayd, to produce an optimized distribution of
oligomers before film deposition. Due to the widage of compositions and required properties,
optimized conditions are commonly determined onaseeby-case basis. This distribution is
important in at least two ways. First, the connaisti between silica oligomers controls the

microstructure of the gelled material. Second,ithact of oligomer size on solution properties
such as viscosity can control the deposited thisgkne

The goal of this study was to produce high-fluxerse selective silica membranes to serve as a
benchmark material for the development of high terapure C@selective membranes. First, a
process for making microporous silica membranes oydBnized to produce high selectivity,
high flux membranes. To this end, key factors fontolling membrane performance were
identified and controlledOne important outcome of this effort was the needde the precursor
sol to obtain defect-free structures. At room terapge, this typically required several weeks of
aging, but the age time could be reduced to a fauvshby heating the sol.

2.2.1 Experimental methods

CO, selective silica membranes with high flux have rbekeveloped based on literature
approaches [Moon, 2004]. This approach involvesdgosition of a thin microporous silica
film on a porous support to form an asymmetriccttree. The thin film imparts selectivity while
the support provides mechanical stability. A caticequirement is the absence of defects, such
as pinholes or macroscopic cracks, which allowdflilow to bypass the thin film. To preclude
viscous flow, the nominal diameter of a pore (piehanust be less than the mean free path of
the gases to be separated. Moreover, for membthaeseparate through a surface diffusion
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mechanism, smaller pores are better (for a giveagny) because the higher surface area allows
a greater contribution from surface transport.

The morphology of the film depends on the sol cositpm, its processing history, the
conditions used to deposit the thin film, and thertal treatments used to densify the structure.
This study addresses the following categories on C&hsport: the effect of aging at different
temperatures, the effect of spin coating conditiansitiple coating steps, overall thickness
control, the effects of porogen additions, anddfiect of dopant concentrations.

In order to measure the flow characteristics offéiicated membranes a support substrate with
high flux was needed. Porous alumina substrates developed and fabricated in house. The
Al,O3 substrates were produced by tape casting of Taimsumina powder (average particle
size 0.2pm). Silica separation layers were deposited dyeotl the surface of the alumina
membrane supports.

Silica sols were prepared by mixing tetraethylosthcate (TEOS), ethanol (EtOH), water
(H20), hydrochloric acid (HCI), and an organic porogéypically tetrapropylammonium
bromide (TPABr). All reagents were obtained frordi#¢h and used as received. First, the
organic porogen was added to EtOH at°’80while refluxing. The solution was cooled and a
HCI-H,O mixture was added to the solution. In a separatgainer TEOS was added to EtOH
and dissolved. The two solutions were combined ne@mn room temperature (Z3) and mixed

in a covered container. The solution exhibited akvexothermic reaction before returning to
room temperature. The solution was filtered witRtZ0nm filter and stored in an airtight
container at =X to prevent premature aging of the solution. &jerat low temperature slows
the kinetics of the hydrolysis and condensatiomtieas allowing sol lifetime to be extended by
3 months as compared to 15 days at room temperature

The final solutions were visually clear. As thd sges the viscosity increases and causes
thickness variations in a single coat that will eggzh 1um as the solution ages. Single coatings
exceeding 750 nm tended to crack during the dry fmmh cycles. For accelerated aging
experiments, the sol was heated to°85and 75°C using a conventional oven. After aging the
sol was cooled to room temperature, the partickee svas measured using dynamic light
scattering, the solution was diluted, and a mendnaas fabricated utilizing the spin coat
technique.

Sols were characterized using visual inspection ghmic light scattering (DLS). DLS was
performed using a Brookhaven Instruments DLS systquipped with a He-Ne laser. Samples
were sealed in 12 mm test tubes and inserted iggmemeter. The refractive index and solvent
parameters were set based on the materials bestggltd-or the silica particles a refractive index
of 1.45 was used. The DLS was used to determiravarage sol particle size.

Spin coating was used in lieu of dip coating beeabhs technique is well suited to reproducible
fabrication of films with thicknesses less thamurh. A spin coater (Model P6700, Specialty
Coating Systems, Inc.) was used to deposit th@s porous substrates. Prior to coating, the
sample was exposed to a stream of compressea aagnfftove dust particles). Approximately 60
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Figure 2-2. Percentage weight (green curve) and derivatiighwéblue curve) as a function of
temperature for silica sol as measured by thermaadigpetric analysis.

pL of sol was placed on the substrate, followed bgetay of about 5 s to allow the sol to
infiltrate the substrate. The spin coating proogas performed with an acceleration time of 2
seconds, dwell speed of 4000 rpm, hold time of &bsds, and a deceleration time of 10
seconds.

In film fabrication by sol-gel it is especially impgant to understand the thermal evolution of a
film in order to avoiding crack formation duringggavolution and densification. To evaluate the
thermal evolution of the sol-gels thermal gravinteénalysis was performed and can be seen in
Figure 2-2. The derivative analysis indicatechgigant mass loss events at 45, 284°C and
325°C, corresponding to the loss of EtOH (boiling pdiatC) and TPABT, respectively.

From this analysis it was determined that the sangblould be heat-treated at temperatures
greater than 40C. Samples were heat-treated in air at temperaftoes 500-600C to remove
the organic materials and densify the structuremidranes were fired at &2min-heating rate

to 550°C with a two-hour hold time and furnace cool. Twd temperature of 550C was
selected because the mass loss was complete atethperature. A relatively slow rate (2
°C/min) was used to allow sufficient oxygen diffusimto the structure for porogen burnout and
to prevent cracking of the structure due to escdjke evolved gases. Supported films fired for
2 h appeared opalescent. Powders fired for 2 hah&downish tint due to residual carbon.
Longer hold times at temperature eliminated thabam.

X-ray diffraction (XRD) was performed on powder aipied from a gelled solution to confirm

the amorphous state of the silickligh angle (10-90° @ diffraction patterns were collected
using a Bruker D8 Advance diffractometer equippdathva linear position-sensitive detector
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(PSD-50m) manufactured by M. Braun. Nickel-filtereopper Ka radiation was used with an
aperture slit of 0.6mm.

2.2.2 Defect rate measurement

Knudsen diffusion occurs in the limit where the @dimensions are smaller than the mean free
path of a gas, while viscous flow occurs when tbeeimensions are larger than the mean free
path. For air at standard temperature and presth@eanean free path is about 60 nm. Since the
target pore sizes for the membranes of interestles® than 10 nm, the transport of non-

adsorbing nitrogen and oxygen through a defectiftembrane is expected to occur by Knudsen
diffusion. However, a synthesis method may produoeasional voids or microcracks that are

large enough to permit viscous flow.

The total flow through a membrane is simply the sainthe flow through its pores. For non-
adsorbing gases, the flow through “small” poresucedy Knudsen diffusion and the flow
through “large” pores occurs by viscous flow. Faradsorbing gas, an additional flow due to
surface transport occurs along the pore walls. Spuaks are desirable in a @8, selective
membrane because the surface flow of, @0a must be sufficiently large to impart a favuea
selectivity.

For the purposes of membrane development in tlligram, a defect is defined as a pore that is
sufficiently large to allow viscous flow. It is inptant to note that this is a necessary, but not
sufficient condition for achieving the target seidties. Since the selectivity in a defect-free
depends on the relative amounts of surface to Karuflsw, it is possible for a membrane to be
defect-free, yet still contain pores that are @@é to permit sufficient surface flow to achieve
the target selectivity.

Calculation of defect rate. The defect rate is computed from the fractionotéitflow that occurs
due to viscous flow. For gas permeability measurdsjethe flows can be expressed as
permeances, which normalize the flow by the meni@ea and applied pressure differential.
For a monodisperse population of cylindrical potes, Knudsen and viscous permeances vary
as:

ed v ed’p
KKnudsen = : Kviscous - E
3TtRT 32TUtRT

(2-9a, b)

whered, is the pore diametetrjs the membrane thickness (cylinder lengihis the temperature,
p is the gas pressure (taken here to be the avgemgpressure across the membrane thickness),

4 is the viscosityg and r are the porosity and tortuosity, respectively, &nd,/8KT/7M is the

average velocity of the gas molecules. The perrligaban be computed from the permeance by
multiplying for the membrane thickness.

Since Kknugsen 1S independent of pressure, whigicous increases linearly with pressure, the

Knudsen and viscous components of flow throughmteenbrane can be quantified by measuring
membrane permeance for a range of differentialgores. Since Equations 2-9a and 2-9b exhibit
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different functional dependences on pressure, #iative contributions from Knudsen and
viscous flow can be determined by plotting the pmante vs. the average pressure. The
permeance due to Knudsen flow is independent adspre while the viscous flow increases
linearly with pressure. The intercept gives the #sen contribution with viscous flow
accounting for the balance. The defect rate waspotea by dividing the viscous permeance by
the total permeance measuredAf = 3.4 x 106 Pa (5 psi). The defect rate,is defined as
Kisos! Ker @t the average measurement pressure. This anaysigisistent to similar analyses

using the dusty gas model described in the operatitre.

2.2.3 Process development for silica membranes

The thickness requirement for producing membraress éf viscous defects was determined by
measuring the defect rate as a function of thicknd@svo main populations of defects were
observed, as shown in Figure 2-3 and Figure Righ-filling defects occurred when the sol
infiltrated into the substrate to leave behind ¢éampres. These defects occurred because of
insufficient mass in the layer to completely filet pores of the underlying substrdteprevious
work, non-filling defects have been mitigated ttgbuthe use of intermediate layers with
progressively smaller pore siz€¥.acking defects were caused by residual stresses in thick silica
films. The critical thickness is determined by #iginkage rate and mechanical properties of the
film. Typical critical thicknesses that have be@parted in the literature for comparable sol
compositions are aboutpim.

Gas permeability measurements were used to qudhgfyate of defects as a function of film
thickness. The defect rate was computed as thdidmnaof flow through the membrane
attributable to viscous flow. This corresponds togs with a diameter larger than about 60 nm
(the mean free path of the test gas, air) and eanfbrred from the pressure dependence of the
flow. Figure 2-3 shows the relationship betweendéfect rate and thickness.
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Figure 2-3. Viscous flow through the membrane as a functibthickness. Three regions were
identified a) defects from incomplete filling, biseous defect-free, and c) defects from cracking.
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in Figure 2-3 a) incompletely filled membrane, l§cous defect-free membrane and c) cracking
defect.

Below about 250 nm and above about 750 nm in tleisgknthe membrane shows substantial
viscous flow. For thinner films, SEM characteripatiof the microstructure revealed non-filling
defects, due to infiltration of the sol into ther@as support during the spin-coating process.
Conversely, the thicker films developed crack disfeesulting from excessive stress during the
processing cycle. These values provide upper awerltargets for the film thickness. After
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further work it was found that to obtain high fl@nd minimize crack formation a target
thickness near the lower limit became the objective

It is noteworthy that, in both extremes that thatgbution to viscous flow exceeds that of the
uncoated porous support (7%). This can be explaimethe reduction in flow through pores
smaller than the Knudsen limit. While the over&iwf is lower, the relative contribution from
viscous flow is enhanced. This is a magnificatiérin@ viscous flow contribution as Knudsen
pores are filled. That demonstrates the importdocerocessing completely viscous defect-free
films.

Films of the desired thickness can be fabricatedutjh either a single coating step or through
multiple coatings. A single coating approach offadsantages in simplicity and cycle time. The
infiltration of the solution controls the first dothickness. Virtually no overlayer was formed
using sols aged a single day, while a thick ovendwith thickness comparable to a film spun
on a silicon wafer) was obtained after 25 daysgifigu

Depositing multiple thin layers on top of each otban form films of a comparable thickness.
The advantage of such an approach is the posgibilisealing any defects that form during
previous coats. In a multi-step coating procdss thickness of the first layer can be adjusted to
sufficiently seal the pores of the support throtlghaging time. The minimum thickness for this
“overcoat” was 10 nm. For the porous support usethis work, a properly aged first layer
eliminates the need for an “intermediate” layemssn the support and the silica film.

Figure 2-5 shows the relationship between sol agg the total membrane thickness (as
measured by SEM). First coats prepared using gyd ¢&ess than a week did not show any
evidence of an overcoat. Multiple coats, howeveereveffective in eventually producing a
defect-free film of the desired thickness. For sa®ed up to a week, six coats were typically
required. After 10 days of aging, membranes coelgtepared with as few as two coats. Figure
2-5 also shows the relative thicknesses of adinst second coat for sols aged up to 25 days. The
large difference between first and second coathiésto solution infiltration into the substrate.
At room temperature, sols must be aged at leaaly3 t produce a defect-free membrane using
2 to 3 coating steps.
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Figure 2-5. Thickness of the silica layer as a function dison aging time for the first coating
layer (black triangles) and second coating laykrg(lsquares).

A number of processing parameters affect the tles&rof a spun layer. These can be grouped
into two categories: sol properties and coatingc@ss parameters. Sol properties include
variables such as sol composition and aging histbingse factors control the rate of oligomer
growth in the silica sol, which is responsible fixe formation of a continuous polymeric
structure. Coating process parameters include racstauch as spin speed, dilution, and
calcination conditions. The spin coating conditi@esitrol the thickness of the cast film, which
undergoes additional structural evolution duringthmg to form the final film. Although their
effects will be described separately, these facoescoupled in the sense that the microstructure
is dependent on the factors in a non-linear fashion

Age time is a critical factor in obtaining a sohttproduces a film with the desired thickness.
Physically, the age time determines the extentigbmerization in the sol before it is spun into
a film. Longer age times correspond to larger ahgos, which impact the viscosity, the extent
of infiltration into the pores of the substrateddhe density of the as-cast film. The effect of ag
time is directly related to the rate of condensabbsilica monomers with silica oligomers. This,
in turn, is sensitive to the temperature at whioh $ol is aged. This can be seen in Figure 2-6,
which plots the thickness of the first layer folssaged at room temperature and®65
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Figure 2-6. Membrane thickness as a function of solution fagesol aged at room temperature
(black triangles) and aged at 85 (blue diamonds).

DLS was used as a gage to monitor the state aflipener formation and particle growth in the
solution. This provided a means of comparing tkierg of oligomerization for different age
time-temperature histories. Figure 2-7 plots atigo size versus age time for samples aged at
room temperature and 8& and 75°C. The oligomer size increases monotonically wittet in

a manner suggestive of the thickness trend. Fi@u8eplots the thickness of a single coat
membrane against the oligomer size in the sol irsaalfabricate the membrane.
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Figure 2-7. Particle diameter as a function of time for safged at room temperature (blue
squares with time measured in days), sols age8 &t gblack triangles with time measured in
hours) and sols aged at 75 (green triangles with time measured in hours).
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Figure 2-8. Membrane thickness as a function of sol parscte for room temperature aged sol
(black triangles) and sol aged at%5 (blue squares).
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Once normalized on the basis of oligomer size thikness of membrane produced from sols
aged at room temperature and°&5collapse onto a single curve. No appreciablelayer was
formed for sols with oligomers less than about 7inmsize, independent of the aging conditions.
However, above this size, the thickness increasedotonically. DLS oligomer size was
determined to be a proxy for age time in predictimgthickness of spun membranes

2.2.4 Room temperature separation measurements

Gas separation measurements were performed irearitthbe type rig, shown schematically in
Figure 2-9. Disc-shaped membranes were sealedepitity onto the ends of the inner tubes.
The feed stream (50-50 mixture of He-C@ H,-CO,) flowed through the outer tube, past the
membrane, at a rate of about 1 L/min. The permeate collected from the inner tube by an
nitrogen sweep stream flowing at 3 L/min. The traembrane pressure differential was varied
from 3.4x103 Pa (5 psi) to 1.38x£q20 psi), with the low pressure side at 1.05x®@ (1 atm).
The sweep stream was sampled continuously by dargpiube and analyzed by a quadrupole
mass spectrometer (Hiden Analytical HPR20) usireggbcondary electron multiplier detection
mode.

Reverse selectivity of viscous defect-free silicanmbranes was measured at room temperature
with a gas mixture of C&He. Enhanced surface flows of ¢@lative to He were observed as
shown in the histogram in Figure 2-10. Selectigités high as 12 were measured. These data
demonstrated the efficacy of the process for ddfeetsilica films.
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Figure 2-9. Schematic of test rig for measurement of roonpinature gas separation
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Figure 2-10. Histogram of room temperature @Be separation observed for viscous defect-free
silica membranes

Different porogens were incorporated into the ailic order to study the effect of changing the
size and chain length of the porogen. It has beepgsed in literature that the porogen size and
chain length controls the pore size and distributid his has been attributed to the incorporation
of the porogen into the microstructure. A listtbé porogens used in this study are shown in
Table 2-1. The porogens were selected based teratifiation in chain length and branching.
All of the porogens were added to the ethanol smiuat 50C and refluxed for at least ten
minutes before proceeding with the process outlingte previous section.

Measurements of C£MH, separation through membranes using a variety obgaem types is
shown in Table 2-2. While C£H, selectivity as high as 10 was observed using tRABr
porogen, typical separation factors and rangewvergin the Table 2-2. There was no significant
effect of porogen type on separation behavior. sTikimost likely due to the fact that the
porogen alters the oligimer formation during sautiaging. The difference between our study
and literature results is that oligimer evolutiennonitored and all of the solutions were aged
until ~10nm particles were achieved before coatimegsubstrates.
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Table 2-1. Porogens evaluated for effect on porestructurein silica membranes

Porogen name Chemical structure Formula Molecular
weight
Tetrapropylammonium (CH3CH2CH>)4N(Br) 266.3
Bromide ?HchQCHz
(TPABT) CH,CH,CH,— lTltCHZCHch3 Br~
CH,CH,CH,
Tetramethylammonium (‘3H3 (CH3)aN(Br) 154.1
Bromide CH3 _ Nt CH3 Br ~
(TMABY) |
CH,
Didecyldimethyl- ClHa [CH3(CHa)o]oN(CH3):Br  406.5
ammonium Bromide CH3(CH2)8CH2* Nt CHz(CHz)BCHs Br—
(DDABY) |
CH,
Brij 56 C16H33(OCH20H2)nOH C16H22(OCH,CH2),OH, Avg 683
n~10
n~10
Octyltriethoxysilane CLHS CH3(CH.)7Si(OC:2Hs)3 276.5
(OTES) o
‘.
HSC/\O/S\I \/\/\/\/CHS
™
CH,
Methyltriethoxysilane ?CHzCHs CH3Si(OC2Hs)s 178.3
(MTES) CH, —S‘i —OCH,CH,
OCH,CH,4

Table 2-2. Porogen type, CO, permeance, H, permeance and CO,/H selectivity at room

temperature
co, H, CO,/H,
Permeance Permeance Selectivity
(mol/m?s Pa)  (mol/m®s Pa)

TPABr 2.5x107 7.3x10% 2.4+0.7
TMABr 1.1x 10" 4.8x10° 2.3
DDABr 1.2x10° 6.2 x 107 2.0
Brij 56 4.9x10” 2.5x 107 2.0
OTES 1.1 x 10° 5.3x 107 2.2
MTES 4.1x10% 4.9x 10 0.8
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A transmission electron microscopy image of a ailicembrane with TPABr porogen is shown
in Figure 2-11. It appears that the porogen segedgaithin each of the coating layers. The film
in the TEM micrograph below was applied using tkendard procedure for making reverse
selective samples from a TPABr-Silica sol. The riigiges between the consecutive films are
traced to show how the porogen is segregating dudoating. A more homogeneous
distribution of the porogen throughout the membratracture may be required for optimized
gas separation characteristics.

Coating 1

Coating 2

Coating 3

Figure 2-11. Transmission electron microscbpy image of a maelective silica film produced
with three sequential coating applications. Theogen had segregated within the layers.
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2.3 MODEL FOR HIGH TEMPERATURE MEMBRANE PERFORMANCE

As described in section 2.1, the expression fop/B@selectivity through a membrane with €0
surface diffusion is given by

-aAH | 3¢, [7MRT
Scozrnz = 0.21+ D, exp( RT ) I’ZAOP g (2-10)

where the constants are given hy=D1.6x10° m?s, a=0.45, R is the universal gas constant, T is
temperature, and M is the molecular weight ef Hhe properties of the material are given by
AH, which is the heat of adsorption of €é&nhd ¢/AP, which is the surface concentration ofCO
for a change in pressure. Those quantities canbb@ned form adsorption isotherms. One
microstructural parameter, r, which is the effegtipore radius, will be taken as a fitting
parameter.

The silica membranes described in Section 2.2 wsed to validate the model for high
temperature membrane performance. The adsorptapepres of silica were measured using a
chemisorption measurement on silica powder. Thecteity for CQ/H, was measured as a
function of temperature and compared with single garmeation measurements to infer the
average pore radius. Evidence for pore blocking edained and a quantitative estimate of its
effect was produced.

2.3.1 Adsorption measurements

Both AH and @/AP can be calculated from adsorption isotherms f@, @dsorption on
candidate metal oxide powders. An apparatus foisoreey adsorption isotherms (Micromeritics
ASAP 2020 Chemi) was used. Isotherms were obtdiyemeasuring the CQuptake of a high
surface area sample of known mass, as a functigresfsure. The sample was dosed with a
known amount of C@(determined by the set point pressure) and theedse in pressure due to
CO, adsorption was monitored. Once the pressure \a¢esthe process was repeated, until the
sample surface was saturated and the set poirdysee®/as maintained without a pressure drop.
The process was repeated at the next set poinsyseesThe amount of GQadsorbed on the
sample surface at every pressure can be accurdagddymined by this method. The sample
temperature was kept constant during these measuateng/AP was obtained directly from the
adsorption isotherms. The isoteric heat of adsomptAH , was calculated from a series of
isotherms as described below. Specific surfacesaoéathe samples were measured by N
adsorption.

CO, adsorption measurements were made,30wders with a surface area of 80G/gn
Isotherms were obtained at temperatures ranging &00°C to 500°C. The sample surfaces
were regenerated, between isotherms, by anneai®@®°C in a He atmosphere to remove
remnant adsorbates. These results were benchmaglaéast adsorption isotherm measurements
and analyses have been reported in the literatnr®i©, [deLange, 1995].

CO, adsorption isotherms for SjCare plotted in Figure 2-12. The plot shows that,CO

adsorption decreased with increasing temperaturex given temperature and pressurgiR
can be obtained from these curves. The isoterit dieadsorption was determined from the
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dinP

d@/T)
function of surface coverage is plotted in Figurg@32AH is found to be weakly dependent on
concentration, and has an average value of 18rBakJThis is consistent with the Henry’s law
(dilute limit) behavior indicated by the nearlydar isotherms. In Figure 2-14/&P calculated
from the adsorption isotherms is plotted as a foncbf temperature. Since the g@otherms
for SIO, are nearly linear, this quantity is equivalentite isotherm slope.

slopes of the isoteres by the Van't Hoff equatiai = -R

. The heat of adsorption as a

[ |
500x10°° o
50 °C
~— 4001 ~
=
—
©)
=
=, 300} A
S ] 75°C
3 ~
2 B ,/ P
5 | 100 °C
3 / ‘ ;
< 125 °C
100 — 44’7,150°C;
~_200°C”
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0 20 40 60 80 100 120x10°
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Figure 2-12. CO, adsorption isotherms for Sj@s a function of pressure.
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Figure 2-14. /AP at 82 Pa, calculated from the £&dlsorption isotherms
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Figure 2-15. COJ/H, selectivity predictions as function of temperafu pore radii ranging
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A set of predicted curves for the @8, selectivity of a membrane as a function of temjpzea

is given in Figure 2-15 for a range of pore siZzEsese predictions will be compared with

measured membrane data in the next section. Theatecin selectivity with temperature is due
to the reduction in the adsorbed concentration©f With temperature as shown in Figure 2-14.

2.3.2 Membrane measurements

A test rig for performing gas separation measurdsas a function of temperature is shown
schematically in Figure 2-16. The rig consistedaofiigh pressure up-stream volume and an
atmospheric pressure down-stream volume, partdioly the disc-shaped membrane,
sandwiched between gas-tight silicone seals. Thd f&ream, typically equimolar¥CO, or
He-CQ mixtures, flowed through the up-stream volume past the membrane, at a rate of 0.25
L/min. Membrane permeate was collected by ansWNeep stream flowing through the down-
stream volume at 1.5 L/min. The total trans-meménaressure differentiaP was varied from
3.4x1d Pa (5 psi) to 1.72x£0(25 psi). The sweep stream was sampled continyodal a
capillary tube and analyzed by a quadrupole masstispneter (Hiden Analytical HPR20) using
a secondary electron multiplier detector.
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Figure 2-16. Membrane separation test rig

For high temperature gas separation measureméetdest rig was heated by a furnace to a
maximum temperature of 25C€. Sample temperature was monitored by a thermdedopated
near the membrane. Gas separation and temperadtaeweére continuously recorded during
heat-up and cool-down of the rig. The heating mesasants were performed at a fixag of 10
psi, which corresponds to a €6r H, partial pressure of 8.2x1®a (12 psi).

The results of the high temperature-€O, separation and He-GGOseparation by a SO
membrane are shown in Figure 2-17 for permeancaéd$-gyure 2-18 for C@H, selectivities as

a function of temperature. The room temperature @@ H permeances of the membrane are
about 5x10° mol/nmf-s-Pa and 2x10 mol/nf-s-Pa, respectively, and the corresponding/89
selectivity is about 2.5. As the membrane tempegainicreases, the GQpermeance reduces
continuously, while the FHpermeance increases and then reaches a plateatermperature of
about 140°C. The CQ/H; selectivity decreases towards the £AHQ Knudsen selectivity of 0.2
as the temperature increases. The plots in Figuté Bpresent measurements made during
consecutive cooling, heating and cooling runs. Timeto-run agreement is extremely good,
showing that the microstructure and transport bieinasf the membrane are not significantly
affected by thermal cycling.

The CQ permeances from the G®le and C@H, experiments shown in Figure 2-17 are
indistinguishable, implying that for these two gesrs, the C@transport through the membrane
pores takes place independent of the other gasespéde temperature evolution of the He
permeance is qualitatively similar to that of the pe€rmeance, but the magnitude of the He
permeance is lower. The resulting £ selectivity is nearly 4 at room temperature and
decreases with increasing temperature, approacBifg the CQ@He Knudsen selectivity.
Assuming both He andHransport take place by Knudsen diffusion, a/Elselectivity curve
can be calculated from the @Be selectivity data, by applying a Knudsen coiogcto the He

permeance. The #He Knudsen ratio is/2 , and the calculated G/®i, selectivity is given by
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the relationship, S.,,,,,, :_SCf/%He

agreement with the measured £M) selectivity over the entire temperature range nodides
evidence for predominantly Knudsen diffusion gfathd He.

. This curve, also plotted in Figure 2-18, showsodyo

Since Knudsen permeance decreases with temperatungsrease in Hand He permeance with
temperature is unexpected. A possible explanatidhat the effective pore radius for Knudsen
diffusion is smaller at low temperatures, due tsasldled C@ molecules. As the temperatures
rises, the amount of adsorbed L£@ecreases, and the effective pore radius increaseb
eventually becoming equal to the actual radius.

] | | |
9 4\{\\
500x10 [5555(#‘ — H, (CO,-H,) g
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) " 02&,,& ‘ CO, (CO,-He)
H 400 "“LM
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Figure 2-17. COx-H, (CO, permeance in dark green and permeance in red) and G@le
(CO, permeance in light green and He permeance in ldeparation performance of SiO

membrane.
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Figure 2-18. CGO; selectivity as function of temperature for £8, (black curve), C@He
(gray curve) and C&H, predicted from scaling Cf£He data by Knudsen diffusion
differences (red curve)

This hypothesis can be tested by comparing the gemoe of pure He to the permeance of He
from a He-CQ feed, through the same membrane. If the increaséei permeance with rising
temperature is due to GQpore-blocking, then this rise would be absent he pure He
measurement. Pure He and pure;@€@rmeance were measured in a similar manner tanitexd
gas measurements. These measurements were follpwade-CQ measurement. ThesP for

the pure gas measurements was adjusted such ttiat peessure would be the same as that of
each gas in the mixed gas measurement. The megsemadances of He and g@om the pure
gas and mixed gas experiments are compared ind&-igt9. The pure and mixed gas £O
permeances are very similar over the entire tenyperaange. The pure He permeance does not
show a significant increase with temperature, anithigood agreement with the plateau of the
mixed gas He permeance.

The presence of CQxlearly reduces the He permeance at relativelytemperature, when GO
adsorption is expected to be significant. It isuplale that the He permeance is reduced due to a
reduction in the effective pore radius for Knuddkw, r., . As the membrane temperature

increasesr,,, will increase, and at a sufficiently high temparaet r,, will be equal to the actual
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Figure 2-19. Comparison of the permeance of pure He (ligh¢pand pure CQ(light green) to
the permeance of He (dark blue) and,@dark green) from an equimolar He-&féed

pore diameter, r. By reducing the He flow, the ploliecking effect leads to an increase inCO

selectivity. Since the He and,Have the same transport behavior, the pore blgckiguments
3

rKn
F.
250°C to H, permeance at 3% is equal to 1.58, from the plot in Figure 2-1¢cAunting for
the temperature dependenceQy,, r,,increases by a factor of 1.27, when the temperasure
raised from 33C to 250°C.

apply equally to the HCO, case. From Eq.2-1Q,,, U The ratio of the KHlpermeance at

The predicted selectivity curves in Figure 2-15avbased on calculated flow through a single
pore, for a range of pore radii, and the s#Reas the experiments. In Figure 2-20, the measured
COy/H; selectivity plot from Figure 2-17 is superimposau the calculated selectivity curves.
Based on the match between model and measurediwébs; the membrane selectivity as a
function of temperature is consistent with an iasreg average pore radius from 0.9 nm at room
temperature to 1.2 nm above to 1.3 nm at Z50Since the selectivity data are reproducible over
multiple heating cycles, loss of selectivity due sample degradation and irreversible
microstructural change is ruled out.
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Figure 2-20. Comparison of model predictions (red curves) ar@hsurement (black curve) of
COy/H; selectivity.

The analysis resulting in Eq. 2-10 assumes the gmreeradius for Knudsen flow and surface
flow. This radius is denoted the effective radingl @an be expressed ag =/r2 /r., , where
I, IS the temperature-dependent Knudsen radiusrand the actual pore radius. At sufficiently
high temperatures, the G@dsorption becomes small, ang =r,,. Since the C@®coverage
varies along the pore length, batfy andr, are averaged over the pore length.

By applying Eg. 2-10 to the measured L82lectivity data Figure 2-1%,, of the membrane

was obtained, and,, was calculated assuming, = @©&. In Figure 2-21r,, andr,, are
plotted as functions for temperature. When tempegaincreases from 2% to 250°C, r,,

increases by a factor of 1.24. This is in strongeament with the increase in the Knudsen radius
calculated from the Hpermeance plot in Figure 2-17.
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Figure 2-21. Knudsen radius (blue curve,: ) and effective radius (red curve:) as a function

of temperature.

A model was developed and verified that expligtedicts the C@selectivity as a function of
temperature. Only one fitting parameter, effecpeee radius, was used. The model forms the
basis of membrane materials design for developwifenigh temperature reverse selective,CO
membranes.
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2.4 MATERIALS SELECTION

Membrane materials for high temperature,G0Orface transport must have three characteristics:
large CQ surface concentration at temperature, small hkatisorption and the ability to be
processed with a small pore size. Materials welect based on the G@dsorption behavior
and then subsequently processing methods were atgdluo achieve viscous defect-free
membranes with the required pore size. Two appemetere evaluated: functionalization of
silica membranes with GOadsorptive materials and processing of bariumndi@ based
membranes. The first approach built on the prodesglopment from Section 2.2 that resulted
in defect-free silica membranes that achieved roemperature reverse-selectivity, indicating
that the required pore structure could be produgéd. functionalization of that pore structure
was pursued as a way to increase the high tempers@lectivity. The second approach was to
identify a material with intrinsically high CCadsorption properties and pursue the development
of fine pore sizes in that material.

Materials were identified using G@dsorption measurements. When metal oxide surfaees
exposed to Cg adsorption takes place by physisorption and cberpiion processes.
Chemisorbed C®molecules form monodentate and bidentate surfaceonate species. The
surface carbonates can form on metal oxide suriwes in cases where the metal does not form
a stable bulk carbonate phase. That can be ratiedabs the result of low coordination of
surface atoms and additional configurational degreefreedom for phase formation. While
there is evidence for surface migration of thesbaaates on the oxide surfaces [Tsuji, 2003],
[Liao, 2002], surface diffusion kinetics have naeb extensively quantified. However, near-
equilibrium CQ adsorption measurements can be used to estimadiarpare C@mobility on
various oxide surfaces, as outlined below.

In general, the more stable the bulk carbonate ldrger the heat of adsorption of génd
consequently, smaller the surface diffusivitieskall and alkaline earth metals form bulk
carbonates, and the adsorption of,@@ oxides of these metals is characterized bylévig on
the order of 160 kJ/mol at low surface coveragerilthi, 1998a]. At similar coverage, rare
earth oxides haveéAH of about 100-140 kJ/mol [Horiuchi, 1998a]; perkites have lower
AH on the order of 50 kJ/mol [Kusakabe, 1994],[Martir§81],[Liu, 2005]. Notably, the
interaction of CQ with basic sites on metal oxides, including pekites, rare earth oxides and
semiconducting oxides, is important in metal oxidéalyzed reactions such as oxidative
coupling of methane, COreforming of methane, and water gas shift [Ts@®03],[Liu,
2005],[Istadi, 2004]. The catalytic activity of g oxides is consistent with positive but not
overly strong surface affinity of GOmolecules, since strong G@dsorption would result in
poisoning of the active sites. Candidate oxideBe®creened for their G@dsorption behavior
were selected based on the intermedisté criterion, and include the following:
Families of perovskites: Titanates and Zirconafddg, Ca, Sr and Ba;
MgO, CaO, SrO and BaO; (alkalia€tle oxides)

CeQ, LaOs (rare earth oxides)

Al,O3, SIO, as controls (membrane structure materials)
Published data of CQOadsorption properties have been compiled for #&etyaof metal oxide
surfaces, and the GGdsorption behavior of some of these oxides has loharacterized in
order to validate the measurement capability.
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CQO, adsorption measurements are shown deAl,O; and BaTiQ powders, using the methods
described in Section 2.3. The samples had relativeace areas of 13.58%m and 11.2 g
respectively. Isotherms were obtained at tempezatuanging from 100C to 500°C. The
sample surfaces were regenerated, between isothdiynsannealing at 600C in a He
atmosphere to remove remnant adsorbates. Thedés resue benchmarked against adsorption
isotherm measurements and analyses have beeneepoitie literature foy-Al,Os [Horiuchi,
1998b] and BaTi@[Kusakabe, 1994].

CO, adsorption isotherms fan-Al,O3 are plotted in Figure 2-22a. The plot shows thé@x C
adsorption decreased with increasing temperatudsodption isoteres or lines of constant
coverage obtained from the adsorption isothernfSigare 2-22a are plotted in Arrhenius form
(In P vs. 1/T) in Figure 2-22b. The isoteric heatadsorption is related to the slopes of the
dinP
d@/T)
surface coverage is plotted in Figure 2-23. At kawface coverage the interaction between gas
molecules is negligible, andH is dominated by solid-gas interactions. As surfeceerage
increases there is greater interaction between Gk molecules, and the decrease in
AH suggests that this interaction is repulsive. ,@@sorption isotherms for BaTi@re plotted
in Figure 2-24 and the isoteric heat of adsorptsoshown in Figure 2-25. Qualitatively, the two
materials behave similarly.

isoteres by the Van't Hoff equatiodAH = -R . The heat of adsorption as a function of
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Figure 2-22 a) CQ adsorption isotherms far-Al .03 b) Isoteres for C@for a-Al,Os, calculated
from adsorption isotherms.
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Table 2-3. CO, adsorption properties for various oxides.
Material AH (kJ/mol) Co T Pressure Reference
(umol/m® (°C)  (kPa)

SiO, 20 0.05 250 100 This work
BaTiOs 20 6.2 250 100 This work
SITiOs 35 6.1 250 100 This work
a-Al,03 40 4.8 250 100 This work
y-Al 03 40 0.4 250 100 Horiuchi, 1998
BaTiOs 17 4 200 40 Kusakabe, 1994
LaFeQ 25 4.4 206 33.3 Martin, 1981
Ba-ZrG, 8 3.8 200 100 Liu, 2005

SIO, 22 0.03 200 100 DeLange, 1995

Table 2-3 gives a list of COadsorption properties for oxides. Figure 2-26 shawset of
constraint lines plotted as a function gfws. AH for constant pore size, such that points on or
above the lines will have a GBI, selectivity of 60 or higher. Markers represent ddsorption
properties of various metal oxides, including measwents fora-Al,O; and BaTiQ. The
measured heats of adsorption for batil,O3; and BaTiQ are in good agreement with values
reported in the literature. In the case of Bafithe ¢ values are also in good agreement. Our
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measurements op ¢or a-Al,O3 are much larger than the value reported by Hori[lgbriuchi,
1998b]. This difference may be due to the diffeeeimcuptake betweem-Al,O3 (this work) and
y-Al,O3. The properties of BaTiplace it above constraint line for 1 nm diametareg, making
it a promising candidate for membrane functionailora Of the other oxides, LaFg@Martin,
1981] lies above the 2 nm diameter constraint lamel Ba-modified Zr@[Liu, 2005] lies above
the 4 nm line.
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Figure 2-26. Constraint lines on a plot of eersusAH plotted for constant pore radius. For each
pore size, points defined by and AH on or above the constraint lines show afER selectivity

of 60 or more at 250C. Markers represent the adsorption propertiesagbus oxides with open
symbols the results of this work: SiQcircles) [deLange, 1995], BaTi(triangles) [Kusabe,
1994], AbOs (squares) [Horiuchi, 1998b], SrTi(diamond), LaFe®(x) [Martin, 1981], and
Ba-ZrQ, (cross) [Liu, 2005].
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2.5 SYNTHESIS OF FUNCTIONALIZED MESOPOROUS MEMBRANES

While silica membranes have the required pore feizeeverse-selectivity at room temperature,
silica does not have the required £&lsorption at high temperature to permit,&8lectivity.
Functionalization of the porous silica membrane selected as a potential way to enhance the
selectivity of the membrane at high temperatureoriher to achieve high GGselectivity the
dopant must be incorporated into the pore wallhef surface area utilized for G@ransport.
Dopant cations were chosen based on adsorptionatiataheir tendency to form basic oxide
materials. Horiuchi et al. [Horiuchi, 1998a] measliretention time of C£on oxide-modified
aluminas. Rare earth oxides, alkali metal oxided alfkaline-earth oxides were all shown to
increase the retention time of @@O, adsorption was shown to increase for zirconia pwd
modified with barium oxide and magnesium oxide [L2005]. In the case of GQeparation by
surface transport it has been shown in literatiiae $trong basic oxides have an affinity for,CO
molecules, silica membranes incorporating thesawuigghave not been fabricated to date. Three
dopant cations were selected for study: the twaliml& earth elements Mg and Sr and one rare-
earth element La. Horiuchi, et al. [Horiuchi, 19P8aserved that those elements increased the
CQO; retention on alumina in the order Sr>La>Mg.

In this study C@QH, gas separation testing was performed on silicaagp@mous membranes
doped with various concentrations of Mg, La, and 8Bre dopant concentrations were varied
from 1 to 25 mol%. In this experiment the salt-lshsations were mixed into the aqueous HCI
solution to dope the baseline silica recipe. The $tution was then added to the TPABr-ETOH
solution mixed for ten minutes and then added ®TBOS-ETOH solution. The solution was
allowed to mix for twelve hours and stored &C3to prevent premature aging.

In order to control the thickness of the films anng study was performed. This study was
performed at 78C over a period of four hours. The results of #tisly for the solutions doped
at 5 and 25 mol% can be seen in Figure 2-27. Rhisnstudy it was found that the addition of
dopants enhances the effects of aging on the niaodsre. In order to produce defect free films
a target particle size of 10 nm was used to prejaréilms for testing.

Scanning electron microscopy images of silica mamés doped with Mg, La and Sr are shown
in Figure 2-28, Figure 2-29 and Figure 2-30, respely. Crack-free membranes were produced
with thicknesses in the range of 100-800 nm. Theraesiructure of the doped membranes was
distinctly different from the baseline silica merabes in that platelet shaped voids of less than
100 nm diameter were observed in all the doped mamels.
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Figure 2-27. Particle diameter as a function of sol age titn@5fC for doped silica sols with 5
mol% Mg (black triangle), 25 mol% Mg (blue triangl® mol% La (blue square), 25 mol% La
(green square), 5 mol% Sr (green diamond) and @%orsr (red diamond).

Figure 2-28. a) Cross sectlon and b) plan view SEM |mages ohd@d% Mg doped silica
membranes.

Flgure ' 2-29. a) Cross- sectlon and b) plan view SEM |mages crhcﬂ% La doped silica
membranes.
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Figure 230 a) Cross sectlon and b)plan view SEM |mages ah@% Sr doped silica
membranes.

Measurements of CfMH, separation were performed at room temperaturé forol% and 25
mol% doped silica membranes as shown in Table Thé.5 mol% doped membranes showed
similar separation behavior to the baseline sititambranes, with no enhancement observed.
The 25 mol% doped membranes showed a reducedigyeshich was likely to an increase in
the concentration of Knudsen defects. The heatin@l@s of the 5 mol% doped membranes are
shown in Figure 2-32 and compared with three oftaseline silica membranes. No evidence of
enhanced C@ransport at elevated temperatures was observed.

The distribution of the dopant element within thieca membrane was evaluated using Auger
Electron Spectroscopy. A relative concentration méphe distribution of Si and Sr on the
surface of the membrane is given in Figure 2-3tLappears that the dopant The Auger map
indicates that there was significant Sr segregatidhe films. This can be a viable reason for a
decrease in the selectivity properties of the fimsa function of dopant concentration.

Table 2-4. Measurements of CO, and H; transport through baseline silica and doped silica
membranes at room temper ature.

CO, H, COy/H,
Permeance Permeance Selectivity
(mol/nfs Pa)  (mol/rfs Pa)

Baseline silica 7.0x 10 2.3x 10’ 3.0
Mg — 5 mol% 6.4 x 10 3.0x 10’ 2.1
Mg — 25 mol% 1.1x 16 4.0 x 10 0.3
La— 5 mol% 3.4x10 1.7 x 10 2.0
La — 25 mol% 6.8 x 10 2.6 x 10° 0.3
Sr—5 mol% 1.0 x 10 4.4 x 10 2.3
Sr— 25 mol% 52x 1D 7.1x10° 0.7
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Figure 2-31. CO,J/H; selectivity as a function of temperature for 3cailmembranes and for a 5
mol% Sr doped silica (light blue), 5 mol% Mg dogslica (purple) and 5 mol% La doped silica
(pink). No significant difference in the high temnature CQ transport behavior was observed.
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Figure 2-32. Auger elemental maping of Sr location in a sandalped with 25mol% Sr
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2.6 SYNTHESIS OF BARIUM TITANATE BASED MEMBRANES

Barium titanate was selected as a material chaieetal its CQ adsorption characteristics. A sol
gel method utilizing barium acetate and titaniunopi®poxide precursor materials was
developed consisting of the following molar ratid:15.76:29.06 Ba(§430,):[(CH3).,CHO],Ti:
CH3COOH: GHsOH. Defect free films were processed from the spast precursor fired at
400 °C, 550°C, 600 °C, and 650°C. X-ray diffraction patterns have shown that BaifliO
crystallization does not occur in samples fire@3@-600°C, crystallization does however occur
somewhere between 600 and 850The samples fired at 5%D and 608C are composed of
primarily BaCQ and amorphous TiQ

The precursor solution for the Bali@ a combination of a two-part solution. Solutidrwas
made by heating 22.50 g glacial acetic acid to’&0under reflux, in an oil bath. After the
solution reached 6fC 4.515¢g barium acetate was added to the solutidritavas removed from
the oil batch. The solution was allowed to mix thayhly for one hour while cooling to room
temperature. Solution B was prepared by addin§% @ titanium isopropoxide to 17.95g of
ethanol under stirring conditions. It is importémat the solutions be mixed at room temperature
prevent premature aging. Titanium isopropoxide added using a dropper over a ten-minute
period to insure uniform mixing. The solution walkwed to mix for forty five minutes. The
two solutions were combined by adding solution Pedily to solution B and they were mixed in
a closed container for twelve hours before using.

It was found that to achieve an overlayer of tHetsm in the desired number of coatings it had
to be aged for five days. Aging for five days alemiva 50 nm overlayer to be formed through
deposition of four layers through the spin coajingcess utilizing the same parameters as used
for the silica films. Five coats of solution aged three days gave a 30 nm film as compared to
100nm for the sol aged for five days. The profibe thickness as a function of the number of
coatings can be seen in Figure 2-33 for the soludiged for five days, and micrographs of the
cross-sections can be seen in Figure 2-34 andd-Ry35 for samples heated to 58D and 650

°C, respectively.
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Figure 2-34. Membranes free of viscous defects from

fired at 550°C. a) cross-section b) plan view.

bariurmait based sl-glas BagcO
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Figure 2-35. Membranes fre of viscous defects from bariumméta based sol-gel as BagiO
fired at 650°C. a) cross-section b) plan view.

The viscous defect-free membranes fired at tempesat 550C were not single phase BakiO
but contained predominantly BagGOMembrane measurements of £K) selectivity at room
temperature indicated Knudsen flow was dominanin@es that were heated to 650 were
predominantly BaTi@ but upon crystallization, the membranes produeedel pores that also
allowed predominantly Knudsen flow. A set of memmas fired to 400C was produced in
order to attempt to achieve an amorphous Bahi@work analogous to the silica network that
had produced room temperature reverse selectiMity.membranes were free of viscous defects,
but only showed a small increase over Knudsen #bvoeom temperature as shown in Table 2-5.

Table 2-5. CO, and H, fluxes through best barium-titanate-sol derived membrane.

CO H2 COy/H;
Permeance Permeance Selectivity
(mol/n? s Pa) (mol/rhs Pa)

Barium-titanate sol 4.8 x 10’ 1.6 x 10 0.3
at 400°C

56



2.7 CONCLUSIONS

A guantitative model was developed and validatedHe design of membrane materials capable
of high temperature C{reverse selectivity. The model describes porousibbnanes in which
selectivity is endowed through the mechanism ofepemtial adsorption and surface diffusion of
CO, along the pore walls. Selectivity for GOver H requires that the surface flow of €@
large compared with the Knudsen flow of through the bulk of the pore. Selectivity can tesu
from the combination of two mechanisms: enhanced €@face transport and hindered H
transport. Three key membrane design parametess identified: surface concentration of O
heat of adsorption of COand effective pore radius. The first two paraneetare intrinsic
materials parameters that describe the rate ofsirdliffusion of C@ They were measured
from chemisorption measurements on oxide powddms. third parameter is a microstructural
parameter which accounts for the competitive Knodkex of H, and for the extent of hindered
H, flux from pore blocking.

Silica membranes were developed that were fredasabus defects and which had an effective
pore radius of less than 1 nm. Those membraneseshosverse selectivity for G, at room
temperature. The selectivity decreased with inengatemperature due to the decrease in surface
concentration of C@ That caused two effects: the surface transptetfoa CQ decreased and
the H Knudsen flow rate increased as the effective mze increased. Good quantitative
validation was obtained for the predicted seletstivwvith temperature using the measured
chemisorption parameters and only one fitting patamfor the effective pore radius.

On the basis of the model, membrane design paranetere established for the membrane
parameters that would allow the attainment of sgstevel separation targets. For pore size
diameters of 1-2 nm, heat of adsorption of lesa @& kJ/mol and COsurface concentrations
greater than imol/cn? are required. Materials were screened based osuresh adsorption
isotherms and those obtained from the literatunéh three materials identified as promising
candidates.

Two approaches were pursued to synthesize membvetiedoth the required effective pore
size and C®@adsorption characteristics. First, silica membsanih the required pore size were
functionalized with alkaline and rare earth oxide®rder to increase the surface adsorption of
CQ,. Second, synthesis of barium titanate based memabraas pursued in order to obtain the
required pore size in a material determined to ltheeequired C@surface affinity.

The functionalized silica membranes were producidoat viscous defects but no increase in
the high temperature GQeverse selectivity over the baseline materials olzserved. That may
have been due to an inhomogeneous distributioheofunctional groups within the membrane
or due to a limitation in the concentration attdine

A series of barium-titanate-based membranes watupea that were free of viscous defects, but

high temperature reverse selectivity was obserk¥ed.the membrane processing temperatures
required to produce pure barium titanate, the &ffegore size was too large to observe reverse
selectivity. At lower processing temperatures, éh@as a barium carbonate phase present. Only
a small increase in CQelectivity over the Knudsen value at room temjpeeawas observed.
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Future work for developing reverse-selective,G@mbranes should focus on developing new
processing methods for control of pore size in mhaterials identified by modeling to be
promising candidates. In addition, the materialseestsing methodology can be applied to
identify additional materials that are more ameadablmembrane processing in the desired pore

size range.
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