Journal of Minerals & Materials Characterization Bngineering Vol. 7, No.2, pp 175-191, 2008
jmmce.org Printed in the USA. All rights reserved

Towards the Development of CQ Separation Membranes

Gerard Caneba*, Michael Renier, and Brian Ott

Department of Chemical Engineering and
Center for Environmentally Benign Functional Matdsi (CEBFM)
Michigan Technological University, Houghton, M| 449
*Email: caneba@mtu.edu

Abstract

This work pertains to current results in the depeh@nt of C@Qseparation membranes
from flue gas streams typically found in coal-figgalver plants. A versatile free-radical-
based polymerization method is employed for theldpment of a multifunctional block
copolymer that has good affinity to s processable into and applicable as gas
separation polymer membranes. In order to validhteresulting materials, thin slabs of
the polymer were melt-processed, and then sorbdd®@» and N in a pressure cell.
When the pressure is released, foaming tendentibe @auter regions of the samples
were observed. A quantitative model involving raearsents of unfoamed regions is
used to correlate with permeability ratios as waslCQ-polymer mutual diffusivities.
One particular optimized material, called RB1-2ibshown to possess a good £O
relative permeability to N2. Thus, the experiméentathodology has been shown to
possibly be able to develop the next generatidd@fseparation polymer membranes
for carbon sequestration applications.

Keywords
Carbon sequestration, polymer membranes; €€paration, flue gases, FRRPP process

1. INTRODUCTION

The separation of Crom flue gases in coal power plants has been krnovibe an
attractive method of sequestering potential gletmiming/climate change gases. In this
regard, the use of membrane separation of i§@ttractive because of energy savings
that can potentially be realized. For exampleyentional methods rely on cryogenic
conditions in order to absorb the £€&ven with the use of favorable fluids, such as
ammonia, amines, glycols, etc. The problem of €&yuestration from flue gases
reduces to its separation from §s, because other components are either mirsily ea
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removable, or can be included with the &@@h product stream. Thus, good £0
separation factor relative to, M polymer membranes translates to a viable CO
sequestration operation.

Gas membrane separation in this paper involvesdhaion-diffusion mechanism of the
penetrant through a polymer film. Penetrant ieothiced on one side of the film and the
other side is maintained at a lower penetrant auinggon. The rate per unit film area at
which the penetrant traverses the thickness dfiltnds related to the diffusivity. Details
of the calculation of the diffusivity depend on tiype of experiment used.

1.1 Steady-State Experiment

In the steady-state experiment, the film with thiegs L has no penetrant at the
beginning. At time t=0, the upstream face of ilra fs exposed to a constant penetrant
concentration ¢ while the downstream face is exposed to a lowastant penetrant
concentration, & If the system is at steady-state and there hemical reaction in the
film, the flux F of the penetrant is constant. K=cfirst law of diffusion results in

— D(Cl - Cz)
I

. (1),

where D is the mutual diffusivity. Note that Equation 1 applies to constant diffirgiv
for a binary system.

For a multicomponent penetrant system, it is cuatgrto apply Equation 1 for each of
the penetrant components, provided these compodentst interact with one another.
Also, it is customary to express the penetrantceatration in terms of its partial
pressure on the corresponding face of the memifHerry’s Law), such as

C=3p (2).

Thus, for a noninteracting multicomponent penetsystem following Equation 2
(Henry’s Law) Equation 1 becomes

Fi = Pi(p|1' piz) (3)1

Where Ris the permeability of component i. If are comparrelative fluxes of
penetrants A (such as Gand B (such as Nthrough the polymer membrane, then the
permeability ratio or separation factor betweenm@ 8 is obtained as
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a _A 4).

- I:)B DBSB ( )
Values for permeability ratios for G@elative to N are 17 in polysulfones and 6 in
PDMS, and these membranes hayepBrmeabilities of 0.5-5 L(STP)/minratm and 5-
50 L(STP)/min-m-atm, respectivel§. Thus, the task of membrane design is to increase
both selectivity and flux of C&compared to Bat various prevailing temperatures and
pressures.

1.2 Concentration-Distance Measurements

The idea behind this approach is the measuremeheafoncentration profile of the
penetrant, with subsequent calculation of the diffiy. Methods of measurement of
penetrant concentration include the use of varinaans of establishing contrast. A
simple way is to use differences in light interestif the penetrant includes a dye in it.
Another method is based on refractive index diffiees with penetrant concentration. In
the interference techniqdé Fabry-Perot fringes corresponding to refractivdein

contours are obtained when viewing the polymer @edular to the diffusion direction
through semi-silvered glass plates with about 1% transmission. If the refractive
index is known as a function of concentration i@ thonotonic sense, then concentration-
distance curves can be easily obtained from tingdrpattern. If the refractive index has
a maximum with concentration, it is still possilbbecalculate the concentration-distance
curve with some difficulty. Another way of obtang the refractive index profile is
through the Lamm scale method developed by Hutchedrcoworkers as a
microtechniqué. They used a 1-m focal length at unit magnifiaatio record the
“distorted” scale photographically. The scale thispments on the plate are related to the
refractive index gradient.

Other detection methods for the concentration [@afiat have been used in the past
include the use of radiotrace¥s.

The simplest way of using concentration profile sm@aments is to cut the film into
parallel strips along the direction of diffusionaafsteady state is reached. From
concentration measurements of the strips of swatdymer and the flux of penetrant,
Equation 1 can be used to calculate the diffusivitiris approach was first used by
Gillespie and Williams to obtain the diffusivity afater in cellulose acetat®.

From the measured concentration profile of theaathf-state system, the error-curve
method has also been introduced to determine aurdiffuvities™* For calculation of
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concentration-dependent diffusivities, the Matareihnd has been used to determine
diffusivities of the whole concentration range lo¢ polymer and penetrattt.

It is also possible to estimate the penetratiotadise of a penetrant by subsequently
dropping the penetrant pressure to cause it to éofaam in the polymer. An
examination of the foamed front provides an idethefpenetration depth and thus, the
penetrant diffusivity within the polymer. This peration depth is also related to the
solubility of the penetrant, since a threshold antai solubility is needed for a foam to
form within the polymer. Details can be quantitaty resolved by considering the
problem as that of a semi-infinite polymer mediwonthe penetrant. Since it takes about
6 wt % of blowing agent to form a foam, then thedst penetrant concentration of the
foam layer can be considered to be at 6 wt %.

2. EXPERIMENTAL
2.1 Polymer Design

Among all the polymerization methods, only the fradical-based mechanism offers a
robust technique in implementing the formation loick copolymer materials with the
widest variety of monomer types. The reason isrdctive sites (acid, base, hydrogen
bonds, ions) from some of the more useful monomersally interfere with the clean
formation of the polymer chain. Whereas, freecaldi do not normally interact with
other reactive groups in various monomers and pefysegments. Also, solvents used in
the polymerization process normally do not intexferth free-radical reactivities, while
other polymerization mechanisms can be sensititke®olvent used. Thus, selection of
solvent(s) in a mixture of monomers to impart nfuftctionality is very difficult, unless

a free-radical-based polymerization mechanism igleyed. It should therefore be no
surprise that commercially sold polymer membramesveade from premade resins or
their modified forms. Even for these materialsythee sold with almost no flexibility in
terms of the functionalities of their segments dgnpolymerization; functional flexibility
is imparted through functionalization reactionsiofe groups, which is limited at best.

In this work, a collection of monomers, oligomeasd/or polymers possessing various
chemical groups are incorporated within a set ¢yrper chains that make up the main
component of the composition. These functionaligsomay be naturally present in the
raw materials used to produce the multifunctionaltipolymeric membranes, or may be
purposely or naturally altered by modifying reanto A subpolymer (equivalent to a
number of monomer segments) representation of tttemmical functionalities in a
portion of the entire polymer is shown in Figurenhich is depicted by the A,B,C,D-..
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functionalities emanating from various polymer segis within the subpolymers. To
form block copolymers, there will be a set of adjicsegments that have the same

functional groups.
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Figure 1. Subpolymer representation of proposed multifun@ionultipolymeric
membrane materials with various functional groupsg, C, D, ...)

Table 1. Possible functionalities (A,B,C,D,...) for the abasteuctural representation of
the multifunctional multipolymeric membranes. Exdes of commercial polymers with
various functionality classes as well as their esponding application features are given.

A,B,C,D,...-
Functionality
Class

Examples of A,B,C,D,..:Functionality found
in Commercial Polymers

Application features of
functional groups

Hydroxyl Poly(vinyl alcohol) Biodegradability, adsien
to polar surfaces (wood,
masonry, cement),
colloidal properties

Ketone Poly(methyl vinyl ketone), Poly(isopropyhyl | Carbon dioxide

ketone), Ethylene-Carbon Monoxide absorption, UV
Copolymers degradability, distinct UV
absorbance

Ester Poly(vinyl acetate), Poly(methyl acrylate), | Good interactions with

Poly(ethyl acrylate), Poly(methyl
methacrylate), poly(butyl acrylate), Ethylene-
Vinyl Acetate Copolymers

carbon dioxide, adhesion
to polar surfaces and for
composition adjustment
based on application
temperature

Carboxylic acid

Poly(acrylic acid), Poly(methaccyécid),

Reactivity with metal and
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Ethylene-Acrylic Acid Copolymers, Ethylene-
Methacrylic Acid Copolymers

non-metal bases with and
without additional
functionalities, Water
dispersibility, adhesion to
metals

Amine Poly(acrylamide), Poly(isopropyl acrylamide

Good interactions with
carbon dioxide, reactivity
with acids with and
without additional
functionalities, Water
dispersibility

Epoxy Glycidyl methacrylate copolymers

Self-crasking,
reactivity with amines,
iIsocyanates, alcohols

Aromatic Polystyrene
Hydrocarbon

Source of chromophores
and capability of
modification of the
aromatic ring (such as
sulfonation)

Aliphatic Polyolefins
Hydrocarbon

Affinity to hydrocarbon
oils and moisture
resistance

Halogens Poly(vinylidene chloride), poly(vinylidene
fluoride), polychlorotrifluoroethylene,
polytetrafluoroethylene, Zonyl™ copolymers

Superior strength,
chemical, thermal, fire
resistances, Zonyl™
copolymers have good
carbon dioxide
interactions

Note that the above table shows functionality dagbkat could impart carbon dioxide

permeability in the overall polymer.

A two-plus stage reactor procedure is proposedjusia design-of-experiment guidelines
(DOE) in Table 2 below, using the so-called fregical retrograde-precipitation

polymerization process:**

The development of an optimized polymer as membnaaierial for CQ separation
could first be done through a selection of basatufees, such as G@bsorption, strength,
reactive and/or nonreactive adhesion/crosslinked,chemical/thermal resistances. In
addition, processability aspects have been lookidthrough low temperature elasticity
segments and use of various possible block copalamhitectures, such as diblock and
triblock-type of copolymers. A halogenated RB1-2iblock (A-B-C) material with
strength A-group, reactive B-group, and £iteracting C-group was developed.



Vol.7, No.2 Towards the Dieyament of CQ Separation Membranes 181

The development of the RB1-215 material was dormutjh a design-of-experiment
approach as shown in the Table 2. Its proposegnodwgical structure is shown in

Figure 3 below.

Table 2.DOE matrix and responses expected from the blopklgmer under
development.

# | Ist 2 Arc. | Responses
Stage | Stage
V|C |Z|G|B|D,T |Strength | CO, Chem Thermal | Adh.
Absorp | Resis. Resis.
tion
1 |H/L |[L|L|L|D L L TBD TBD TBD
2 |H|L |[L|H|L|D H L TBD TBD H
3 |H|L |H/H|L|D TBD H TBD TBD H
4 |H|L |H|L|L|D TBD H TBD TBD TBD
5 |H|L |L|L|L|T H L TBD TBD TBD
6 |[H|L |[L|H|L|T H L TBD TBD H
7 |H|L |[H{H|L|T H H TBD TBD H
8 |H|L |H|L|L|T H TBD TBD TBD TBD

V — for strength

C — comonomer for reaction facilitation/processapof strength monomer (V)
Z — for CQ absorption

G — for adhesion/crosslinking promoter

B — for low temperature elasticity

D — Diblock-based molecular architecture

T — Triblock-based molecular architecture

First Stage Compositions (based on first stagenpety.

L —5-15%

H — 50-90%

Second Stage Compositions (based on overall polymess otherwise noted):
L — 0-20% (B based or'®stage polymer), 10-20% (Z,G)

H — 20-40%

Both high pressure (4,500 psig) metal and low pres@15 psig) glass stirred-tank
reactor systems have been used in this work (Figlreow), recipes and conditions
were generated using high throughput experimemtatiethods.
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Figure 2. Stirred tank reactor systems (45-psig pressurlzedylass reactor on left and
4,500 psig Parr reactor systems on the right)dratvailable for this work.

RB1-215 Bulk
Morphology

ficH

A-Block

m ~180c) S U7 BBlock - @1} C-Block (T,=50-80°C)
Figure 3. Depicted bulk morphology of RB1-215 copolymer
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2.2 Postprocessing

After the polymerization runs, the RB1-215 polymesduct was separated from the
reactor solvents , unreacted monomers, and unceatator. First, the polymer was
coagulated with excess water (3:1 v/v or more)aduhe reactor fluid into a gel or dough
(Figure 4 below).

Figure 4. Coagulated RB1-215 product on a Petri dish

Then, solvent and unreacted reactants are extr&ct@dthe dough. The dough is dried
into a purified and safe-to-handle product, andt+bleinded with other components, if
needed (Figure 5 below).

2.3 Solvent/Reactant Extraction

The residual solvent and reactants must be remivgadthe “dough”. Initial attempts to
purify the polymer included one vacuum oven drystep (4 hours at 8TC), used to
drive off the residual solvent, and followed bytoghree supercritical CQextraction
steps (8 hour soak at room temperature and 20Q0), psied to remove unreacted
monomers, oligomers and residual solvent.
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Figure 5. Dried and melt-blended RB1-215 product on a Righ

2.4 Membrane-related Foaming Experiments

Figure 6 below depicts the preliminary testing gaare used to screen various polymers
for gas sorption and diffusion, which translatepéomeabilities. The polymer sheet of
1.61-2.34 mm in thickness {Lis exposed to the gas (€0r N,) at constant temperature
and pressure for a certain period of time. Thiea pressure is adiabatically reduced to
atmospheric for 1 minute or less. A portion of #anple adjacent to the surface will
form a foam, while the interior will be unfoamedhis unfoamed region will have a
thickness of L. Thus, the penetration distance,, of the gas will be

— I-o' I-u
DL === (8).
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Expose at
constant T, — Foamed
P, fora |-~ Portion
period of A
time

»
»

Then, freeze-
fracture to show N
Penetration

Depth, L — Unfoamed
L, Portion

Penetration Depth,L = (Lo-L)/2

Figure 6. Procedure used to determine the penetration déptlgas into the polymer.

Figure 7 below shows some of the details of theaegips used by this project to generate
monolithic polymer foams in order to gauge thepatailities of absorbing C£and N.

(@)
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(b)

Figure 7. Apparatus used to produce foam layers onto palwamples: (a) is the cell
used to contain the polymer; and, (b) is the swipgmp and piping system used to
meter liquid carbon dioxide into the pressure aglere it turned into a gas or a
supercritical fluid.

3. RESULTS

3.1 Fractional Precipitation

The polymer RB1-222 (similar to RB1-215) was franated with 50% ethanol/water
solution. The polymer solution was diluted eitfhérl or 5:1 v/v with NMP as solvent.
Based on the fractogram (Figure 8), there is vitlilg intermediate Stage 1 precipitate
(Block A product) at 0-15 ml precipitant added.gé@antitative analysis of indicates that
the unreacted Stage 1 contamination amounts taHassl wt% of the product

copolymer. This result of relatively insignificamhreacted Stage 1 contamination seems
to be generally the case.
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RB1-222 Fractional Precipitation
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Figure 8. Fractional precipitation data for RB1-222 (simiia RB1-215) copolymer

product

3.2 Foam Formation
Results of the foaming experiment depicted in Feghiare shown in Table 3 below.

Table 3. Results of 1-hr gas penetration experiments fioma polymers.

Polymer T, °C P, psig g, mm Ly, mm L, mm

PMMA 47-48 700-750 1.65 1.65 0
CO,

PVMK 47-48 700-750 2.34 1.48 0.43
CO,

RB1-215 47-48 930-933 1.905 0 1.905
Co,

RB1-217 36 740-750 1.615 0 1.615

(Similar to CO,

RB1-215)

RB1-215 36 1500 N 1.905 1.905 0

RB1-217 36 1500 N 1.615 1.615 0
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Some of the fractured surfaces are shown in FiggHE2 below.

Figure 9. Foamed and unfoamed interior portion of a polyyyimethyl ketone)
(PVMK) sample, showing the unfoamed region to #8 Inm thick.

Figure 10. Foamed and unfoamed interior portion of an RBI-2dmple (similar to
RB1-215), showing the unfoamed region to be almosexistent.
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Figure 11. Foamed and unfoamed interior portion of an RB&-24dmple, showing the
unfoamed region to be almost nonexistent.

Figure 12. Foamed and unfoamed interior portion of a PMM#Agke, showing the
almost no foamed region.
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3.3 DSC/TGA Analysis

Results of thermal analyses that were done wittrinédiate and final products agree
with the thermal transitions depicted in Figure 3.

4. DISCUSSION OF RESULTS

From Table 3 and Figures 9-12, it is evident thatRB1-215 material has promise as
CO, separation membranes from.NThis is seen from the zero penetration deptiNfor
compared to C@even at N pressure of 1500 psig, compared to 750 psig for. Clhese
relative penetration depth values also indicatgdaelative permeability values of G@
N, for the RB1-215-type of polymer.

It is possible to determine an order-of-magnituskingate of the minimum CO
diffusivity for the RB1-217 membrane through thédwing equation

Dt
oyt
(DL)?

t

(9)

D »

Thus, for the penetration thickness of 1.614 mmexpmbsure time of 1 hr or 3600 s, the
diffusivity is at least 7.2xI®cnf/s, which is a relatively large number for diffusiof
penetrants in polymer materials.

Thus, it is evident that the RB1-215-type matehid been developed to be a promising
membrane for continuous separation of,GOmM N,.

5. CONCLUSION

The development of multifunctional block copolymbes therefore been shown to
possibly result in the development of £§eparating membranes for carbon sequestration
applications.
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