iy

D-A241 871 b
IO :

OFFICE OF NAVAL RESEARCH
Contract N00014-91-]-1045
R&T Code 4132047---02-1

TECHNICAL REPORT NO. 6

Gas Transport in Polybutadiene Treated with Aqueous Bromine

by

D.H. Rein, R.F. Baddour and R.E. Cohen
Department of Chemical Engineering
Massachusetts Institute of Technology

Cambridge, MA 02139-4307

October 10, 1991

Reproduction in whole or in part is permitted for any purpose of the U.S.
government.

This document has been approved for public release and sale; its distribution is
unlimited.

91-13606
TR

e TR




e £ % i, B o
AR 48 RE
h’i..': i B ‘;‘4 ¥ ‘?’f;
[ W [
TR N
S e
S5 &
v B 9 .
Edl B B B )
3 B\ B/ W y
K’yg 4 ‘\_’i R

THIS DOCUMENT IS BEST

QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



SelURITY T ASSIACATION QF TmS 2AGE

REPORT DOCUMENTATION PAGE

ta. RZPCRT SZCURITY CLASIIFICAT.CN 1o, REITRICTIVE MIARKINGS
23, SECURITY CLASSIFICATICL.. AUTRORITY 3. OISTRIBUTION/ AVAILABILITY OF RESORT
— " o) £ sukblic release;
15, DECLASSIFICATION / COWNGRADING SCHEDULE arry r<.>ved' Or_ruul e ;
distribution unlimited
4. PERFCRMING OAGANIZATION REZFORT NUMBER(S) 5. MCNITCRING JRCANIZATION REPCRT NUMBEA(S)
Tecnnical Report No. ©
3a. NAME JF PERFCRAMING QRCGANIZATION 8o. QFFiCZ SYMBOL Ta. NAME TF MCNITCRING QRGANIZATICN
(If aopiicaoie) .
MIT ZDept of Chemical Eng. Office of Naval Research
3¢ ACORZIS [Ty, State, ara ZiPCoage) To. AQORzIS (Cry, State, and Z!P Coagey
1IT Bldg 65, Room 54 80C N. Quincy Street
ampridge, MAa 02139-4037 Arlington, VA 22217
3a. NAME ZF GUNDING SPONSCAING 33, OFFICZ SYMECL 3. PACCURIMENT NSTRUMENT (DENTIACATICN NUMEER
oA - 0% scon
SRGANE (f accticacne] NOOO14-91-7-1045
ONR
3c 2C3AZIS oy, State. ana P Ccge) FOSUNOING NUMSZES
2320ETT TASK WCRK UNIT
830 N. Zuin~ty Street NO NG ACCTIISiON NC
Arlington, VA 22217 4132047 02 1
TTLE {inciuge S2cunty iassimeguon)
Gas Transport in Polybutadiene Treated with Agueous Bromine
I, SIASCNAL AUTHCR(S) . .
He TR v D.H. Rein, R.F. Baddour, R.E. Cohen
Za F RZFCRT 13b. TiME Q2veRED 13, QATZ OF RIZQRT (Year, Month, Day) |13, PAGZ CCUNT

October 10, 1991

Submitted to J.

Polymer Science, Physics

3 18. SUBJECT TZRMS {Continue on reverse (f necessary ana igentiry dy 2iccx numaoer)

gas barrier materials
gas separations

13. A35TRACT (Continue on reverse f necassary and identify by Hiock numoer)

Diffusion, solubility and permeability cocfficients were measured for He, CO2, Ar and
CH4 in polybutadienc (PB) and in polybutadiene reacted in the solid state to various extents with
aqucous bromine. Analysis of the sorption curves and x-ray emission spectra showed that the
bromination created a heterogeneous membrane with an outer brominated skin and an unreacted
core. At relatively low extent of bromination, the diffusion and permeability coefficients for CO7,

Ar and CH4 became immeasurably small after about 3%
for gas pairs with different molecular size increased with

£4s scparation processes.

bromination. The ideal separation factor
bromination, suggesting applications in

20

. CISTRIBUTION 7 AVAILABILITY OF ABSTRACT
EouncLassifiesununaTed [ SAME AS RPT,

T oTic useas

lzx. ASSTRACT SITURITY CLASSIFICATION

2la. NAME GF REZIPOCNS.3LI INSIVIDUAL

bom- TILIFLONE (inciuce Area Coae)

22¢ OFACE SYMBOL

DO FORM 1473, 3a%14R

83 APR ecItiGh Mav be ysed untii exnaustac.

SECURITY CLASSIFICATION OF THIS PACGE

All gther editions are cosolerte,




Gas Transport in Polybutadiene Treated with Aqueous Bromine

D. H. Rein, R. F. Baddour, and R. E. Cohen* T
Department of Chemical Engineering
Massachusetts Institute of Technology

Cambridge, MA 02139

Abstract

Diffusion, solubility and permeabu.::v coefficients were measured for He, CO,, Ar and
CH, in polybutadiene (PB) and in polyoutadiene reacted in the solid state to various extents
with aqueou; bromine. Analysis of the sorption curves and x-ray emission spectra showed
that the brom nation created a heterogeneous membrane with an outer brominated skin and
an unreacted core. Atrelatively low extent of bromination, the diffusion and permeability
coefficients for CO;, Ar and CHy decreased by two orders of magnitude, while the
transport coefficients for He were virtually unchanged. The permeability coefficients for
CO,, Ar and CH4 became immeasurably small after about 3% bromination. The ideal-
separation factor for gas pairs with different fnolecular size increased with bromination,

suggesting applications in gas separation processes.

Introduction

Tailoring the structure of existing commodity polymers through chemical modification is
an attractive approach to improving the properties of membranes for gas separation and
barrier applications. Systematic alterations of the polymer structure also provide a
convenient route for studying the effects of molecular architecture on the permeability.
Substitutions to the backbone or side chains affect the intrasegmental mobility and
intersegmental chain packing, resulting in changes in gas diffusivity, solubility and
permeability coefficients. A more complete understanding of the role of molecular

architecture and supermolecular structure on the gas transport properties will help to explain
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the extraordinary behavior of polymers sucii as poly(1-(trimethylsilsyl)-1-propyne), a
glassy polymer that exhibits gas permeabilities a factor of ten higher than any other polymer
studied (1], and speed the development of others.

Changes in gas transport with chemical modifications have been studied in silicones [2],
polycarbonates [3], polyimides [4,5], polysiyrenes [6] and poly(phenylene oxides) [7,8]; it
has been observed in these studies that decreasing the chain packing density increases the
diffusion and pliiucabiiiny coenivients, while decreasing the segmental mobility decreases
the diffusicn and permeability coefficients. Often, the effects of chemical modification are
mutually compensating, so the net change on gas transport is difficult to predict. For
example, in the aryl bromination of 2,6-dimethyl-1,4-poly(phenylene oxide) the observed
minimum in gas diffusivity with extent of bromination was thought to be caused by the
competition between reduced packing and reduced chain mobility [8]. In general, chemical
substitutions which inhibit both the chain packing and the segmental mobility were found to
increase permeability and have little effect on the selectivity, while those substitutions
which decrease the segmental mobility without affecting the chain packing tended to
increase selectivity with little effect on the permeability [4].

This paper will focus on the changes in gﬁs solubility, diffusivity and permeability in
polybutadicne brominated in the solid state. Most of the previous work on the sysicmatc
modification of homopolymers has involved reaction in solution or synthesis from
substituted monomers to create homogeneous membranes. Chemically modified skinned
membranes have been made by in situ flourination of polyethylene and dramatically
reduced the permeability to CO, and CHy4 while not affecting the permeability to He [9];
the flourinated skin layer thickness, however, was not reported. In this work, the effect on
gas transport of bromine substitution to the main chain unsaturation in PB will be
examined. It is anticipated that reaction in the solid state will create a skinned membrane

with well controlled thickness, so that the effect of heterogeneous chemical modification

will be considerad.
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Experiment ction

The polybutadiene homopolymer (PB) used in this study was obtained from
Polysciences, Inc. and has a molecular weight of 200,000 g/mole with 90% 1,4 additon.
Films (about 0.2 mm thick) were made by swatic casting a 5% toluene solution onto a flat
Teflon surface. The cast films were lightly crosslinked with a 5 Mrad dose of elecron
beam radiaton before removal from the casting surface.

The conditions used to brominate the PB films have already been described in detail
elsewhere [10]. The films were submerged in a 0.1 M aqueous bromine solution at room
temperature for various reaction times. After the reaction, the films were rinsed in distilled
water for 24 hours and placed in a vacuum oven at room temperature until there was no
weight loss.

As the bromination reaction proceeded, the PB films became orange and increased in
weight and size. At complete reaction, the final weight uptake, W.., of a polybutadiene
specimen was a factor of three greater than the original weight, W,; this amount of weight
gain corresponds to the incorporation of two bromine atoms for each double bond in the
polybutadiene [11,12]. The extent of reaction will hereafter be referred to as a fraction of
the maximum achievable weight increase, i.e. W(t)/W. or W(t)/(3 W,). The glass
transition temperature (Tg), determined by differential scanning calorimetry, increased as
the bromination reaction proceeded. The Tg increased from -80°C for the unreacted PB to
35 °C for a film reacted to 2.7 % extent of reaction.

Results

Permeability Coefficient

The gas permeability coefficients for He, CO2, CHy and Ar at 35 °C were measured for

the untreated PB and the bromine modified PB films in a variable volume permeability

apparatus [13]. The permeability coefficients are shown in Figure 1 as a function of
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psrcent of reaction. The permeability coefficients for CHy, Ar and CO, decreased
dramatically as the bromination reaction proceeded; with extent of bromination ¢f only
C.5% the permeabilides of CU;, CHy and Ar dropped by over an order of magnitude and at
2.7% extent of reaction the CO, permeability coefficient dropped by almost three orders of
magniteds and those for Ar and CHy were toco low to measure in the present apparatus.
The permeability coefficient of He, however, remained relatively unaffected up t0 2.7 %
bromination.

The changes in permeability with bromination were accompanied by changes in the gas
selectivity. The selectivity characteristics can be evaluated by comparing the ratio of the
perineability coefficients for a gas pair (ideal separation factor, <) in the reacted and
unreacted films. The values of o< for the gas pairs He/CHy, He/CO, and CO,/CHy
increased from (.74, 0.16 and 4.5, respectively, in the onginal PB to 14, 1.7 and 8.3,
respectively, in the 0.5 % brominated film. For He/CO;, o< further increased to 56 in the
film reacted to 2.7 %. Brominating PB creates a membrane which greatly increases the
ideal separation factor for separations involving He; furthermore, the brominated PB is a
good barrier material for relatively large gas molecules such as CHy , Ar and CO,.

Solubility Coefficient "

The permeability coefficient of a penetrant in a homogeneous material can be broken
down into a product of the diffusion (D) and solubility (S) coefficients [14]. It is of
interest to determine whether the large decrease in P with bromination was caused by
decreases in D or S. The D and S coefficients for CO;, Ar and CHy were measured at 35
°C in a pressure decay sorption apparatus to explore the source of the permeability
decreasc. The details of the experimental apparatus and analysis technique are described
elsewhere [15].

The equilibrium solubility of CO; at 35 °C as a function of extent of bromination is
shown in Figure 2. Up to 14.3 % bromination the CO; solubility decreased by 35% of its

~vy

original value. Ar and CHy displayed similar decreases in solubility with bromination.
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Although there are measurable decreases in the gas soiubility coefficients with reaction,
these are insufficient to account for the orders of magnitude decreases in the permeability
coefficient.

Diffusion Coefficient

The diffusion coefficients for CO,, Ar and CHy at 35 °C were determined from the half-
times of the sorption curves [15]. The results for CO; are shown in Figure 3. The
diffusion coefficients decreased monotonically with increasing bromination. For 2.7 %
reacted films, the diffusion coefficients for Ar, CO, and CHy decreased by two orders of
magnitude from their oniginal values. By 14.3 % extent of reaction, the diffusion
coefficient for CO, had decreased by over three orders of magnitude.

Discussion

The large decreases in the permeability coefficient are attributable primarily to changes in
the diffusion coefficient. However, assuming the bromine reacted uniformly throughoui
the PB film to give a homogeneous material, the measured decreases in the diffusion and
solubility coefficients do not sufficiently account for the decreases in the permeability
coefficient. At 2.7 % bromination, the permeability coefficient for CO; decreased by a
factor of 690 while the combined change in thé diffusion and solubility coefficients account
for a decrease of only a factor of 90 in permeability ( assuming P =DS).

Insight to this apparent inconsistency is obtained by considering the shapes of the
sorption curve. The sorption curve for CO, in the film reacted to 2.7 % is shown in Figure
4; it has a sigmoidal shape with a slow initial gas uptake rate. This curve is indicative of a
composite material with an outside skin layer of much lower diffusion coefficient than the
bulk material [16]. For this type of composite, the gas permeability coefficient will not be a
simple product of the half-time diffusion coefficient and solubility coefficient. This
complicaton occurs in composite membranes because the diffusion coefficient calculated
from the half time of the sorption curve is not equal to the steady state effective diffusion

coefficient. Evidently, the bromine did not react homogeneously throughout the material,




and therefore agreement between the observed cnanges in the permeability coefficient and
the product of the solubility and diffusion coefficients should not be expected.

Direct evidence for the formation of a skin layer during the bromination reaction was
obtained using SEM. A film brominated to 14.3 % extent was frozen in liquid nirogen and
fractured. Specimens for SEM were prepared from the fractured sample by mounting at
two different orientations and gold coating. Figure 5a shows an example of the roughened
surface texture (observed to various extents for all the brominated materials) when viewed
normal to the film surfaces. Figure 5b shows a SEM micrograph of the fractured edge
viewed almost parallel to the film surface; this micrograph clearly reveals an outer skin
layer which is brighter thaa the inner core. The image in this micrograph was formed using
the secondary electron detector with an accelerating voltage of 25 kV. The contrast seen
can be identified with differences in the atomic number of the species in the material.
Species with higher atomic numbers (Br atom vs C atom) yield a higher concentration of
backscaitered electrons and appear brighter [17]. Since the skin layer is brighter than the
core, it clearly contains a higher bromine concentration.

The energy dispersive x-ray analyzer in the. SEM was used to quantitatively characterize
the brominated skin layer [18]. The relative bromine concentration as a function of distance
from the film edge was determined from the x-ray emission spectrum (xes) and is displayed
in Figure 6. Using the data from Figure 6, it is straightforward to estimate that bromination
to 14.3 % yields a membrane with an outer shell which is completely brominated (100 %
reacted) and which has a thickness of approximately 15 % of the bulk thickness.

The CO, d:iffusion coefficient in this fully brominated PB skin can be estimated once the
thickness is known. This calculation involves simulating the experimental sorption curve
using a finite difference method for modeling gas uptake in a composite [16]. In the
simulation, gas first diffuses through the outer skin then into the central core. There is no

net flux through the membrane in a sorption experiment since the penetrant gas enters from

aii sides. The composite was assumcd to consist of a skin layer ( the 100 % brominated




PB comprising 15% of the total thickness) with a lo'v diffucion coefficient and a central
core of pure PB. Altiiough bromine was uetected to a smaii ex:znr into the core region, this
was ignored to simplify the simulation.

The diffusion coefficients from the simulated and the measured sorption curves were
calculated from the half times. The diffusion coefficient of the pure PB core was fixed
based on the measured value of 5.0 x 10 cm?/sec determined in our laboratory while the
diffusion coefficient in the brominated skin was adjusted to create a maich between the
measwed and simulated D. The CO, diffusion coefficient in the brominated PB skin was
determined from the simulation to be 1.0 x 10-% cm?/sec with an error of 30% assuming an
error of 25% in determining the skin thickness. Thus, the solid state bromination of PB to
full conversion decreases the diffusion coefficient by 3.5 orders of magnitude.

We suggest that the decrease in gas diffusion with bromination in PB is brought about
by three factors. First of all, the removal of unsaturation in PB could decrease the
diffusion coefficient by decreasing the ease of hole formation for a diffusional jump in the
polymer; evidence for this effect was seen by the decrease in the diffusion coefficient of
octadecane in PB by a facior of two upon hydrogenation [19]. Secondly, the addidon of
bulky Br decreases the diffusion coefficient by decreasing the chain flexibility, similar to
e decrease of the Ny diffusion coefficient in PB by a factor of 10 upon methyl
substitution to yield poly(2,3-dimethyl butadiene) [20]. Finally, the addition of the polar
Br side group increases the chain cohesive energy, decreasing the diffusion coefficient;
halogen-substituted polycarbonates have lower gas diffusion coefficients than methyl-
substituted polycarbonates [21]. Thus, the structural changes in brominated PB
responsible for the lowering of the gas diffusion coefficient include both decreasing the
chain flexibility and increasing the chain cohesive energy.

The CO, permeability coefficient for brominated PB can be estimated from the skin
layer thickness data. As indicated by the xes analysis of the 14.3 % brominated sample,

the skin thickness ( as a percent of the tota! thickness ) is essentially equal to the extent of
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bromination. The skinned brominated PB is a composite laminate arranged in series with
respect to the direction of gas transport, and the permeability coerficient for such a laminaie
can be expressed as:
1/Ppar = vi/P, + vo/P;

where Ppar is the composite permeability coefficient, Py is the permeability in the skin laver
with volume fraction vy and P; is the permeability of the bulk material with volume fraction
va. For the 2.7 % brominated film, P, ( the skin layer permcability ) was calculated to be
0.021 barrer assuming that P> was pure PB and Ppar was the meusured value of 0.75
barrer.

Given the =stimated permeability and diffusion coefficients for CO; in the brominated
skin laver, the solubility coefficient of the skin can be estimated assuming the P in the
homogeneous skin layer can be expressed as a product of D and S. Using this relation, the
solubility coefficient for CO; in the fully brominated PB was estimated as .0021
cc(3TP)/cc/cm Hg, a factor of 5 lower than the CO, solubility in unmodified PB.

Conclusions

Gas permeation, diffusion and solubility have been measured for He, CO,, Ar and CHy
tor polybutadiene films exposed to an aqueoﬁs bromine solution at room temperature for
various reaction times. The bromination created a film with a skin layer of brominated PB
ana a virtually unreacted core. The skin :aycr dramatically reduced the nermeation to Ar,
CO; and CHa4, while decreasing only slightly the permeation to He. The bromination
reaction produces a material which selectively permeates gases dased on size with the cutoff
size larger then He and smaller the Ar.

Sorption curves and xes measurements allowed the estimation of the gas transport
parameters of the fully brominated layer. The CO; diffusion coefficient was estimated to
decrease by a factor of 5000, the permeability coefficient by a factor of 25,000 and the

solubility coefficient by a factor of 5 upon aqueous bromination in the solid state.
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Figure 1. Permeability of gases at 35 °C in PB films reacted to various
extents in aqueous bromine

Figure 2. Solubility coefficient of CO5 at 35° C in brominated PB films
Figure 3. Diffusion coefficient of COg at 35 °C in brominated PB films

Figure 4. Sorption uptake curve for CO2 at 35 °C in a PB film brominated
to 2.7 %. Sigmoidal shape indicates presence of skin layer.

Figure 5a. SEM top view of PB film brominated to 14.3 %. Roughness was
observed to some extent for all brominated samples

Figure 5b. SEM edge view of PB film brominated to 14.3 %.
Bright outside edge is brominated skin layer and
total film thickness is 200 p.

Figure 6. Relative Br concentration as a function of distance from
outer edge determined from xes. Film center is at 100 p.
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