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ABSTRACT

Over the last two decades, polymers with superior H,/CO, separation properties at 100 °C — 300 °C
have gathered significant interest for H, purification and CO, capture. This timely review presents

various strategies adopted to molecularly engineer polymers for this application. We first elucidate the
Robeson’s upper bound at elevated temperatures for H,/CO, separation and the advantages of high-
temperature operation (such as improved solubility selectivity and absence of CO, plasticization),

compared with conventional membrane gas separations at ~35 °C. Second, we describe commercially

relevant membranes for the separation and highlight materials with free volumes tuned to discriminate

H> and CO;, including functional polymers (such as polybenzimidazole) and engineered polymers by

cross-linking, blending, thermal treatment, thermal rearrangement, and carbonization. Thirdly, we

succinctly discuss mixed matrix materials containing size-sieving or H,-sorptive nano-fillers with

attractive H,/CO, separation properties.
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INTRODUCTION

Pre-combustion CO, capture is one of the critical
approaches to mitigate CO, emissions to the
atmosphere. 2 In this process, fossil fuels or
biomass is gasified to produce syngas comprising

mainly H and CO. The CO is then converted to CO,
via the water-gas shift reaction, producing ~55% H;
and ~40% CO, at 200 °C - 300 °C and 20-40 bar.
The shifted syngas can be separated to produce
pure H; for turbines or ammonia plants and pure
CO, for utilization or sequestration. Current
H./CO;

processes with physical solvents that absorb CO,.

technology for separation is Selexol
However, these processes are energy-intensive,
complex, and cumbersome. Polymeric membranes
have attracted significant interest for this
separation because of their high energy-efficiency,
simplicity, and small footprint.>®> While CO,-
membranes  often

below 40 °C°°
membranes operating at the syngas temperatures
(100 — 300 °C) are desirable because they avoid

the cooling of the syngas.? One of the membrane

selective operate  at

temperatures H,-selective

process designs with N, sweep on the permeate
suggest that membranes with H, permeance of
300 GPU [1 GPU = 10® cm? (STP)/(cm? s cmHg)] or
above and H,/CO, selectivity of 30 or above
provide high efficiency for membrane systems.?

Challenge of Polymers for H,/CO, Separation

Gas transport in nonporous polymers can be
described using the solution-diffusion mechanism,
and gas permeability (Pa) is expressed as:°

PA=5AXDA (1)

where Sx and D, are gas solubility coefficient and
diffusivity coefficient in the polymers, respectively.
Permeability selectivity, aas, is the permeability
ratio of the gas A to B, a combination of solubility
selectivity (Sa/Ss) and diffusivity selectivity (Da/Ds).

Table 1 shows the relevant physical properties of
H> and CO,. H; has a smaller kinetic diameter (da)
than CO; and thus higher diffusivity. On the other
hand, H, has a lower Lennard-Jones temperature
(e/k) and thus lower solubility than CO,. The



TABLE 1 Relevant Physical Properties of H, and CO, and Parameters for Ho/CO, Separation. The Ay, ,co, is
derived from Robeson’s empirical upper bound, and By, /co, is estimated at 35 °C.**

da ek AHs

Gases
A) K) (kJ/imol)
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FIGURE 1 Upper bounds of H,/CO, separation at
35 °C, 100 °C, 150 °C, and 200 °C calculated using
the parameters shown in Table 1.7* The
separation properties of commercial membrane
polymers were determined at 35 °C. 1 Barrer =
101% cm3 (STP) cm/(cm? s cmHg).

favorable H,/CO, diffusivity selectivity is offset by
the unfavorable solubility selectivity, so most
polymers exhibit moderate H,/CO,
selectivity (cf. Figure 1), including commercial

low or

membrane polymers, e.g., cellulose acetates
(CAs),* polysulfone (PSf),*> Matrimid®,** ¥’ and
poly(2,6-dimethyl-1,4-phenylene oxide) (PPO).18

To achieve high H,/CO, selectivity, polymers
should have strong size-sieving ability derived
from rigid chains and low free volumes, which
lead to low H;

usually permeability. Such

AHZ/COZ

Bu,/co, Bou,/co,
y 2 2
(Barrer®42%) (Barrer®42) /e
0.429 40 229 -543

conundrum has been articulated by the Robeson’s
upper bound plot (cf. Fig. 1), which is described

using Equation 2: 101119

AAB
Qs =BA/B/PA ! (2)

where A,,p and B,/p are constants determined
by the physical properties of the gases and
polymers (cf. Table 1). Based on the activated
both parameters can be

diffusion model,

expressed as:'©

}\A/B = (dB/dA )2 -1 (3)

and

S 1-a
I

where R is the gas constant, and T is the absolute
temperature. The constants of a and b have values
of 0.64 and 11.54 for glassy polymers, respectively.
The parameter f is a measure of polymer chain
rigidity and has a value of 59.2 kJ/mol for the 2008
Robeson’s upper bound plots.?® The activated
diffusion model does not consider non-reversible
thermal changes in polymeric materials.

Effect of Temperature on H,/CO, Solubility
Selectivity

The effect of temperature on gas solubility in
liquids or polymers are often described using a
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FIGURE 2 Effect of temperatures on (a) Ha solubility, (b) CO; solubility, and (c) H2/CO, solubility selectivity

in representative liquids (e.g., water,?> 22 hexadecane,?

van't Hoff equation:®

Sy = Sypexp (— AZ%) (5)

where Sy, is a front factor (cm?® (STP) cm?
cmHg?), and AHg, is the enthalpy of sorption
(kJ/mol). The AHs can be correlated with g/k
using the following equation:%

AHs = R (500 — 10%) (6)

As H, has lower g/k and higher AHg than CO, (cf.
Table 1), Hy/CO; solubility selectivity usually
increases with increasing temperature, though it is
always less than 1.

Due to the low H; sorption in polymers, there are
very few data of H, solubility in polymers at
elevated temperatures. Therefore, liquids are
often used as surrogates for polymers because gas
sorption is mainly governed by its condensability.
Figure 2 displays H; and CO, solubility in
representative liquids, including water,
hexadecane, and toluene at various temperatures.

325 and toluene?®33) and a polyimide (HAB-6FDA).3*

Interestingly, increasing temperature increases H;
solubility and decreases CO, solubility, both
contributing to an increase in the H,/CO, solubility
selectivity at elevated temperatures.

Similar to the liquids, rubbery polymers such as
polydimethylsiloxane (PDMS) show increased H,
solubility with increasing temperatures.®® On the
other hand, many glassy polymers (such as
polyimides and PSf) show decreased H; solubility
with increasing temperature.3* 3> Nevertheless,
Figure 2c exhibits that H,/CO, solubility selectivity
in HAB-6FDA slightly increases with increasing
temperature.3* These results suggest a benefit of
operating the separation at elevated temperatures.
Additionally, with much lower sorption at high
temperatures, the CO; cannot plasticize polymers,
and thus, the H,/CO, separation is not subject to
CO, plasticization, which, otherwise, would
weaken the size-sieving ability of polymers and
then decrease the selectivity.3®

Effect of Temperatures on H,/CO, Separation
Upper Bound

The effect of elevated temperatures on the upper



bound has also been rationalized using the
activated diffusion model:?°

A
Qau/p = .BO,A/BeY/T/PA A/ (7)

where f, /5 is a front factor. The y indicates the
effect of the temperature on the position of the
upper bound and is expressed as:

_ AHSA
vy = R

Figure 1 displays the calculated upper bounds at
various temperatures with the 8¢4/ and y values
Table 1.1 12
temperature has no effect on the slope of the

recorded in Increasing the
upper bounds and moves up the upper bound
because of the
selectivity.

increased H,/CO, solubility

Outline of This Review

This report presents the first effort to exhaustively
membranes
H./CO;
separation. By contrast, polymer architectures

and critically review polymeric

engineered for  high-temperature
pursued for conventional membrane applications
(such as 0,/N, and CO,/CH, separation) usually
operate at 20 °C — 50 °C, and therefore, design
approaches can be vastly different. Polymers for
H,/CO, separation should be thermally stable and
comprise free volume gates between their
molecular sizes (2.89 A - 3.3 A). We first review the
Robson’s  upper

membranes for this

bound and commercial
application and then
summarize  advanced functional polymers
designed for H,/CO, separation. Second, various
strategies to molecularly engineer polymers to
improve the separation properties are described,
including cross-linking, blending, and thermal
treatment (such as annealing, rearrangement, and

carbonization). Third, mixed matrix materials

(MMMs) comprising inorganic fillers are discussed.
Finally, the future development needed to bring
the technology to practical use is assessed.

HIGH-PERFORMANCE POLYMERS FOR H/CO;
SEPARATION

Commercially Relevant Membranes

Figure 3 presents the H,/CO, separation
performance of commercial membranes,
Proteus™  manufactured by  Membrane

Technology and Research, Inc. (MTR).% 37 The
Proteus membranes exhibited H, permeance of
~300 GPU with H,/CO, selectivity of ~32 when
tested with a coal-derived syngas containing 300 —
800 ppmv H,S at 150 psig and 200 °C.
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Figure 3 Commercially relevant membranes
including flat sheet Proteus®” and PBI-based HFMs
from LANL3® and SRI.3*® The upper bounds were
estimated assuming 100 nm and 300 nm-thick
selective layers.

Hollow fiber membranes (HFMs) based on m-
polybenzimidazole (PBI) have been developed
because of its good H,/CO, separation properties
(cf. Table 2) and excellent thermal stability.*® For



example, Los Alamos National Laboratory (LANL)
developed HFMs with H, permeance ranging from
200 to 400 GPU with H,/CO; selectivity of ~ 20 at
250 °C;*® SRl International (SRI) reported H,
permeance of 100 — 200 GPU and H,/CO;
selectivity of 40 — 20 at 150 — 250 °C depending on
the thickness of the selective layers.3 Due to the
in these commercial

unknown thicknesses

membranes, a direct comparison of the selective
layer materials with the upper bound is not
possible. Nevertheless, Figure 3 indicates that
these membranes could outperform most
should they be fabricated

membranes with selective layer thicknesses of 100

polymers, into

nm or 300 nm.

Table 2 Structures and H,/CO, Separation Properties in Dense Films of Representative Functionalized PBls.

35°C ~ 200 °C
Thickness
PBls Structures (Hm) ry PHZ HZ/COZ PH2 Hz/COz
(Barrer)  selectivity (Barrer)  selectivity
-
NN .
m-PBI*! ¢TI NA® 0105 24 24 220 23
b L ~
H CF;
Ny N = —
BTBP-PBI® ¢ X T /\N‘W\_&Lﬁ‘ 520 0098 123 2.4 710° 7.1¢
H FIYC’ !
TADPS-IPA" N PN
) N D
T:N_,L e @ 215 0111 3.2 19 30° 250
42 R =
TADPS-TPA*" Hiofle § ot =
¢ SR S b b
" qui\[o L0t 195 0121 37 13 31 18
TADPS- o o dl = =
{—’: [ JET T4 ok JF 19.4 0125 54 6.2 38 9.7°
OBA%1.42 N S VI S S
Phenylindane- H <
- A L 520 0142 91° 2.0° 481° 6.5°
PBI® N / L il"
B 25 M. e By
6F-PBI* [ DR 520  0.145 261 1.4 997° 5.2¢
ﬁf .,/, N N CF, "7 |n
gl R
H F H F
PFCB-PBI® N —t 520 0175  39° 2.4 323° 6.6°

@ Not available; »190 °C; ° 250 °C.

Emerging Polymer Architectures

PBIs have been leading materials for H,/CO,
separation (with performance very close to the
upper bound!?) because of the strong size-sieving

ability, which derives from m-m stacking and
hydrogen bonds. Depending on the grade of the
polymer and processing conditions, m-PBI exhibits
different H,/CO, separation properties, as the
processing conditions are intimately related to the



membrane structures. For instance, our group
reported H, permeability of 2.0 Barrer and H,/CO,
selectivity of 12 at 35 °C;''® Freeman’s group
reported H, permeability of 2.4 Barrer and H,/CO,
selectivity of 24;** and a LANL group reported H,
permeability of 3.4 Barrer and H,/CO; selectivity of
16.%0

Table 2 records a variety of functionalized PBIs,
along with their structures and separation
properties at 35 °C. The m-PBl is typically
synthesized from isophthalic acid (IPA) and 3,3'-
diaminobenzidine (DAB).%*4? By replacing IPA with
other diacids such as 5-tert-butyl isophthalic acid,
2,2-bis(4-carboxyphenyl)-hexafluoropropane, and
terephthalic acid, PBIs with different backbone
structures can be obtained, leading to higher H,
permeability but often lower H,/CO, selectivity.**
43,44 pdditionally, m-PBI is not soluble in common
organic solvents and cannot be easily fabricated
into asymmetric membranes by conventional
solution-casting methods. Therefore, a sulfonyl-
containing 3,3',4,4'-
tetraaminodiphenylsulfone (TADPS), was used to
synthesize PBIs with flexible linkages that can be

tetra-amine  monomer,

soluble in common solvents.*?

Table 2 also shows the effect of the temperature
on the H,/CO, separation properties. Increasing
temperatures increased both H, permeability
(because of the enhanced diffusivity) and H,/CO,
selectivity because of the increased solubility
selectivity. By contrast, typical gas separations are
often subject to decreased selectivity with
increasing temperatures.?°

Assuming that the PBIs have similar gas solubility,
P4 can be correlated with polymer fractional free
volume (FFV) using Equation 9:2

P, =A,exp(-B, /FFV) (9)

where A, (Barrer) is a pre-exponential factor, and
B is a constant that increases with increasing
penetrant size. The FFV can be estimated using the
following equation:

V-V,

FFV = (10)

where V is the specific volume, and V;, is the
occupied volume estimated from the van der Waal
volume.

Figure 4 presents the correlation between the FFV
and gas permeation properties at 35 °C. The
fittings are satisfactory with a Ba value of 0.75 for
H, and 1.4 for CO,, consistent with their size
the other hand, BTBP-PBI,

and 6F-PBlI showed much
higher gas permeability than expected based on

difference. On
phenylindane-PBI,

their FFV values, presumably because their
functional groups effectively disrupt the chain
packing efficiency, leading to free volume size and
distribution facilitating the gas diffusion.*®
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FIGURE 4 Effect of FFV on gas permeability and
H,/CO; selectivity at 35 °C in representative PBls.*"
%3 The lines are the best fits of the free volume
model (i.e. Equation 9).

Table 3 presents a few polymers with promising
H,/CO; separation properties at ~35 °C, including



syndiotactic
PMMA),*
crystalline copolyesters

poly(methyl methacrylate) (s-
(PANi),*®  and
(LCPs) based on p-
hydroxybenzoic acid (HBA) and 2,6
hydroxynaphthoic acid (HNA).*” The s-PMMA

45, 48

polyaniline liquid

exhibits unexpectedly high H,/CO, selectivity.
However, it becomes rubbery above its T, (118 °C)
and would likely lose the size-sieving ability.

Similar to PBI, PANi has nt-it stacking and H-bonds,
leading to low FFV and thus low H; permeability
and high H,/CO; selectivity, though it had not been
evaluated for application.
Noticeably both PBI and PANi have amine groups,

high-temperature

indicating that the presence of the amine groups
in polymers may not improve CO; solubility and
permeability under dry conditions.*

LCPs have strong m-mt stacking and efficient chain
packing, leading to low FFV and high H,/CO,
selectivity.*” Introduction of the HNA with the
nonlinear naphthyl unit disrupts crystallization and
hinders the rotation around the chain axis, slightly
increasing T, HBAgs/HNAo, exhibited FFV and
H,/CO; selectivity similar to PBI, but much lower
H, permeability due to the chain orientation and
possible crystallinity. Interestingly, increasing the
HNA content (or decreasing the m value, cf. Table
3) had a negligible effect on the FFV, but
dramatically increased the H,/CO; selectivity.
these LCPs exhibited the H
permeability too low to be useful for practical

Nevertheless,

separation and would likely lose the selectivity at
~110 °C or above.

TABLE 3 Structures and H,/CO, Separation Properties for PMMA and LCCP at 35 °C and PANi at 21 °C.

H, permeability H,/CO,
Polymers Structure FFV T4 (°C)
(Barrer) selectivity
H, G
+-
PMMA® OAO n 0.13 118 47 1
CH,
. b
m=0.3 0.106 112 0.054 101
LCPs*
m=0.58 4 o °© 0.107 109 0.063 61
(HBA/ I I 1-m
m=0.75 c e 0.107 103 0.066 51
HNA) m
m=0.8 0.107 104 0.059 27

ENGINEERING POLYMERS TO ENHANCE H,/CO,
SEPARATION PROPERTIES

Cross-linked Polymers

Polymers can be cross-linked to increase chain
rigidity and decrease FFV, thereby enhancing size-
sieving ability.® For example, thin-film composite
membranes of highly cross-linked polyamides
prepared by interfacial polymerization of m-

phenylenediamine (MPD) and trimesoyl chloride
(TMC) exhibited mixed-gas H, permeance of 350
GPU and Hy/CO, selectivity of ~50 at 140 °C,
upper bound.®!
polymerization was also used to

surpassing the Robeson’s
Interfacial
prepare highly cross-linked benzimidazole-linked
polymers (BILPs), a porous organic framework. The
membrane with ~400 nm thick BILP-101x

exhibited a H,/CO; selectivity of 40 and a H,
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FIGURE 5 (a) H,/CO, separation performance of PBIs cross-linked by HsPO, with different doping levels (x
=0-1.0) at 150 °C. (b) Modeling gas permeability and selectivity with the free volume model. Figures 5a
and 5b are adapted from 2. (c) Effect of post-cross-linking of PI (6FDA-durene) using EDA and PDA on
H,/CO, separation performance at 35 °C. Data adapted from %33,

permeance of 24 GPU at 150 °C.>*>>

Similarly, polyethylenimine (PEI) was cross-linked
by poly(acrylic acid) (PAA) using a layer-by-layer
approach and showed H,/CO; selectivity as high as
~300 with H, permeability of ~4 Barrer at 23 °C.%®
However, these PEl-based materials may not be
stable above 150 °C.

With the amine groups, PBI was cross-linked by
and 3,4-dichloro-
solutions

a,a'-dibromo-p-xylene
tetrahydro-thiophene-1,1-dioxide in

before solution-casting to form solid films.>” 58

However, H, permeability increased, and H,/CO,
selectivity decreased because the cross-linkers
disrupted the packing of PBI chains during the
drying processes and increased FFV. On the other
hand, the PBI films can be post-cross-linked using
terephthaloyl chloride (cf. 1a),1
polyprotic acids (such as phosphoric acid, cf.
Scheme 1b),*> and 1,3,5-Tris(bromomethyl)
benzene (TBB),* decreasing FFV.

Scheme



Figure 5a demonstrates the superior H,/CO,
separation properties at 150 °C in the PBI cross-
linked by H3PO, at different doping levels (x,
defined as the molar ratio of H3PO4 to the PBI
repeating units).’? Increasing x decreased H,
permeability and increased H,/CO, selectivity. At x
= 1.0, the Hy/CO; selectivity reached as high as 140,
which is the highest among the polymers reported.
Such changes can be explained using the free
volume model. As shown in Figure 5b, increasing
the x values decreased the FFV and thus gas
permeability but increased the selectivity. The PBI-
(H3POa)o.16 tested with H,/CO,
mixtures in the presence of water vapor 150 °C

was further

and demonstrated long-term stability.

As a flexible material platform, polyimides (Pls)
exhibit a strong size-sieving ability for the
separation of 0, (3.46 A) and N, (3.64 A), and CO,
and CHs (3.8 A), but not for H,/CO; separation. On
the other hand, polyimides were cross-linked by
diamines to improve the H,/CO, selectivity (cf.
Scheme 1c).%* 5% For example, the exposure of
6FDA-durene
ethylenediamine (EDA) or 1,3-diaminopropane

films to vapor-phase
(PDA) for 10 min increased H,/CO, selectivity from
1.0 to ~100 at 35 °C, as shown in Figure 5¢.>% >3
However, the cross-linked Matrimid, 6FDA-durene,
and 6FDA-ODA were not stable above 100 °C
because the reaction of imide rings and diamines
reverses.506% 70 71 nterestingly, when P84™ (a
polyimide) was cross-linked with 1,4-butylene
diamine (BuDA), the samples were stable up to
150 °C and showed H; permeability of 47 Barrer
and H,/CO; selectivity of 14 at 100 °C, which is on
the Robeson’s upper bound.”?

The cross-linking of the polyimides was often
performed with thick films (50 um), and the
reaction only occurred on the surface and not

10

evenly in bulk (as indicated by the low gel content
in the cross-linked samples).5% 52 6. 68 Therefore,
the structure/property relationship is yet to be
elucidated in these cross-linked polyimides.

Polymer Blends

PBI has been blended with polymers with higher
H, permeability and lower H,/CO; selectivity than
PBI, aiming to increase permeability while
retaining the selectivity.”> 7* These blends are
often phase-separated, and the gas permeability

(Pp) can be described using the Maxwell model:”*

(11)

P,+2P.-24,(P.-P,)
P, =P
P, +2P +4,(P.-P,)

where ¢, is the volume fraction of the dispersed
phase, and Py and P. are gas permeability of the
dispersed phase and continuous phase,
respectively. The model predicts that blending
highly permeable polymers in the continuous PBI
phase can increase H, permeability and retain the

H,/CO; selectivity from the PBI.

Figure 6 illustrates the benefits of dispersing a
highly permeable polyimide, 6FDA-DAM:DABA
(3:2) (6FDD), in the PBIL’® 6FDD showed H,
permeability of 100 Barrer and H,/CO, selectivity
of only 1.9 at 35 °C. An immiscible blend of
6FDD:PBI (50:50) exhibited H, permeability of 7.5
Barrer (much higher than 1.1 Barrer for PBI) and
H,/CO; selectivity of 10 (comparable to 11 for PBI).
The blend showed H, permeability higher than
predicted by the Maxwell model (4.1 Barrer)
because of the extra free volume derived from the
When 2-
methylimidazole (2-Ml) was added in the casting

uncontrollable phase separation.

solution (9 wt%) to improve interface stability,

H,/CO, selectivity increased to 40, and H,



permeability decreased to 4.0 Barrer because of
the residual 2-MI at the interface after thermal
annealing.” Similarly, PBI was blended with HAB-
6FDA-CI (with H, permeability of 24 Barrer and
H,/CO, selectivity of 4.3 at 35 °C).”* 1-
Methylimidazole (1-MI) was added in the casting
solution as a compatibilizer and then removed
during the thermal annealing. Introducing 33 wt%
HAB-6FDA-CI in PBI increased H, permeability
from 3.7 Barrer to 4.3 Barrer while retaining the
H2/CO; selectivity (~16).

100 ———rrr—— T ——
- 35°C 1
9 Wt% 2-M
6FDD:PBI (50:50)
2
2 - J
g PBI Upper bound
2 10 35°C
S F 6FDD:PBI ]
= (50:50)
6FDD
1 " MR | " M E e |
1 10 100

H2 permeability (Barrer)

FIGURE 6 Effect of blending 6FDD with PBI and a
compatibilizer (2-Ml) on the H,/CO, separation
properties at 35 °C.”3

PBI was also blended with glassy polymers other
than Pls. For example, thermosets of PBI and
(PMF) were
synthesized and showed H, permeability of 57
Barrer and H,/CO; selectivity of 13 at 250 °C.”
Asymmetric membranes based on blends of PBI

poly(melamine co-formaldehyde)

and polymers of intrinsic microporosity (PIM)
displayed H, permeance of 58 GPU and H,/CO,
selectivity of 24 at 250 °C."®

PBI can be blended with sulfonated

polyphenylsulfone (sPPSU) and cross-linked with
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a,a’-dibromo-p-xylene, leading to H, permeability
of 46 Barrer and H,/CO; selectivity of 9.9 at
150 °C.”” The blends were fabricated into HFMs
with H, permeance of 17 GPU and H/CO,
selectivity of 9.7 at 90 °C.”® 7® When a blend of
PBI/Matrimid (75/25) was cross-linked with p-
xylene diamine, the H,/CO; selectivity increased
from 9.4 to 26, and H; permeability decreased
from 5.5 Barrer to 3.6 Barrer.®

Thermally Treated, Rearranged, and Carbonized
Polymers

Thermal treatment is a powerful route to modify
polymer morphology. PBI can be grafted with
thermally labile groups, such as low molecular
(PEO) and

poly(propylene carbonate) (PPC), which can then
781

weight  poly(ethylene  oxide)

be removed and created “nanovoids. For
instance, thermal annealing of PBI grafted with 13
wt% PEO at 400 °C increased H, permeability from
4.0 Barrer to 6.9 Barrer and H,/CO; selectivity from
7.5 to 10 at 35 °C. Similarly, thermal treatment of
a PBI/PANi (80/20) blend
permeability from 0.98 Barrer to 5.6 Barrer and
H,/CO; selectivity from 5.7 to 15 at 30 °C.%2

increased H;

Polyimides with orthohydroxy groups can be
thermally rearranged, yielding TR polymers with
rigid structures and strong size-sieving ability and
cavities, leading to high gas permeability.®
However, similar to polyimides, TR polymers often
have cavities too large to discriminate H; and CO,
separation. On the other hand, poly(benzoxazole-
co-amide) (PBOA) was prepared from poly(o-
hydroxyamide-co-amide) through in-situ thermal
cyclization reaction, leading to small cavities.®* An
example TR polymer (PHBOA(8:2)) exhibits H,
permeability of 1.8 Barrer and H,/CO> selectivity of
8.4 at 35 °C, which varied to 26.8 Barrer and 8.0 at

210 °C, respectively. PBI was also blended with a



precursor HAB-6FDA-CI with a compatibilizer of 1-
MI before the thermal rearrangement at 400 °C.”
The rearrangement of 20/80 HAB-6FDA-CI/PBI had
minimal effect on H; permeability but
unexpectedly increased the H,/CO, selectivity
from 17 to 42 at 35 °C because of the ordering and
densification of the PBI phase facilitated by the 1-

MI during the thermal treatment.

Polymers can be carbonized to form carbon
molecular sieves (CMS) with strong size-sieving
abilities. Figure 7a illustrates the carbonization of
PBI. The resulting morphology features a bimodal
pore size distribution populated with micropores

(7-20 A) providing high gas permeability and
ultramicropores (< 7 A) yielding the strong size-
sieving ability.* 8% Fig. 7b presents the effect of
the carbonization temperature for PBl on pure-gas
H, and CO; permeability at 100°C and 7.4 atm.
When carbonized at 700 °C, the obtained
PBI@700 exhibits H, permeability almost 2 orders
of magnitude higher than PBI with a decrease of
H,/CO, selectivity from 14 to 8.7 at 100°C.
However, PBI@900 exhibits remarkably higher
H,/CO, selectivity of 80 with lower H, permeability
than PBI@700, presumably because of the
densification and formation of smaller pore sizes.%

(b) 100 ——rrm——rrrm—rrrm—rrrrmy (c) W B B B B
[ 900 & 100 °C ] | O Kapton@
PBI@T (°C) ] 1100-50
(a) B 1 Kapton@ O
= 1000-50
100 PBI@ -
% 2z 1 2 F ©900-100 ]
—) 2 @«,800 2 Celo@ ~
N2 § e PBI 600 > e
@ s0F s> 15
Nn 600-900°C v 8 700 7 8
" /L©7\ —) = = PBI@
) o N\ = T 10} 800-100.]
Poly(benzimidazole) “hourglass” - ]
(PBI) structure Upper bound [
100 °C
10°  10' 10° 10° 10* 0.1 1 10 100 1000

H2 permeability (Barrer)

Hz permeability (Barrer)

FIGURE 7 (a) Schematic of the carbonization of PBI to create microporous structures and ultra-
microporous channels; (b) Pure-gas H,/CO, separation performance for various PBI CMS samples. (c)
Comparison of various carbonized polymers, including PBI@700-100 and PBI@900-100,%® P/M@800-35,%
P84@900-100,%° Celo@600-30,% and Kapton@1000-50 and Kapton@1100-50.°! The last number is the
testing temperature (°C) for gas permeation. Figures (a) and (b) are reproduced with permission, ACS

Publication, 2019.

Other polymers have also been pyrolyzed at high
H,/CO,
separation properties, as shown in Figure 7c. For
instance, Kapton with a low FFV (0.098) was
carbonized at 1000 °C (Kapton@1000) and
showed extremely high H,/CO, selectivity of 161

temperatures to achieve superior

and H, permeability of 7.2 Barrer at 50 °C.™!
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Kapton@1100 exhibited even higher H,/CO>
selectivity (343) with H, permeability of only 0.32
Barrer at 50 °C. HFMs of P84 were carbonized at
900 °C, increasing H,/CO, selectivity from 6.6 to
16.4 and decreasing H, permeance from 48 GPU to
8.2 at 100 °C.% Carbonization of cellophane at 600 °C
(Celo@600) yields H, permeability of 39 Barrer



and H,/CO; selectivity of 59 at 30 °C.%°

Carbonization can be combined with blending and
cross-linking to improve the separation properties.
For example, carbonization of a 50/50
PBI/Matrimid blend at 800 °C (P/M@800)
increased H, permeability from 13 Barrer to 324
Barrer and H,/CO, selectivity from 6.0 to 8.8 at
35 °C.® On the other hand, if the blend was cross-
linked via 5-day exposure to p-xylene diamine
before the carbonization, the CMS exhibited H,
permeability of = 90 Barrer and H,/CO; selectivity
of = 24.

MIXED MATRIX MATERIALS (MMMs)

MMMs comprising polymers and nano-fillers have
attracted interests for membrane gas separations
because the MMMs synergistically combine the
good processability of polymers and the unique
properties of the fillers.®* 9 For example, fillers
with high porosity and large pores can be used to
increase permeability but cannot increase
selectivity, such as COF NUS-3 with hexagonal
channels of 1.8 nm% and zeolite MCM-22 with
pore sizes of 0.6 nm and 1.4 nm.% Instead, this
review focuses on the MMMs with improved

diffusivity selectivity or solubility selectivity.

MMMs with Enhanced H,/CO;
Selectivity

Diffusivity

Figure 8a shows the schematic of the MMMs
comprising porous fillers with a strong size-sieving
ability for H,/CO, separation. Metal-organic
frameworks (MOFs) have emerged as a promising
material platform because of their well-controlled

pore sizes, such as ZIFs and UiO-66-type MOFs.

Figures 8b and 8c present H,/CO, separation
properties of PBI-based MMMs at 35 °C and 150 -
230 °C, respectively. Incorporation of MOFs can
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increase both H, permeability and H,/CO;
selectivity. For example, ZIF-7 has a pore aperture
of 3.1 A between the kinetic diameter of H, and
CO; (cf. Table 1). Due to the pore breathing effect,
CO; can swell the ZIF-7 crystals, leading to an
experimental H,/CO; selectivity of 13 in a ZIF-7
thin layer.®® On the other hand, adding 50 wt% ZIF-
7 in PBI [PBI/ZIF-7(50)] increased H, permeability
from 3.7 Barrer to 26 Barrer and H,/CO; selectivity
from 8.7 to 15 at 35 °C.°” At 180 °C, H,/CO;
selectivity in PBI/ZIF-7(50) decreased to 8.5. While
the effect of the ZIF-7 loading on CO; permeability
can be described using the Maxwell model, the H;
permeability was much higher than the predicted
values.”’

With aperture sizes of 11.6 A and 3.4 A, ZIF-8 has
a theoretical H, permeability of 22,000 Barrer
(calculated using diffusivity obtained from kinetic
uptake measurements) and H,/CO, selectivity of
6.7 at 35 °C%% % When
polydopamine-functionalized stainless-steel-nets,
a ZIF-8 layer showed a H»/CO, selectivity of 8.8 at
100 °C,'® similar to the theoretical value.

supported on

Interestingly, adding 30 wt% ZIF-8 in PBI increased
H, permeability from 3.7 Barrer to 105 Barrer and
H,/CO; selectivity from 8.6 to 12 at 35 °C.1%! PBI-
ZIF-8(30) was fabricated into HFMs and exhibited
H, permeability of 470 Barrer and H,/CO,
selectivity as high as 26 at 230 °C.2%? PBI/ZIF-8(10)
based HFMs exhibited H, permeability of ~33
Barrer (estimated based on permeance of 107
GPU and the selective layer thickness of 307 nm)
and H,/CO; selectivity of 16 at 150 °C.1% Another
PBI/ZIF-8-based HFMs showed H, permeance of
22 GPU and Hy/CO; selectivity of 22 at 250 °C, and
the selective layer thickness was not
reported.’® The increased selectivity with the ZIF-
8 loading cannot be explained using the Maxwell

model.
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FIGURE 8 (a) Schematic of MMMs with enhanced H,/CO, diffusivity selectivity. Pure-gas H,/CO, separation
performance for PBl-based MMM s at (b) 35 °C and (c) 150 °C - 230 °C, including PBI,** AMH-3(14),%® ZIF-
7(50),%7 ZIF-8(10),1% zIF-8(30),'°% 192 7|F-90(45),1% Ui0-66(10),%® and NUS-2(20).°* The numbers in the

brackets refer to the loaing of the filler (wt%).

With an aperture size of 3.5 A and pore size of 11.2
A, ZIF-90 showed an ideal H,/CO; selectivity of 7.2,
as determined for a dense layer on a porous
ceramic support.’®” However, PBI/ZIF-90(45)
exhibited H, permeability of 24 Barrer and H,/CO,
selectivity of 25 at 35 °C, which changed to 227
Barrer and 13 at 180 °C, 105
Additionally, UiO-66 has triangular pores of ~ 6 A,
and its thin layer exhibited a H,/CO, selectivity of
5.1.1% When UiO-66(Hf)-(OH), with reduced pore
sizes of ~ 4 A was incorporated in PBI at 10 wt%, H,

respectively.

permeability increased from 3.6 Barrer to 8.1
Barrer, and H,/CO; selectivity increased from 9.0
to 19 at 35 °C.10¢

PBI was also blended with other nano-fillers to
improve the H,/CO, separation properties. For
instance, two-dimensional layers of COF NUS-2
with pore sizes of 0.8 nm were incorporated at 10
wt% and increased H,/CO, selectivity to 31.%
Layered silicates of AMH-3 pore size of 3.4 A were
sequentially intercalated by dodecylamine and DL-
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histidine before the dispersion. At 3 wt%, the
nanoporous silicate increased H,/CO, selectivity
from 15 to 40 at 35 °C.%

Table 4 shows that cross-linked polyimides can also
be blended with nano-fillers (mainly MOFs) to
improve the H,/CO, separation properties. For
example, ZIF-71 has an aperture size of 4.2 A.1%®
6FDA-durene/ZIF-71(10) was cross-linked with
tris(2-aminoethyl) amine (TAEA) vapor for 1 h,
which increased H,/CO, selectivity to 50 and
retained H, permeability at ~270 Barrer at 35 °C.%"
110 MMM s containing 6FDA-durene and ZIF-8*% 112
or Matrimid and ZIF-90'** were cross-linked with
EDA vapor and achieved superior separation
performance at 35 °C. However, the cross-linking
with diamine is reversible at high temperatures,
causing a dramatic decrease of H,/CO, selectivity
at 150 °C for 6FDA-durene/ZIF-71(10) (cf. Table 4).

Table 4 also records two other MMMs with
interesting H»/CO, separation properties. Nano-
sodalite (Nano-SOD) crystals have an aperture size



of 2.8 A, and 10 wt% loading in polyetherimide led
to H, permeability of 7155 Barrer with H,/CO,
selectivity of ~28 at 25 °C.1* PMMA was blended
with CAU-1-NH, (with an aperture size of 3—4 A)
and showed very high H, permeability with good
selectivity.!*®> Additionally, when the ZIF-8 (~0.62

wt%) was incorporated into the polyamide-based

TFC membranes prepared by interfacial
polymerization, H,/CO; selectivity increased from
7.9 to 15, and H, permeance decreased from 500

GPU to 320 GPU at 180 °C.1¢

TABLE 4 Non-PBIl-based MMMs with Promising Separation Performance at Different Temperatures.

MMMs Temperature H, permeability Ho/CO,
Ref.
Polymers Filler(wt%) Cross-linker (°C) (Barrer) selectivity
None None 35 220 0.2
6FDA-durene 35 270 50 &
ZIF-71(10) TAEA
150 1600 2.4
None TAEA 35 300 47
6FDA-durene 110
ZIF-71(20) TAEA 35 581 252
None EDA 35 117 24
6FDA-durene o
ZIF-8(50) EDA 35 501 29
None EDA 35 52 130
6FDA-durene 12
ZIF-8(33.3) EDA 35 284 12
None None 25 28 3.5
Matrimid 5218 i
ZIF-90(25) EDA 25 19 9.5
None None 25 14 NA
Polyetherimide 4
Nano-SOD(10) None 25 7,155 28
None None 35 5000 3
PMMA ifils
CAU-1-NHx(15) None 35 11,000 13
None None 180 500°? 7.9
Polyamides 116
ZIF-8(0.62) None 180 3202 15
@ permeance with a unit of GPU, instead of permeability.
MMMs with Enhanced H,/CO;, Solubility MMMs containing 2-4 wt% Pd into PBI exhibited
Selectivity H,/CO, selectivity of 19 at 200 °C,*® and

Palladium (Pd) can chemically dissolve H, to form
palladium hydrides (PdH,), providing extremely
high H, reversible sorption up to 500-1000 cm?3
(STP) em3,3>117 much higher than that in polymers
(~ 0.1 cm3 (STP) cm3). Therefore, Pd nanoparticles
were dispersed in the polymer matrix to improve

H,/CO, separation performance. For instance, the
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incorporation of 23 wt% Pd in PBI-HFMs showed
H,/CO, selectivity of 10 at 60 °C.!'® These
selectivity values are similar to that in the pure PBI,
presumably because of the low Pd loading.

Figure 9a displays the dispersion of high content
of Pd nanoparticles (¥~ 5 nm in diameter) in PBI to
enhance H,/CO, separation properties. For
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FIGURE 9 (a) Schematic of H, hopping among Pd nanoparticles in PBl-based MMMs with enhanced H,

solubility.®® (b) Effects of Pd loading on H, and CO, permeability at various temperatures. (c) Pure-gas

H,/CO, separation performance of Pd/PBI-xx at 200 °C, where xx refers to the volume percentage of the

Pd nanoparticles in the MMMs. Figures (a) and (b) are reproduced with permission. Wiley, 2019.

example, the MMM containing 12 vol% Pd
exhibited H, solubility of 10 cm? (STP) cm™ atm™
and Hy/CO; solubility selectivity of 28 (near three
orders of magnitude higher than that in PBI).

Figure 9b elucidates the effect of the Pd loading on

gas permeability at various temperatures.
Increasing the loading increased H, permeability
because of the enhanced H, solubility. Additionally,
the presence of Pd nanoparticles decreased CO;
solubility and diffusivity. Both contributed to the
increased H,/CO; selectivity. The effect of the Pd
loading on the gas permeability can be
satisfactorily described using the Maxwell model.
Figure 9c demonstrates that increasing the Pd
loading increased both H, permeability and H,/CO,
selectivity, above the upper bound.®* The MMMs
were demonstrated with stable permeability and
selectivity in the presence of water vapor and ~5

ppm H,S.

CONCLUSIONS
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The need for operation at elevated temperatures
for H,/CO; separation presents a new opportunity
for the evolvement of polymeric membranes.
Increasing the temperature increases H,
permeability and H,/CO; solubility selectivity and
could increase H,/CO, selectivity. Therefore,
up the

in the

increasing the temperature moves
permeability/selectivity upper bound
Robeson’s plot. This review summarizes emerging
H./CO;

separation properties, and the associated design

polymeric materials with superior
strategies, which can also guide membrane

development for other gas separations.

One effective design strategy to increase the
H,/CO, selectivity in polymers is to decrease free
volume and increase size-sieving ability, as
exampled by thin-film composite membranes of
Proteus and PBIl-based HFMs. PBIs also serve as
the base polymers for a variety of modifications,

such as cross-linking, thermal treatment, and



carbonization.  Cross-linking and  thermal
treatment often tighten the structure, increasing
the selectivity but decreasing H, permeability. The
both
permeability and selectivity, depending on the
flexible

material platform, but they usually do not have

carbonization of PBI may increase

conditions. Polyimides are another
good H,/CO, selectivity. Polyimides can be cross-
linked with diamines to dramatically increase the
selectivity. However, the cross-linking is reversible
at high temperatures, leading to low selectivity at

150 °C or above.

H,/CO, selectivity can also be increased by
dispersing Pd NPs in PBI to improve the solubility
selectivity. Increasing the Pd loading increases
both H; permeability and the selectivity, which can
be satisfactorily described using the Maxwell
model.

PBI can be blended with highly permeable
polymers to form phase-separated blends with a
which
permeability while retaining the H,/CO; selectivity.

continuous PBI phase, increase H,
MMs comprising inorganic nano-fillers have been
extensively explored, including MOFs. Interestingly,
most MOFs (such as ZIF-7, ZIF-8, ZIF-71, ZIF-90, etc.)
do not have good H»/CO, selectivity. However,
after incorporation into the polymers (PBI or
polyimides), the selectivity can be significantly
improved, which cannot be explained using the

Maxwell model.
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