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ABSTRACT

Polybenzimidazole (PBI) with a strong size-sieving ability exhibits attractive H2/CO2 separation
properties for blue Hz2 production and CO2 capture. Herein we report that PBI can be facilely cross-
linked with polycarboxylic acids, oxalic acid (OA) and trans-aconitic acid (TaA), to improve its
separation performance. The acids react with the amines on the PBI chains, decreasing free volume
and increasing size-sieving ability. The acid doping increases H2/COz selectivity from 12 to as
high as 45 at 35 °C. The acid-doped samples demonstrate stable H2/COz separation performance
when challenged with simulated syngas containing water vapor at 150 °C, which surpasses state-

of-the-art polymers and Robeson’s upper bound for H2/CO: separation.

Keywords: polybenzimidazole; polycarboxylic acid; H2/CO: separation; cross-linking;

membranes; carbon capture



1. INTRODUCTION

Pre-combustion CO:z capture with H2 production is a promising approach to eliminate the
emission of CO2 from large source points such as power plants, realizing a clean utilization of
fossil fuels.!”> In this process, fuels are gasified to generate gas mixtures containing H> and CO,
and the CO is further shifted to H2 and CO2.° For Hz to be used in a green manner, the CO2 must
be captured for utilization or sequestered. Membrane technology has been extensively explored
for H2/COz separation application due to its inherently high energy efficiency, small footprint, easy
scale-up and low maintenance.* 71

Gas transport through nonporous polymers usually follows the solution-diffusion
mechanism, and gas permeability (P4) can be expressed as:’

Py,=S,X%XD, (1)
where S4 is gas solubility, and D4 is diffusion coefficient. Gas selectivity (a.4/5) is the ratio of their
permeability (i.e., a4/ = Pa/Pg) and the combination of solubility selectivity (S4/Sz) and diffusivity
selectivity (D4/Ds). For H2/COz separation, the S4/Sp is always less than 1 because H: is less
condensable than CO2.® On the other hand, Hz has a smaller molecular size (2.89 A) than CO2 (3.3
A); therefore, membrane materials with a strong size-sieving ability is desirable to achieve high
diffusivity selectivity, and thus high permeability selectivity.®

Industrial gas separation membranes are usually made of polymers, and polybenzimidazole
(PBI) with a glass transition temperature of above 400 °C has emerged as a leading polymer for
H>/CO: separation at high temperatures.® !!"13 Commercial m-PBI exhibited H2 permeability of 27

Barrer (1 Barrer = 1071 cm® (STP) cm? 5! emHg™!) and Ha2/CO:z selectivity of 16 at 150 °C.* PBI
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was further cross-linked with terephthaloyl chloride (TCL),” 1,3,5-tris(bromomethyl)benzene
(TBB),'* and a,a’-dibromo-p-xylene (DBX)'® to enhance the size-sieving ability and thus H2/CO2
selectivity. For example, the cross-linking with TCL increased H2/CO: selectivity by almost 100%
and retained 78% H2 permeability at 150 °C.” For optimal performance, the cross-linkers should
have multi-functional groups with high reactivity with PBI and low molecular weight to retain the
PBI structure.'®

Recently, we reported a facile cross-linking of PBI via proton transfer and hydrogen
bonding using phosphoric acid (H3PO4) and sulfuric acid (H2S04).* Increasing the acid doping
level (defined as the molar ratio of the acid to PBI repeating units) resulted in a phenomenal
increase in H2/CO: selectivity.* For instance, as the doping level approached 1, H2/CO: selectivity
reached an unprecedented value of 140 at 150 °C. H3POa has pKai, pKaz, and pKas values of 2.15,
7.20, and 12.3, respectively, suggesting that it has only one free proton. By contrast, H2SO4 has
two free protons (<1 for pKai and 1.92 for pKaz) and stronger acidity than H3POa. Interestingly, at
a doping level of =~ 0.24, H2SO4 and H3POs showed very similar H2/COz separation properties,
despite their difference in the free protons and pKa values.* Therefore, the understanding the effect
of the number of free protons and acidity strength on the H2/CO2 separation properties can be
critical to designing high-performance membrane materials for this separation.

Herein we chose two polycarboxylic acids for PBI doping, namely oxalic acid (OA) and
trans-aconitic acid (TaA), as shown in Fig. la,b. OA has two free protons with pKai and pKaz
values of 1.27 and 4.27, respectively,!” and TaA has three protons with pKai, pKaz, and pKas

values of 2.91, 4.33, and 6.16, respectively.'® Both acids have similar structures and stronger
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acidity than H3POs. We systematically determine the effect of the acid doping on physical
properties of PBI (such as density, thermal stability, and free volume) and gas transport properties
(such as pure-gas sorption and pure- and mixed-gas permeability) at various temperatures. The
samples with promising separation properties were further evaluated with simulated wet syngas

mixtures for extended tests to demonstrate their promise for industrial H2/COz separation.
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Fig. 1. Cross-linking PBI by OA and TaA. Schematic illustration of (a) PBI-OA and (b) PBI-TaA.
(c) Doping level as a function of the doping time. The molar ratio of the acid in the solution to the
PBI repeating unit is 0.25 for OA and 7 for TaA. (d) Effect of the acid/PBI molar ratio in the
doping solutions on the doping level at equilibrium.



2. EXPERIMENTAL SECTION
2.1 Materials

Celazole® PBI S10 solution was purchased from PBI Performance Products Inc.
(Charlotte, NC). The solution contains =~ 9.5 wt% PBI (with a molecular weight of 35 kDa) in N,N-
dimethylacetamide (DMAc). OA, TaA, and methanol were procured from Sigma-Aldrich
Corporation (St. Louis, MO). Gas cylinders of H2, CO2, and N2 with ultrahigh purity were obtained
from Airgas Inc. (Buffalo, NY).

2.2 Preparation of thin films

PBI films were prepared by a solution casting method.* 7 First, ~2 mL of PBI S10 solution
was filtered through a 0.45 um syringe filter (Thermo Fisher Scientific, Waltham, MA). Second,
the filtered solution was cast on a glass plate using a casting knife (BYK-Gardner, Pompano Beach,
FL). Third, the liquid film was dried overnight in a conventional oven at 60 °C under N2 flow,
followed by heating at 200 °C under vacuum for 48 h. Fourth, the dried film was peeled off the
plate and then immersed in methanol at = 23 °C for 24 h to remove the residual DMAc. Finally,
the film was vacuum-dried at 100 °C for 12 h. The PBI film was determined to have a thickness
of = 12 um.

To prepare an acid-doped film, a PBI film (~ 120 mg) was first immersed in 100 mL
methanol at = 23 °C. Second, the desired amount of OA or TaA was added to the solution. The
molar ratio of the acid in the solutions to the repeating units of the PBI film was varied from 0.25
to 1 for OA, and from 1 to 7 for TaA to achieve different doping levels. Doping time was set at 24

h for OA and 72 h for TaA to ensure that the acid was evenly distributed in the film at equilibrium.
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Finally, the film was taken out of the solution and dried in the vacuum oven at 100 °C for 12 h.

The doping level (x) was calculated using the following equation:

_AmjM,
M, )

where M, is the molar mass of the acid (90 g mol™! for OA and 174 g mol™! for TaA), and M, is the
molar mass of the PBI repeating unit (308 g mol™'). The my is the mass of the dry sample before
the acid doping, and Am is the mass increase caused by the acid doping. The doped samples are
denoted as PBI-OA\ or PBI-TaAx, depending on the acid used.
2.3 Characterization of PBI-OA and PBI-TaA films

Attenuated total reflection—Fourier transform infrared spectroscopy (ATR-FTIR) was

performed using a vertex 70 Burker spectrometer (Bruker Scientific LLC, Billerica, MA). For each

1 1

sample, 100 scans were performed in the range of 450-4000 cm ™ at 4 cm™ ' resolution. Thermal
properties of the samples were determined using an SDT Q600 thermogravimetric analyzer (TA
Instruments, New Castle, DE) from = 23 °C to 800 °C at a ramping rate of 10 °C/min under N2
flow. The ramping rate of 10 °C/min is typical for the study of polymers, as used in other reports.*
7,14,19

Wide-angle X-ray diffraction (WAXD) patterns were obtained using a Rigaku Ultima IV
X-ray diffractometer (Rigaku Analytical Devices, Wilmington, MA) with the CuKa x-ray
wavelength of 1.54 A. The scanning has a 20 range of 5 — 45° and a rate of 1.0 °/min.

The sample density (pm) was determined using an analytical balance (Mettler-Toledo,

Columbus, OH) based on the Archimedes’ principle. The pm can be calculated as followed:*’



Pu=—"—p, 3)

m,-m,
where m4 and m. are the sample mass in air and an auxiliary liquid, respectively. pi is the density
of the auxiliary liquid (i.e., iso-octane with a density of 0.69 g/cm?).

Pure-gas permeability was determined at various pressures and temperatures via a constant-
volume and variable-pressure system. The permeability was calculated using the following
equation:*’

= it (i) ™ (68 “
where V) is the downstream volume, /» is the film thickness, 4 is the effective film area for gas
transport, R is the gas constant, and 7 is the temperature. The (dp1/df)ss and (dpi/d)ieak are the
steady-state rate of pressure rise in the downstream volume at the feed pressure (p2) and under
vacuum, respectively.

Mixed-gas permeability was determined using a constant-pressure and variable-volume

apparatus with a sweep gas of N2 on the permeate side and can be calculated using Eq. (5):*7

p, = X4'Qs'lm
A Xsweep'Am(pz,A_pl,A)

(5)
where Qs is the flow rate of the sweep gas. The x4 and xsweep are the mole fraction of gas component
A and sweep gas in the sweep-out stream, respectively, which were measured using a 3000 Micro
GC (Inficon Inc., Syracuse, NY). For the long-term stability testing, water vapor was introduced
by flowing the feed gas through a water bubbler at 23 °C before entering the permeation cell. Since

the permeation cell was at 150 °C, water condensation in the cell was not expected.



Gas sorption isotherms of the samples (~ 80 mg) with a thickness of =12 pm were
determined using a gravimetric sorption analyzer of IGA 001 (Hiden Isochema, Warrington, UK),
at various pressures (i.e., 3.4 bar, 7.0 bar, and 10 bar) and temperatures (i.e., 35 °C and 150 °C).
CO2 and C2Hs sorption at each pressure reached equilibrium in ~ 10 h and ~ 20 h, respectively.

The buoyancy effect was considered in the calculation of gas sorption.*’

3. RESULTS AND DISCUSSION
3.1 Effect of acid doping on physical properties

Fig. lc displays the effect of the doping time on the acid doping level of = 12 um thin PBI
films. The doping level increases with increasing doping time and levels off after 24 h for PBI-OA
and 72 h for PBI-TaA. The difference is consistent as TaA has a larger molecular size than OA,
and thus requires a longer doping time before reaching equilibrium. Therefore, the doping time
was set at 24 h for PBI-OA and 72 h for PBI-TaA to ensure even acid distribution in the films. Fig.
1d elucidates the method used to control the doping level of PBI films (i.e., changing the molar
ratio of the acid to the PBI repeating units in the doping solutions). Increasing the acid amount
increases the doping level. Due to the equilibrium for the acids between the solution and the PBI
films, the doping level is lower than the molar ratio of the acid to the PBI repeating units in the
solutions, particularly at high doping levels. Therefore, the maximal doping level obtained in this
study was 0.32 for TaA and 0.49 for OA.

Fig. 2a displays the FTIR spectra of both PBI-OAo.49 and PBI-TaAo.32, which exhibit a

characteristic peak of COO™ at 1550 cm '.?° This suggests that the protons transfer from the
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carboxylic acid (-COOH) groups to the amine groups on the PBI chains, thus confirming the acid-
base reaction. PBI-TaAo.32 shows a small characteristic peak of the unreacted -COOH groups at
1720 cm ™!, presumably due to the high pKas value and low acidity. The C=N stretching can be
seen on PBI spectra at 1620 cm™! but shifts to 1630 cm™ for the acid-doped samples because of
the hydrogen bonding.?" 2 The N-H stretching of the imidazole rings on the PBI chains overlaps

with the hydrogen bonding between the PBI and acid, and thus are not displayed in Fig. 2a.!*
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Fig. 2. Characterization of PBI, OA, TaA, PBI-OAo.49, and PBI-TaAo32. (a) FTIR spectra; (b) TGA
curves; (c) derivative thermogravimetric analysis (DTA) curves; WAXD patterns of (d) pure OA
and TaA, (e) PBI-OA., and (f) PBI-TaA.. The double dotted lines show the peaks and
corresponding 20 values, which are used to calculate the d-spacing.
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Fig. 2b,c compares the thermal stability of pure acids and two representative samples of
PBI-OA and PBI-TaA. Both OA and TaA start to degrade at ~150 °C. However, PBI-OAo.49 and
PBI-TaAo32 have degradation temperatures of ~230 °C and ~260 °C, respectively, indicating
improved acid thermal stability when reacted with PBI. At 580 °C, PBI exhibits 2% mass loss,
while PBI-OAo.49 containing 12 wt% OA and PBI-TaAo.32 containing 15 wt% TaA show a mass
loss of 8.5 wt% and 13 wt%, respectively. The lower mass loss values than the acid content can be
ascribed to the partial degradation of the acids. The DTA peaks above 580 °C are attributed to the
degradation of the PBI backbones.’

Fig. 2d displays WAXD patterns of pure OA and TaA at = 23 °C, and the sharp peaks
indicate that they are crystalline. By contrast, these sharp peaks disappear in the patterns of the
acid-doped PBIs (cf. Fig. 2e,f), suggesting that the reaction with PBI causes structure modification
of the acids, from crystalline to amorphous in PBI films. PBI has a characteristic peak at 22.5°,
corresponding to a d-spacing (represents the average inter-segmental distance between polymer
chains) of 0.39 nm according to Bragg’s equation.?® By contrast, PBI-OAo.49 and PBI-TaAo.32 show
the d-spacing of 0.37 nm, confirming the tightened structure by acid doping. Fig. S1 shows that
increasing temperature increases the d-spacing.

Fig. S2a shows that the density of the acid-doped PBI (pm) increases with increasing acid
doping level. To elucidate the reaction between the acids and PBI, the pm is described using an

additive model:**

1 o, o 1 (1 1
—_— =t —=—4+ —-— a)a (6)
Pm  Pp Pa Py Pa Py



where w is the weight fraction, and the subscripts of p and a represent the PBI and amorphous
acid, respectively. This model assumes that the density of PBI and amorphous acid are independent
of the composition. While this model might not depict the physical presentation of the acid-doped
PBI, there is no reported way to obtain the pp and pa values, which are also needed for the analysis
of the free volume. Fig. 3a also shows that the p» data can be satisfactorily modeled with the pq
value of 2.27 g/cm? for OA and 1.87 g/cm?® for TaA, which are higher than the pure acid densities
(1.90 g/cm® for OA and 1.70 g/cm® for TaA), though the pure acids are crystalline. While the
crystalline phase of most materials exhibits higher density than their amorphous phase, several
polymers were reported with higher density for the amorphous phase than the crystalline phase,
such as poly(4-methyl-1-pentene) (PMP)? and poly(2,6-dimethyl-1,4-phenylene)oxide (PPO).%
Nevertheless, the preparation of amorphous acids and their density measurement is beyond the

scope of this study.
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are from the literature.*

The free volume of a polymer is an important parameter to determine its gas diffusivity.?’

However, polymers are often nonporous, and the free volume cannot be directly measured using

low-temperature gas adsorption measurement and Brunauer—Emmett—Teller (BET) theory. For

example, PBI shows negligible porosity and surface to volume ratio in the BET measuremen

13
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Instead, fractional free volume (FFV) of the polymers is often used as an indicator of the free

volume and can be estimated from the density using the following equation:* 2’

V-V, V-137,

where V and Vo are the specific volume and occupied volume, respectively. Vo equals to 1.3 times
of the Van der Waals volume (V3), which can be estimated by the group contribution method (cf.
Table S1). Fig. 3b shows that FFV decreases with increasing x, which is consistent with the d-
spacing results and thus confirms the tightened structure by acid doping. The FFV of PBI-TaA
decreases at a faster rate than that of the PBI-OA because TaA has more carboxylic acid groups
and renders a higher cross-linking density than OA. The FFV values at 150 °C were also estimated
and decrease with increasing acid doping level (cf. Fig. S2b).

Fig. 3c displays the correlation between the FFV and the molar ratio of the proton to the
PBI repeating units in PBI-OA, PBI-TaA, PBI-H3PO4, and PBI-H2S04.* There seems to be a linear
relationship, indicating that the amount of acid groups determines the polymer chains compactness
instead of the acidity.
3.2 Effect of the acid doping on gas transport properties

Fig. 4a presents pure-gas Hz permeability and H2/CO:z selectivity at 35 °C as a function of
the acid doping level. Increasing x decreases membrane gas permeability (cf. Fig. S3), which is
consistent with the decreased d-spacing and FFV. H2/COz selectivity increases dramatically with
increasing x values due to the increased size-sieving ability, and thus H2/COz diffusivity selectivity.

At the same x values, PBI-TaA exhibits higher H2/CO:z selectivity than PBI-OA due to the higher
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cross-linking density in PBI-TaA. The PBI-TaAo32 exhibits H2/COz selectivity as high as 45 at

35 °C.
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(d) are the best fits of the free volume

model (Eq. 9).

Gas permeability can be decoupled to gas solubility and diffusivity. Fig. 4b compares CO2
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sorption isotherms of PBI, PBI-OA.49, and PBI-TaAo.32 at 35 °C. Gas sorption (C4, cm*(STP)/cm?)
at a constant pressure (p4, atm) for glassy polymers is often described using the dual-mode sorption

model;?%30

1+bp, (8)
where kp is Henry’s constant, C'z is Langmuir sorption capacity, and b is the affinity parameter.
The PBI’s CO: sorption in this study is slightly lower than those reported in the literature,
presumably due to the different processing conditions.* 7> 3! 32 The sorption isotherms can be
satisfactorily described using this model with the values of the adjustable parameters recorded in
Table S2.

PBI-TaAo.32 and PBI-OAo.49 show almost the same CO2 and C2He sorption (cf. Fig. 4b and
S4), which is slightly lower than PBI due to the lower FFV in the doped PBIs. These results suggest
that the acid loading or chemical environment has a negligible effect on the gas sorption. By
contrast, PBI-TaAo32 and PBI-OAo49 show CO: permeability of 0.0087 and 0.0090 Barrer,
respectively (cf. Fig. S3). These values are ~95% lower than that of PBI (0.21 Barrer), indicating
that the acid doping mainly affects gas diffusivity. Therefore, pure-gas permeability can be

correlated with FFV using the free volume model:?’

B
P, ZApeXp[_FFpVJ 9)

where A, is a pre-exponential factor, and By is a constant that increases with increasing penetrant

molecular size.
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Fig. 4c shows that both H2 and CO:z permeability of PBI-OA, PBI-TaA, and PBI-H3PO4
can be fitted with Eq. (9) with a B, value of 0.90 for H2 and 1.7 for COz. The lower B, value of H2
is consistent with its smaller molecular size than COa. Fig. 4d shows that the H2/COz2 selectivity
also correlates well with the free volume model, validating that the gas transport in these samples
still follows the solution-diffusion mechanism. Both PBI-OAo.49 and PBI-TaAo32 exhibit higher
H2/COz selectivity than PBI-(H3POa4)o.16 at 35 °C, presumably because of their higher molar ratios
of the protons to PBI repeating units and thus higher cross-linking density.

PBI-OAo49 and PBI-TaAo32 were chosen to investigate the effect of temperature on
H2/COz2 separation properties due to their high H2/CO2 selectivity and similar content of the
carboxylic acid groups, and the results are shown in Fig. 5a,b. The results for other acid-doped
PBIs are reported in Table S3. The pure-gas permeability can be correlated with the temperature

using the Arrhenius equation:

_ 'EP,A
P, =P, exp 10
RT

where P40 is a pre-exponential factor, and Er4 is the activation energy for gas permeation. As
shown in Fig. 5a, both H2 and CO2 permeability can be satisfactorily fitted with the parameters
recorded in Table S4. The acid doping of PBI increases the Er4 value due to the increased size-
sieving ability. For example, Ep4 for Hz is 24 kJ/mol for PBI, 33 kJ/mol for PBI-TaAo.32, and 40
kJ/mol for PBI-OAo.49, and Epr4 for CO2 is 24 kJ/mol for PBI, 36 kJ/mol for PBI-TaAo.32, and 48

kJ/mol for PBI-OAo.49.
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Fig. 5b compares the effect of the temperature on pure-gas Ho/COz selectivity for PBI, PBI-
OAo.49, and PBI-TaAo32. PBI-TaAo.32 exhibits the highest H2/COz selectivity among PBI, PBI-
OAo.49, and PBI-TaAo.32 at all studied temperatures and higher than PBI-(H3POa4)o.16 at 100 °C and

below. Both PBI and PBI-(H3POas)o.16 exhibit the selectivity independence of temperature
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(consistent with the similar Er4 values for H2 and COz), while the selectivity of PBI-OAo.49 and
PBI-TaAo32 decreases with increasing temperature (consistent with the lower Er4 values for Hz
than COz). For example, H2/CO2 selectivity of PBI-OAo49 decreases from 40 to 18 as the
temperature increases from 35 °C to 150 °C. The strong size-sieving ability derived from the cross-
linking between PBI and OA or TaA appears to be weakened at elevated temperatures, as the
hydrogen-bonded ~NH becomes free at high temperature.’>* By contrast, the unchanged
selectivity in PBI and PBI-(H3PO4)o.16 suggests that the hydrogen bonding between PBI chains or
between PBI and H3POa4 remains strong up to 200 °C.

Fig. 5c,d presents the effect of temperature on CO2 and C2Hs solubility at 10 bar in PBI,
PBI-TaAo.32, and PBI-OAo.49. H2 sorption is too low to measure, and C2Hg can serve as a surrogate
for Hz since both do not have polar or quadrupole moment to exhibit specific interactions with the
polymers.* 3% 3% 3¢ Additionally, CO2 and C2Hs have a similar critical temperature (304.1 K and
305.3 K, respectively), and thus similar condensability. All samples show CO2/C2Hs solubility
selectivity less than 1, indicating no specific interaction between CO2 and the acid-doped PBIs,
despite the amine groups of PBI. Increasing the temperature decreases gas solubility (cf. Fig. S4)
and slightly increases CO2/C2Hs solubility selectivity. The acid doping slightly decreases the gas
solubility and has a negligible effect on CO2/C2Hs solubility selectivity, validating that the acid
doping mainly affects gas diffusivity.

3.3 Superior H,/CO; separation performance of the acid-doped PBIs
PBI-TaAo.32 shows the highest H2/COz selectivity among the OA or TaA doped PBIs studied,

and therefore, it was selected for further tests with three gas mixtures with H2:CO2 molar ratio of
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20:80, 50:50, and 80:20 at 7.9 bar and 150 °C. Fig. 6a shows that mixed-gas permeability is
independent of CO:2 feed partial pressure and almost the same as the pure-gas permeability,
indicating the absence of plasticization due to the low COz sorption at high temperatures.’” Fig. 6b

shows the mixed-gas H2/COz selectivity of ~30, which is also independent of the CO2 feed partial

pressure.
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Fig. 6. Superior H2/COz separation performance of PBI-TaAo.32. Effect of the feed CO:2 partial
pressure on (a) mixed-gas H2 and CO2 permeability and (b) H2/CO: selectivity at 7.9 bar and
150 °C. (c) Long-term stability in dry-wet-dry conditions with H2/CO2 of 50:50 at 7.9 bar and
150 °C for 90 h. (d) Pure-gas H2/COz separation performance of PBI, PBI-OA, PBI-TaA, PBI-
(H3PO4)o.16,* and PBI-(H2S04)0.24* at 35 °C and 150 °C benchmarking with Robeson’s 2008 upper
bounds. (¢) Comparison between the cross-linked PBIs and commercial polymers: PBI-TCL(6 h),’
PBI-TBBo.13,'* PBI/sPPSU-DBX,!* IP PA *® IP PBDI,?! P84-BuDA(6 h),> and IP BILPs.*

Typical coal-derived syngas contains H2, CO2, water vapor, and other minor components
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(such as Hz2S and CO) after the water-gas shift reaction. Fig. 6¢ presents the effect of water vapor
on H2/COz separation performance and long-term stability at 150 °C. The sample was first
evaluated with a dry gas mixture of 50 % Hz and 50 % COz for 8 h. Then 0.3 mol% water vapor
was introduced, and the test lasted for 43 h before the feed gas was switched back to the dry
condition. Although Hz permeability shows fluctuation with the wet gas, it remains at ~ 15 Barrer,
and H2/COz selectivity remained at = 30. The breaks were caused by the baking of the GC columns
to remove residual water, which slightly changed the composition measurement. Both gas
permeability and selectivity remain the same after switching back to the dry gas, indicating that
PBI-TaAo32 is stable and has the potential for high-temperature H2/COz separation.

Fig. 6d compares pure-gas H2/COz separation performance of acid-doped PBIs, including
PBI-OAo.49, PBI-TaAo 32, and PBI-(H3POa)x, at 35 °C and 150 °C in Robeson’s plot.* - 4! For the
acid doped PBISs, the separation performance at 35 °C approaches the upper bound. By contrast, at
150 °C the acid-doped PBIs exhibit the separation properties above the upper bound. PBI-TaAo.32
shows the H2/COz separation properties similar to the PBI-(H3POa4)o.16.

Fig. 6e compares H2/COz separation performance of PBI-TaAo.32 and PBI-OAo.49 at 150 °C
with commercial membrane polymers, including polysulfone (PSF),*? cellulose acetate (CA),*

d,***% and poly(p-phenylene oxide) (PPO).*® Commercial membrane polymers do not

Matrimi
have good H2/CO: selectivity due to the lack of size-sieving ability. Highly cross-linked
polyamides (PA) and poly(p-phenylene benzobisimidazole) (PBDI) via interfacial polymerization

(IP) show excellent H2/CO2 separation performance.?!: 3® Nevertheless, both PBI-TaAo.32 and PBI-

OAo.49 show a good combination of high H2 permeability and high H2/COz selectivity.
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4. Conclusions

We demonstrate that PBI can be effectively cross-linked by doping with polycarboxylic
acids of OA and TaA to improve H2/COz separation performance at elevated temperatures. The
concentration of protons in the PBI films, instead of the acidity strength, plays an important role
in influencing the separation properties. Increasing the proton content in PBI decreases the d-
spacing and FFV and thus gas permeability and increases the size-sieving ability and thus H2/CO2
selectivity. TaA has more acid groups than OA and is more effective in cross-linking PBI. The acid
doping has a negligible effect on gas solubility, and its effect on gas permeability can be
satisfactorily described using the free volume model. Increasing the temperature increases gas
permeability and slightly decreases H2/COz selectivity. PBI-TaAo.32 exhibits superior and stable
H2/CO2 separation performance when challenged with wet gas mixtures, which surpasses
Robeson’s upper bound at 150 °C, indicating its promise for industrial H2 purification and CO2

capture.
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