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Effect of the annealing temperature of polybenzimidazole membranes in 
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A B S T R A C T   

The effect of the annealing temperature of polybenzimidazole (PBI) membranes on H2/CO2 gas separations was 
investigated. Membranes annealed from 250 ◦C to 400 ◦C were tested for gas permeation with pure H2, CO2, and 
N2 gases and a H2:CO2 (1:1) mixture at 35 ◦C, 100 ◦C, 200 ◦C, and 300 ◦C and at pressures up to 45 bar. Gas 
permeation data show that permeability and selectivity of the membranes is significantly impacted by the 
annealing temperature, the presence of adsorbed water, and remaining casting solvent (DMAc). At a testing 
temperature of 35 ◦C, ideal H2/CO2 selectivities of 50, 49, and 66 with pure H2 permeabilities of 1.5, 0.8, and 1.5 
Barrer were obtained for membranes annealed at 250 ◦C, 300 ◦C, and 400 ◦C, respectively. At this temperature, 
high gas mixture H2/CO2 selectivities of 41, 73, and 47 with H2 permeabilities of 1.03, 0.26, and 0.50 Barrer 
were also obtained for these membranes. At testing temperatures of 300 ◦C, both the ideal and gas mixture H2/ 
CO2 selectivities dropped to 44, 28, and 30 (ideal, H2 = 45, 45, 44 Barrer) and to 19, 22, and 23 (mixture, H2 =

41, 43, and 44 Barrer) for membranes annealed at 250 ◦C, 300 ◦C, and 400 ◦C, respectively. As water was 
removed from the membranes at temperatures greater than 100 ◦C during permeation cycles, where the testing 
temperature was increased from 35 ◦C to 300 ◦C, the permselectivity properties of the membranes annealed at 
400 ◦C became more reproducible. Permeabilities at 35 ◦C from a second permeability cycle increased, but H2/ 
CO2 selectivities decreased to 21 for gas mixtures (H2 = 1.4 Barrer) and to 34 for pure gases (H2 = 2.2 Barrer). 
The results suggest that high annealing temperatures may induce changes in the configuration and conformation 
of the polymer chains, imparting distinctive permselectivity properties to the membranes. Activation energies of 
permeability for H2, CO2, and N2 from pure gases and H2:CO2 mixtures correlated with these changes as well.   

1. Introduction 

It is projected that the demand for energy will increase by as much as 
56% by 2040 with fossil fuels continuing to provide much of the energy 
until new sources of energy replace them [1,2]. The utilization of fossil 
fuels ensures a long-term and low-cost energy supply either as fuel for 
the generation of electricity in coal plants or as feedstock for the pro
duction of hydrogen [3]. In either case, the utilization of fossil fuels will 
inevitably result in the production of carbon dioxide, a greenhouse gas 
implicated in climate change. For the clean production of hydrogen, 
carbon dioxide would need to be removed from the H2/CO2/CO mixture 
produced from the gasification or methane reforming processes of fossil 
fuels [2,4] and from the water-gas shift reaction (WGSR) that converts 
carbon monoxide and water into hydrogen and carbon dioxide. The 
WGSR is an important reaction not only for the production of fuels but 
also for the Haber-Bosch process in the production of ammonia from 

hydrogen and nitrogen [5,6], which is carried out using hydrogen pro
duced in the WGSR [7]. 

For efficient and clean production of hydrogen, it is desirable that the 
separation and capture of carbon dioxide be performed at temperatures 
and pressures similar to WGSR conditions. Research to address this 
problem has been focused on the fabrication of new inorganic and 
polymer-based membrane materials for the purification of hydrogen 
from carbon dioxide in the WGSR [8–12]. A membrane capable of 
efficiently separating hydrogen from carbon dioxide in situ at low cost is 
more advantageous than other separation methods (e.g., amine-based 
carbon dioxide separation) since it requires less energy to operate. The 
current demands for in situ hydrogen separation in the WGSR require a 
temperature higher than 250 ◦C [13,14] and a hydrogen partial pressure 
greater than 7 bar in a H2/CO2 blend with a pressure of up to 27 bar 
[15]. Therefore, testing the performance and mechanical stability of 
membranes under such pressure and temperature conditions is a 
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requirement for the screening of membranes for this application. 
Polybenzimidazole membranes (poly 2,2’-(m-phenylene)-5,5′- 

bibenzimidazole or PBI, Fig. 1) are dense as well as mechanically, 
thermally, and chemically resilient, which makes them suitable for gas 
separations at high pressure and high temperature (ρ = 1.28–1.37 g/cm3 

[16,17], modulus = 6 GPa, Tg = 416 ◦C, Td = 512–600 ◦C [16,18], inert 
to carbon monoxide and to hydrogen sulfide). PBI has been extensively 
studied for proton exchange membranes in fuel cell applications 
[19–21], and recently, as a polymer membrane [16–18,22–34] (Table S1 
in supporting information) and polymer matrix in mixed-matrix mem
branes [25,35,36] for gas separations. Selectivities for H2/CO2 that 
range from 3.7 to 20 have been reported for PBI membranes measured at 
temperatures up to 250 ◦C [22], which illustrates the difficulty in 
reproducing its permselectivity properties. Table S1 also shows the wide 
temperature range of 50 ◦C–250 ◦C used for the thermal treatment of the 
membranes, which could affect their permeation properties. 

The wide range of permselectivity properties (e.g., H2/CO2 from 3.0 
to 55.7) shown in Table S1 is coupled to the various parameters asso
ciated with the preparation (e.g., casting solvent, annealing tempera
ture) and testing conditions of the membranes (e.g., pressure, 
temperature, feed composition, membrane history). This complicates 
the determination of the true permeability of gases in PBI and the 
interpretation of permeability results, and is even more problematic for 
mixed-matrix membranes (MMMs) of PBI because improvements in 
membrane performance would have to be measured against the prop
erties of the pure polymer. Among the potential parameters affecting the 
properties of PBI membranes, the effects of annealing temperature and 
testing conditions on the gas permeation properties were investigated in 
this work. For this purpose, four sets of PBI membranes containing LiCl 
were cast from N,N-dimethylacetamide (DMAc) and then subjected to a 
final annealing temperature of 250 ◦C, 300 ◦C, 350 ◦C, or 400 ◦C. 
Permeability experiments with pure H2, CO2, N2, and mixed gases (H2: 
CO2 = 1:1) were conducted at temperatures that ranged from 35 ◦C to 
300 ◦C with pressures from 5 to 45 bar to simulate real world conditions 
on membranes annealed at 250 ◦C, 300 ◦C, and 400 ◦C. 

2. Experimental 

2.1. Materials 

Molecular sieves 4A were purchased from Aldrich and activated at 
400 ◦C and atmospheric pressure for 1 d before use. DMAc was pur
chased from Fisher Scientific and dried over activated molecular sieves 
4A for 1 d before use. PBI powder and a 26 wt% PBI solution in DMAc 
with 1.5 wt% LiCl were obtained from PBI Performance Products, Inc. 
Mylar® sheets (25 μm thick) were obtained from Active Industries and 
used as provisional substrates for membrane casting. Grafoil® graphite 
sheets 0.5 mm thick were obtained from Lamons and cut to fit the 
permeation cell and the area of the membrane exposed to gases. For gas 
permeation experiments, hydrogen, carbon dioxide, and nitrogen gases 
(>99.999%) and the H2:CO2 = 1:1 mixture were purchased from Airgas. 

2.2. Instrumentation and methods 

X-ray diffraction (XRD) patterns were acquired from 3◦ to 45◦ (2θ◦) 
at 1◦/min using a Rigaku Ultima IV diffractometer with Cu Kα (λ =

0.154 nm) X-ray radiation. Fourier transform infrared (FT-IR) spectra of 
PBI films of thicknesses from 6 μm to 15 μm were recorded with a Nicolet 
360 FT-IR spectrometer at room temperature in the range of 400 cm−1 to 
4000 cm−1. Thermogravimetric analyses (TGA) were performed under 
nitrogen at a heating rate of 5 ◦C/min from 30 ◦C to 900 ◦C using a 
Mettler Toledo STARe TGA-1 thermogravimetric analyzer. The samples, 
strips cut from membranes weighing 30 mg–50 mg, were rolled to load 
enough material into an alumina pan. Scanning electron microscopy 
(SEM) images were acquired using a LEO Gemini 1500 series microscope 
and a Zeiss Supra-40 FEI-SEM, both operated at 10 keV. Prior to imaging 
membrane cross-sections, freeze-fractured membranes were mounted 
on carbon tape and coated with Au/Pd using a Denton Vacuum Desk II 
sputter coater. 

Mass spectra of a membrane annealed at 250 ◦C was obtained at the 
University of Michigan using a Waters Autospec Ultima magnetic sector 
mass spectrometer. The spectrometer was run in the electron impact 
ionization mode at 70 eV with the ion source heated to 240 ◦C. The mass 
spectrometer was scanned from m/z 10 to m/z 150 every 1.5 s while a 
sample of the membrane, loaded in a capillary tube, was heated under 
vacuum from 150 ◦C to 450 ◦C according to the following temperature 
program: heat from room temperature to 150 ◦C to desorb adsorbed 
water, hold at 150 ◦C for 15 min, ramp from 150 ◦C to 300 ◦C at 25 ◦C/ 
min, ramp from 300 ◦C to 450 ◦C at 5 ◦C/min, and hold at 450 ◦C for 30 
min. 

Single gas and gas mixture permeation measurements and permeate 
composition analyses were performed using a custom-built high pres
sure, high temperature permeameter [37] equipped with a calibrated 
SRI-3610 gas chromatograph with a thermal conductivity detector. GC 
calibration curves for hydrogen and carbon dioxide were generated as 
described in a previous work [38]. Flat membranes were loaded in a 
permeation cell and sealed with graphite gaskets compressed between 
the flat surfaces of the flanges exposing a membrane area up to 5.0 cm2 

[37]. The retentate was connected to a pressure regulator and mass flow 
controllers to adjust the stage cut (θ in Equation (1) and Fig. S1 in 
supplementary information) of the membrane to minimize carbon di
oxide concentration polarization at the surface [38]. Typical stage cut 
values, expressed as % recovery, range from 0.01 (1% H2 recovery) to 1 
(100% H2 recovery), covering most of the retentate purge rates, QR, for a 
given flow rate across the membrane, QP, and feed rate QF. For calcu
lating the stage cut, the purge, flow, and feed rates were converted to 
cm3

(STP) min−1. 
With these considerations, the flow rate QP (expressed as cm3

(STP) s−1) 
at a given differential transmembrane pressure, Δp (cmHg), was 
measured experimentally, and the permeability P in Barrer (1 Barrer = 1 
× 10−10 cm3

(STP) cm (cm2 s cmHg)−1) was calculated using Equation (2), 
where A is the exposed area of the membrane (cm2) with thickness L 
(cm). 

θ =
QP

QP + QR
(1)  

QP =
APΔp

L
(2) 

The determination of P was performed using the last 60% of the 
pressure-time curve data in the steady state region. Ideal selectivities (αi/ 

j) were calculated from the ratio of the permeabilities (P) of the gases Pi/ 
Pj. For gas mixtures, the permeability of each component was calculated 
using the partial pressure of each gas in the feed mixture, the flow rate 
for each gas (calculated from the selectivity of the membrane to gas 
mixture from GC analysis and the flow rate of the permeate at the steady 
state), the volume of the downstream cell, the temperature, and the 
membrane thickness and diameter [38]. For all pure gas permeability Fig. 1. Structure of PBI.  
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measurements, a minimum of 2 membranes from separate cast films 
were tested. The permeability of each gas was measured at least 4 times, 
and the average permeability calculated using the last 3 measurements. 
In a typical experiment, a 5.0 cm2 exposed membrane area was pres
surized with a feed gas at 5 bar, 15 bar, 30 bar, or 45 bar and the other 
side was connected to an evacuated line. The entire system was evacu
ated for at least 6 h at the experimental temperatures of 35 ◦C, 100 ◦C, 
200 ◦C, or 300 ◦C before a 1 h leak rate test was performed. Permeability 
experiments with single gases at 35 ◦C lasted from 2 to 5 h for fast 
diffusing gases and up to 1 d for slow diffusing gases. Degassing times 
between hydrogen runs lasted for 5 h while carbon dioxide degassing 
times increased to 10 h. This testing protocol was repeated for each 
pressure increment. Permeability experiments with a H2:CO2 = 1:1 
mixture with stage cuts of 1 and 0.1 at 30 bar and at 35 ◦C were per
formed for up to 30 d reaching a downstream pressure of 1.3 bar. During 
the first 7 d, the downstream was evacuated to ensure the permeate 
composition corresponded to the steady state. At higher temperatures, 
the duration of the experiments with mixed gases was reduced to 7 
d (100 ◦C), 2 d (200 ◦C), and 8 h (300 ◦C). 

The activation energy of permeation was calculated using the 
Arrhenius equation (Equation (3)) by fitting the data directly to an 
exponential regression or to a linear regression if the data was previ
ously linearized according to Equation (4): 

P = P0e−
Ep
RT (3)  

ln(P) = ln(P0) −
Ep
RT

(4)  

where P is the permeability of the gases (Barrer), P0 is the pre- 
exponential factor (Barrer), Ep is the activation energy of permeation 
(kJ mol−1), R the universal gas constant (8.314 J mol−1 K−1), and T is 
the testing temperature expressed in absolute temperature units (K). It 
should be noted that if Equation (3) or (4) cannot describe the 
permeability-temperature relationship properly due to deviations from 
linearity, then a modified Arrhenius equation should be used [39]. 

Considering the temperature dependence of the diffusivity (Equation 
(5)) and solubility (Equation (6)), and that the permeability in polymers 
is the product of diffusivity times solubility (Equation (7)), the activa
tion energy of permeation can be written as the sum of the activation 
energy of diffusion and the heat of sorption (Equation (8)): 

D = D0e−Ed
RT (5)  

S = S0e−ΔHs
RT (6)  

P = D × S (7)  

Ep = Ed + ΔHs (8)  

where D is diffusivity, S is solubility, D0 and S0 are pre-exponential 
factors, Ed is the activation energy of diffusion (always positive), and 
ΔHs is the heat of adsorption (positive or negative). Depending on the 
magnitude of ΔHs, Ep could be positive or negative [40]. 

2.3. Fabrication of PBI membranes 

The 26 wt% PBI in DMAc solution containing 1.5 wt% LiCl was 
diluted to 12 wt% with DMAc and stirred for a least 1 d to have ho
mogeneous solutions for membrane fabrication. Flat, dense, free 
standing, PBI membranes were cast at room temperature onto provi
sional Mylar® substrates from 12 wt% PBI solutions in DMAc using a 
calibrated blade attached to an automatic applicator (Sheen 1133 N). 
The membranes on the Mylar® substrates were then transferred to a 
preheated table purged with nitrogen to dry for 2 h–3 h at 50 ◦C. The 
membranes were then removed from the Mylar® substrate, placed be
tween glass plates with 2 mm gap, and dried in a custom-made 

programmable vacuum oven. The temperature was increased to 80 ◦C 
for 12 h, then to 150 ◦C for 1 d, 200 ◦C for 12 h, and to a final tem
perature of either 250 ◦C, 300 ◦C, 350 ◦C, or 400 ◦C for 1 d. The 
thicknesses of the flat, free standing, PBI membranes ranged from 15 μm 
to 30 μm. 

3. Results and discussion 

3.1. A note on PBI synthesis 

From the most common PBI synthesis procedures described in 
Scheme S1 in the PBI synthesis section in the supplementary informa
tion, it can be seen that incomplete elimination of the hydroxyl moiety at 
the C2 position (see Fig. 1 for atom numbering) from the formation of 
the five-member imidazole ring leads to the formation of a prepolymer, 
(c) in Scheme S2. The prepolymer obtained from this first step contains a 
combination of PBI (C2 imidazole carbon with sp2 hybridization) and 
hydroxylated PBI segments (PBI–OH, C2 imidazole carbon with sp3 

hybridization) in a PBI/PBI-OH ratio that ranges from 0.25 to 1. A sec
ond polymerization step, carried out at 360 ◦C–400 ◦C, releases water 
from the formation of the C––N bond in the imidazole ring in PBI-OH 
segments in the prepolymer and brings the C2 imidazole carbon to a 
trigonal planar configuration from the tetragonal configuration (Scheme 
S2). This second step converts the prepolymer into PBI where the C2 
imidazole carbon is in a sp2 hybridization state, (d) in Scheme S2. The 
number of PBI-OH segments remaining in PBI depends on the synthesis 
procedure and the temperature and duration of the thermal treatment of 
the polymer. If the polymer backbone contains a mixture of PBI and PBI- 
OH segments, then it can be predicted that during the high temperature 
annealing of the membranes, changes in the polymer configuration 
(permanent stereostructure of a polymer modified only by chemical 
reactions) could result in segmental motions that could change the 
polymer packing in the membrane in those segments. 

3.2. Thermogravimetric and mass spectrum analyses 

Thermogravimetric analyses of PBI membranes annealed at 250 ◦C, 
300 ◦C, 350 ◦C, and 400 ◦C (Fig. 2a–d) and of the as-received PBI 
polymer powder (Fig. 2e) show an initial weight loss of 4%–8% at 
temperatures up to 180 ◦C that is attributed to desorbed water [41–45]. 
This was verified by mass spectra of the membrane annealed at 250 ◦C 
(Fig. 3), which in the 0 min–16 min time frame of the temperature 
program (equivalent to 150 ◦C–180 ◦C), shows water at m/z 18 as the 
only species released. The larger water desorption from the membrane 
annealed at 350 ◦C over the ones annealed at 250 ◦C or 300 ◦C can be 
attributed to the increased water sorption capacity of the membrane that 
results from DMAc desorption during annealing at 350 ◦C. As is observed 
in Fig. 4a, remaining DMAc (m/z 87) in the membrane starts to desorb at 
temperatures above 300 ◦C, which enables more sorption sites for water 
in this membrane than in membranes annealed at lower temperatures. 

The total ion current (TIC) and the TIC at m/z 18 obtained from the 
mass spectra scans in Fig. 4a show the ion current evolution of all species 
and of water, respectively, in time and correlated to the temperature 
program. The TIC at m/z 18 shows a maximum at 150 ◦C and a gradual 
increase at temperatures up to 450 ◦C indicating a temperature depen
dence in water evolution. The mass spectrum at min 1 (Fig. 4b,i), when 
the temperature was 150 ◦C, shows molecular fragments at m/z 16, 17, 
18, and 19 that correspond to water fragmentation only from electron 
impact ionization and not from other species. Water desorption from PBI 
in this temperature range was previously reported and was attributed to 
strong interactions of water with the imidazole rings [46–49]. 

The presence of lithium chloride (mp = 610 ◦C [50]) in the polymer 
solution is also a second source of adsorbed water that is released in this 
temperature range. According to Kamali et al. [51] and Masset et al. 
[50], 94% of water is desorbed from lithium chloride hydrates at 
99 ◦C–110 ◦C and the remaining at 160 ◦C–186 ◦C. At temperatures 
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higher than 200 ◦C, no desorbed water from lithium chloride hydrates 
was observed [50,51]. Thermogravimetric analyses of lithium chloride 
at temperatures up to 1300 ◦C show that lithium chloride evaporates at 
atmospheric pressure at temperatures higher than 800 ◦C [51] with no 
water desorption from lithium chloride hydrates. For the present work, 
it can be concluded that all water from lithium chloride hydrates is 
desorbed at temperatures below 200 ◦C. 

At temperatures higher than 180 ◦C, thermogravimetric analyses 
reveal significant differences between the PBI membrane’s thermograms 
during a second weight loss in the 180 ◦C–450 ◦C temperature range, 
which depends on the membrane’s annealing temperature. For mem
branes annealed at 250 ◦C, a second weight loss of 6.75% starts at 300 ◦C 
and ends at 450 ◦C (Fig. 2a). This weight loss is attributed to the com
bined loss of remaining solvent in the membrane (DMAc, bp = 165 ◦C) 
and water released from the dehydration of hydroxylated segments that 
may have remained from the prepolymer formation (Scheme S2 in 
supporting information). This is supported by the mass spectrum ob
tained for this membrane, which shows that the TIC for both water (m/z 
18) and DMAc (m/z 87) increase as the temperature increases from 
300 ◦C to 450 ◦C (Figs. 3, 4a, 20 min–80 min segment). A mass spectrum 
scan at 60 min (Fig. 4b,ii), that corresponds to a temperature of 450 ◦C in 
the temperature program, shows the fragmentation pattern of water (m/ 
z 16, 17, 18, 19) and of DMAc (m/z 15, 28, 30, 42, 43, 44, 45, 56, 72, 87, 
88). A similar DMAc desorption temperature range from 200 ◦C to 
450 ◦C was also observed for compatibilized PBI/polyimide blend 
membranes annealed at 100 ◦C [52]. For membranes annealed at 
300 ◦C, the second weight loss starts at 360 ◦C with a 2.75% weight loss 
up to 450 ◦C (Fig. 2b), which is also attributed to the loss of remaining 

Fig. 2. TGA of PBI membranes annealed at (a) 250 ◦C (black), (b) 300 ◦C 
(blue), (c) 350 ◦C (green), (d) 400 ◦C (red), and (e) as received PBI powder 
(black dotted line). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 3. High-temperature (150 ◦C–450 ◦C) mass spectra of a PBI membrane 
annealed at 250 ◦C. Temperature program: hold at 150 ◦C for 15 min, 
150 ◦C–300 ◦C at 25 ◦C/min, 300 ◦C–450 ◦C at 5 ◦C/min, hold at 450 ◦C 
for 30 min. 

Fig. 4. a) Temperature profile, high-temperature (150 ◦C–450 ◦C) normalized 
TIC of all species, and normalized TICs for m/z 18 and m/z 87 obtained from 
mass spectra of a PBI membrane annealed at 250 ◦C. b) Mass spectrum at 1 min 
(i) and at 60 min (ii). 
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DMAc from the casting solution and to water from the dehydration of 
PBI-OH segments (Scheme S2) that remained after the annealing at 
300 ◦C. Since this step is slow and requires temperatures higher than 
260 ◦C [53], annealing at 300 ◦C may not have fully converted the 
remaining PBI-OH segments from the polymer synthesis into PBI, lead
ing to a second mass loss in the thermograms. At this annealing tem
perature, however, most of the PBI-OH segments may have been 
converted into PBI, inducing a configuration change in the polymer at 
the C2 imidazole carbon (Fig. 1), which changed its hybridization state 
from sp3 to sp2. 

In the case of membranes annealed at 350 ◦C, a 0.5% weight loss is 
detected in the range of 360 ◦C–450 ◦C (Fig. 2c) that is also attributed to 
some water from the condensation reaction of a few PBI-OH segments 
that remained from the annealing and to small amounts of DMAc trap
ped in the membrane. 

For membranes annealed at 400 ◦C, the polymer configuration of the 
PBI-OH segments may have completely converted to PBI segments due 
to changes in hybridization states from sp3 to sp2 of the C2 carbon in the 
imidazole rings. In addition, DMAc was also completely removed from 
the membrane. For this reason, a second weight loss is not observed in 
this temperature range (Fig. 2d). 

For the as-received polymer, a second weight loss of 1.5% was 
observed between 300 ◦C and 450 ◦C (Fig. 2e) that is attributed to water 
from the dehydration of remaining PBI-OH segments in the chains, as in 
the case of membranes annealed at 250 ◦C and 300 ◦C (Scheme S2). 
Considering a MW of 308 g/mol of the repeat unit of PBI (Fig. 1), an 
estimate of the number of PBI-OH segments present in the PBI polymer 
can be made based on the amount of water released by the PBI powder 
since this compound was not dissolved in DMAc. The 1.5% weight loss 
(or 1.5 g if the total is taken as 100 g) would translate to 83.3 mmol of 
water and the remaining 98.5% (98.5 g) to 319.5 mmol of PBI repeat 
units. In terms of moles, this means that 26% of the PBI repeat units 
contain one hydroxylated benzimidazole unit (a PBI-OH segment) and 
one benzimidazole unit, or, in terms of benzimidazole units, 13% of all 
the benzimidazole units present in the polymer are hydroxylated benz
imidazoles. Using the estimated amount of water released from the PBI- 
OH segments in the powder polymer, and assuming that the annealing 
temperature of 250 ◦C did not affect the PBI-OH segments, it would be 
possible to estimate the amount of water and DMAc present in the 
membrane annealed at 250 ◦C. It follows that from the 6.75% (or 6.75 g) 
weight loss in this membrane (Figs. 2a), 5.25% or 60 mmol corresponds 
to DMAc (MW = 87 g/mol) and 1.5% or 83.3 mmol to water. At higher 
annealing temperatures, this assumption is not valid since water and 
DMAc could be released at different rates. 

At temperatures above 450 ◦C, all the membranes and the as- 
received polymer powder start to decompose at about 550 ◦C (Fig. 2) 
leaving a carbon film residue. It should be noted that at annealing 
temperatures higher than 350 ◦C the membranes became insoluble in 
DMAc, as it was also observed in a previous work [54], suggesting the 
possibility of a crosslinking reaction via free radical reactions [55,56] at 
temperatures higher than 350 ◦C and up to 400 ◦C. 

The purge gas in TGA measurements also impacts the PBI thermo
grams. As it was shown by Belohlav [41], PBI under helium reaches 
thermal stabilities close to 650 ◦C before a significant weight loss or 
released species are observed in a mass spectrum. Under air, however, 
the thermal stability of PBI drops to 500 ◦C. The thermal degradation of 
PBI at temperatures above 450 ◦C was studied in more detail in previous 
works [41,57,58] and provide a more detailed description of the species 
released from the thermal decomposition of PBI. 

3.3. Imaging 

Fig. S2 (supplementary information) shows the optical images 
(Fig. S2a,d,g,j) and the SEM images (Fig. S2b,c,e,f,h,i,k,l) of the PBI 
membranes cross-sections at high and low magnifications. Optical im
ages show no change in color for the membranes annealed at 250 ◦C, 

300 ◦C, and 350 ◦C. At 400 ◦C, however, the membrane changed color 
from light brown to dark brown, indicating that changes occurred in the 
polymer as the annealed temperature approached the polymer’s 
decomposition temperature (Td = 500 ◦C, Fig. 2). This is supported by 
the change in solubility of the polymer at this temperature that makes 
the membranes completely insoluble, even after being immersed in 
DMAc for 2 years. SEM images (Fig. S2b,e,h,k) show the membranes 
have no gross defects from the casting procedure or from annealing at 
high temperatures. Higher magnification SEM images (Fig. S2c,f,i) show 
the presence of 100 nm–200 nm nodules for membranes annealed up to 
350 ◦C. The formation of nodules has been observed in several polymers 
but their formation process is still debated [59]. For the membrane 
annealed at 400 ◦C, the SEM image (Fig. S2l) shows induced plastic 
deformation from the freeze fracture and the presence of smaller nod
ules. These changes suggest that, at temperatures above 350 ◦C and up to 
400 ◦C, PBI may undergo chemical and physical changes. 

3.4. Spectroscopic characterization 

3.4.1. X-ray diffraction 
X-ray diffraction studies of the membranes (Fig. 5) show small shifts 

in the broad peak position for the membranes annealed at 250 ◦C and 
300 ◦C (Fig. 5a and b). For these membranes, a shift to a lower 2θ◦ angle 
from 22◦ to 21◦ was observed suggesting changes in the conformation 
and packing of the polymer segments resulted from annealing at these 
temperatures. The membranes annealed at 350 ◦C (Fig. 5c) exhibited a 
shift to a higher 2θ◦ angle from 21◦ to 23◦ suggesting segmental motion 

Fig. 5. XRD patterns of PBI membranes annealed at (a) 250 ◦C (black), (b) 
300 ◦C (blue), (c) 350 ◦C (green), and (d) 400 ◦C (red). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

E.V. Perez et al.                                                                                                                                                                                                                                 



Journal of Membrane Science 677 (2023) 121619

6

within the chains may have changed the chain packing. This could be 
the result of the elimination of water from the conversion of PBI-OH 
segments into PBI segments and the removal of DMAc (Figs. 2 and 4). 
Membranes annealed at 400 ◦C (Fig. 5d) show a more significant change 
in the diffracting angle, the 2θ◦ angle shifts from 23◦ to 19◦, indicating a 
loosening of the packing that could arise from crosslinking reactions 
within the membrane. 

3.4.2. FT-IR 
Assignments of infrared absorption bands of PBI in the 400 cm−1 to 

4000 cm−1 region are reported in the open literature [21,46–49,60–67]. 
These assignments were performed using absorption bands for imid
azole [61,68], benzimidazole, benzimidazole-metal complexes, and 
halogenated benzimidazoles that helped trace changes in band intensity 
and vibration frequency [60]. The origin of peak broadening, N–H⋅⋅N 
hydrogen bonding, and N–H vibrations in imidazoles in the 2500 cm−1 

to 3600 cm−1 region, upon which many bands for PBI were assigned, 
was reported by Zimmermann [68] from IR, Raman, and NMR studies of 
imidazoles, imidazole complexes, and deuterated imidazoles. The re
ported band assignments in the 2500 cm−1 to 4000 cm−1 region was 
performed by taking infrared spectra with increasing temperature to 
identify bands corresponding to aromatic C–H vibrations (3065 cm−1) 
[48,60,64], to N–H⋅⋅N polymer-polymer hydrogen bonding vibrations 
(3145 cm−1) [46,48,63,64], to ‘free’ N–H vibration (3400 cm−1) [46,48, 
63–65], and to adsorbed water in the polymer (3623 cm−1) [46–49,66, 
67]. 

Keeping the polymer’s temperature above 120 ◦C while acquiring the 
infrared spectrum allowed researchers to observe the effect of temper
ature on the polymer [46,48]. Brooks et al. [46] concluded that the 
broad band at 3623 cm−1 corresponded to the O–H stretching of 
adsorbed water which could be removed upon heating. This band and 
part of the broadening in this region disappeared when the sample was 
heated to 120 ◦C and then rescanned. Similar effects and conclusions 
were obtained for a series of functionalized PBIs studied by Kumbharkar 
et al. [47]. It was later proposed that the broadening of the band at 3623 
cm−1 could arise from N⋅⋅H–O–H hydrogen bonding between the poly
mer’s imidazole rings and water (3598 cm−1 – 3628 cm−1) [46,47,49, 
63]. It was also observed that the intensity of the broad band at 3145 
cm−1 decreased with increasing temperature indicating a reduction of 
the N–H⋅⋅N polymer-polymer interaction (interchain hydrogen bonding) 
[46,48,63,64]). The effect of temperature on other absorption bands was 
not significant but helped to assign bands for the ‘free’ (non-hydrogen 
bonded) N–H stretch at 3400 cm−1 [46,48,63–65] and for the C–H ar
omatic stretching at 3065 cm−1 [48,60,64]. The strong and broad ab
sorption band from N⋅⋅H–O–H and N–H⋅⋅N hydrogen bonding could also 
be masking the absorption band for PBI-OH in the 3500-3600 cm−1 

region for membranes annealed at 250 ◦C [53] making it difficult to 
resolve it. Table S2 (supporting information) summarizes the room 
temperature infrared absorption bands from PBI membranes annealed at 
250 ◦C from this work (Fig. 6a) and their assignment using reported 
absorption bands. Fig. 6b–d also shows the infrared spectra of the 
membranes annealed at 300 ◦C, 350 ◦C, and 400 ◦C. 

High temperature thermal treatment (250 ◦C–350 ◦C) did not result 
in oxidation of PBI since the absorption bands at 3415 cm−1, 3145 cm−1, 
1438 cm−1, 1280 cm−1, and 801 cm−1 were not affected in intensity or 
shape. If oxidation would have occurred, then a considerable reduction 
in intensity of these absorption bands would have been detected in the 
spectra in this region [48]. Oxidation would also have broadened and 
introduced new bands (e.g., carbonyls at 1700 cm−1) in the region 1200 
cm−1 to 1700 cm−1 due to chemical reactions with air [48]. This effect 
was not observed in the spectra of the membranes from this work. 

The PBI membranes annealed at 400 ◦C, however, showed a signif
icant reduction in band intensity at 3145 cm−1 which could result from a 
permanent disruption of N–H⋅⋅N polymer-polymer hydrogen bonding. 
Similar changes in band absorption at 3145 cm−1 have been observed in 
FT-IR spectra obtained at 350 ◦C, but this was attributed to a decrease in 

the molar absorption coefficient at high temperatures and not to a 
decrease in N–H⋅⋅N polymer-polymer hydrogen bonding [48]. This is in 
agreement with the room temperature FT-IR spectrum of PBI mem
branes annealed at 350 ◦C from this work that shows no change in band 
intensity at 3145 cm−1, suggesting that the decrease in intensity 
observed by Musto et al. [48] was reversible and probably due to the 
reduction of the molar absorption coefficient. For the membranes from 
this work annealed at 400 ◦C, a reduction in molar absorptivity would 
not explain the decreased intensity of the 3145 cm−1 band since the 
spectrum was obtained at room temperature. The reduced intensity of 
this band likely results from permanent changes in the polymer’s 
configuration which could be associated to the crosslinking of some 
segments in the chains that make the membranes annealed at this 
temperature insoluble in DMAc and DMSO. An effect of the reduced 
N–H⋅⋅N polymer-polymer hydrogen bonding could be reflected in the 
XRD pattern for these membranes that show a shifting to a lower angle. 
This shifting could result from the reduction in the number of segments 
with N–H⋅⋅N polymer-polymer hydrogen bonding in the chains and a 
disruption of this interaction that leads to the loosening of the packing of 
some segments in the chains. 

For all the membranes from this work annealed between 250 ◦C and 
400 ◦C, the infrared spectra at room temperature show similar relative 
intensities for water adsorption at 3623 cm−1. This indicates nitrogen 
atoms in the imidazole rings are accessible to water at room temperature 
which could affect the gas permeation properties of membranes at room 
temperature by reducing sorption sites for CO2 and the effective size of 
diffusion paths. This scenario could change in gas permeation 

Fig. 6. FTIR spectra of PBI membranes annealed at (a) 250 ◦C (black), (b) 
300 ◦C (blue), (c) 350 ◦C (green), and (d) 400 ◦C (red). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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experiments at temperatures above 100 ◦C, where water would be 
desorbed from the membrane making sorption sites available to CO2 and 
enabling diffusion paths to gas molecules that otherwise would not be 
accessible. 

3.5. Gas permeation 

3.5.1. Single gas 

3.5.1.1. Effect of pressure and testing temperature on gas permeation. 
Single gas permeability and selectivity data for all the membranes tested 
in this work is summarized in Table 1 and Table S6, Fig. S3, and Fig. S4 
in the supplementary information. The combination of high pressure 
and high temperature conditions (e.g., P = 45 bar and T = 300 ◦C) did 
not affect the mechanical stability of the membranes over periods of gas 
permeation testing of up to 30 days. Moreover, cycles of pressurization 
of up to 45 bar and degassing at 300 ◦C did not compromise the me
chanical stability of the membranes, demonstrating the resilience of PBI 
membranes for gas separations at high pressure and high temperature. 
Testing the membranes at different pressures within a set temperature 

also ensured the permeability properties were free of errors from defects 
in the membrane that could have arisen from mechanical stress induced 
by the high pressure and high temperature conditions. 

Permeability data from Table 1 and Table S6, displayed in Fig. S3, 
show that permeability increased with increasing testing temperature, 
but mixed results were obtained when the feed pressure was increased 
within a set temperature. Depending upon the gas tested, permeability 
either remained constant or declined with increasing pressure within a 
set temperature. For the majority of the membranes tested at pressures 
above 5 bar, the permeability of hydrogen and nitrogen remained 
relatively constant whereas the permeability of carbon dioxide 
decreased with increasing pressure. For example, for a membrane 
annealed at 250 ◦C, the permeability of hydrogen at 35 ◦C remained at 
1.5 ± 0.2 Barrer regardless of the feed pressure (5–45 bar) whereas the 
permeability of carbon dioxide decreased from 5 × 10−2 ± 1 × 10−2 

Barrer at 5 bar to 3 × 10−2 ± 1 × 10−2 Barrer as the feed pressure 
increased to 45 bar. This effect for carbon dioxide was observed 
regardless of the annealing and testing temperatures (Table 1 and 
Table S6). This was attributed to the compaction of the membrane [69] 
that constrained mostly the diffusion paths for larger molecules, leaving 

Table 1 
Single gas (hydrogen, carbon dioxide, and nitrogen) permeabilities (Barrer)a and ideal selectivities at different temperatures and pressures in PBI membranes annealed 
at 250 ◦C, 300 ◦C, or 400 ◦C. Permeability data obtained from first permeability cycle (5 bar–45 bar, 35 ◦C–300 ◦C).   

Testing Temperature (◦C)  

35 100 200 300  

Feed Pressure (bar) 

Annealing 
Temp. (◦C) 

5 15 30 45 5 15 30 45 5 15 30 45 5 15 30 45 
H2 Permeability (Barrer) 

250 1.5 
± 0.2 

1.5 
± 0.3 

1.5 
± 0.2 

1.5 ±
0.2 

5.4 ±
0.4 

5.4 ±
0.5 

5.2 ±
0.4 

5.4 ±
0.5 

19 ±
3 

20 ±
2 

20 ±
2 

20 ±
2 

45 ±
6 

45 ±
5 

45 ±
7 

45 ±
8 

300 0.9 
± 0.1 

1.0 
± 0.2 

0.9 
± 0.2 

0.8 ±
0.2 

4.8 ±
0.2 

4.9 ±
0.1 

4.9 ±
0.1 

5.0 ±
0.1 

17 ±
1 

18 ±
1 

17 ±
1 

18 ±
1 

45 ±
1 

45 ±
1 

46 ±
2 

45 ±
2 

400 1.3 
± 0.5 

1.4 
± 0.5 

1.4 
± 0.4 

1.5 ±
0.4 

6.4 ±
0.4 

6.4 ±
0.4 

6.5 ±
0.4 

6.4 ±
0.3 

20 ±
2 

20 ±
2 

20 ±
2 

20 ±
2 

44 ±
7 

45 ±
8 

45 ±
10 

46 ±
9 

CO2 Permeability (x10−2 Barrer) 
250 5 ± 1 4 ± 1 4 ± 1 3 ± 1 22 ±

3 
22 ±
4 

21 ±
5 

20 ±
5 

73 ±
5 

76 ±
4 

75 ±
1 

76 ±
3 

111 
± 48 

126 
± 52 

131 
± 46 

153 
± 9 

300 2.0 
± 0.1 

2.0 
± 0.5 

1.8 
± 0.4 

1.7 ±
0.4 

14 ±
2 

14 ±
2 

12 ±
1 

12 ±
1 

50 ±
3 

50 ±
3 

49 ±
1 

49 ±
1 

159 
± 1 

153 
± 1 

151 
± 1 

151 
± 1 

400 4 ± 3 3 ± 2 3 ± 1 2 ± 1 23 ±
9 

21 ±
7 

19 ±
6 

17 ±
5 

76 ±
2 

70 ±
3 

66 ±
3 

65 ±
3 

150 
± 20 

150 
± 20 

148 
± 20 

145 
± 20 

N2 Permeability (x10−3 Barrer) 
250    1.2 ±

0.3 
14 ±
4 

15 ±
5 

18 ±
8 

16 ±
5 

115 
± 7 

118 
± 1 

122 
± 2 

129 
± 12 

260 
± 241 

247 
± 235 

270 
± 230 

296 
± 206 

300    0.8 ±
0.3 

9.2 ±
2.8 

8.4 ±
0.3 

8.4 ±
0.6 

8.4 ±
0.4 

79 ±
7 

90 ±
12 

89 ±
9 

84 ±
3 

435 
± 4 

433 
± 4 

434 
± 1 

432 
± 1 

400    1.1 ±
0.1 

18 ±
1 

16 ±
3 

16 ±
4 

16 ±
4 

125 
± 2 

116 
± 11 

114 
± 12 

112 
± 12 

416 
± 64 

424 
± 50 

425 
± 52 

426 
± 55 

H2/CO2 Selectivity 
250 31 ±

2 
34 ±
2 

42 ±
6 

50 ± 6 25 ±
5 

25 ±
7 

26 ±
8 

28 ±
9 

26 ±
2 

26 ±
1 

27 ±
2 

27 ±
3 

44 ±
13 

38 ±
11 

36 ±
8 

29 ±
4 

300 47 ±
2 

51 ±
5 

54 ±
1 

49 ± 3 35 ±
2 

36 ±
4 

40 ±
2 

43 ±
2 

35 ±
2 

35 ±
3 

35 ±
3 

36 ±
1 

28 ±
1 

30 ±
1 

30 ±
1 

30 ±
1 

400 45 ±
23 

46 ±
11 

54 ±
10 

66 ±
23 

31 ±
11 

32 ±
9 

36 ±
9 

38 ±
9 

26 ±
2 

28 ±
4 

30 ±
5 

31 ±
5 

30 ±
1 

30 ±
2 

31 ±
2 

32 ±
2 

H2/N2 Selectivity 
250    1243 

± 81 
421 
± 149 

371 
± 144 

318 
± 151 

345 
± 130 

166 
± 13 

165 
± 16 

164 
± 18 

158 
± 28 

286 
± 242 

403 
± 400 

248 
± 188 

187 
± 103 

300    1132 
± 260 

547 
± 187 

578 
± 21 

588 
± 39 

592 
± 39 

217 
± 19 

195 
± 18 

197 
± 8 

211 
± 4 

103 
± 1 

104 
± 2 

105 
± 4 

104 
± 4 

400    1346 
± 522 

353 
± 10 

399 
± 47 

423 
± 87 

425 
± 92 

158 
± 12 

173 
± 34 

178 
± 37 

183 
± 41 

107 
± 1 

106 
± 8 

106 
± 10 

108 
± 7 

CO2/N2 Selectivity 
250    25 ± 2 17 ±

2 
15 ±
2 

12 ±
2 

12 ±
1 

6.4 ±
0.1 

6.4 ±
0.2 

6.2 ±
0.2 

5.9 ±
0.3 

6 ± 4 9 ± 8 7 ± 4 7 ± 4 

300    23 ± 4 16 ±
6 

16 ±
1 

15 ±
1 

14 ±
1 

6.3 ±
0.2 

5.6 ±
0.9 

5.6 ±
0.6 

5.8 ±
0.1 

3.7 ±
0.1 

3.5 ±
0.1 

3.5 ±
0.1 

3.5 ±
0.1 

400    23 ±
15 

12 ±
5 

13 ±
2 

12 ±
1 

11 ±
1 

6.0 ±
0.1 

6.1 ±
0.3 

5.9 ±
0.3 

5.8 ±
0.4 

3.6 ±
0.1 

3.5 ±
0.1 

3.5 ±
0.1 

3.4 ±
0.1 

Average of P and αi/j of 2 membranes (P and αi/j for each membrane shown in Tables S3,S4,S5). 
a) 1 Barrer = 1 × 10−10 cm3

(STP) cm (cm2 s cmHg)−1. 
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hydrogen’s diffusion paths relatively unaffected. This explains partially 
the trend of increasing H2/CO2 selectivity with increasing pressure for 
all the membranes tested at temperatures up to 300 ◦C. Although 
membrane compaction at high pressures offers a reasonable explanation 
for the increased selectivity of the membranes, it does not account for 
the higher H2/CO2 selectivity of 31 ± 2, or 47 ± 2, or 45 ± 23 at 5 bar 
and 35 ◦C observed for the membranes annealed at 250 ◦C, 300 ◦C, and 
400 ◦C, respectively. Comparing these selectivities to the ones corre
sponding to the majority of the membranes listed in Table S1, it can be 
concluded that the increased selectivity must be explained by a phe
nomenon other than membrane compaction, which is discussed in the 
following sections. 

3.5.1.2. Effect of annealing temperature on gas permeation. It can be 
concluded from Table 1 and Table S6 that the permeabilities for 
hydrogen, carbon dioxide, and nitrogen of the membranes annealed at 
250 ◦C and 400 ◦C are quite similar for almost any given combination of 
pressure and temperature, but significantly different for the membranes 
annealed at 300 ◦C. For example, for a membrane annealed at 250 ◦C the 
permeability of hydrogen at 35 ◦C remained at 1.5 ± (0.2–0.3) Barrer, at 
100 ◦C at (5.2–5.4) ± (0.4–0.5) Barrer, at 200 ◦C at (19–20) ± (2–3) 
Barrer, and at 300 ◦C at 45 ± (5–8) Barrer. Similarly, for a membrane 
annealed at 400 ◦C the permeability of hydrogen at 35 ◦C remained at 
(1.3–1.5) ± (0.4–0.5) Barrer, at 100 ◦C at (6.4–6.5) ± (0.3–0.4) Barrer, 
at 200 ◦C at 20 ± 2 Barrer, and at 300 ◦C at (44–46) ± (7-10) Barrer. For 
membranes annealed at 300 ◦C, however, differences in permeability 
can be observed when comparing to the membranes annealed at 250 ◦C 
and 400 ◦C. For these membranes, the permeability of hydrogen at 35 ◦C 
remained at (0.8–1.0) ± (0.1–0.2) Barrer, at 100 ◦C at (4.8–5.0) ±

(0.1–0.2) Barrer, at 200 ◦C at (17–18) ± 1 Barrer, and at 300 ◦C at 
(45–46) ± (1–2) Barrer. The differences in permeability for carbon di
oxide and nitrogen between membranes annealed at 300 ◦C and those 
annealed at 250 ◦C or 400 ◦C are even more significant than for 
hydrogen. For example, at 200 ◦C the permeability of carbon dioxide for 
membranes annealed at 250 ◦C is (73–76) x 10−2 ± (1–5) x 10−2 Barrer, 
for membranes annealed at 400 ◦C is (65–76) x 10−2 ± (2–3) x 10−2 

Barrer, whereas for membranes annealed at 300 ◦C is (49–50) x 10−2 ±

(1–3) x 10−2 Barrer. Differences of similar magnitude are also observed 
for nitrogen’s permeability at 200 ◦C: for membranes annealed at 250 ◦C 
the permeability of nitrogen is (115–129) x 10−3 ± (1-12) x 10−3 Barrer, 
for membranes annealed at 400 ◦C is (112–125) x 10−3 ± (2-12) x 10−3 

Barrer, whereas for membranes annealed at 300 ◦C is (79–90) x 10−3 ±

(3-12) x 10−3 Barrer. These differences in permeability point to the 
possibility that different annealing temperatures may affect the mem
branes’ permeability properties in different ways. Taking the annealing 
temperature of 250 ◦C as reference, it can be observed that membranes 
annealed at 300 ◦C may have less free volume as a result of a better 
packing due to the removal of adsorbed water, to microscopic segmental 
motions from the higher conversion of PBI-OH segments to PBI segments 
induced by the high temperature, and to the removal of some remaining 
DMAc. As the annealing temperature increases to 400 ◦C a total con
version from PBI-OH segments to PBI is achieved. In addition, a com
plete DMAc removal and an increase in free volume due to bond 
breaking/formation during crosslinking could have been achieved 
which results in an increase in permeability. Microscopic changes in 
segmental orientation in polymer conformation at high annealing tem
peratures is possible since the removal of solvent, adsorbed water, and 
water from the dehydration of PBI-OH may allow for segments to move 
freely into a conformation with lower energy. The ideal scenario of such 
polymer conformation would be the crystallization of segments in the 
polymer where the planar PBI chains would stack into a tightly packed 
ordered structure. Such an ideal scenario was modeled for PBI by Y. 
Wang et al. [70] and found that in PBI, carbon dioxide and nitrogen 
would experience two different diffusion paths with significant energy 
barriers. Diffusion across the chains would have higher energy barrier 

(CO2 = 1.40 eV, N2 = 1.05 eV) than diffusion parallel to the chains (CO2 
= 0.52 eV, N2 = 0.71 eV). It is then plausible to infer that the presence of 
adsorbed molecules (e.g., DMAc), and potentially the presence of 
hydrogen bonding between chains and to water, occurring at these po
sitions, would significantly impact parallel diffusion of gas molecules 
between polymer layers. Added to these changes in packing, is the effect 
of the increased number of available sorption sites after the high tem
perature annealing, which quickly adsorb water from the environment 
during membrane handling and storage. Adsorbed water, as is described 
below, plays an important role in gas permeation in PBI at temperatures 
below 100 ◦C. 

3.5.1.3. Effect of adsorbed water on gas permeation. To understand the 
effect of water on gas permeation in PBI, the permeability and selectivity 
to carbon dioxide was analyzed. The larger variability in carbon dioxide 
permeation at 35 ◦C between different pressures, and among the mem
branes annealed at different temperatures, could be the source of the 
observed variability in H2/CO2 selectivities observed in Table 1, 
Table S1, and Table S6. Since carbon dioxide has two orders of magni
tude lower permeability than hydrogen, it can be safely inferred that its 
permeability will be more sensitive to small changes in polymer packing 
and diffusional paths than hydrogen’s permeability. This in turn will be 
readily reflected in the H2/CO2 selectivity of the membrane. The vari
ability in permeability, especially at temperatures below 100 ◦C, can be 
attributed to the amount of adsorbed water and remaining DMAc, which 
depend on the annealing temperature and storage conditions. This is 
plausible since for all the membranes tested in this work, the perme
ability of the gases converged to similar values at temperatures above 
100 ◦C. The only change in the membranes in testing up to 100 ◦C, 
regardless of the annealing temperature, is the desorption of water from 
the membranes which ranged from 4% to 8% (Fig. 2). A seemingly small 
amount of 5% adsorbed water would translate into 1 molecule of water 
adsorbed per PBI repeating unit (MW = 308 g/mol), and at 8% the 
amount of water could increase up to 2 molecules per repeating unit. 
This amount of water is significant since a maximum of 2–4 water 
molecules could be adsorbed per repeating unit, depending on whether 
the water molecules act as a proton donor and acceptor or as a simul
taneous donor/acceptor. In the first case, one water molecule would act 
as a proton donor and a second water molecule as a proton acceptor 
when hydrogen bonding to each nitrogen in the repeat unit, giving a 
maximum of 4 adsorbed water molecules per repeating unit. If the water 
molecule is hydrogen bonding to two nitrogen atoms from two chains, 
then it would be acting as a proton donor and acceptor, limiting the 
amount of water adsorbed to 2 molecules per repeating unit [46]. Which 
case is taking place in the membranes is difficult to assess. Since the 
amount of adsorbed water depends, among other factors, on the history 
of the membrane (e.g., storage conditions, membrane handling, relative 
humidity) it is then possible to conclude that water would be adsorbed 
by the membranes in different amounts. The amount of water adsorbed 
by the membranes from this work fall within the theoretical limits 
described above and has an impact on the permeation properties of the 
membranes. The impact of water could be even more dramatic for low 
permeable gases (e.g., carbon dioxide, nitrogen) since these gases are 
more sensitive to changes in sorption sites and diffusion paths than the 
more permeable gases (e.g., hydrogen). Adsorbed water can also impact 
disproportionally the permeabilities of fast and slow diffusion gases in 
PBI by inducing plasticization of the membrane, as it was recently re
ported [34]. 

At testing temperatures lower than 200 ◦C, water may still be 
adsorbed in sorption sites that otherwise would be available for carbon 
dioxide adsorption, impacting its transport across the membrane and 
therefore the selectivity of the membrane for gas pairs involving carbon 
dioxide. The amount of water adsorbed would depend on the number of 
sorption sites available in the membrane, which could be affected by the 
thermal treatment. For membranes annealed at 300 ◦C and 400 ◦C, the 
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thermal treatment removed partially or all the remaining DMAc mole
cules, potentially left fewer to none PBI-OH segments, and made avail
able sorption sites in the imidazole rings. These sorption sites, however, 
are quickly occupied by water adsorbed from the environment during 
the removal of the membranes from the oven, storage, and mounting. If 
crosslinking proceeded at 400 ◦C then it can be also concluded that 
water and carbon dioxide sorption sites in the membrane were signifi
cantly reduced, impacting the gas transport of carbon dioxide at testing 
temperatures below 200 ◦C. 

As water was desorbed from the membranes during the permeation 
experiments when the temperature was increased above 100 ◦C, the 
permeability of the gases for the membranes annealed at 250 ◦C, 300 ◦C, 
and 400 ◦C converged into similar values, especially when the testing 
temperature approached 300 ◦C, where all the membranes had similar 
permeability properties. To understand the effect of water and the 
conditioning of the membrane on gas permeation, membranes annealed 
at 400 ◦C were subjected to permeability experiments from 35 ◦C to 
300 ◦C and then brought back to 35 ◦C for a second permeability cycle 
up to 300 ◦C. The results (Table S6) show that the performance of the 
membranes was more reproduceable at lower temperatures during the 
second cycle than in the first cycle, presumably due to complete removal 
of adsorbed water. Permeabilities also increased by 35% for hydrogen 
and 100% for carbon dioxide and nitrogen. At testing temperatures 
above 100 ◦C, the membranes performed similarly in the first and sec
ond permeation cycles. These results show the effect of water on the 
permeability properties of PBI at temperatures below 100 ◦C and also 
show the difficulty in removing it from the membranes, requiring tem
peratures up to 150 ◦C to remove it completely from the membrane [42, 
43,71,72]. The results suggest that the membranes may require a con
ditioning period that includes removal of adsorbed water and remaining 
DMAc if the annealing temperature is less than 350 ◦C before achieving a 
stable state and exhibiting true permeability properties. 

3.5.1.4. Combined effects on gas selectivity. A clear picture emerges 
when ideal selectivity (Table 1, Table S6, and Fig. S4) is incorporated in 
the gas permeation analysis. For membranes annealed at 250 ◦C, and 
depending on the pressure, the H2/CO2 selectivity at 35 ◦C ranges from 
31 ± 2 to 50 ± 6 but quickly drops to 25 ± 5 to 28 ± 9 at 100 ◦C and 
remains relatively constant up to 300 ◦C. A similar trend is observed for 
membranes annealed at 300 ◦C and 400 ◦C where the H2/CO2 selec
tivities start at higher values at 35 ◦C (H2/CO2 47 ± 2 to 66 ± 23) and 
then, between 100 ◦C and 300 ◦C, drop between 28 ± 1 and 43 ± 2. The 
CO2/N2 selectivity, however, experienced a continued decrease with 
increasing temperature from (23–25) ± (2-15) at 35 ◦C to (3.4–9) ±

(0.1–8) at 300 ◦C. The reason the CO2/N2 selectivity drops significantly 
lies on the rapid increase of nitrogen permeability with increasing 
temperature, whereas carbon dioxide’s permeability increased 75-fold 
from 35 to 300 ◦C, nitrogen’s permeability increased 400-fold, about 5 
times the rate of increase in permeability of carbon dioxide at 300 ◦C. A 
similar trend was observed for the H2/N2 selectivity for which the 
selectivity decreased from (1132–1346) ± (260–522) at 35 ◦C to 
(103–403) ± (1–400) at 300 ◦C. It should be noted that the larger de
viations mostly originated from the membranes annealed at 250 ◦C 
rather than from the membranes annealed at 300 ◦C or 400 ◦C. 

The effect of water and DMAc desorption from the membranes on 
selectivity after the first temperature cycle was also observed on mem
branes annealed at 400 ◦C (Table 1 and Fig. S4c,f,i). The H2/CO2 
selectivity of these membranes remained relatively constant from 26 ± 5 
to 31 ± 1 at 35 ◦C and 300 ◦C, respectively, revealing the direct effect 
water has on permeation and selectivity. The removal of water and 
DMAc from the membrane resulted in an increased permeability for the 
gases at the expense of a reduced selectivity. 

Considering the effects of pressure, adsorbed water and DMAc, and 
annealing and testing temperatures, it can be concluded that each of 
these factors affect the gas transport in PBI membranes. Moreover, the 

magnitude of some of these factors may become dynamic as the testing 
temperature increases to values higher than the annealing temperature. 
If the testing temperature is higher than the annealing temperature then 
water and DMAc could be desorbed from the membranes during long 
degassing periods leading to a reduction in hydrogen bonding between 
the polymer chains and the enabling of new diffusion paths. 

Membrane compaction and adsorbed water and DMAc reduces 
permeability whereas high testing temperatures increase permeability 
by increasing the thermal motion of segments in the polymer, by 
desorbing water and DMAc, and by eliminating hydrogen bonding be
tween polymer chains. The effect of the membrane’s annealing tem
perature cannot be neglected also since the data show large differences 
in permeability between membranes annealed at 300 ◦C and those 
annealed at 250 ◦C or 400 ◦C. The conformational and configurational 
changes introduced by the annealing temperature may be as important 
as the other factors as well. 

3.5.1.5. Performance of PBI membranes. To illustrate the impact of the 
annealing temperature and of the testing temperature on permeability 
and selectivity, the data obtained in this work (Table 1 and Table S6) 
was compared to those of the PBI membranes listed in Table S1. The 
resulting plots for single gas permeability (Fig. 7a–c) and ideal selec
tivity (Fig. 7d–f) show that the permselectivity properties of the PBI 
membranes of this work are more reproducible than of those from 
Table S1. In all permeability and selectivity plots in Fig. 7a–f, it can be 
seen that the largest variations in permselectivity properties come from 
testing temperatures lower than 100 ◦C. The largest differences observed 
are for carbon dioxide and nitrogen permeabilities with permeabilities 
up to 100 times greater than the ones obtained in this work. Such dif
ferences in permeability affect in similar ways the corresponding H2/ 
CO2, H2/N2, and CO2/N2 selectivities at testing temperatures lower than 
100 ◦C. For all the PBI membranes from this work these selectivities are 
significantly higher than the selectivities for PBI membranes from 
Table S1. The fact that the membranes from this work outperform those 
from Table S1 demonstrates the importance of annealing PBI mem
branes at temperatures higher than 300 ◦C. 

A comparison of the performance of the PBI membranes for ideal H2/ 
CO2 separations at 45 bar from this work (Table 1 and Table S6) to those 
of PBI membranes from Table S1 was performed using a 2008 Robeson 
plot [73] (Fig. 8a). Since the membranes were tested at 35 ◦C, 100 ◦C, 
200 ◦C, and 300 ◦C, upper bounds for each of these temperatures were 
required in order to perform a fair comparison. Experimental upper 
bounds for this separation at temperatures higher than 35 ◦C are 
non-existent in the open literature, but updated versions of theoretical 
upper bounds [74,75] for up to 200 ◦C [28] were used to draw the upper 
bounds for H2/CO2 separations. Fig. 8a shows that all the PBI mem
branes from this work tested at 35 ◦C, 100 ◦C, 200 ◦C, or 300 ◦C per
formed above either the 2008 Robeson upper bound (35 ◦C–50 ◦C) or 
above the theoretical upper bounds (100 ◦C, 200 ◦C, 300 ◦C). The plots 
show that the majority of the membranes from Table S1 lie below the 
upper bound for membranes tested at 35 ◦C, whereas the membranes of 
this work lie above this bound. This is remarkable since at this tem
perature the membranes were affected by adsorbed water and DMAc 
and yet performed significantly better than the membranes from 
Table S1. The most significant difference is the higher annealing tem
peratures of the membranes from this work, which according to Fig. 8a, 
improved significantly the performance of the membranes. The perfor
mance of the membranes tested at 100 ◦C, 200 ◦C, and 300 ◦C were also 
significantly better than those from Table S1 although a smaller set of 
membranes tested at these temperatures was available for comparison. 
Fig. 8a also shows that at testing temperatures of up to 200 ◦C, the 
selectivity properties of membranes annealed at 300 or 400 ◦C were 
higher than those of membranes annealed at 250 ◦C. This could be due to 
the effect that residual DMAc and water has in the membranes, as was 
discussed above in the single gas permeation sections, and to the 
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possibility that DMAc limited an efficient packing of the polymer at 
annealing temperatures up to 250 ◦C, therefore impacting the mem
brane’s selectivity. 

3.5.1.6. Activation energy of permeation. The activation energy of 
permeability (Ep) and the pre-exponential factor (P0) at 45 bar for 
hydrogen, carbon dioxide, and nitrogen were calculated using Equation 
(3) and data from Table 1 and Table S6. The data (permeability vs. 1/T) 
was plotted in a logarithmic scale (Fig. S5 in supplementary informa
tion) and visually inspected to verify the plots were linear. The data was 
then fitted to an exponential regression from which P0 and Ep were 
obtained (Table 2). In analyzing Ep values, one must remember that for 
dense membranes, the diffusion component of the activation energy 
(Equation (8)) depends on the size of the penetrant [76–79] and that the 

mobility of gas molecules in polymers largely depend on the available 
free volume in the polymer which, for the membranes in this work, may 
change according to the annealing temperature. 

The high annealing temperatures help remove remaining solvent 
(DMAc) and adsorbed water, induce microscopic movements of seg
ments, induce dehydration reactions (Scheme S2), and probably induce 
crosslinking, thus affecting the Ep for the gases tested in this work. 
Table 2 shows that the Ep for all the gases tested in all the membranes 
increases as the size of the gas molecules increases with EpH2 < EpCO2 <

EpN2. For example, for membranes annealed at 300 ◦C the EpH2 (22.0 kJ/ 
mol) < EpCO2 (24.4 kJ/mol) < EpN2 (34.7 kJ/mol), following the trend 
described in Refs. [76,77] with increasing penetrant size. For mem
branes annealed at 250 ◦C a similar trend is observed but with lower Ep 
values, the EpH2 (18.9 kJ/mol) < EpCO2 (21.7 kJ/mol) < EpN2 (30.9 

Fig. 7. Comparison of PBI membranes separation properties at 45 bar from this work ( , , , ) to those of membranes annealed at different temperatures (x) from 
Table S1. Pure gas permeabilities (a–c), ideal selectivities (d–f), and gas mixture (H2:CO2 = 1:1) separation at 30 bar and stage cut of 0.1 (g–i) for PBI membranes 
annealed at 250 ◦C ( ), 300 ◦C ( ), or 400 ◦C ( , ). Full symbols represent permeability properties from the first permeability cycle. For membranes annealed at 
400 ◦C, open ( ) symbols represent permeability properties from the second permeability cycle for pure gases or the average of the second and third permeability 
cycles for gas mixtures. Data from Table 1 and Tables S1,S6,S7,S8. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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kJ/mol). The Ep values of the membranes annealed at 250 ◦C suggest the 
membranes had lower or no microscopic segmental motion during the 
annealing process to achieve a more efficient packing than the mem
branes annealed at 300 ◦C. For membranes annealed at 400 ◦C, the Ep 
changes with penetrant size holds, giving EpH2 (18.7 kJ/mol) < EpCO2 
(23.5 kJ/mol) < EpN2 (32.6 kJ/mol) values for the first permeability 
cycle, similar to those of the membranes annealed at 250 ◦C. This is 

attributed to the physical and chemical changes these membranes un
derwent during the annealing (e.g., segmental motion, crosslinking), 
which may have increased their free volume, and to the adsorbed water 
from handling the membrane that reduced the diffusion of the gases 
during the first permeation cycle. During the second permeation cycle, 
the membranes annealed ad 400 ◦C were free of adsorbed water and 
possessed more accessible paths for the gas molecules to diffuse than in 
the first cycle thus lowering the Ep. For the second cycle the Ep drops to 
EpH2 (16.7 kJ/mol) < EpCO2 (17.6 kJ/mol) < EpN2 (29.1 kJ/mol), similar 
to those reported by Stevens et al. [29]. The Ep values obtained in this 
work are within the range of Ep values (−18 kJ/mol to 75 kJ/mol) of 
more than 400 polymers reported in the literature [40]. In the work of 
Alders et al. [40], the Ep values of permanent gases in a variety of 
polymers remained within three distinct bounds drawn in an Ep-P plot 
(Fig. 9), the values obtained in this work fall within these bounds. In 
Fig. 9, proximity to bound 1 indicates a material has either a high 
diffusional barrier or a low gas solubility, therefore a high Ep and a low 
permeability is observed for these materials. Proximity to bound 2 
corresponds to materials with lower Ep and higher permeabilities, and 
proximity to bound 3 indicates the possibility the material has low 
resistance to gas diffusion. For nitrogen, the EpN2 values lie closely to the 

Fig. 8. H2/CO2 upper bound plots showing the per
formance of PBI membranes from this work annealed 
at 250 ◦C ( ), 300 ◦C ( ), or 400 ◦C ( , ) (Table 1 
and Tables S6,S7,S8), and of those annealed at 
different temperatures (x) from Table S1: (a) pure 
gases, (b) H2:CO2 = 1:1 mixture. Upper bounds: 
dotted and dashed lines for theoretical bounds [28, 
74, 75] and solid lines for 2008 Robeson bounds [73]. 
Color backgrounds represent testing temperatures: 
20–50 ◦C ( ), 100 ◦C ( ), 150 ◦C ( ), 200 ◦C ( ), 
250 ◦C ( ), and 300–350 ◦C ( ). Pressure: 45 bar for 
pure gases and 30 bar and stage cut of 0.1 for H2:CO2 
mixtures. Full symbols represent permeability prop
erties from the first permeability cycle. For mem
branes annealed at 400 ◦C, open ( ) symbols 
represent permeability properties from the second 
permeability cycle for pure gases in (a) or the average 
of the second and third permeability cycles for gas 
mixtures in (b). (For interpretation of the references 
to colour in this figure legend, the reader is referred 

to the Web version of this article.)   

Table 2 
Pre-exponential factor (P0, in Barrer) and activation energy of permeation (Ep, in 
kJ/mol) for pure gases in PBI membranes annealed at 250 ◦C, 300 ◦C, or 400 ◦C. 
Values calculated at 45 bar using permeability data from Table 1 and Table S6.  

Annealing Temperature 
(◦C) 

P0, H2 Ep, H2 P0, 

CO2 

Ep, 

CO2 

P0, N2 Ep, N2 

250 2401 18.9 173 21.7 257 30.9 
300 4902 22.0 259 24.4 602 34.7 
400 2406 18.7 238 23.5 449 32.6 
400a 1477 16.7 55 17.6 175 29.1  

a From second permeability cycle of a PBI membrane annealed at 400 ◦C 
(Table S6). 

Fig. 9. Activation energy of permeation – perme
ability plots for hydrogen, carbon dioxide, and ni
trogen from PBI membranes annealed at 250 ◦C ( ), 
300 ◦C ( ), or 400 ◦C ( , , ): (a) pure gases at 
45 bar (Table 2), (b) H2:CO2 = 1:1 mixture at 30 bar 
and stage cut of 0.1 (Table S9). Upper and lower 
bounds from [40]. Full symbols (except ) represent 
Ep and P properties from the first permeability cycle. 
For membranes annealed at 400 ◦C, open ( ) and ( ) 
symbols represent properties from the second and 
third permeability cycles, respectively. (For interpre
tation of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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lower end of bound 1 where barrier materials are located with high Ep 
and lower P values. For hydrogen and carbon dioxide, however, the EpH2 
and EpCO2 values lie more closely to bound 2 (Fig. 9a) where most of 
polyimides and polymers of intrinsic microporosity (PIM) lie. This in
dicates the membranes act as barrier materials for molecules larger than 
carbon dioxide and as a permeable membrane for smaller gas molecules. 
Fig. 9a also shows that all the membranes possess low Ep and low P 
values for all the gases tested. A low Ep and a low P combination for a gas 
maybe counterintuitive but as shown in the work of Alders et al. [40] 
this is not uncommon for several polymers. For hydrogen, for example, 
the low EpH2 and the low PH2 result from the presence of a small number 
of diffusional paths (e.g., free volume, microvoids) with void sizes small 
enough for hydrogen to diffuse but not large enough for carbon dioxide 
and nitrogen to diffuse freely thus reducing carbon dioxide and nitro
gen’s permeability significantly more than for hydrogen’s, this may 
explain the high H2/CO2 and H2/N2 selectivities observed for PBI 
membranes from this work at both low and high temperatures. Because 
there is a small number of these diffusional paths, the permeability of 
hydrogen is low and also sensitive to the presence of water, DMAc, and 
fluctuations in segmental motions in the chains. Since water (kinetic 
diameter = 0.265 nm) can diffuse more easily than hydrogen (kinetic 
diameter = 0.289 nm) into the membrane’s sorption sites present in the 
highly selective diffusional paths, the permeability of hydrogen is 
impacted despite its low EpH2. An interesting observation that supports 
this conclusion is the similar magnitude of EpH2 and EpCO2 obtained from 
the second permeability cycle for the membrane annealed at 400 ◦C. At 
this annealing temperature, the membrane is free of adsorbed water and 
DMAc but still retains a large H2/CO2 selectivity and low gas perme
abilities when compared to other membranes (e.g., polyimides, PIM-1), 
as is observed in Fig. 8a. The fact that a relatively low Ep for hydrogen, 
carbon dioxide, and nitrogen were obtained indicates that these gases do 
not require large amounts of energy to jump or diffuse across polymer 
chains, but once they do, they encounter a limited number of microvoids 
that allow them to diffuse. In the case of PBI, the walls of the microvoids 
must be stiffer and more size-selective (higher sieving capabilities) to 
retain selectivity at high temperatures than in other polymers (e.g., 
polyimides) therefore increasing the selectivity of the membrane for 
smaller molecules. 

3.5.2. Gas mixture 
The gas separation performance of the PBI membranes with gas 

mixtures (H2:CO2 = 1:1) resembled that of the pure gases. It was noted 
that even though the permeabilities of the gases were low, the total 
flowrate across the membranes was significant to induce concentration 
polarization on the membranes which reduced their H2/CO2 selectivities 
when the stage cut was 1 (no retentate removal or 100% hydrogen re
covery), this was even more significant at temperatures above 100 ◦C. 
For example, for the PBI membrane annealed at 400 ◦C, the average H2/ 
CO2 mixture selectivities of the second and third permeation cycles with 
a stage cut of 1 were 18 ± 1 at 35 ◦C, 19 ± 1 at 100 ◦C, 13 ± 1 at 200 ◦C, 
and 10 ± 1 at 300 ◦C. In contrast, when the retentate was removed from 
the feed at a stage cut of 0.1 (10% hydrogen recovery) the high H2/CO2 
selectivity of PBI was recovered. 

Following the example of the PBI membrane annealed at 400 ◦C, the 
average H2/CO2 mixture selectivities of the second and third permeation 
cycles with a stage cut of 0.1 were 20 ± 1 at 35 ◦C, 22 ± 1 at 100 ◦C, 23 
± 1 at 200 ◦C, and 23 ± 1 at 300 ◦C. Similar trends were observed for the 
membranes annealed at 250 ◦C and at 300 ◦C. Therefore, all the analysis 
for gas mixture permeation relies on permeability data obtained at a 
stage cut of 0.1. An optimal stage cut for a maximum hydrogen recovery 
and high purity can be obtained by repeating this experiment at different 
stage cut values until a desired purity and recovery is obtained but it is 
beyond the scope of this work. 

3.5.2.1. Effect of adsorbed water and testing temperature on gas mixture 
permeation. The effect of adsorbed water in PBI membranes in gas 
mixture permeation was similar to that observed from pure gas perme
ation experiments, it resulted in the lowering of the permeability of the 
gases and the increase of the selectivity at temperatures below 100 ◦C 
during the first permeability cycle. Hydrogen permeabilities as low as 
0.26 Barrer and H2/CO2 selectivities of up to 73 at 35 ◦C and 30 bar were 
observed for a PBI membrane annealed at 300 ◦C (Fig. 10, Table S7 and 
Table S8). As the testing temperature increased above 100 ◦C, the H2/ 
CO2 selectivity of the membranes to gas mixtures stabilized between 19 
and 23 due to the desorption of water from the membrane during the 
first permeability cycle (Fig. 10i and Table S7). 

The conditioning or stabilizing effect on permeability and selectivity 
due to water removal observed for pure gases was observed for gas 
mixtures as well. When a membrane annealed at 400 ◦C was tested with 
a H2:CO2 (1:1) gas mixture, the obtained permeabilities were lower and 
the selectivities higher at temperatures lower than 100 ◦C for the first 
permeability cycle, when comparing to the second and third perme
ability cycles. For the second and third permeability cycles, however, 
the permeability and selectivity properties stabilized and became more 
reproducible showing higher permeabilities and constant H2/CO2 se
lectivities (Fig. 10i and Table S8). 

By comparing the pure and gas mixture separation performance of 
the membranes annealed at 400 ◦C, Table S6 and Table S8, respectively, 
it can be observed that the H2/CO2 selectivity and hydrogen perme
ability from the gas mixture were lower than those from pure gases. To 
perform a fair comparison between pure and gas mixtures, the partial 
pressure of 15 bar for each gas in the H2:CO2 (1:1) mixture at a total 
pressure of 30 bar was used. From comparing the permeability of 
hydrogen at 15 bar from the second permeability cycle from pure gases 
(Table S6) to that of the average of the second and third permeability 
cycles from gas mixtures (Table S8), it is observed that the permeability 
of hydrogen decreased significantly at temperatures lower than 200 ◦C. 

The permeability of carbon dioxide, however, increased significantly 
at temperatures above 35 ◦C resulting in a 30% decrease in the H2/CO2 
selectivity of the membrane from values in the order of 30–32 (pure 
gases at 35 ◦C, 100 ◦C, 200 ◦C, 300 ◦C and at 15 bar, Table S6) down to 
20–23 (gas mixture at 35 ◦C, 100 ◦C, 200 ◦C, 300 ◦C and 30 bar with 
partial pressures of 15 bar for both hydrogen and carbon dioxide, 
Table S8). Upon removal of adsorbed water from the membrane, a sig
nificant amount of diffusion paths larger than the kinetic diameter of 
carbon dioxide became available to this gas thus increasing its diffu
sivity in the membrane. For hydrogen, however, the removal of water 
did not necessarily translate in a large increase of diffusional paths since 
most of the time microvoids were already available to it but not to 
carbon dioxide. The removal of water may have restored the size of the 
microvoids but not the quantity available in the membrane. In the 
absence of carbon dioxide, therefore, pure hydrogen diffuses through all 
the available microvoids resulting in higher permeability. In the pres
ence of carbon dioxide, the number of available microvoids for 
hydrogen to diffuse gets reduced due to the diffusion of carbon dioxide 
through the newly enabled microvoids, free of adsorbed water, thereby 
lowering the permeability of hydrogen in the mixture. Another inter
esting observation resulting from comparing pure to gas mixture data is 
the steady increase in carbon dioxide’s permeability from gas mixtures 
with increasing temperature (Table S8) when compared to pure gases 
(Table S6). At temperatures higher than 100 ◦C, only carbon dioxide’s 
permeability from gas mixtures increased by 30% over the permeability 
of carbon dioxide from pure gases. Hydrogen’s permeability from gas 
mixtures, on the other hand, approached that of from pure gases as the 
testing temperature increased. These observations suggest that the 30% 
decrease in H2/CO2 selectivity observed from gas mixtures may be due 
to the increased permeability of carbon dioxide from the mixture. How is 
it that the permeability of carbon dioxide from the mixture is higher 
than that from the pure gases? One possible explanation could lie on the 
effect that hydrogen diffusion has on carbon dioxides’ diffusion. As 
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hydrogen diffuses through some of the microvoids with sizes larger than 
carbon dioxide’s kinetic diameter, it could be dragging carbon dioxide 
with it therefore enhancing carbon dioxide’s permeability. This would 
result in a lowering of the energy barrier for diffusion for carbon dioxide 
in the mixture and therefore a reduction in the value of EpCO2. 

3.5.2.2. Effect of annealing temperature on gas permeation. Table S7 
shows that the gas mixture permeabilities and selectivities for hydrogen 
and carbon dioxide of the membranes annealed at 250 ◦C and 400 ◦C are 
similar, but quite different to those of membranes annealed at 300 ◦C. 
This same behavior was observed when these membranes were tested 
with pure gases. Using the gas mixture permeability properties of the 
membrane annealed at 250 ◦C as reference, it can be concluded that the 
membrane annealed at 300 ◦C has less free volume than the membranes 
annealed at 250 ◦C or 400 ◦C since it exhibits significantly lower per
meabilities and higher H2/CO2 selectivities for gas mixtures (Table S7). 

For this membrane, a H2/CO2 selectivity of 73 with a low hydrogen 
permeability of 0.26 Barrer was achieved for a H2:CO2 (1:1) mixture at 
35 ◦C and 30 bar. As the testing temperature increased to 300 ◦C, the 
selectivity dropped to 23 but still remained slightly higher than the se
lectivities of the membranes annealed at 250 ◦C or 400 ◦C. This behavior 
is attributed to a better chain packing from microscopic segmental 
motions induced by the high annealing temperature and the removal of 
water and DMAc from the membrane. For the membrane annealed at 
400 ◦C, the high annealing temperature may have crosslinked some 
chains and induced more microscopic segmental motions that lead to an 
increase in free volume during bond breaking/formation. The polymer 
packing changes increased the gas permeability of the membrane more 
than that of the membrane annealed at 300 ◦C. 

3.5.2.3. Performance of PBI membranes with gas mixture. The gas 
mixture permeabilities obtained in this work (Table S7 and Table S8) 

Fig. 10. Gas mixture (H2:CO2 = 1:1) separation at 30 bar and stage cut of 0.1 for PBI membranes annealed at 250 ◦C ( in a,d,g), 300 ◦C ( in b,e,h), or 400 ◦C ( in c, 
f,i) using data from Table S7 and Table S8 (a-f) permeability, (g–i) H2/CO2 selectivity. For PBI membranes annealed at 400 ◦C, dashed lines with empty symbols ( ) 
represent permeability (c,f) and selectivity (i) averages from the second and third permeability cycles. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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were compared to those from gas mixtures of the PBI membranes listed 
in Table S1. The gas mixture permeability (Fig. 7g and h) and selectivity 
(Fig. 7i) data show that the permselectivity properties for the PBI 
membranes of this work are more reproducible and are less dispersed 
than those from Table S1. Fig. 7g and h also shows that the permeabil
ities of hydrogen and carbon dioxide from this work are lower than of 
those from Table S1, which is attributed to the higher annealing tem
peratures that induced a close packing of the chains making the mem
branes more selective for H2/CO2 than the membranes from Table S1. It 
is interesting to see that all the membranes form this work exhibited 
higher and reproducible H2/CO2 selectivities (Fig. 7i) for gas mixtures 
than those from Table S1 at any given testing temperature, suggesting 
the importance of high annealing temperatures. 

A comparison of the performance of the PBI membranes from this 
work for H2/CO2 mixture separations at 30 bar (Table S7 and Table S8) 
to those of PBI membranes from Table S1 was performed using a 2008 
Robeson plot [73] (Fig. 8b). Since the membranes were tested at 35 ◦C, 
100 ◦C, 200 ◦C, and 300 ◦C with a H2:CO2 mixture, upper bounds for 
each of these temperatures from H2:CO2 mixtures are required in order 
to perform a fair comparison. Experimental upper bounds from gas 
mixtures for this separation are non-existent in the open literature, 
instead theoretical upper bounds for pure gases up to 300 ◦C [28,74,75] 
were used to draw the upper bounds in an effort to have an approximate 
reference for gas mixtures at high temperatures. Fig. 8b shows that all 
the PBI membranes from this work tested at 35 ◦C, 100 ◦C, 200 ◦C, or 
300 ◦C performed above either the 2008 Robeson upper bound at 
35–50 ◦C or close to the theoretical upper bounds at 100 ◦C, 200 ◦C, or 
300 ◦C. Fig. 8b also shows that almost all of the membranes from 
Table S1 were outperformed by the membranes from this work at any 
given testing temperature and membrane annealing temperature. This is 
remarkable since the most significant difference between the mem
branes from this work and those from Table S1 is the higher annealing 
temperatures used for the membranes prepared in this work, which 
according to Fig. 8b, improved significantly the performance of the 
membranes. Considering that gas mixture selectivity is usually lower 
than ideal selectivity, Fig. 8b shows a remarkable performance of the 
membranes from this work by performing close to the upper limits of the 
theoretical upper bounds for pure gases. 

3.5.2.4. Activation energy of permeation from gas mixture. Calculation of 
the Ep and P0 for hydrogen and carbon dioxide from a H2:CO2 (1:1) 
mixture permeation data at 30 bar was performed in a similar fashion 
than for pure gases. Using Equation (3) and data from Table S7 and 
Table S8, the permeability for each gas from the mixture permeation in 
each membrane annealed at different temperature was plotted against 
1/T in a logarithmic scale (Fig. S6 in supplementary information). After 
a visual inspection to verify the plots were linear, the data was fitted to 
an exponential regression from which P0 and Ep were obtained 
(Table S9). 

Comparison of the activation energy of permeabilities of membranes 
annealed at the same temperatures from Table 2 (Ep for pure gases) and 
from Table S9 (Ep for gas mixtures) shows that, independent of the 
annealing temperature, Ep from the first permeation cycles for gas 
mixtures is higher than the Ep for pure gases from the first permeation 
cycles. For the second and third permeation cycles of the membrane 
annealed at 400 ◦C, the Ep values from the mixture (Table S9) drop to 
values similar to those of the second permeation cycle with pure gases 
(Table 2). This suggests that a strong competition for diffusion paths 
between hydrogen and carbon dioxide may be at play when water is 
adsorbed in the membrane. Since water is strongly adsorbed in PBI and 
slowly desorbs at temperatures higher than 100 ◦C, it reduces the 
number of available diffusion paths for hydrogen and carbon dioxide 
and forces the gases to compete for these sites which in turn results in a 
lower permeability and a higher Ep for each gas. After water is desorbed 
during the first permeation cycle, the competition for diffusion paths in 

the second and third permeability cycles decreases resulting in a lower 
Ep. 

Comparing the effects of the annealing temperature of the membrane 
on Ep from gas mixtures (Table S9) to those on Ep from pure gases 
(Table 2), it can be seen that the Ep follows the same trend: the Ep from 
gas mixtures of membranes annealed at 250 ◦C (EpH2 = 20.6 kJ/mol, 
EpCO2 = 24.6 kJ/mol) are similar to those of membranes annealed at 
400 ◦C (EpH2 = 24.5 kJ/mol, EpCO2 = 28.3 kJ/mol) and that the Ep of both 
membranes are smaller than the Ep of the membranes annealed at 300 ◦C 
(EpH2 = 27.1 kJ/mol, EpCO2 = 33.0 kJ/mol). These variations in Ep are 
attributed to the same effects observed for pure gases: annealing tem
peratures above 350 ◦C removed DMAc and adsorbed water and induced 
microscopic movements of segments and probably crosslinking. The Ep 
values for the membranes annealed at 250 ◦C and 400 ◦C suggest that 
these membranes may have more free volume as a result of the thermal 
treatment than the membranes annealed at 300 ◦C, which may be 
experiencing a more compact packing than the other membranes. These 
physical changes would affect both pure and gas mixtures equally since 
the resulting conformation and configuration of the polymer in the 
membranes are impacted to some degree by the thermal treatment. 

It can also be seen that the Ep of the gases from mixtures from the first 
permeation cycle increases for all membranes as the size of the gas 
molecules increases with EpH2 < EpCO2. For the second and third cycles 
this does not hold, EpH2 > EpCO2. For example, for membranes annealed 
at 400 ◦C the EpH2 (24.5 kJ/mol) < EpCO2 (28.3 kJ/mol) for the first 
permeation cycle, but the EpH2 (18.9 kJ/mol) > EpCO2 (17.9 kJ/mol) for 
the third permeation cycle. As it can be seen, the EpCO2 becomes smaller 
than the EpH2 for the second and third permeability cycles, contrary to 
that for pure gases. In addition to the initial reduction of the EpCO2 due to 
the desorption of water, a further decrease in EpCO2 can be attributed to 
the effect of dragging that hydrogen exerts on carbon dioxide, as 
hydrogen diffuses and opens diffusion paths it drags carbon dioxide 
molecules with it, therefore lowering the EpCO2. This is plausible since 
the permeability of carbon dioxide increased by as much as 30% with 
increasing temperature. Membrane plasticization is unlikely to be a 
factor since at high testing temperatures the solubility of carbon dioxide 
in the membranes is minimal and the H2/CO2 selectivity remains 
unchanged. 

The Ep values obtained from gas mixture in this work remained 
within the range of Ep values (−18 kJ/mol to 75 kJ/mol) of more than 
400 polymers reported in the literature [40]. As it was mentioned in the 
previous section, it was observed that the Ep values of permanent gases 
in a variety of polymers remained within three distinct bounds drawn in 
an Ep - P plot [40], the values obtained from gas mixtures in this work 
fall within these bounds. For hydrogen, the EpH2 values from gas mix
tures remained close to bound 2 but, depending on the annealing tem
perature and permeation cycle, the EpCO2 values dispersed between 
bounds 1 and 2 (Fig. 9b). Taking the gas mixture permeation and Ep data 
from the first permeability cycle, it can be seen that the EpCO2 values for 
membranes annealed at 250 ◦C or 400 ◦C increase with increasing 
annealing temperature more rapidly for gas mixtures than for pure 
gases, but they remain close to bound 2. There is, however, the effect of 
better chain packing for the membrane annealed at 300 ◦C than for 
membranes annealed at 250 ◦C or 400 ◦C that moves the EpCO2 for this 
membrane from bound 2 to bound 1. These effects more likely are the 
result of the intense competition between hydrogen and carbon dioxide 
for diffusion paths due to the presence of adsorbed water that reduced 
the size of some diffusion paths. For the second and third permeability 
cycles, water is desorbed and therefore more diffusion paths are avail
able, lowering the EpCO2 values within bound 2. As it can be observed 
from Fig. 9b, the annealing temperature plays also an important role in 
determining the size and availability of diffusion paths, which in 
conjunction with adsorbed water, impact more the Ep for gas mixtures 
than for pure gases. 

E.V. Perez et al.                                                                                                                                                                                                                                 



Journal of Membrane Science 677 (2023) 121619

15

4. Conclusions 

Permeability experiments with pure hydrogen, carbon dioxide, ni
trogen, and H2:CO2 mixtures revealed that two main factors affect the 
permeability and selectivity properties of PBI membranes: the annealing 
temperature and the presence of adsorbed water in the membrane. In 
order to obtain reproducible gas permeation data for this polymer, these 
two factors need to be addressed and specified when permeation data is 
reported. To address the issue of the annealing temperature it is rec
ommended that the temperature must be high enough to ensure the 
membranes are free of impurities, residual solvent, and that the 
configuration of the polymer is close to 100% that of PBI (maximum 
conversion of prepolymer to PBI). An annealing temperature between 
350 ◦C and 400 ◦C showed to be more effective in cleaning and stabi
lizing the membranes than lower temperatures. Addressing the issue of 
adsorbed water in the membranes requires a permeability cycle at 
temperatures higher than 100 ◦C, preferably close to 200 ◦C in order to 
remove the tenaciously adsorbed water from the membranes. This 
treatment showed to be important in obtaining higher permeabilities 
and reproducible selectivities, free of interferences. 

The results also showed that the annealing temperature induced 
changes in the packing of the polymer that affected the activation energy 
of the gases tested. As the annealing temperature increased from 250 ◦C 
to 400 ◦C, the activation energies for hydrogen and carbon dioxide 
decreased from 18.9 (kJ/mol) to 16.7 (kJ/mol) and from 21.7 (kJ/mol) 
to 17.6 (kJ/mol), respectively. The changes in activation energy of 
permeation suggest the annealing temperature may be an important 
variable to consider when testing PBI membranes. 
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