
Boosting Renewable Methanol Production: A Study on Enriched
Hydrogen Recovery Using Hollow Fiber Carbon Membranes in
Syngas Stream Upgrades
Adele Brunetti,*,○ Danlin Chen,○ Elisa Avruscio, Linfeng Lei,* Dionysis Karousos, Giuseppe Barbieri,
Evangelos P. Favvas,* and Xuezhong He*

Cite This: ACS Sustainable Chem. Eng. 2024, 12, 3344−3354 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Biomass gasification is a viable solution for
generating H2; however, the syngas produced must be upgraded
to make H2-containing streams suitable for other applications, such
as renewable methanol production, by adjusting the H2/CO ratio.
In this study, for the first time in the literature, the separation
properties of carbon hollow fiber membranes in binary and
quaternary H2-containing mixtures with varying compositions were
systematically explored. It was found that the developed carbon
membranes exhibit relatively good selectivity for (H2+CO2) in
mixtures with other gases such as N2 and CO, which are commonly
present in syngas. A CO permeance of 0.8−1 GPU and a H2/CO
selectivity of 30 were achieved for the first time through both single gas and mixed gas permeation testing. Furthermore, in the
context of using these membranes for syngas upgrading, such as in an integrated biomass-to-biofuel (methanol) process for hydrogen
enrichment or carbon capture and conversion, a technical feasibility analysis based on the separation performance of the carbon
membrane system for syngas ratio adjustment and N2 removal was carried out. The results indicate that the prepared carbon
membranes have the potential to adjust the H2/CO ratio to 1−3 if a N2 removal ranging from 80 to 90% is acceptable.
KEYWORDS: carbon membranes, biomass gasification, H2/CO ratio adjusting, N2 removal, gas permeance

1. INTRODUCTION
Global energy demand is expected to increase exponentially in
the coming years with a more and more accretive increase.
Following the direction for minimizing the use of fossil fuels,
countries have turned their attention to the use of renewable
energy sources in addition to fossil fuels to meet their
increasing energy needs and obtain clean energy.
Hydrogen is a beacon of hope in the quest to curb CO2

emissions and mitigate the greenhouse effect.1,2 As a
noncarbon fuel, its combustion yields nothing but water.
Currently, global hydrogen demand is primarily driven by
ammonia synthesis (51%), oil refining (31%), and methanol
synthesis (10%).3 To meet this demand, approximately 95
million tons of hydrogen are produced annually.4 The
European Commission has set an ambitious target to produce
and import 10 million tons of renewable hydrogen by 2030
through water electrolysis, underpinned by the hydrogen
accelerator concept.5 However, hydrogen does not occur
naturally in its pure form. It must be extracted from fossil fuels
(via steam reforming,6 partial oxidation, or coal gasification) or
renewable sources (via biomass gasification7 or water splitting
using solar/wind energy).8−12 Hydrogen production technol-
ogies are classified into three categories based on their CO2

emissions: positive, free, and neutral.13 The most appealing
category is neutral CO2 emissions, which can be achieved using
biomass as a feedstock through biological (dark and photo
fermentation, biophotolysis) or thermochemical processes
(gasification and pyrolysis).14

Although gasification is a technique that produces the largest
amount of CO2 and has the highest carbon footprint,

15 it
remains one of the most commonly utilized processes for
hydrogen production.16−21 The main reason for this is that
most existing industrial plants are large scale, which makes
switchover to new technologies slower. In addition, unexpected
events, such as the recent global energy crisis, are directing
governments to activate solutions for the production of energy
based on fossil fuels.22 Alternatively, transforming raw
materials and byproducts, such as coal, wood, plastic waste23

and solid waste,24 sawdust, car tires, and sewage sludge into
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useful outputs of gasification techniques, is considered an
applicable solution.18,25 Through the gasification process,
carbon-containing materials are converted into synthesis gas
(see Figure S1), which is a gas mixture containing some or all
of H2, CH4, CO, NH3, H2S, N2, HCl, and HCN and also ash
and tar.26 The typical composition of syngas mixture ranges
CO 18−20%, H2 15−20%, CH4 1−5%, CO2 9−12%, and N2
45−55%, without considering contaminants and other
substance, even though it differs depending on fuel type and
gasification method. Values for the downdraft method and
different gasifier types were reported by Faizan and Song27

(Table S2).
In order to comply with the directives concerning the

reduction of greenhouse gas emissions, development of new,
but also improvement of existing, technologies must be given
high priority by governments and the scientific community. To
this end, research was intensified over the past decade on
modes of operating coal-fired power plants with carbon
capture and storage. In particular, precombustion options via
coal gasification, especially integrated gasification combined
cycle processes, are attracting the attention of governments,
industry, and research community as a fast-adaptation
alternative to conventional power generation.28 Moreover,
the biomass gasification process can also produce syngas, but
the challenges and demands of syngas cleaning must be
addressed.29 For example, based on the fact that wood
gasification produces a gas mixture with a high concentration
of N2 (Table S2), removing most of N2, it can lead to a final
enriched mixture that could be used for methanol production,
given that global methanol capacity is poised to see
considerable growth over the next five years, potentially
increasing from 171.8 MTPA (million tons per annum) in
2022 to 302 MTPA in 2027, registering a total growth of
75.8%.30 Industrial production of methanol is currently being
carried out by reforming fossil-derived syngas (primary CO
and H2) over metal-based catalysts at 50−100 bar and 200−
300 °C. Today, numerous studies also focus on the use of CO2
instead of CO in methanol synthesis according to the reaction:
CO2+3H2 → CH3OH+H2O (ΔΗ298

0 = −49 kJ/mol), even
though this is a great challenge given its high activation energy,
which demands substantial energy input.28 If flare gas is used
for methanol production, the use of a separation technology
able to simultaneously separate CH4, CO, and N2 from CO2
and H2 could significantly enhance the efficiency of the
process, as suggested by Khanipour et al.31 who proposed the
use of selective membranes toward CO2+H2 to adjust the H2/
CO ratio, while keeping a high hydrogen recovery after the
enrichment. Membrane technology is emerging as a formidable
challenge to conventional hydrogen separation techniques,
such as pressure swing adsorption and cryogenic distillation. It
boasts several advantages, including lower costs, reduced
energy consumption, simplicity, and compactness, making it a
more economically and environmentally viable option.
It is a well-established fact that there is a wide array of

membrane materials available, each with its unique properties,
making them suitable for various gas separation processes. This
includes a vast selection of polymeric substances, as well as
inorganic membranes like zeolitic, ceramic, carbon, and thin-
film metallic membranes.32

In the commercial sphere, polymeric membranes are
dominating. Membrane manufacturers typically use a select
group of polymers for hydrogen-selective membrane materials.
These include polysulfones, polycarbonates, cellulose acetates,

polyphenyloxides, and polyimides. New, tailor-made polymers
are under rigorous research and development, but their current
cost makes them prohibitive for large-scale use.33 However,
commercial polymeric membranes usually present relatively
low selectivity for H2 purification while inorganic membranes
such as the palladium-based or ceramic membranes are highly
cost-intensive, which limits their large-scale applications in this
field. The emerging carbon membranes showed promising
performances for H2 separation and purification to efficiently
separate hydrogen from other larger gas molecules (e.g., CO2,
N2, CH4).

34,35 Upon comparing the performance of the carbon
membranes proposed in this study to the most commonly used
polymer membranes at a commercial level (as shown in Table
S3), it becomes clear that the carbon membranes exhibit
comparable, if not superior, permeability and selectivity
(considering single gas measurements). This is particularly
notable in temperature ranges that exceed those typically
tolerated by polymer membranes. Furthermore, it is widely
recognized that carbon membranes maintain their stability
even under high-temperature conditions. Such an environment
is a prerequisite for gasification and/or steam methane
reforming processes. This underscores the potential advantages
of using carbon membranes in these applications. In our
previous work,36 we have demonstrated the capability of
hollow fiber carbon membranes to operate stably also in the
presence of contaminants and water vapor for more than 180
days of continuous testing. In this work, carbon hollow fiber
membranes were developed to selectively separate H2 and
CO2. These membranes were used to separate H2 from binary
(H2/CO2, H2/CO, and H2/CH4) and quaternary (CO2, N2,
H2, and CO) mixtures of different feed concentrations and
temperatures. The mutual influence of gases in H2-containing
mixtures on membrane permeation and the corresponding
variations in separation properties compared with single gas
measurements were systematically investigated. This led to a
comprehensive understanding of the differences in permeance
and selectivity observed in mixed-gas conditions. To the best
of our knowledge, this is the first time in literature that the
performance of carbon hollow fiber membranes was inves-
tigated with H2 mixtures containing CO and where the wide
variation of H2 behavior has been analyzed based on feed
molar fraction composition and the presence of other gases in
the mixture.
Experimental results obtained by feeding a quaternary

mixture with the typical composition of syngas as produced
in a biomass gasifier reactor were used as input for technology
feasibility analysis simulations. UNISIM simulation integrated
with a customized membrane unit was applied to investigate
the potential for adjusting the H2/CO ratio and removing N2
using the prepared carbon membranes.

2. MATERIALS AND METHODS
2.1. Membrane Preparation. Microcrystalline cellulose (MCC,

Avicel PH-101) was used as a polymer precursor for carbon hollow
fiber membranes. Specifically, the MCC was dissolved into a
cosolvent of 1-ethyl-3-methylimidazolium acetate (EmimAc, >95%,
purchased from IoLiTec GmbH) and dimethyl sulfoxide (DMSO,
purchased from Sigma-Aldrich) at 60 °C. The weight ratios of MCC,
EmimAc, and DMSO were controlled at 12, 66, and 22%wt,
respectively. The cellulose hollow fiber membrane precursors were
then fabricated by a dry-wet spinning during which a bore solution
consisted of 80%wt cosolvent and 20%wt ID water. Before being dried
in a lab atmosphere with a temperature of ca. 25 °C relative humidity
of ca. 30%, the as-spun fresh cellulose hollow fibers were soaked in

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.3c08236
ACS Sustainable Chem. Eng. 2024, 12, 3344−3354

3345

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c08236/suppl_file/sc3c08236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c08236/suppl_file/sc3c08236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c08236/suppl_file/sc3c08236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c08236/suppl_file/sc3c08236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c08236/suppl_file/sc3c08236_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c08236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


water for 72 h to remove residual cosolvent. Afterward, the precursors
were carbonized with an argon purge gas using the carbonization
procedure described elsewhere.36,37 The asymmetric carbon mem-
branes with an average thickness for the selective layer of 3 μm were
successfully prepared and reported in the previous work37,38 (Figure
S3). A hollow fiber membrane module containing five carbon hollow
fiber membranes with an effective membrane area of 9.5 cm2 was then
constructed in a 3/8 in. stainless steel tube sealed by epoxy adhesive,
which was used for gas permeation testing.
2.2. Mass Transport Property Evaluation. The separation

properties of the carbon-based membranes were explored in the
temperature range 50−80 °C for H2, N2, CO2, CH4, and CO as single
gas and in mixtures (Table 1) at a feed pressure of 10 bar. The
experimental setup used for the experiments is shown in Figure 1.

The hollow fiber membrane module was placed in a furnace for
precise temperature control. Mass flow controllers (Brooks Instru-
ments 5850S) were used to regulate the flow rate of gases fed to the
module. Gas mixtures were either already available in certified bottles
or modulated using mass flow controllers. A back pressure controller
(Swagelok KBP series) regulated feed pressure, and pressure drops
were monitored using gauges on the feed and retentate lines.
Temperature was finely monitored by using sensors on the feed,
retentate, and permeate lines (Digitron HLX31PFTE). During single
and binary mixed gas experiments, a constant N2 sweep gas flow rate
of 5 mL(STP) min−1 was applied. This was done primarily for two
reasons: first, due to the limited membrane area, the resultant
permeate flow rate is inherently low; second, the introduction of a
sweep gas serves a dual purpose. It not only enhances the driving
force, thereby enhancing the flux, but also ensures a consistent and
quantifiable flow rate for the microgas chromatograph. Permeate
pressure was atmospheric for single gas measurements or slightly
higher for mixtures owing to pressure drop from the microgas
chromatograph.
Separation measurements were carried out under steady-state

conditions, and the membrane module was exposed to a nitrogen
stream at a pressure of 10 bar during stand-by periods or changes in
operating conditions. Before changing gas supply, the module was
“washed” by feeding the new gas/mixture for 30 min on both sides of

the membrane. The composition of permeate, retentate, and feed was
analyzed using a micro gas chromatograph (Agilent 990) equipped
with different columns (Molsieve 5 Å, PoraPLOT Q, CP-Sil 19 CB)
and three TCDs.
Almost all the results reported in this paper showed a standard

deviation below 4%. The figures show error bars only when the error
exceeds this value.
The separation properties of the membrane were evaluated in

terms of permeance, permeability, and selectivity. Permeance (GPU,
1GPU= 2.736 × 10−3 m3(STP)/(m2 h bar) is the ratio of permeating
flux (m3(STP)/(m2 h) and the partial pressure differences (bar)
between the two membrane sides (eq 1):

P
permeance

permeating flux
i

i

i
=

(1)

All the permeation measures with mixed gases were carried out to
guarantee a stage cut lower than 1%. This condition assured the
absence of relevant partial pressure profiles in the two membrane
sides, and we calculated the driving force by using eq 2 and selectivity
(αi/j) as the ratio between the gas permeability of the two gases, also
in mixed gas conditions (eq 3).
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2.3. Process Design and Simulation Basis. Concerning the
small-scale scenario of syngas production from the gasification
process, a single-stage carbon membrane system with a syngas
processing capacity of ≤1000 N m3 h−1 was designed, as described in
Figure 2. Ahead of introducing the syngas stream delivered from the
gasification process into the membrane unit, it is initially pressurized
to 8 bar and adjusted to a desired operating temperature (Table 2).
The membrane area can be modulated to produce the syngas with an
optimal H2:CO ratio at a given N2 removal ratio, while the pressure of
the retentate stream is maintained constant with the feed pressure.
Compressors are necessary for both the feed and retentate sides of the
membrane unit, while a vacuum suction pump is required on the
permeate side. It should be noted that the present study does not
incorporate the heat integration network between the condenser and
heat exchanger�this aspect might be explored in future work.
On the basis of the separation performance of the fabricated carbon

membrane and the aforementioned process description, the
simulation basis described in Table 2 was employed to assess the
technical feasibility of the carbon membrane system in terms of
adjusting the syngas ratio and removing N2 from the gasification
process. A typical syngas composition consisting of CO2, H2, CO, and
N2 in a molar ratio of 15:15:20:50 was adopted while the presence of
CH4 in negligible quantities was ignored to streamline the process
simulation. The process described in Figure 2 was simulated using the
UNISIM simulation software, which is integrated with a tailored
membrane model configured featuring a counter-current flow
pattern.39 A 1D, first-order model considering a plug-flow on both
membrane sides was implemented, meaning no concentration
gradients in the radial direction. In addition, no pressure drops on
feed and permeate sides were accounted. Given that removing a
significant portion of N2 in the syngas stream is proposed in this
study, a N2 removal ratio of 90% was assumed in the simulation
process and the obtained product exhibits potential as a valuable
syngas source for downstream methanol and diesel fuel production.40

Moreover, the pressure drops associated with coolers and heat
exchangers were not taken into consideration and an adiabatic
efficiency of 75% was applied to estimate the energy demand of
compressors and vacuum pumps. A comprehensive analysis was
carried out on the process parameters including operating temper-
ature and vacuum pressure as well as a sensitivity analysis of the N2
removal ratio, based on the experimental data acquired from the

Table 1. Operating Conditions Used in the Experimental
Measurements

temperature (°C) 50−65−80
feed pressure, bar up to 10 bar
permeate pressure, bar 1−1.2
sweep gas flow rate, mL(STP) min−1 5
feed flow rate, mL(STP) min−1 100−500
single gas (purity 5.0) H2, CO2, CH4, CO
sweep gas (purity 5.0) N2

gas mixture composition (molar %) H2:CO2 = 65:35
H2:CO2 = 50:50
H2:CO2 = 85:15

H2:CO = 70:30
H2:CO = 50:50
H2:CO = 20:80

H2:CH4 = 5:95
H2:CH4 = 10:90
H2:CH4 = 20:80
H2:CH4 = 50:50

CO2:H2:N2:CO =
15.1:14.2: 55.4:16.3

CO2:H2:N2:CO = 15.7: 3.5:58.9:21.8
CO2:H2:N2: CO = 18.9: 4.2:20.2:56.6
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quaternary gas permeation test. It is noteworthy that the gas
permeance was assumed to remain constant along the membrane
module. Additionally, for the sake of simplifying the simulation, any
impacts stemming from variations in feed pressure resulting from the
application of sweeping and vacuuming on the permeate side were
disregarded.

3. RESULTS AND DISCUSSION
3.1. Single Gas Permeation Performance. The gas

permeation measurements were carried out to investigate the
capability of the membranes to separate H2-containing
mixtures with different species and compositions and to
understand how their permeation is influenced by the presence

of other gases. To this end, single gas permeances of H2, CO2,
CO, and CH4 were initially measured at different temperatures
to serve as references for quantifying their behavior in mixed
gas conditions. Since the sweep gas used in the single gas
measurements was nitrogen itself, it was not possible to
determine its permeance due to the low permeate flow, which
did not allow for a concrete reproducibility in measuring the
flow difference compared to the sweep flow. The permeance of
all single gases increased with temperature, with H2 being the
most permeable gas, followed by CO2, CO, and CH4 (Table
3). This agrees with what has already been observed in the
literature,41−43 where permeability is inversely proportional to
the critical volume of the molecules, confirming that diffusion

Figure 1. Experimental setup for the gas permeation measurements.

Figure 2. The schematic illustration of the single-stage membrane system for syngas ratio adjustment and N2 removal.

Table 2. Simulation Basis for the Single-Stage Membrane
System

parameters value

feed gas flow, m3(STP) h−1 1000
feed pressure, bar 8
permeate pressure, kPa 10−50
operating temperature, °C 50−80
N2 removal ratio, % 90
membrane performance based on Figure 9b

Table 3. Permeances of Single Gases as a Function of
Temperature

permeance, GPU

temperature, °C H2 CO2 CO CH4

50 22.2 4.3 0.7 0.17
65 25.8 4.7 0.8 0.19
80 27.2 6.0 0.8 0.22
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is the dominant transport mechanism (Figure 3a). We
evaluated the separation properties of the membranes in the

presence of three different binary H2 mixtures (H2 mixed with
CO2, CO, and CH4) at various compositions and three
quaternary mixtures also containing H2, but with a

composition closer to real syngas streams, as detailed in
Table 1.
3.2. Mixed Gas Separation Performance. 3.2.1. Feed

Gas Content Influences. For all binary mixtures, H2 was the
most permeable gas. However, when mixed, its permeance was
always lower than that measured as a single gas (Figure 4).
When examining the H2:CO2 mixture, which includes the most
permeable gases among those considered in this work, we
found that the H2 permeance decreased as the fraction of CO2
in the feed increased. On the other hand, CO2 permeance was
always higher than that measured in single gas and tended to
increase as the concentration of H2 in the feed increased,
reaching its highest value when the mixture contained about
80% H2. A similar behavior has been observed experimentally
and theoretically for zeolite membranes for both H2 and CO2
trends.44,45 As already observed in literature,36 even though
permeation through carbon membranes is primarily controlled
by diffusion into pores of size comparable with the molecule
size, the reduction of H2 permeance with increasing CO2 feed
molar fraction can be attributed to the hindering effect of CO2
molecules preferentially adsorbed on the sorption sites of the
membrane pores.36 This creates a “reduction” in the volume

Figure 3. Permeance of single gases as a function of their related (a)
critical volume and (b) critical temperature at 50 °C.

Figure 4. H2 and i-specie permeances as a function of i-specie concentration in the feed for different H2-containing binary mixtures.
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available for the diffusion of molecules, resulting in a decrease
in the H2 permeance. With the increasing of the H2 feed molar
fraction, less CO2 is present in the feed and thus it easily
adsorbs inside the membrane matrix, with a consequent
increase in CO2 diffusivity owing to the reverse of cover-
age,46,47 which is dominant over the lower sorption, resulting
in an increase in CO2 permeance. A similar behavior was
observed for the other binary mixtures of H2 with CO or CH4.
In both cases, H2 permeance decreased with respect to single
gas conditions as the molar fraction of the other component in
the mixture increased, while the permeance of CO and CH4
increased as the H2 concentration increased. Overall,
compared to the H2:CO2 mixture, the reduction effect on H2
permeance was less significant.

In particular, when considering a feed stream at 50 °C
containing 50% H2 and 50% of the other gas, the reduction of
H2 permeance in the mixture with CO2 was about 70%,
compared to 34 and 11% with CH4 and CO, respectively.
Looking at the other gases in an equimolecular mixture with
H2, CO permeance was enhanced by about 18% and CO2 of
12%, while CH4 permeance was 2.6 times the one in single gas
conditions.
The differences in the mutual interactions among different

gases can be attributed to their permeance and ability to be
sorbed in membrane pores. As previously mentioned, CO2 is
the most permeable gas after H2 and also has a good ability to
be sorbed in the carbon membrane, resulting in a significant
hindering effect on H2 and being positively affected by the

Figure 5. Mixed gas selectivity as a function of the H2 concentration in the feed for different H2-containing binary mixtures.

Figure 6. Permeance of H2, CO2, and CO and CH4 as a function of their concentration in the feed for different H2-containing (binary and
quaternary) mixtures (Table 1) at different temperatures.
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binary diffusivity, which deviates from the CO2 single gas
diffusivity, making CO2 diffusion faster in H2 mixtures. In the
case of CO and CH4, their permeances are very low compared
to that of CO2, so less gas can be present in the carbon
membrane during permeation. This implies, as confirmed by
results in Figure 4, a less significant effect on H2 permeance,
which, on the contrary, exerts a much more significant
promoting effect on the permeation of CO and CH4
permeation. A further distinction can be made between the
effects of CO and CH4. Even though their permeances are
comparable, the effect of CH4 on H2 permeance is more
evident than that of CO and this can also be attributed to the
different affinity of the gas with the carbon matrix. CH4 has a
solubility in carbon-based membranes36 that is about 66% that
of CO2, so it can also exert a hindering effect similar to that of
CO2, but less significant.
This is confirmed by the fact that in the presence of CO2, H2

permeance is reduced by about 70% while with CH4, its
reduction is about 34%. We were unable to measure the
solubility of CO owing to limitations of our apparatus.
However, by looking at the critical temperature (Figure 3b),
which can be considered an indirect indication of the affinity of
the molecule to be sorbed in the membrane matrix, one could
expect that its solubility contribution is less significant than
that of CH4, justifying its lesser impact on H2 permeance.
The different behaviors observed regarding the permeation

of various gases in mixed gas conditions were reflected in
significant variations of selectivity values for the various
mixtures investigated (Figure 5). All binary mixtures displayed
lower selectivities than their single gas counterparts. This was
due to the increase of both permeances with the H2 molar
fraction and was more pronounced at lower temperatures.
However, while the H2:CO2 mixture selectivity increased

with the H2 concentration, the other mixtures behaved
differently. When mixed with CO, selectivity remained stable
as a compromise of the permeance variation of the two gases
that was almost similar as the hydrogen molar fraction
increased. In contrast, the H2:CH4 mixture showed an overall
decrease in selectivity, particularly at 50 °C. This was owing to
the promotional effect of H2 on CH4 permeation and the
hindering effect of CH4 on the H2 one. As the temperature
increased, H2 diffusion was enhanced while CH4 sorption
decreased, resulting in less variation in selectivity.
We performed additional tests on three quaternary mixtures

w i th va ry ing compos i t i on s (CO2 :H2 :N2 :CO =
15.1:14.2:55.4:16.3; CO2:H2:N2:CO = 15.7:3.5:58.9:21.8;
CO2:H2:N2:CO = 18.9:4.2:20.2:56.6). In this case, we used
CH4 as the sweep gas to better distinguish the permeating flux
of N2. Interestingly, when we plotted the permeances of H2,
CO, and CO2 against their molar fractions in the feed together
with those measured with all binary mixtures (Figure 6), we
found that the permeance trends observed in binary mixtures
were also present in quaternary mixtures with different
compositions.
Specifically, as the concentration of H2 in the feed increased,

so did its permeance owing to its dominant diffusion compared
to other gases. On the other hand, just like with binary
mixtures, the permeances of CO2, CO, and CH4 decreased as
their molar fractions increased, approaching the single gas
value owing to the reduced promotional effect of H2 in the
mixture.

3.2.2. Temperature Influences. As expected, the permeance
of H2 increased with temperature, both in a single gas and in

mixtures. Its value was always dependent on the influence
exerted by the other gases present in the mixture (Figure 7a).

Therefore, when mixed with CO2, the variation in permeance
with respect to single gas values was always much more
significant than that when mixed with CH4 and CO (Figure
7b). However, the reduction in permeance was less significant
as the temperature increased, owing to the promotional effect
on H2 diffusion and the reduced solubility of other gases (CO2,
CH4, and CO) in the membrane induced by the temperature
increase. The permeances of CO2, CH4, and CO (Figure 8)
also increased and those measured in mixture with H2 in
equimolecular concentration were always higher than single
gas. In this case, as already mentioned above, the presence of
H2 caused an enhancement of permeance with respect to a
single gas value that was much more significant at higher
temperatures, as a consequence of increased H2 diffusion and
thus a more relevant promotional effect on binary diffusivity of
the mixture.

3.2.3. Enriched Hydrogen Stream in the Upgrading of
Syngas. Based on the results obtained, the hollow fiber
carbon-based membranes presented in this study exhibit
preferential selectivity toward H2 and CO2, with selectivity
values that vary depending on the operating conditions and
feed composition. As such, they are promising candidates for
use in syngas upgrading, such as in an integrated biomass-to-
biofuel (methanol) process for hydrogen enrichment or carbon
capture and conversion. When examining the permeate
compositions obtained from upgrading a typical syngas mixture
(Table 1) produced in a biomass gasification reactor,48 it is
evident that the carbon-based membranes significantly increase
the concentrations of H2 and CO2, which in the feed were 15.1
and 14.2%, while substantially reducing the fraction of N2 and
CO, which ranges between 1 and 3.3% (Figure 9a). In
particular, the CO2 concentration ranged from 63.8 to 64.6%
and the H2 concentration ranged from 34.1 to 29.1% at 50 and
80 °C, respectively. The increase in CO and N2 concentrations
in the permeate with temperature is owing to the increased
permeance of these two gases and the concurrent decrease in
CO2 permeance, which is ascribable to the diminished effect of
solubility at higher temperatures (Figure 9b).
3.3. Simulation Analysis. The influence of operating

temperature on key parameters (e.g., membrane area and
power demand) of a single-stage membrane unit used for
treating 1000 N m3 h−1 of syngas was examined under the
specific conditions of a 90% N2 removal ratio and a vacuum
pressure of 20 kPa at the membrane permeate side. As

Figure 7. (a) Permeance of H2 as a single gas and (b) H2 permeance
difference with respect to a single gas in equimolecular mixtures with
different gases as a function of temperature.
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depicted in Figure 10a, a considerably larger membrane area of
60,539 m2 at 50 °C is necessary in order to offset the reduction
in N2 permeance at lower temperatures, in contrast to the
comparatively smaller membrane area of 11,999 m2 required at
80 °C. Although the permeances for all gas compositions at
elevated temperatures are improved, there is a slight decrease
in the CO/N2 selectivity, which brings about a higher CO loss
at a given N2 removal ratio. Consequently, the gas flow rate on
the permeate site declines, leading to a marginal reduction in
power consumption from 148.7 to 148.2 kW. Figure 10
exhibits the impact of vacuum pressure on the required
membrane area and power consumption, considering the best
membrane performance at 80 °C and a specified N2 removal
ratio of 90%. Specifically, the required membrane area
experiences a slight increase, ranging from 11,877 to 12,397
m2, as the vacuum pressure varies from 10 to 50 kPa.
Conversely, the power demand demonstrates a general
downward trend, decreasing from 169.3 to 125.2 kW in

response to a progressive rise in vacuum pressure. A greater
transmembrane pressure provides a boosted driving force for
gas permeation, contributing to a raised permeate flux, along
with a lower membrane area. Besides, the increasing gas flux
leads to a notable augmentation in the power consumption of
both the vacuum pump and the compressors. Overall, the
comprehensive examination of operating temperature and
vacuum pressure provides valuable insights into the interplay
of key parameters within the membrane-based system,
contributing to optimizing the system design, enhancing
energy efficiency, and ultimately advancing the feasibility of
this technology for further practical application.
The investigation places significant emphasis on the N2

removal ratio owing to the potential impact of N2 impurities
on conversion efficiency for downstream methanol produc-
tion.40 N2, a prevalent impurity, can reduce the partial pressure
and hinder the conversion process, necessitating a sensitivity
analysis. Additionally, the substantial volume occupied by N2

Figure 8. CO2, CO, and CH4 permeance as single gas and in equimolecular mixtures with H2 as a function of temperature.

Figure 9. (a) Permeate composition for a typical syngas mixture at three different temperatures and (b) membrane permeance for a quaternary gas
permeation test at different temperatures.

Figure 10. The effects of (a) operating temperature and (b) vacuum pressure on the membrane area and power consumption at 80 °C.
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within the reactor incurs higher capital investment costs. As
such, a comprehensive sensitivity analysis of the N2 removal
ratio (50−98%) was performed to further evaluate the
technical feasibility of the membrane system to produce an
enriched gas mixture with a desired H2/CO ratio under the
conditions of the optimal membrane performance at 80 °C and
a vacuum pressure of 20 kPa.
As depicted in Figure 11, it can be observed that both the

required membrane area and power demand reveal a strong

dependence on the N2 removal ratio. An elevated N2 removal
ratio contributes to a lower flow rate of the permeate stream,
thereby causing a considerable decrease in both the required
membrane area (from 51,740 to 2801 m2) and power
consumption (from 180.6 to 129.8 kW). Furthermore, it is
worth noting that the recovery of both H2 and CO experiences
a substantial drop when the desired N2 removal ratio exceeds
90%, triggering a drastic increase of the H2:CO ratio in the
produced syngas, as highlighted in Figure 12a. Besides, the

stage cut of the membrane system undergoes a notable
reduction with the increase of the N2 removal ratio,
attributable to a considerable decrease in the required
membrane area. Moreover, the gas concentration in the
product stream is depicted in relation to the increased N2
removal ratio, as shown in Figure 12b, where an enrichment
toward CO2+H2 is achieved while maintaining moderate
CO2+H2 recovery. To mitigate excessive CO loss and
capitalize on the benefits of CO presence in syngas for
downstream applications, it is recommended to target a N2
removal ratio range of 80 to 90%. This range holds the
potential for fine-adjusting the syngas ratio to achieve an
optimal H2:CO ratio of approximately 2−3. Concerning the

inadequate membrane performance in separating CO and N2,
future efforts to advance CO-selective membrane materials,
enhancing the CO/N2 selectivity, will be pivotal in reducing
the required membrane area while maintaining a high N2
removal ratio. Additionally, exploring optimized multistage
membrane systems could further diminish both membrane
area requirements and power demands. Last but not least, a
further economic evaluation, considering a notable improve-
ment in membrane performance, can also be undertaken to
assess the capital and operational expenditures associated with
implementing the membrane system for syngas ratio adjust-
ment and N2 removal ratio in a practical scenario.

4. CONCLUSIONS
In this study, we explored the use of carbon hollow fiber
membranes prepared from cellulose precursors for the
separation of H2 from binary and quaternary mixtures. Our
systematic analysis of the separation properties of these carbon
hollow fiber membranes in H2-containing mixtures confirmed
that both the permeance and selectivity of mixed gases depend
on the type, composition, and temperature of the mixture
being treated. Overall, the presence of H2 in the mixture
enhances the permeance of other gases owing to a promotional
effect on diffusivity, which deviates from single gas values and
accelerates the diffusion of other gases in H2 mixtures. This
effect is more pronounced at higher molar fractions of H2 in
the mixture and at higher temperatures. The presence of CO2,
CH4, or CO tends to reduce H2 permeance owing to a
hindering effect caused by gas sorption in the carbon
membrane, which is more significant at lower H2 concen-
trations in the feed and at lower temperatures. Our
experiments with quaternary mixtures confirmed that the
developed carbon membranes exhibit good selectivity for
(H2+CO2) in mixtures with other gases such as N2, CH4, and
CO, which are commonly present in syngas produced from
typical biomass gasification processes.
Process simulations were, thus, executed to analyze the

technological feasibility of single-stage carbon membrane
systems for N2 removal and syngas ratio adjustment from a
typical syngas stream produced by biomass gasification. An
appreciable increase in the required membrane area and a
reduction in power consumption were observed at a desired
higher N2 removal ratio; however, the enriched syngas product
recovery experiences a drastic decline when the N2 removal
ratio exceeds 90%, indicating that the escalated costs associated
with pursuing an excessively high N2 removal ratio may not
adequately offset the benefits of space-saving for the down-
stream reactor and the overall syngas conversion efficiency.
Consequently, cost minimization should be carried out in
future work to identify the optimal N2 removal ratio.
Considering the substantial membrane area requirement
indicated in this simulation study, it is anticipated that a
notable enhancement in H2 and CO permeance could lead to a
notable reduction in the required membrane area. Additionally,
it is essential to emphasize the significant CO loss for the
designed membrane system, which also underscores the
urgency for future endeavors dedicated to advancing the
development of membranes with elevated H2 and CO
permeances as well as excellent CO/N2 selectivity to further
improve the competitiveness of carbon membranes for this
application.

Figure 11. Sensitivity analysis of the N2 removal ratio on membrane
area and power consumption.

Figure 12. Sensitivity analysis of N2 removal ratio on (a) gases
recovery, stage-cut and H2/CO ratio, and (b) syngas product
enrichment.
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