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Development of carbon membranes for hydrogen recovery

Abstract

The recovery of hydrogen from gas mixtures with hydrocarbons may provide a commercial
niche for carbon molecular sieve membranes (CMSMs). Previous work has shown that carbon
membranes achieve excellent performance, with respect to hydrogen permeability and
selectivity, in the separation of hydrogen from light hydrocarbons, such as CH,4, and CO,. The
intent of this work was to screen CMSMs derived from cellulose-hemicellulose for H,
recovery and to generate performance data so that commercial application could be simulated.
Three fields of application were evaluated: 1) the separation of hydrogen from a mixed H,-
natural gas network in a hydrogen-based society concept, 2) recovery from refinery waste
gases and 3) capture of CO; in a precombustion coal-fired power plant. The key separation
components were therefore H,, CH, and/or CO,, with nitrogen and C,-C, hydrocarbons
sometimes present as smaller fractions.

The precursor material was an 80% cellulose-20% hemicellulose mixture derived from spruce
and pine pulp. The final carbonization temperature was varied between 375°C and 700°C and
a separation performance maximum found at about 650°C. Membranes carbonized at the low
end had not yet developed sufficient porosity, whereas those carbonized at 700°C had
experienced extensive pore closure. Copper (Il) nitrate and silver nitrate were also added to
the precursor in the range of 0-6 wt%. Copper (Il) nitrate decomposed to copper oxide during
pyrolysis and silver nitrate to silver, the latter often forming a layer on the membrane surface.
SEM analysis showed dispersed clusters of the additive in the carbon film. Increasing the
additive loading tended to decrease the permeability of H,, CO, and CH,4 but increased the
selectivity of the H,/CH,4 separation. H,/CO; selectivity was best with about 4% copper nitrate
loading. There was no significant advantage in doping the membrane with the more expensive
silver nitrate compared with the copper nitrate.

The carbonization environment strongly affected separation properties. Deep vacuum (0.02-
0.05 mbar) produced tight membranes with low hydrogen permeability and the highest
H,/CO; selectivity (>20 at 25°C). These membranes performed better than the productivity-
selectivity trade-off for polymeric membranes. A higher carbonization pressure (0.34-0.41
mbar), which implies a higher oxygen partial pressure and more oxidation, led to more open,
productive membranes that are better suited to H,/CH,4 separation. All membranes prepared in
this work exceeded the performance of polymers for this pair, with single gas H,
permeabilities at 25°C of up to ~1400 Barrer and selectivities of 1200 observed for new
membranes. Carbon membranes were also prepared under an argon gas flow (a more practical
method for mass production) and found to have similar performance to those prepared at the
higher pressure under vacuum. After carbonization temperature, the most important factor
determining performance was the length of exposure of the material to air. Aging due to
chemi- and physisorption decreased membrane productivity by as much as 80% over 14
months, although the deterioration slowed over this time.

The effect of operating conditions was also studied. Increasing the operating temperature
produced an exponential increase in productivity for all gases, but decreased the hydrogen
selectivity. Feed pressure had little effect on separation below 6 bar, which was the equipment
limit. The permeability of hydrogen was hindered by competitive adsorption by heavier gases,
but short term testing showed the productivity to be reasonable and stable, even in the
presence of propane and butane.
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The operating data for the simulation of applications was taken from the performance of a
carbon membrane prepared by doping the cellulose-hemicellulose precursor with 4wt%
copper (I1) nitrate and carbonizing it at 650°C. This data was for the ‘aged” membrane, which
still achieved excellent performance in mixed gas tests — approximately 500 Barrer and
H,/CH,4 and H,/CO; selectivities of 1000 and 19, respectively, at 25°C.

The cost and energy consumption of H, recovery from hydrocarbon streams varied
considerably with the hydrogen partial pressure in the feed, degree of recovery and assumed
membrane module cost ($50-500/m?). Ninety percent of the hydrogen could be recovered
with >95 mol% purity from a stream containing as little as 5 mol% H, in a single stage.
Compared with a commercial polyimide membrane, the carbon molecular sieve produced
purer hydrogen from leaner streams with lower energy consumption. The operating cost,
which included a 15% capital charge, was similar to or lower than that of the polyimide
membrane.

The separation of hydrogen from carbon dioxide and nitrogen, the main components in an
IGCC precombustion stream, was simulated and compared with the performance of a CO,-
selective facilitated-transport membrane. The CO, compression duty in the CMSM process is
higher because the nitrogen that is retained with the CO, must be compressed too. The CO,
pipeline size increases because more gas must be transported. The second challenge is that the
hydrogen must be recompressed as well, to turbine pressure. This is a particular issue because
the H,/CO, permselectivity ratio at the operating temperature of 90°C is only about 13 and so
the permeate pressure was less than 3 bar to achieve good separation.
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Nomenclature

Symbol Explanation Unit/value

Latin characters

A area m?

b 2" coefficient in van der mol m™

Waal’s EOS

C concentration mol m™

D diffusivity m? s

d diameter m

E Activation energy kJ mol™

f fugacity bar or kPa

h Planck’s constant 6.63x10* J s

i specie

J flux mol m?s™ or
m*(STP) m?s™

K constant

I membrane thickness m

M molar mass g mol™

N moles mol

N number -

p pressure bar or kPa

p probability -

P permeability Barrer
or m*(STP) mm?bar* h*

Q volumetric flowrate m*ht

R universal gas constant 8.314 Jmol* K*

S solubility mol m™ bar™
or m*(STP) m™ bar*

S activation entropy Jmol* K*!

T temperature °CorK

t time h, day, s

Vv volume m?*

W work Jmol™ (in compression
context)

X distance in the x direction m

y mole fraction -

Z compressibility factor -

Greek characters

) fugacity coeffient -

v specific heat ratio -

o (perm)selectivity -

A delta (finite difference)

Y mean free path m
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Subscripts
0

A, B
Kn

p

Abbreviations
AgN

CMS

CMSM

CuN
DP
HC

HZS

MG
PSD
PSA
SD
SG
SEM
TGA
TZF

Conversions
From
Barrer

m*(STP) m? bar™ h*

cm®(STP) cm™ st cmHg™

usually denotes pre-exponential
constant

species A, B

Knudsen

pore

silver nitrate

carbon molecular sieve
carbon molecular sieve
membrane

copper (1) nitrate

degree of polymerisation
cellulose/hemicellulose
precursor

Carbolite furnace with quartz
furnace tube

mixed gas

pore size distribution
pressure swing adsorption
standard deviation

single gas

scanning electron microscopy
thermogravimetric analysis
Carbolite furnace with ceramic
furnace tube

To Conversion factor
cm*(STP) cmem?stecmHg®  1x10™

m*(STP) m m? bar* h* 2.736x107

mol m m? bar! h 1.217x107

mol m2kPa* h? 4.45x10"

mol m? bart h? 44.50

mol m? kPa h* 1.217x10°
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1 Layout of the thesis and unit conventions

The intent of this thesis is to present a continuum from the theory of carbon molecular
membrane sieves through development and testing to simulated application. After a brief
introduction, there follow two parts; Part | documents the theoretical and experimental work
and Part 11 presents the results of process design and evaluation.

The units used to describe gas permeability (the transport coefficient) in membranes can be a
controversial subject, with some preferring Sl units to the traditional units. However, Barrer,
which is traditional, is convenient because the range of permeability in carbon membranes is
usually between 1 and 2000 Barrer. This is compared to 2.735x10™* to 5.472x10™
m*(STP)-m/m?Pa-h for the same range in Sl units or even 2.735x10° to 5.472x10®
m*(STP)-m/m*bar-h for the more common metric units. Furthermore, Barrer is in common
use in the literature, including by the Editor-in-chief of the Journal of Membrane Science, WJ
Koros, and so it is easier to compare experimental data by reporting in Barrer. The situation is
different in Part Il. Here, the inputs to the simulation software are permeances (permeability
normalised by thickness) and it was more convenient to report them with the units
mol/m?kPa.h or m*(STP)/m?-bar-h. Conversions are provided where clarity is required.

10
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2 Introduction and motivation

There is no more important element than hydrogen. It constitutes about 75% of the elemental
mass of the universe’, and two of the three elements in water, which makes up roughly 70%
of our bodies, are hydrogen. Most hydrogen is found in stars, in the plasma state, powering
the thermonuclear reactions that give rise to other elements, the planets and everything else in
the cosmos, including us.

It is the lightest element, with an atomic mass of 1.00794 g/mol, and in the standard state it is
a colourless, odourless, tasteless, highly flammable diatomic gas. Because it reacts easily with
other substances, the pure form is only found in traces in our atmosphere (Air Liquide Gas
Encyclopaedia, 2007) and so we must synthesize it from hydrocarbons or water. Some of the
physical properties of hydrogen are given in Table 2-1.

Table 2-1. The physical properties of diatomic hydrogen (Perry and Green, 1984)

Molar mass, g/mol 2.016
Triple point, K 13.95
Boiling point (1 bar), K 20.3

Gas density (1 atm, 0°C), kg/m® 0.0898

The world produces approximately 50 million tons of hydrogen per year; 48% from natural
gas reforming, 30% from oil, 18% from coal and 4% from water (National Hydrogen
Association, 2007). The USA uses about 10 million tons of hydrogen per year for industrial
purposes, 95% of it from natural gas reforming (Wise, 2006). Pure hydrogen has many
industrial uses, including the formation of plastics, polyester and nylon, as a blanketing gas in
the glass industry, the treatment of various metals, the desulphurization, hydrotreating and
hydrocracking of hydrocarbon fuels, in the propulsion of rockets and as a fuel for fuel cells
(Air Liquide Gas Encyclopaedia, 2007). Hydrogen is also used to produce ammonia for
fertilizer, amongst other products.

Further investment in hydrogen technologies is particularly important to mankind for two
reasons. The first, which invokes either approval or cynicism, depending on the audience, is
the replacement of carbon-based energy carriers with hydrogen. One argument is that the
demand for fossil fuels is outstripping the supply. The course that the oil price has taken over
the last four years certainly supports this. Furthermore, geopolitical events have caused
governments to consider alternative sources of energy, usually renewable, to wean their oil-
hungry economies off the dependency on supply from the Middle East and Russia. The
United States imported 56% of its oil in 2000 (a quarter of that from the Middle East) and
Europe 60% (half of that from the Middle East) (Sanborn Scott, 2005). The danger is not,
however, the impending depletion of fossil resources. The ratio of the conventional oil
reserves added each year by discovery to the ratio of consumption has remained
approximately the same since 1900. The estimated depletion time for the known reserves is
about 40 years at the current rate of consumption; but it was the same value in 1900. Added to
this is the vast reserve of non-conventional oil, such as oil sands, and coal. In the words of
Cesare Marchetti in 1979, “*Running out’ has the advantage of being easy to understand, but
the disadvantage of being wrong”.

! NASA: http://imagine.gsfc.nasa.gov/docs/ask_astro/answers/971113i.html

11
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Figure 2-1A century of monitoring the ratio of reserves to production (Sanborn Scott, 2005)

The more important reason for developing hydrogen technologies is the threat of global
warming; the result of fossil-fuelled power stations, cars, industry and countless other
consumers spewing carbon dioxide and other greenhouse gases into the atmosphere. The
exact effect of these gases and the predictions for the temperature increase are debated, but
the trend in the scientific and political community is to accept that there is a problem. It was
calculated in 1997 that if there were no further discoveries of fossil fuels and no further
technological improvements and all the known fossil reserves were burned, that the CO,
content in the atmosphere would rise to 700 ppmv (Sanborn Scott, 2005). The highest
maximum CO, level over the last 300 000 years was 310 ppmv, until we entered the industrial
age. It now stands at 380 ppmv. Considering that the CO, levels are closely tracked by global
temperature, the combustion of all of the known reserves without CO, mitigation could cause
a disaster.

One solution, possibly in the medium term, is to capture CO, at source and store it, a scenario
that requires the conversion of the energy carrier from fossil fuel to another form that will not
emit CO, at the end-use site, such as electricity or hydrogen. The only long-term alternatives
to CO, mitigation are alternative energy sources. The problem with most of the candidates —
nuclear, wind, solar, geothermal, current and wave action — is that they do not produce an
easily transportable form of energy. A hydrogen energy system may be able to resolve this
problem (Veziroglu, 2007). Although it must be acknowledged that there are serious
challenges with storing hydrogen in a compact form, hydrogen can be the link between all
energy sources and sinks. There are certainly signs that the hydrogen economy is being
viewed seriously. For example, major car manufacturers are investing in fuel-celled vehicle
development and it is estimated that there will be 15 million hydrogen-fuelled cars in 2020
and 50 million in 2030. The hydrogen field provides fertile ground for research and
technology development, including the distribution of hydrogen on a massive scale. This
challenge is one of the technologies explored in this thesis, through the application of carbon
membranes to recover hydrogen that has ‘hitched a ride’ in a natural gas network, in the
NaturalHy project.

Those who remain unconvinced by the arguments for fossil-fuel replacement would not
dispute the second reason for investment in hydrogen-related technologies. That is the
management of hydrogen resources within refineries. The demand for hydrogen is increasing

12
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due to stricter product specifications and a decline in the quality of crude available for
processing (Pacalowska et al, 1996). These increase the need for hydro-processing and
hydrotreating. Where hydrogen may previously have been in excess in a refinery, it is now
imported or produced separately onsite. The concept of hydrogen pinch analysis, similar to
energy pinch analysis, is often applied and has resulted in significant savings for refineries
(Hallale et al, 2002). Many of the off-gas streams in a plant containing hydrogen are
commercially attractive as hydrogen sources. Hence, there exists an opportunity for
technologies that can upgrade that hydrogen.

2.1 Carbon molecular sieve membranes (CMSMs)

The subject of this doctoral work is the use of CMSMs to separate hydrogen from other gases.
Carbon molecular sieve membranes are thin carbon barriers, usually in the shape of a film or
hollow fibre, that are capable of selectively transporting certain gases. The mechanisms are
explained in the body of the thesis and will not be dealt with in detail here, suffice to say that
the carbon material can discriminate between gases based on their size and shape. They are
able to transport hydrogen, the smallest molecule after helium, through their ultra-micropores
with a high degree of productivity and selectivity.

2.2 Applications

Three important applications are considered in this thesis: 1) the recovery of hydrogen from
refinery off-gases, 2) the recovery of hydrogen from a syngas stream that has been CO-shifted
and 3) the recovery of hydrogen from a hypothetical mixed natural gas-hydrogen distribution
network. These applications are discussed in detail in Part Il of the thesis and this section is
only intended to be an introduction that places the experimental work in context for the reader.

1. Recovery from a mixed natural-gas hydrogen network

This hypothetical case is in fact the basis of a 6" EU Framework programme, of which the
NTNU is a participant. The concept involves the injection of hydrogen from a large-scale
producer into a natural gas network, with the aim of utilising existing networks in the
transition to a hydrogen economy. The project, NaturalHy, consists of 39 European partners
and aims to test all critical components in a mixed network by adding hydrogen to existing
natural gas networks. This consortium includes network operators, hydrogen producers,
specialist practitioners and academic researchers. The effect of hydrogen on technical
components of the pipeline, reliability, safety and pipeline integrity as well as the possibility
to separate out hydrogen for the end user are being tested.

Critical to the success of the project is the feasible separation of the hydrogen for end-use
components requiring relatively pure hydrogen, such as fuel cells.

2. Hydrogen from refinery off-gases

Refineries contain off-gas streams that have hydrogen contents of 10-90%, depending on the
source unit operation. Typical impurities include methane, nitrogen, carbon dioxide and
higher hydrocarbons. Considering the moderate pressures these streams are available at, there
exists a potential niche for carbon molecular sieve membranes to recover the hydrogen.

13
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Commercial polymer membranes exist for the purpose already, but these are generally limited
in their performance, for reasons that will be discussed in more detail later.

3. Hydrogen from a CO-shifted syngas stream

Integrated gasification combined cycle power plants have been identified as, potentially, the
most efficient and environmentally-friendly form of coal-to-power conversion. Furthermore,
they produce syngas (CO and H,) as an intermediate product, which can be CO shifted with
steam to produce a mixture rich in CO, and Ha.

A typical CO-shifted syngas would contain approximately 50 mol% H,, 39 mol% CO,, 10
mol% N3, 1% mol CO and traces of carbon disulphide and hydrogen sulphide. The pressure of
the feed gas depends on the gasifier pressure and can vary from 20 to 60 bar (abs). The
temperature of a gas stream exiting CO-shift is usually from 500°C to 200°C (if a low-
temperature shift step is present). These conditions provide a potential application for
hydrogen-separating carbon molecular sieves.

The results of this application are also relevant for a closely related process — natural gas
combined cycles, in which natural gas can be reformed and CO shifted to produce a similar
feed for a membrane. Finally, any future reforming/gasification processes with the sole
purpose of producing hydrogen would also provide applications for the results in this work.
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PART | Development of hydrogen-selective carbon membranes

3 Membrane gas separation

Membranes are used to separate solids from liquids (filtration), liquids from dissolved salts
(reverse osmosis), gases from liquids (pervaporation) and gases from gases (Mulder, 1997).
This thesis deals with the latter and the equations developed in the next section are for gas
transport.

3.1 Principles of membrane separation

Membranes are defined by Mulder (1997, pg. 7) as a permselective barrier or interface
between two phases. A simple representation of a membrane is shown in Figure 3-1.

Phase 1 Membrane Phase 2

o
O
®
A |
o

O
®
LR |
O

o U
o
® O
LR |
O

\

Feed

Driving force
AC, AP, AT, AE

Figure 3-1 Basic representation of a membrane process (adapted from Mulder, 1997)

The driving force for transport of a species is the potential difference across the membrane,
and may be in the form of a pressure (or more correctly, fugacity) difference, concentration
difference, temperature difference or an electrical field. In gas separations, the driving force is
usually the component fugacity difference or partial pressure difference if the gases behave
ideally.

An equation describing steady state diffusion was presented in 1855 by Fick and is the basis
for the flux equations commonly used in the membrane field:

Ji :-Diﬁ 1)
dx

The assumption here is that a concentration gradient is the driving force across the membrane.
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J is the flux (volume, mass or mole flow per unit area), D is the diffusivity constant of specie i
in a medium, C is the concentration of the specie and X is the distance over which diffusion is
considered. If the concentration of a gas species at the membrane-gas interface is in
equilibrium with the partial pressure of the gas, then Equation (1) can also be expressed in
terms of gas partial pressures:

‘]i :_Diﬁ'% (2)
dp, dx

The permeability, P (m*(STP)'m/m?>barh), of a gas is then defined as:

P =-D ac, (3)
dp,

If Henry’s law applies, C; = S;.pi, where S is the solubility coefficient; dCi/dp; = S; and hence
Pi = Di-Si (4)
Often, in engineering applications, flux is presented in the volumetric form:

dQ.

J =— 5

A (5)

If the concentration gradient is assumed to be linear, then Eqg. (1) can be rearranged and
integrated over the membrane thickness, I, to yield

dQ =dA=-(C ~Cp)  (©)

where dQ; (m%h) is the incremental volumetric flow rate of component i through the
membrane in an area increment, | (m) is the thickness of the membrane, dA (m?) is an area
increment and subscripts f and p refer to the feed and permeate sides, respectively. Eg. (6) can
be rewritten as

aQ =dA(p, —p,) ()

Here P (m3(STP)m/m?®barh) is the permeability of component i in the membrane, p is the
partial pressure of i, and subscripts f and p refer to the feed and permeate sides, respectively.
Gas separation is often performed with high pressure on the feed side, making the assumption
that the gas behaves as an ideal gas invalid. In that case, the fugacities should be used (Mulder,
1997):

dQ, :dA$(¢i,f'pi,f _¢i,p-pi,p) (8)
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where ¢ is the fugacity coefficient of i. ¢ is defined as the ratio of the fugacity and the
pressure of the gas, fi/pi.

Alternatively, the transport of gas i can be described in terms of moles (F;) transferred per
hour:

dF, =dA(p,, — ) ©

Here, the permeability, P;, has the units mol.m/m?.bar.h. The ratio of two gases permeability
coefficients is termed the permselectivity (often shortened to selectivity), which is a measure
of the membranes effectiveness in separating species:

(10)

Q
Il
Ol

Figure 3-2 shows a representation of a membrane module, with the separation of H, from CH,4
as an illustration.

Feed side
P =10 bar P =10 bar

XHz =10% XH2 =1%
Puo=1 bar Py, =0.1 bar

XHZ =100%

Permeate side
Figure 3-2 Representation of a membrane module

In this example, the continuous feed contains 10 mol% hydrogen and 90 mol% methane and
is at a pressure of 10 bar, meaning that the partial pressure of hydrogen in the feed is 1 bar.
The membrane in this example is only permeable to hydrogen and as the gas permeates
through the membrane to the permeate side, so the fraction and partial pressure of hydrogen
decreases. If 90% of the hydrogen is separated, its partial pressure will be 0.1 bar in the
retentate stream that leaves the module. Since the membrane is only permeable to hydrogen,
the permeate stream is pure hydrogen. As the driving force is (pu2f - Przp), the total pressure
on the permeate side must be less than or equal to 0.1 bar for transport to occur along the
entire length of the membrane.
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As the fraction of hydrogen recovered increases and the partial pressure of the hydrogen
decreases, so the driving force decreases and dQu./dA decreases. Thus, recovery of the target
gas is not directly proportional to the required membrane area.

In reality, most membranes are not perfectly selective and all gases will pass through the
membrane to some degree. Thus, methane would also permeate at a low rate and would dilute
the hydrogen on the permeate side, allowing for the total permeate pressure to be
correspondingly higher. However, as the partial pressure and transport of the hydrogen
decreases, so the relative rate of transport of methane increases and the purity of hydrogen in
the permeate decreases. Higher recoveries, therefore, tend to result in lower product purity.

The ratio of feed to permeate pressure is also an important parameter. As shown in Figure 3-3,
the purity of the component with the highest permeability increases as this ratio increases.

——1.1
-—a—2

—4—5

—>=—10

—x—20

——50

H2 mole fraction in permeate

—+—100
—=—200

0 20 40 60 80 100 120

Perm selectivity, Pyo/Pcha

Figure 3-3 The effect of permselectivity on hydrogen fraction in the permeate, with feed to pressure ratio
as a parameter. Results are shown for a cross-flow membrane, 10% H, in the feed and achieving 75%
recovery

3.1.1 Real gas behaviour

The fugacity coefficient, N, of a gas is a function of the state and can be calculated from
f d
Ind= f(Z _1)?p (constant T, y) (11)
0

where Z is the compressibility factor of a gas and y is the mole fraction (Smith and Van Ness,
1987). According to San Marchi et al. (2007), who studied the permeability of hydrogen in
stainless steels, the Abel-Noble equation of state (EOS),

V. :%m (12)

represents the real gas behaviour of hydrogen well in the range 1-2000 bar and 223-1000 K.
In Equation (12), Vp is the molar volume and b is the second coefficient in van der Waals
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equation of state, which is only a weak function of pressure and temperature in the above
range. San Marchi et al. fitted Equation (12) to hydrogen data over this range and calculated
that b = 15.84 cm®/mol. From Eq. (12) we get

z-1+2P (13)
RT

and hence Eqg. (11) can be rewritten as

Y

bp \dp  bp

Ino— [1+——1]—=— (14)
[ RT Jp RT

Thus, for the engineering conditions relevant to this thesis, the fugacity of hydrogen is well
represented by Eq. (15).

f = pexp|—
IOIORT

P ] (15)

The fugacity of a gas in a mixture is also a function of the composition. However, if hydrogen
is present in an ideal mixture, then the partial fugacity can be written as

sz = Y, f:|2 (16)
where ', is the fugacity of hydrogen at the total system pressure (San Marchi et al. 2007).

The positive value of b means that the fugacity coefficient of hydrogen is always > 1. A plot
of Eq. (14) is shown graphically in Figure 3-4.

—— 288 K
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Figure 3-4. Hydrogen fugacity as a function of pressure and temperature

Inspection of the virial coefficient, b, for CO,, CH,4, C,Hg, CsHg and C4H1o, which are relevant
to the separations in this thesis, reveals that b is negative up to at least 200°C (CRC Handbook
of Chemistry and Physics, 87" Ed., 2006-2007). Thus, the fugacity coefficient of all of these
gases should decrease with increasing pressure, if the Abel-Noble EOS is assumed to
approximate their behaviour. The reader is reminded that the driving force is the difference in
fugacities (or partial pressures as a simplification), as described by Eq. (8). The implication,
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therefore, is that the driving force for hydrogen separation benefits from real gas behaviour
with increasing pressure, whereas the driving force is disadvantaged for CO, and
hydrocarbons. This would also lead to an apparent increase in selectivity as pressure increases,
if other material-gas interactions are absent. The coefficient b for N, is slightly positive above
27°C, but still less than that of H, up to 200°C

Thus, membrane models for hydrogen separation that use partial pressure in the calculations
may be conservative models that underestimate the purity of the hydrogen product and may
slightly overestimate the required membrane area. They would be conservative models
compared to those incorporating real gas behaviour.

3.2 Membranes relevant for hydrogen separation

Many materials possess the capability to separate hydrogen from other gases, most of them by
the permeation rather than retention of hydrogen. Briefly, these include:

Polymeric membranes

These are the most prevalent membranes in commercial operation (Koros and Mahajan, 2000)
and are the most practical and economical to manufacture on a large scale, usually as spiral
wound units or hollow asymmetric fibre bundles. Their earliest large scale use, in desalination,
arrived after Loeb and Sourirajan (1963) developed the phase inversion technique for forming
membranes. This produces anisotropic membranes with an extremely thin selective layer.

Polymeric membranes rely on a sorption-diffusion mechanism for permeation. They are
usually made from glassy polymers (such as cellulose acetate and polysulfone), which derive
their selectivity by discriminating between penetrants with subtle differences in size.
Polymeric membranes are used in the industry to recover hydrogen from hydrocarbon streams,
such as refinery off-gases. Examples are Membrane Technology and Research’s (USA)
hydrogen-permeable membranes which are claimed to recover 90% of the hydrogen at 90-
99% purity and Air Product’s PRISM® membranes®.

The problems faced by polymeric membranes include the loss of performance at high
temperatures, high pressures and in the presence of highly sorbing (plasticising) components
(Koros and Mahajan, 2000). PRISM® membranes, for example, can only operate up to 110°C.
High temperatures and plasticising components cause glassy polymers to become rubbery and
lose their selectivity. High pressures can cause compaction of the polymer, which reduces
permeability, or even the collapse of hollow fibres. Polymer membranes also appear bound to
an upper limit in the trade-off between permeability and selectivity (Robeson, 1991), meaning
that high purity hydrogen and high recovery cannot always be achieved by polymers. Their
current use is mostly for moderate-to-high feed concentrations of hydrogen.

Palladium-based membranes

Palladium-based membranes are highly selective towards hydrogen, because they involve the
dissociation of hydrogen on the palladium and diffusion of the proton through the metal as the
transport mechanism. Very high hydrogen fluxes of 4.107 to 1.97.10° mol/m?.s.Pa (3.2-160
m*(STP)/m?.bar.h) have been reported (Bredesen et al, 2004). However, palladium-based

2 http://www.airproducts.com/Products/Equipment/PRISMMembranes/page08.htm. Last consulted 05.09.2007
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membranes must overcome significant challenges before they can be commercially viable on
a large scale. The high price of Pd requires that membranes are composed of very thin (1-5
micron) Pd layers that are defect-free, suitable supports are still needed and the membranes
are susceptible to poisoning by S- and CI- containing species, CO, water vapour and strongly-
adsorbing hydrocarbons. Furthermore, Pd must be operated at high temperature (300-600°C)
to function, incurring an energy and capital penalty unless the feed gas is already at this
temperature or the membrane is applied as a high temperature membrane reactor.

Inorganic membranes

Other inorganic membranes such as carbon, glass (Vycor) and silica membranes rely on a
molecular sieving effect in small pores (3-4 A) to separate gases. Amorphous silica
membranes have achieved reasonable combinations of permeability and selectivity (Bredesen
et al., 2004), but are challenged by sintering at high temperature in the presence of water
vapour and are difficult to produce without defects (which reduce separation ability). Vycor
membranes have relatively low hydrogen fluxes (10® mol/m?.Pa.s, Bredesen et al., 2004).
Zeolite membrane show only moderate hydrogen selectivity due to pinholes and voids
between zeolite crystals and most zeolite research focuses on the separation of other gases.

Carbon membranes are the subject of this thesis and are introduced in the next section.
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4 Carbon membranes — background and theory

Carbon molecular sieve membranes (CMSMs) are prepared by the thermal decomposition, in
a controlled chemical environment, of organic compounds that do not melt or soften during
carbonization (Koresh and Soffer, 1987). Precursors include thermosetting resin, graphite,
coal, pitch and plants and synthetic polymers (Saufi and Ismail, 2004). Synthetic polymers
include polyimide and derivatives, polyacrylonitrile, phenolic resin, polyfurfuryl alcohol,
polyvinylidene chloride — acrylate terpolymer and phenol formaldehyde. The subject of this
thesis is the preparation of CMSMs from cellulose, which is a relatively cheap and abundant
raw material, for hydrogen separation. Carbon membranes derived from cellulose have been
investigated at the Norwegian University of Science and Technology for some time, primarily
for use in CO, removal from biogas (Lie, 2005; Lie and H&gg, 2005; Lie and Hagg, 2006).

The structure of CMSMs consists of graphitic layers interspersed with amorphous regions.
These regions contain nanopores, on the order of 3-10 A, which offer a transport route to
gases via pore networks. The gases may diffuse through the pores, or they may adsorb on the
walls and travel through the pores by a mechanism known as surface flow (Koresh and Soffer,
1987). The networks appear to consist of relatively wide pores that are interrupted by narrow
constrictions. The size of the pore constrictions influences the ability of the molecules to pass
through the material; small or linear molecules diffuse more easily than relatively larger,
bulkier molecules. This is the principle behind molecular sieving, which allows hydrogen to
permeate through the carbon membrane while larger molecules such as methane, nitrogen and
higher hydrocarbons are largely retained. Larger, more strongly adsorbed molecules may also
block the pores for smaller molecules in a phenomenon known as competitive adsorption or
selective surface flow. This results in reverse selectivity; the smaller components are retained.

Koresh and Soffer (1987) neatly summarised the benefits of CMSMs compared with
polymeric membranes:

e Because they have a different permeation mechanism, CMSMs produce far superior
permeability-selectivity combinations than any known polymer membrane.

e Different pyrolysis conditions can be used to tailor the micropore structure for
different separation purposes, starting from the same precursor.

e They are far more stable at high temperatures than polymers and may be suited to
high-temperature applications (see Table 4-1).

e They are more stable in the presence of organic vapours at high temperatures, organic
solvents and non-oxidising acid or base environments.

e They are mechanically stronger and can withstand higher pressure differences for a
given wall thickness.

Table 4-1. Thermal stability of carbon membranes in the presence of various gases (Koresh and Soffer,
1987)

Gas He H, CH4 C02 Oz

Temp. °C 700 >500 500 400 <200

Another advantage of carbon membranes is their ability to be manufactured in any form, due
to the processibility of their polymeric starting materials (Barton et al., 1999).
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The disadvantages mentioned were:

e Carbon membranes are more brittle and may require special handling.
e Strongly adsorbing organic vapours may block the pore system, requiring a pre-
purifier. This may be avoided by operating at higher temperatures.

4.1 Carbon materials: a background

All known carbon materials (except for diamond) form a family of carbons distinguished by
their degree of disorder from the single-crystal hexagonal graphite (Figure 4-1) to the most
disordered porous carbons (Marsh and Rodriguez-Reinoso, 2006). Even in the latter, however,
there is never total disorder.

Basal plane

Graphene layers
C-axis

r 3
0.3354 nmI
A0 o ; '
/“ 0.142 nm
0.246 nm

Qutline of unit cell

Figure 4-1. The structure of hexagonal graphite (Marsh and Rodriguez-Reinoso, 2006)

Carbon membranes fall into the class of disordered, porous carbons. In order to understand
the important factors in their preparation and optimisation, it is necessary to explore the
characteristics of the carbon family and their interaction with gaseous penetrants.

Within hexagonal graphite, the layers of hexagonal planes are defined as graphene layers,
with a distance of 0.335 nm between the layers and 0.142 nm between bonded carbon atoms.
The layers are stacked above each other in an offset ABABAB configuration. Carbons in
adjacent layers are bonded not by chemical bonds, but by van der Waals forces. Resonance
analysis indicates that the C to C bonding between layers has the characteristic of a one-third
double bond. As one moves away from the single-crystal graphite, the random bonding of
polycyclic carbon atoms with linear carbon atoms causes the graphene layers to be arranged
in a progressive degree of disorder. They become smaller, more defective and abandon the
ABABAB packing arrangement until identifiable layers are almost lost, as in glassy carbons.
Due to the imperfect stacking of the defective graphene sheets, space, or porosity, is created.

The family of carbons is divided into two important structural groups: those that are graphitic
or may become graphitic upon heating beyond 2000°C and those that will never be graphitic,
even upon heating. The first group is termed anisotropic and graphitizable; the second
isotropic and non-graphitizable.
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(a) Graphitizable carbon
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(b) Non-graphitizable carbon

Figure 4-2. Drawings to illustrate the essential differences between (a) graphitizable and (b) non-
graphitizable carbons (Franklin, 1950, 1951)

The graphene planes in non-graphitizable carbons cannot rearrange to form a graphitic
structure when heated above 2000°C, because so many bonds would need to be broken
simultaneously that the activation energy becomes impossibly high. A term often used in
literature to describe the low degree of parallelism in carbons is turbostratic, which refers to a
structure consisting of graphene planes arranged randomly to each other, like a house of cards
that has collapsed in on itself. However, Marsh and Rodriguez-Reinoso argue that this would
describe all carbon materials except for AB graphite, including graphitizable carbons, and is
of little use. The term is therefore avoided in this thesis.

Carbon molecular sieves are essentially non-graphitizable porous carbons that have been
activated. Activation refers to the selective gasification of carbon atoms at high temperatures
(thermal activation) and the result is the formation of more ‘spaces’ which have the
dimensions of gas molecules. There can be 10 pore openings per mm? of activated carbon
surface. In fact, activated carbons were aptly described by Marsh and Rodriguez-Reinoso as
porosity enclosed by carbon atoms!

A simplified representation of porosity in a solid is shown in Figure 4-3. The diagram and
following description is taken from Rouquerol et al. (1994). The first category of pores are
those totally isolated from their neighbours, as in region (a), which are described as closed
pores. Pores which have a continuous channel of communication with the external surface of
the body, like (b) (c) (d) (e) and (f), are described as open pores. Some may be open only at
one end, like (b) and (f); they are then described as blind pores. Others may be open at two
ends (through pores), like around (€). These pores are responsible for in gas permeation in
carbon membranes. Pores may also be classified according to their shape: they may be
cylindrical (either open (c) or blind (f)), ink-bottle shaped (b), funnel shaped (d) or slit-shaped.
Close to, but different from porosity is the roughness of the external surface, represented
around (g).

Figure 4-3. Representation of a porous solid (Rouquerol et al., 1994)
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The definitions of porosity and adsorption, taken from Marsh and Rodriguez-Reinoso (2006)
and used in this thesis, are:

e Porosity within porous solid is space which is accessible to molecules from the
gas/vapour and liquid phases

e The adsorbent is the solid porous material, in this case carbon

The adsorbate is the gas or vapour, or solute from solution, which is adsorbed within

the adsorbent

The adsorption process is when an adsorbate enters into the porosity of the adsorbent.

Micropores have entrance dimensions <2.0 nm

Mesopores have entrance dimensions between 2.0 and 50 nm

Macropores have entrance dimensions >50 nm

Ultra-microporosity or nanoporosity is often used to describe dimensions less than 0.7

nm, although nanoporosity can be confusing since micro- and mesopores also have

nanometre dimensions

It must be noted that, due to the difficulty in determining the exact shape or dimensions of a
pore opening, the dimensions above are not precise. They are often defined in terms of an
adsorbate molecule and depend on the dimensions and polarity of both the molecule and the
pore surface

Adsorption occurs at the interface of a gas and a solid substance, under the operation of
surface forces®. The strength of the adsorption is related to the change in the chemical
potential of the adsorbate molecule as it nears a surface, which is described by the adsorption
potential of the wall-molecule interaction (Figure 4-4). A minimum is seen in the potential at
a certain distance from the surface, which corresponds to the ‘resting’ position of an adsorbed
molecule. As the molecule approaches the wall from the gas bulk, the force of attraction
increases. The force then rises sharply towards a state of repulsion if the molecule approaches
closer to the wall than the minimum. The depth of this minimum, or “well’, also corresponds
with the strength of the physisorption.

The proximity of pore walls in microporous carbons leads to the overlap of wall adsorption
potentials to create a deeper ‘well” and, hence, molecules are more strongly adsorbed than on
external surfaces. The adsorption potential for a slit-shaped pore with a width of two
molecular dimensions is twice that of a flat graphite surface (Rodriguez-Reinoso and Molina-
Sabio, 1998), which means that physisorption is a surprisingly strong phenomenon within
CMSMs. This is important for both transport mechanisms and the blocking of pores, as will
be discussed later in the thesis.

® JUPAC Compendium of Chemical Terminology, Electronic version, http://goldbook.iupac.org/A00155.html
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Figure 4-4. Diagrams to illustrate the change in the depth of the potential energy well, for an adsorbate
molecule, as the size of a slit-shaped pore decreases (left to right). Marsh and Rodriguez-Reinoso, 2006
who adapted it from Rouquerol et al., 1999

4.2 Synthesis and structure

In order to produce a carbon molecular sieve membrane, one must begin with an even,
flawless, thermosetting polymer that will not soften during the pyrolysis process (Koresh and
Soffer, 1983). This starting material is termed the precursor. This process involves heating the
precursor, often in a series of steps with isothermal dwells or ‘soaks’, to a final temperature,
usually between 500°C and 1000°C. Rodriguez-Reinoso and Molina-Sabio (1998) defined
pyrolysis as primary decomposition occurring below 600°C and carbonization as secondary
decomposition occurring above 600°C.

The gases and tars liberated upon decomposition depend on the chemical composition of the
precursor and can include CO,, CO, H;, N2, NOy and H,O. A carbon residue is formed by
condensation of polynuclear aromatic compounds and expulsion of side chain groups (Barton
et al., 1999). On the macro-scale, the material maintains its shape during pyrolysis, although
all dimensions may shrink proportionately (Koresh and Soffer, 1983). During the
carbonization process, the remaining carbon atoms of the parent macromolecule move short
distances (<1 nm) to positions of greater stability, for example to form 6-membered aromatic
compounds (Marsh and Rodriguez-Reinoso, 2006).

Thermosetting polymers form non-graphitising carbons due to the occurrence of crosslinking,
which removes the molecular mobility required for rearrangement to a 3D graphitic order.
What remains is a non-graphitizable carbon matrix consisting of randomly orientated
graphitic regions interspersed with porous regions. These graphitic regions comprise twisted
hexagonal carbon layer planes of about 5 nm wide (Barton et al., 1999), occurring singly or in
stacks of two to four. The spacing between the layers is typically 0.34-0.8 nm. Functional
groups such as C=0 may bind to the periphery of the carbon layer boundaries. Due to the
random arrangement of the carbon layer stacks, there exists significant pore space between
the graphitic regions. These nanoporous networks may also be initiated by the channelling of
gases through the material as they are evolved during decomposition (Koresh and Soffer,
1983).

Koresh and Soffer (1980) proposed that carbon molecular sieves possess a network of
inhomogeneous pores with slit-like constrictions and showed that these constrictions were
between 3.7 and 5.02 A in thickness for activated TCM 128 carbon fibres. The nanopores
contribute 30-70% of the apparent volume of the carbon solid (Koresh and Soffer, 1983).
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Constrictions may be formed by the disorganised packing of the graphitic stacks, the
attachment of functional groups to the edges of the layer planes and the redeposition of carbon
formed by the cracking of volatiles (Barton et al., 1999). Constrictions may also be created by
the addition of metallic compounds to the precursor, which is discussed in Section 4.2.6.

Koresh (1993) found, via sorption experiments with non-swelling nitrogen, that the carbon
skeleton is actually slightly flexible and that the constrictions can be dilated by adsorbates.
The implication of this is that certain components that adsorb close to constrictions, dilating
them, may increase the permeability of other gas species.

4.2.1 Surface functional groups

Carbon structures can contain other atoms, known as heteroatoms, such as hydrogen, oxygen,
nitrogen and sulphur. Hydrogen is bonded with edge atoms, but oxygen, nitrogen and sulphur
can bond both within and at the edges of graphene sheets (Marsh and Rodriguez-Reinoso,
2006). Oxygen influences the properties of the carbons in particular. Due to the
electronegativity of oxygen, the surface oxygen complexes have dipole moments and provide
sites with high adsorption potentials for polar groups. Carbons are only free from oxygen if
heated beyond 950°C under vacuum or hydrogen.

Carboxyl

Lactone

Fhenol
Carbonyl

Ether
Pyrone

Chromene

Figure 4-5. Examples of oxygen functional groups on carbon surfaces (Rodriguez-Reinoso and Molina-
Sabio, 1998)

4.2.2 Heat treatment temperature

Koresh and Soffer (1980) demonstrated that gradual opening of pores in TCM 128 carbon
fibres occurs when degassing between 100 and 700°C, by the removal of surface groups as
CO and CO,. The apparent increase in pore size was more significant up to 400°C; thereafter
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only small changes in diameter were seen up to 800°C. Pore ‘sintering’ was marked above
800°C, although the authors concluded that ‘sintering” was already occurring well below this.
Total pore closure to nitrogen was achieved at 1200°C. Further pore widening could be
achieved by mild air oxidation at 400°C. Analysis of the permeabilities of H, and CH,
showed that they passed a maximum in membranes that were heat-treated at 500-700°C

(Koresh and Soffer, 1986) (Figure 4-6).
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Figure 4-6. Permeability of CH,; and H, in membranes heat treated to various temperatures: O, CH4; ®, H,
(Koresh and Soffer, 1986)

Steel and Koros (2003) varied the final pyrolysis temperature of polyimide to determine the
effect on structure and separation properties and developed a hypothetical ultramicropore size
distribution as a tool to interpret trends. They proposed a shift in pore size distribution (PSD)
with temperature, shown in Figure 4-7. Pore sizes denoted A to F represent the sieving sizes
for the respective gases. As final pyrolysis temperature is increased, so the PSD shifts to the

left.
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Figure 4-7. lllustration of hypothetical trends in molecular sieving pore size distribution vs. pyrolysis
condition as maximum temperature is shifted from 800 °C (curve I1) to 550 °C (curve 1) to still lower
500 °C (curve I") pyrolysis case (Koros and Steel, 2003)

Electronic spin resonance (ESR) has been used to measure the presence of “dangling bonds”
or free radicals within the carbon lattice, where carbon atoms have been unable to move into a
more stable position and the orbitals of the carbon atom are incomplete. A correlation can be
seen between the heat treatment temperature of PVDC, the density of free radicals and the
specific surface area of non-graphitizible carbons (Lewis and Singer, 1981, Marsh and
Wynne-Jones, 1964). As the temperature is increased, the number of free radicals and surface
area increases, implying the creation of porosity and free radicals simultaneously. Both
properties reached a maximum at approximately 700°C and then decline. These dangling
bonds may also provide sites with high adsorption energy and are relevant for adsorbate
behaviour and membrane aging, which is introduced later in this thesis.

The IUPAC Compendium of Chemical Terminology defines sintering as the “coalescence of
solid particles”. In my opinion, the term sintering used by many researchers does not
accurately describe the process of pore closing, because the immobility of a non-graphitizable
carbon prevents the mass transport or coalescence of carbon. Marsh and Rodriguez-Reinoso
(2006) state that pore closing in carbon molecular sieves is due to the increase in cross-linking
as individual carbon atoms shift short distances to eliminate dangling bonds in the
discontinuous carbon network, left by departing C=0O and other functional groups. In my
opinion, therefore, it is more sensible to imagine carbon atoms cross-linking at critical
constrictions in the network, blocking access to adsorbates, rather than the traditional physical
sintering of pores. This was noted by Steel and Koros (2005) when pyrolysing polyimides,
who stated that “a simple generalised collapse of all pore dimensions is not occurring at the
higher vs. lower temperature”. Unlike sintering, the crosslinking process does not produce a
continuous solid. Furthermore, this rearrangement of carbon atoms to eliminate dangling
bonds should also be active in the lower temperature range. The theory therefore provides one
comprehensive mechanism that describes events from the beginning of carbonization to the
closure of pores and the final “quasi-equilibrium state” above 2000°C, described by Marsh
and Rodriguez-Reinoso. In conclusion, the terms *pore closure’ or ‘crosslinking’ are more
accurate terms to explain permeability loss at higher temperatures and will be used instead of
‘sintering’ in this thesis.
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4.2.3 Thermal soak

Steel and Koros (2003, 2005) found that longer heating times (or thermal soaks) at final
temperature produced more compact, less permeable carbon membranes. Generally, longer
soak times and higher temperatures produced more selective membranes as the pore size
distribution shifted downwards. However, at extreme conditions, the loss of small pores
which were initially only accessible to smaller gases led to a decrease in selectivity, as an
increased fraction of transport is forced to occur within larger, non-selective pores. Longer
soak times at 550°C tended to move the carbon’s separation properties toward those obtained
at 800°C. The work of Bradbury and Shafizadeh (1980) also showed that pyrolysis of
cellulose at 450°C for 20 minutes produced a material with similar properties to that obtained
at 550°C for 1.5 minutes.

The reorganisation of carbon atoms in the structure (e.g. dangling bond elimination) is an
activated process and the approach of the structure towards an ‘equilibrium state’ therefore
depends on both time and temperature. Thus, a trade-off may exist in the commercial
production of membranes between these two variables. In the development work in this thesis,
it was decided to employ a standard soak time of 2 hours, in order to eliminate one
preparation variable. The value of 2 hours was chosen to be consistent with the protocol of
Lie (2005), so that comparison of results was possible.

4.2.4 Precursor

At lower carbonization temperatures, CMSMs may contain subdomains where the structure of
the polymeric precursor can still be recognised (Sedigh et al. 1998). This subdomain structure
determines the differences found between CMSMs derived from different precursors. This
depends on the pyrolysis conditions — the longer the carbonization period and the higher the
temperature, the less similar the final structure is to that of the precursor.

Koros and Steel (2005) reported that more free volume in the precursor produced more
porosity in the final carbon. They compared carbon molecular sieves produced from
Matrimid® (a polyimide) and a packing-disrupted 6FDA/BPDA-DAM derived material and
found that the oxygen diffusion coefficient was 140% greater in the latter, when pyrolysed at
550°C. The differences between the materials were greater at a final treatment temperature of
550°C than 800°C.

425 Carbonization environment

Geiszler and Koros (1996) carbonized polyimide under vacuum (<0.1 mmHg) or flowing
argon, helium or carbon dioxide. They found that the membranes prepared under an inert flow
were more permeable and less selective that those under vacuum, because the heat and mass
transfer were better under flowing gas. Carbon dioxide, which is oxidative at 800°C, produced
the most open membrane. It was seen that the inert flow rate, which was varied between 1.02
and 10.2 cm/min (superficial velocity), was an important variable, with higher velocities
producing more permeable membranes. The effect was higher at 550°C than 800°C. As well
as increasing the heat transfer, higher velocities more effectively removed pyrolysis products,
which reduced the amount of redeposition on the carbon surface.

They also evaluated the effect of residual oxygen on the membranes. The argon contained 0.3
ppm of oxygen, which could be eliminated by the use of an oxygen trap. Membranes made
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without the trap in place were more permeable and less selective, because oxygen oxidised the
carbon, producing wider critical constrictions.

4.2.6 Metal Addition

Barsema et al. (2003) attempted to functionalise carbon membranes prepared from polyimide.
They added AgNO3 or AgAc to the precursor in the range of 0 to 23 wt% (Ag) and varied the
final pyrolysis temperature. It was seen that much of the silver migrated towards the surface
to form a layer that reduced permeability and that AgNO;3; produced more dispersed, bulk
contained clusters than AgAc. The migration of silver to the surface was enhanced by higher
final temperatures and longer soaks. Below 600°C, however, Ag was seen to improve
permeability and decrease selectivity by acting as a spacer in the pores. High contents of Ag
formed very brittle membranes. The researchers concluded that an Ag content of 6 wt%,
derived from AgNO; produced the most stable membranes, with finely dispersed
nanoclusters ~50 nm in diameter.

Lie and Hagg (2005) investigated the addition of the oxides of Ca, Mg, Fe(lll) and Si and the
nitrates of Ag, Cu and Fe to cellulose derived carbon membranes. They found that the nitrates
of copper and silver were particularly effective in improving selectivity for the gas pairs
0,/N;, and CO,/CH,4. Hydrogen permeabilities were obtained of 1100 Barrer for copper (1)
nitrate (CuN) and 1500 Barrer for silver nitrate (AgN). Apart from the spacer effect of the
additives, they also proposed that the gases released upon nitrate decomposition were
porogens, in that they create pores by tunnelling through the material. Furthermore, H, may
penetrate the Cu or Ag clusters, as in Pd/Ag and Pd/Cu membranes, increasing the selectivity.
Cu was also seen to migrate to the surface, which can create a barrier to gas transport.

From the work of the two groups described above, it was decided to focus on the effect of
silver nitrate and copper nitrate addition on H, separation performance. The precursors were
to be doped with 0-6 wt% of the metal nitrate, calculated on the basis of the salt without the
water of crystallization.

The metal nitrates may interact with the cellulose solvent, trifluoroacetic acid (TFA), to
produce a soluble metal trifluoroacetate (Lie and Hagg, 2005) and allowing the metals to
disperse within the precursor (Equation (17)).

TFA (aq) + MeN(s) > MeTFAc (aq) + HNOg3 (aq) a7

At the final carbonization temperatures in this work (400-700°C), copper (Il) nitrate in a
polymer is reduced to copper oxide (Silverstein et al., 2004). The melting point of CuO is
1232°C, so it is unlikely that the material can flow or form clusters in the temperature range
and should stay dispersed. Rather than migrating, copper oxide may be left in place as the
carbon matrix recedes around it, producing a higher surface concentration of copper. The
behaviour of CuTFAc, on the other hand, is unknown. The nitric acid produced in Equation
(17) is known to be a stronger hydrolyser of hemicellulose than sulphuric and hydrochloric
acid (Rodriguez-Chong et al., 2004). However, its effect on the precursor can be ignored at
the low concentrations present in the solution (<0.02 wt%).

Silver nitrate melts at 212°C and decomposes to silver oxide at 444°C. Silver oxide melts at
200°C and decomposes at about 300°C (L’Vov, 1999). Hence,
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AgNO3(I) > Ag(g) + NO, + % O, (L*Vov, 1999)

The silver vapour condenses simultaneously and transfers the energy of condensation to the
reactant. It certainly feasible, then, that silver compounds can migrate to form clusters and
surface layers in the pyrolysis range. Furthermore, since silver compounds can migrate, it may
be that they can also coalesce in pores, reducing the effective pore size.

Metal additives may also influence the chemistry of pyrolysis. Shafizadeh and Sekiguchi
(1983) found that cellulose treated with NaCl and (NH4),HPO, yielded more char upon
pyrolysis than pure cellulose, and had a higher degree of aromaticity. They speculated that the
additives increased the condensation and cross-linking reactions and dehydrated the glucose
units in the cellulose molecule. Golova and co-workers (mentioned by Shafizadeh, 1979a)
reported that even trace inorganic contaminants catalysed extensive degradation of cellulose.

A summary of the possible effects of metal addition are presented in Table 4-2.
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Table 4-2. Speculated effects of metal nitrate addition on membrane properties

Phenomenon Effect

Pore spacer More permeable, less selective

“Cluster in a cage”: spaces between metal More permeable, less selective

and carbon

Pore filling Less permeable, more selective (especially to
metal permeating gases like Hy)

Surface metal layer Less permeable, more selective (especially to
metal permeating gases like Hy)

Decomposing nitrate ion evolves porogen More permeable

gases

Metals catalyse degradation Possibly greater weight loss, more permeable

Embrittlement at high metal concentrations Defects, poor structural strength

4.3 Synthesis from cellulose

Cellulose is a polysaccharide generated from repeating B-D-gluco-pyranose molecules.
Spruce wood pulp served as the source for cellulose in this thesis (supplied by Sodra Cell
Tofte). The precursor was lignin free and contained 15-20% hemicellulose (see Figure 4-8 for
the chemical structures of these compounds).

Cellulose

o}

HCHSC;OH %
HO |

CH,OH CH, CH,OH CH,OH
Ho A O 0 O o 0, .0 O, oH

OH OH OH / OH

OH OH 0 o)

o
HeH,c\OH

OH
Hemicellulose

H,COH H,COH H,COH
| | |
i i i
HGC HC HC
¢\00H3 H,CO” i “OCH, i
OH OH OH
Lignin

Figure 4-8. Chemical structures of cellulose, lignin and hemicellulose (Jagtoyen and Derbyshire, 1998)
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In the case of wood pulp, the number of repeating units in a chain is typically between 300
and 1700 (Klemm et al., 2005). Due to the linearity of the polymer chains and the occurrence
of hydrogen bonding because of the large number of —OH groups attached to each repeating
unit, cellulose is a partially crystalline polymer. The degree of crystallinity of dissolving pulp
is 43-56%, with the size of the crystallites up to 20 nm. Cellulose molecules also clump
together in the axial direction to produce fibrils some 100A long and 30A thick, held together
by hydrogen bonding. This crystallinity deters degradation (Fan et al. 1987). Hemicellulose,
one of the other main constituents of plant cell walls, consists of shorter chain polysaccharides.
These include glucomannans, which in the case of hardwood pulp contains galactose side
chains, and xylans, which contain acetal side chains. The higher degree of branching of these
hemicelluloses means that they are not crystalline and can dissolve in water.

4.3.1 Solubility of cellulose and effect of TFA exposure

In order to process cellulose into the films or hollow fibres that constitute membranes, raw
cellulose must first be dissolved. Unfortunately, because of the strength of the hydrogen
bonding in fibrils, cellulose is insoluble in water and more aggressive solvents are required.
Strong acids, strong alkalis, concentrated salt solutions and various complexing agents can
disperse or dissolve cellulose (Fan et al. 1987). These include trifluoroacetic acid, sulphuric
acid, hydrochloric acid (Morrison and Stewart, 1998), NMMO/water (Klemm et al., 2005),
sodium tartrate/ferric  chloride/sodium  sulfite/sodium  hydroxide (CMCS) and
ethyldiamine/water (Cadoxen) (Fan et al., 1987).

Trifluoroacetic acid (TFA) was used in this work. TFA is a strong acid that can dissolve
cellulose and easily be removed by evaporation. Morrison and Stewart (1998) reported that
crystalline cellulose does not undergo extensive hydrolysis within the first 8 days of
dissolving in TFA, but after 12-16 days some cleavage of the 1,4-B-linkages occurred. In
contrast, non-cellulosic polysaccharides such as hemicellulose, which are not crystalline, were
depolymerised in 99vol% TFA at 37°C. They also reported that TFA can be diluted with
acetic acid, up to a ratio of 1:9 (v/v), reducing the solution viscosity and making handling less
hazardous.

Hydrolysis in a strong acid proceeds by addition of water molecules at the 1,4-B-linkage,
producing two chains but preserving the basic chemical structure (Fan et al., 1987).
Hydrolysis occurs randomly in the chain and proceeds through the steps:

Cellulose —>acid complex—>oligosaccharides—>glucose

Acid complexes may only form once the crystalline structure of the cellulose fibrils is
destroyed by dissolution.

Shafizadeh et al (1979a) reported that mild acid hydrolysis of Cottonwood before pyrolysis
decreased the char yield (i.e. increased weight loss), because hydrolysis of hemicellulose
produces xylose and hydrolysis of cellulose produces glucose derivatives, two tarry
components.

Lie and Hagg (2006) investigated the effect of cellulose hydrolysis by 99 vol% TFA on the
final carbon membrane performance. They found that longer hydrolysis times improved the
separation performance of the eventual CMSM, and concluded that hydrolysis produced
intermediates (furan derivatives) and glucose that hasten the degradation route in
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carbonization. It is speculated by this author that the delay seen by Lie and H&gg and
Morrison and Stewart may be related to the time taken to dissolve the fibrils before hydrolysis
can proceed.

4.3.2 Cellulose pyrolysis

Pyrolysis of cellulose and cellulosic materials proceeds through a series of primary and
secondary reactions which provide a mixture of gaseous products, tarry condensate and
carbonaceous char (Shafizadeh and Sekiguchi, 1983). Shafizadeh and Sekiguchi heated
cellulose in nitrogen in the range of 300-500°C for 5 minutes and measured the extent of
aromatization (see Table 4-3). They observed a rapid weight loss and the development of
aromatic structures between 350 and 400°C. The H/C ratio decreased from 1.5 to 0.7 in the
same range. Weight loss was reduced above 400°C, but aromatization continued more rapidly
with a decrease of H/C, as condensation and growth of aromatic clusters continued. The total
aromatic content increased from 2.8% at 350°C to 15.7% at 500°C. Although the mass of the
char was relatively stable, the conclusion was that the chars were far from being graphitized
carbon and that secondary reactions forming highly condensed aromatic structures continued.
Elsewhere, Shadizadeh and Sekiguchi (1983b) stated that the lower weight loss in “stable’
chars proceeds involves the loss of aliphatic carbons from 28 to 10% and an increase in
aromatic carbons from 70 to 90%.

Table 4-3. Residual char yield and its elemental analysis (Shafizadeh and Sekiguchi, 1983)

Char Yield Composition Formula
wt%) C H O(diff)  (Ref. to C6) H/C

untreated 42.0 6.5 50.7 CeH1005* 1.7
300°C for5min  89.4 44.0 6.4 49.6 CeH10.405.0 1.7
325°C for5min  63.3 47.9 6.0 46.1 CeHo.0043 15
350°C for 5 min 31.8 59.9 5.2 34.9 CeH520256 1.0
400°C for5min  16.6 76.5 4.7 18.8 CeH1.4011 0.7
450°C for 5 min 10.5 78.0 4.3 16.9 C6H3_901,o 0.6
500°C for5min 8.7 80.4 3.6 16.0 CeH3.200.9 0.5

*Theoretical value (author’s note: theoretical is assumed to mean accepted molecular ratios for cellulose)

Bradbury et al. (1979) proposed first order kinetics for the vacuum pyrolysis of cellulose,
which followed a competitive two reaction scheme:
ky volatiles (tars)
cellulose
Ke char and gases

They found that the char was 35 wt% of the char and gas fraction at 314°C. The volatiles
referred to condensibles captured in a water-cooled condenser between the furnace and the
vacuum pump. Little variation was observed in the volatiles’ nature over the pyrolysis range
(260-340°C). It was seen that there was a temperature dependent ‘activation’ period that
preceded rapid pyrolysis. It was speculated that this period is related to the cellulose
macromolecules proceeding through glass transition and depolymerisation to a degree of
polymerisation (DP) of 200, before they can degrade to volatiles, gases and char. This may
also explain the effect of hydrolysis by acids such as TFA on weight loss and membrane
performance (described in Section 4.3.1) — hydrolysis may ‘activate’ the cellulose by cleaving
the chains to a lower DP.
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Shafizadeh et al. (1979a) reported that the tar fraction, which can account for up to 60-81% of
the product of cellulose pyrolysis, consists of levoglucosan, furanose and randomly linked
oligo- and polysaccharides. They presented the Kkinetics of tar formation and weight loss,
showing that these accelerated above 300°C. The amount and composition of the tar differed
greatly between pyrolysis under a vacuum and under flowing nitrogen at atmospheric pressure,
with 81% tar recorded for vacuum pyrolysis and 54-60% for nitrogen-swept pyrolysis. The
remaining char mass, or carbon, was correspondingly higher for the latter condition. They
attributed this difference to the better removal by vacuum of volatile compounds, which can
undergo secondary decomposition. They also found that the source of cellulose determines the
tar and levoglucosan fraction, with wood-derived paper and pulp producing lower levels of
levoglucosan and slightly lower tar (47%). The paper and pulp also contained lignin and
hemicellulose.

Since tar is volatile at pyrolysis temperatures, its formation is an important step in weight
reduction. An important question is whether some tar undergoes carbonization and contributes
to the final carbon structure. Tar molecules are bulky and must also be trapped by sieving
restrictions in the pore network during pyrolysis, so one could speculate that they must find,
and perhaps create, micro- to mesoporous escape routes. Bradbury et al. (1979) reported that
smaller sample sizes produced smaller char fractions and concluded that the residence time of
the volatiles in the cellulose during pyrolysis largely influences the extent of char formation.
It has also been shown that the pyrolysis of levoglucosan produces some residual char
(Shafizadeh and Lai, 1972, Kawamoto et al., 2003).

Kawamoto et al. (2003) argued that the kinetic pathways proposed by Shafizadeh et al. were
too simplistic, and suggested that levoglucosan is in fact a critical species in the route to solid
carbon products. They proposed that levoglucosan, the major product of pyrolysis, can
undergo reversible ring-opening and polymerisation to form polysaccharides, which in turn
convert to solid carbonized products. They did not explain the extent of this contribution to
the final carbonized mass or why cellulose, itself a polysaccharide, cannot directly form solid
products. The formation of liquid products as intermediates also seems consistent with
graphitising carbons, not non-graphitising carbons formed from thermosetting polymers like
cellulose. What does seem reasonable is that levoglucosan that is trapped in the heating zone
(in the sample) for long enough can re-polymerise and form part of the final carbon, in other
words, as a side contribution.

Bradbury and Shafizadeh (1980) studied the affect heat treatment temperature (HTT) of
cellulose on the surface area, free spin concentrations (using ESR) and the chemisorption of
oxygen on the resulting chars. The free spin concentration is a measure of the free radical sites
present in the carbon, which are found at edged carbons with unpaired o electrons and
provide sites attractive for the chemisorption of oxygen. It can be seen in Figure 4-9 that the
maximum surface area is obtained in cellulose heat treated at 550°C. Curve b clearly shows
that the number of free radical sites peaks at 550°C, while the surface area measured with
physical adsorption shows a flatter peak between 550°C and 700°C. One could therefore
expect the maximum flux for carbon membranes to be in this range. An important cautionary
note about this conclusion is that the samples were heat treated for only 1.5 minutes. Bradbury
and Shafizadeh observed that cellulose chars prepared at 450°C for 20 minutes had the same
residual mass and chemisorption potential as samples prepared at 550°C for 1.5 minutes. At
the longer HTT times used in this thesis work (120 minutes), the curves in Figure 4-9 would
most likely be shifted to the left.
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Figure 4-9. Comparison between total surface area calculated from O, adsorption at 25°C (curve a) and
that occupied by surface oxides calculated from O, chemisorption at 230°C (curve b) (Bradbury and
Shafizadeh, 1980)

Byrne and Marsh (1995)* proposed a route for the carbonization of cellulose, including a new
intermediate structure between cellulose and carbon (Figure 4-10). Stage (b) shows the
formation of a crosslinked, random structure formed by condensation and functional group
elimination. By stage (c), most of the functional groups have been removed and the carbon
atoms have begun to stabilise themselves in 5-, 6- and 7-membered rings.

* Referenced from Marsh and Rodriguez-Reinoso, 2006
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Figure 4-10. (a) Molecular structure of a cellulosic-type precursor. (b) A possible structure intermediate
between cellulose and that of a resultant carbon. (c) Possible highly defective carbonaceous structures
which, when interconnected, create microporosity. (d) Possible highly defective carbonaceous structures
which, when interconnected, create microporosity, this model showing locations of adsorbate molecules
(Byrne and Marsh, 1995)

4.4 Transport mechanisms

The mechanism of separation in carbon membranes depends on the pore structure, gas species,
mixture composition and operating conditions. These factors determine the degree of
interaction between molecules and pores. Briefly, three regimes are important which relate
roughly to effective pore diameter.
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1. Knudsen diffusion

This is seen in pores of 2-100 nm (Burgraaf and Cot, 1996) and is observed when collisions
between molecules and the pore walls become significant. A rigorous method of predicting
whether Knudsen diffusion is applicable is to calculate the Knudsen number, Nk,, which is a
ratio of the mean free path of a diffusing molecule, A, and the pore diameter (Geankoplis,
2003). Knudsen diffusion is expected to dominate transport when Ny, is greater than 10.

Ny == (18)

A is temperature dependent; higher temperatures increase the mean free path and cause more
collisions. Knudsen diffusion results in low selectivity, for which the following relationship is
true:

a=—2= [—2 (129)

where, M; is the molar mass of component i. A carbon membrane exhibiting Knudsen
selectivity would be considered to be a failed membrane, with too many mesopores. However,
open CMSMs which exhibit sieving behaviour for larger molecules (molecular sieving
diameter > 0.43nm) may exhibit Knudsen selectivity for smaller molecules, particularly at
high temperatures where the effect of adsorption is attenuated (Gilron and Soffer, 2002).

2. Selective surface flow

This mechanism is dominant in membranes with an effective pore diameter of 5-6A (Rao and
Sircar, 1993, 1996), where the competitive adsorption of gases in pores becomes significant.
Selectivity comes about through the dominance of more adsorbable gases on the pore walls,
such as ethane and other non-ideal gases, which reduce the effective pore volume available to
smaller species, such as hydrogen. The adsorbed molecules diffuse over the surface. These
membranes may be termed reverse-selective, because normally fast-penetrating, smaller
molecules are retained. This mechanism is discussed more thoroughly in Section 4.4.4.

3. Molecular sieving

Molecular sieving, as the name suggests, arises from the hindrance of molecules by
constrictions in the pores, according to their size and shape. This mechanism is dominant
when the effective pore diameters are on the molecular scale — in the range of 3-5A. Excellent
selectivity and permeability can be achieved simultaneously, making this the desired
mechanism in this work. This mechanism is discussed more thoroughly in Section 4.4.1.

4.4.1 Molecular sieving

Koresh and Soffer postulated in 1980 that a kinetic-statistical mechanism must be responsible
for the highly specific ability of carbon molecular sieves to discriminate between different
molecules. In this model, each constriction contributes to the overall probability of a molecule
passing through a layer consisting of N constrictions. In terms of kinetic theory, the
probability of a molecule passing a constriction is given by
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P = p,-exp(—E,/KT) (20)

where po is a frequency factor, E; is the activation energy (related to forcing a molecule to
climb up the repulsive segment of its adsorption potential as it approaches a constriction) and
T is temperature. The larger the molecule, the greater is E; (Burggraaf, 1999). The probability
of a molecule passing all constrictions, N, in a path is:

P,(N)=P,," exp(—NE, /KT) (21)

and the sieving selectivity ratio can be expressed as the ratio of probabilities of two molecules
passing through a layer:

P, (P,
F’;:[pﬂ] exp(—[N(E, —Eg)/KT] (22)

0B

Thus, even a small difference in activation energies is multiplied N times and compounded.
This explains why molecular sieves with relatively wide pore size distributions can separate
molecules with similar sizes so effectively. From Equations (21) and (22), it can be expected
that higher temperatures increase the permeability of a molecule through a molecular sieve,
and that the permselectivity between two gases is dependent on temperature and their
respective activation energies. Furthermore, if B is a larger molecule with a higher Eg, one
could expect selectivity to decrease with increasing temperature.

Singh and Koros (1996) extended the analysis of the molecular sieving mechanism by
studying the importance of entropic selectivity in diffusion. The diffusivity, D, of a molecule
can be expressed as

D = D, exp(—E,' /RT) (23)

Where Ep' is the activation energy required to jump past constrictions and Dy is the pre-
exponential diffusion constant. Dy may also be written as

KT S!

D, = e\’ —exp| <

’ hoF [ R

Where A is the average diffusivity jump length in the medium, S4' is the activation entropy of

diffusion and k and h are Boltzmann’s and Planck’s constants, respectively. The diffusivity
selectivity between two components is therefore

(24)

D, (Si, —Sd,
—A =exp
D

B

RT 23)

(Ej —E} )}
exp

The entropic selectivity arises from the restriction of orientation of a molecular in order for it
to execute a jump through a constriction. A cylindrical molecule might not be able to rotate in
a plane perpendicular to that of a slit, for example, while a spherical molecule might and
hence the bulkier molecule possesses fewer degrees of freedom when passing. Thus, shape
and size are important in the sieving mechanism.
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According to Steel and Koros (2003), the characteristic dimensions of molecules with respect
to carbon sieving is given by their kinetic diameters, as determined by zeolite adsorption ().

Table 4-4. Lennard-Jones kinetic diameters of relevant gases, as determined by zeolite adsorption (Breck,
1975)

Gas He H, COs Ar 0, H,S N, CH,4 SFs CoHs CsHg
Diameter, 2.60 289 330 340 346 360 364 380 550 39 4.30
A

Sorption still contributes to transport in molecular sieving, even for ‘light molecules’, which
explains why hydrogen is often seen to permeate faster than helium (Suda and Haraya, 1997).

4.4.2 Effect of pressure on transport

Koresh and Soffer observed in 1986 that the permeabilities of low-boiling gases H,, He, O,
and Ar are independent of pressure, whereas the permeabilities of more adsorbable gases such
as CH4, CO, and N,O decreased as pressure increased. Furthermore, this effect of pressure on
the permeabilities of the higher-boiling gases decreased as temperature increased. This was
explained in terms of the dependence of permeability on the adsorption isotherm for the gas.
The reader is invited to revisit Equation (3). Since adsorption isotherms in molecular sieves
are usually of type I, we can insert the expression for the Langmuir isotherm (C=
Co-b-p/(1+bP)) into Equation (3), yielding:

P=D-C,-b/(1+bp)’ (26)

Where C, is the adsorption saturation capacity and b is an interaction parameter. The
reduction of the permeability with increasing pressure is clear from Equation (26). The
interaction parameters for light gases such as H, are small and so their permeabilities are
independent of pressure (i.e. they follow Henry’s law). Parameter b, or sorption equilibrium
constant, follows an Arrhenius relationship, i.e. b = by-exp(-Hs/RT) (Wankat, 1986). Thus,
parameter b decreases exponentially with temperature and the dependence on pressure of the
heavier gases decreases with temperature.

4.4.3 The effect of temperature on transport

The effect of temperature on transport has already been introduced in Section 4.4.1 in
Equations (20) - (25). Taking this further, Suda and Haraya (2000) investigated the
permeability of gases following a sorption-diffusion mechanism in a carbon molecular sieve.
In that case, dC/dp was assumed to follow Henry’s law, thus

P=D-S (27)

This relationship can further be expressed as

P =D, exp

—E, —H
—d18 —s 28
RT] °eXp[ RT] (28)
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Here Dy is the temperature-independent diffusivity constant, So is the sorption constant, E4 is
the activation energy required for diffusion to occur and Hs is the heat of sorption. Steel and
Koros (2003) described E4 as the energy required for a molecule to execute a jump from one
cavity to another, or to overcome the forces of repulsion by the walls at the constriction. The
term Sp-exp(-Hs/RT) would be analogous to the term, Cyb, in Equation (26), because as the
temperature increases so that b-p becomes small relative to 1 in the denominator of Equation 6,
the sorption term reduces to that seen in Equation 28.

By rearrangement,

P=D,S, exp[_s_EI_S)] (29)

where Es = Eq+Hs, the activated energy of transport.

Since sorption tends to be an exothermic process (hence Hs has a negative value) and Ey is
positive, the effect of temperature is dependant on the relative sizes of Eq and Hs. Thus, the
permeability for a gas such as hydrogen, which has a lower tendency to adsorb than carbon
dioxide, but a smaller diameter and hence higher diffusivity, could be expected to increase
with increasing temperature. CO,, for which surface flow is large contributor to transport in
pores, was observed by Suda and Haraya to increase only slightly. This behaviour is seen in
Figure 4-11.
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Figure 4-11. Arrhenius plots of (a) permeability (b) diffusivity, and (c) solubility for a CMS
membrane prepared by pyrolysis of a Kapton film at 1223 K for 2 hours at a heating rate of 1.33
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Productivity in hydrogen separation can therefore be increased by operating at higher than
ambient temperatures. The upper temperature would be constrained by process economics,

module fabrication issues and alteration of the carbon structure by pyrolysis or pore closure.

The effect temperature has on the selectivity between two gases also depends on the size of Es.
The ratio of permeabilities of a gas at two temperatures, T1>T», is given by

PR exp(—E, /RT))
R, PRyexp(—E,/RT,)

(30)
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By rearrangement we get

P exp

T2

Es (Tl — Tz )
S o

Thus, the ratio of permeabilities is dependent on the size of Es. One can also speculate that,
for a given material and adsorbate, the smaller the effective pore size, the larger Ey is relative
to Hs. Of course, Hs also increases as pore size decreases and there is more overlap of wall
adsorption potentials, but since the molecular sieving dominates below a certain pore size, Egq
must be larger. The important implication for Eq. (31) is that, for molecular sieving materials,
gases with a larger Es will experience greater ratios of Pr1/P1, and selectivity may decrease.
Actual examples of this will be presented from literature in Section 4.6.2 and in this work.

4.4.4 Selective surface flow

Selective surface flow (SSF) is sometimes described as a transport ‘mechanism’ but it is my
opinion that it is more correctly termed a competition phenomenon. More strongly adsorbing
species adhere to, and flow or hop along pore walls, and at the same time reduce the available
pore space for less strongly adsorbing species. The transport mechanism for molecular sieving
and surface flow is still described by Eqg. (29). Even hydrogen transport includes a sorption
component in ultramicropores, as shown by the work of Suda and Haraya (1997), and is
therefore ‘flowing’ along walls. Although molecular sieving selectivity in the sense of
Equation (25) can be quantified by single gas tests, selective surface flow cannot. Single gas
tests may imply that hydrogen is faster permeating than butane, for example, until reality is
revealed in mixed gas tests. Equation (29) is as equally valid for molecular sieving as for
selective surface flow; in other words, there is only one transport mechanism. The
competition phenomenon occurs only when the effective pore size is such that molecules
adsorbed on opposite walls have less than a molecule diameter between them, i.e. 2-3
molecular diameters.

This assertion is supported by the fact that single gas behaviour is affected by pressure and
temperature in the same way for light and more strongly sorbing gases. Increasing the
temperature increases permeabilities for both. Increasing the pressure decreases the
permeabilities of more strongly sorbing gases, even though this should increase the surface
concentration of the gas.

Researchers have attempted to exploit competitive adsorption. Rao and Sircar (1993, 1996)
developed an SSF membrane with a very narrow pore size distribution for hydrogen recovery
(at the retentate side) from hydrocarbon streams. They observed that activated diffusion was
the dominant mechanism and that gas diffusivity can change by several orders of magnitude if
the average pore diameter changes by a few Angstroms. The permselectivity due to selective
adsorption is strongly dependent on temperature. In order to obtain reasonable selectivities,
the membranes must operate at below ambient temperatures (Centeno and Fuertes, 2002).

Both molecular sieving and selective surface flow may take place in the same membrane.
Vieira-Linhares and Seaton (2003) modelled selective surface flow (SSF) in a carbon
membrane using critical path analysis, for H, and CH, transport. They concluded that the
gases effectively travel in separate sub-networks in the pore network, with CH,; only
travelling in pores larger than 6.4A and hydrogen in pores narrower than 6.5A.
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4.5 Aging of membranes

Carbon membranes may experience ‘aging’, or a change in permeability and selectivity over
time when exposed to certain environments. Two mechanisms are particularly important for
aging in carbon: chemisorption and physisorption (Dubinin, 1980). Chemisorption is the
chemical bonding of a component, such as oxygen, with sites on the carbon surface and tends
to be irreversible. Regeneration is usually only possible by heating the carbon to high
temperatures (Menedez and Fuertes, 2001), which may concurrently alter the carbon structure.
Physisorption is the physical adsorption (through Van der Waals or dispersion forces,
permanent dipoles or hydrogen bonding) of a gas on the surface in one or more layers and
may be reversible.

Molecules that adsorb to micropore walls in the aging process occupy volume that is usually
available for permeation. The usual effect is that the permeabilities of gases are reduced,
especially when adsorption of molecules occurs near constrictions in the pore network. Pores
may become completely blocked. As the effective diameter of pores decreases, so the sieving
effect may be enhanced and selectivities often increase with time.

The purpose of this section is to explain the observed change in separation properties of the
carbon membranes in this study with time. This behaviour and suggested strategies to deal
with aging are presented in Sections 7 and 9, respectively.

4.5.1 Exposure to oxygen and air

Oxygen chemisorbs at active sites on the carbon surface to form C-O surface complexes,
which reduce the available pore volume. Chemisorbed oxygen near pore restrictions would be
particularly effective at hindering transport. The C-O groups can only be removed by heating
to high temperature (700-1000°C), where they are liberated as CO and CO,. According to
Marsh and Rodriguez-Reinoso (2006), the process of chemisorption can take months to
complete, more so if in the presence of water vapour.

Menendez and Fuertes (2001) explored the effect of oxygen, humidification and storage under
air, nitrogen and propylene on membranes carbonized from phenolic resin. They found that
storage in lab air and dry air led to significant permeance loss (see Figure 4-12) and
selectivity increase, even after one day of exposure. Thus, even exposure while transferring
the membrane from the furnace to the permeation test rig will result in aging. The decline
slowed after 2 days, but was still significant over the first 5 months. Storage under dry air did
not prevent aging.
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Figure 4-12. Modification with time of (a) the normalised permeance (P/P,) and (b) the normalised
permselectivity (a/ap) of a carbon membrane stored under a laboratory air environment (Menendez and
Fuertes, 2001)

Humidification of the air was seen to slow aging. It was postulated that the water molecules
passivate the membrane by adsorbing in the pores and preventing access to chemisorption
sites for oxygen. C-O surface groups from the chemisorption of oxygen also exacerbate aging
by providing physisorption sites for water molecules (Dubinin, 1980), on what is otherwise a
hydrophobic surface (see Section 4.5.2).

Verma and Walker (1992) reported that the treatment of carbon molecular sieves with CI, or
H, passivated the active sites on the carbon surface, which prevented the chemisorption of
oxygen.

Bradbury and Shafizadeh (1980) prepared chars from pure cellulose at HTT’s of 400-800°C
and observed a maximum in the oxygen chemisorption potential (Figure 4-9) and the free spin
concentration (Figure 4-13), which is a measure of the dangling bonds available for
chemisorption, at 550°C. As discussed in Section 4.3.2, the short pyrolysis times used by the
researchers mean that these curves may be shifted to the right by 100°C or more, compared to
carbons that have undergone longer thermal soaks. However, their relevance in pointing out
that aging will differ according to HTT is undiminished. Therefore, the positive effect of
increasing the surface area (and by implication porosity) on flux may be offset by larger
degrees of aging because of the higher concentration of dangling bonds.
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Figure 4-13. Comparison between char residue weight (curve a) and free spin concentration (curve b) as a
function of char HTT (Bradbury and Shafizadeh, 1980)

The most likely sites for chemisorption are with free radicals in the carbon lattice. However,
another important conclusion from Kkinetic experiments in the study of Bradbury and
Shafizadeh (1980) is that chemisorption can also proceed by the saturation of diene bonds in
the carbon structure, which is an activated reaction. The range of activation energies
calculated from the experiments indicated that a range of activated sites are available, which

may explain the long periods over which aging occurs, as observed by Menendez and Fuertes
(2001).

4.5.2 Exposure to water vapour

Carbon surfaces are generally hydrophobic, but oxygen-containing surface groups provide
primary sites for the physisorption of water molecules. These adsorbed molecules attract
further molecules via hydrogen bonding, producing water clusters within the pores (Dubinin,
1980; Lagorsse et al., 2005a).

These reduce the available pore volume and may eventually lead to pore blocking at high
humidity levels (Jones and Koros, 1995a/b). They found in continuous tests with humidified
feed that most productivity loss occurred in the first few hours of exposure, as water
molecules attached themselves to active sites at critical restrictions in the pores. The initial
exposure phase was followed by a more gradual filling of pores. At low humidities (23% RH),
significant membrane productivity was maintained, whereas high RH’s (85%) resulted in
severe decreases in productivity. Jones and Koros (1995b) also found that the effect of water
vapour adsorption differed between membranes carbonized at 500 and 550°C, due to the
differences in porosity and surface chemistry. Membranes in that study were regenerated to

approximately the original permeances by heating to 80°C in a vacuum oven for a period of
hours.

Sedigh et al. (1998) tested a reformate mixture (H,/CH4/CO/CQO,) on a poly(furfurylalcohol)
derived CMSM at 293 K, in a continuous feed configuration. They observed a decrease in
permeance for all gases over a period of 8 days, the CO, and CH,4 permeances dropping to
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40% of the original values. It was speculated that traces of water vapour in the feed gases
caused the aging and they found that full regeneration was possible at 400°C in an Argon
atmosphere.

4.5.3 Exposure to nitrogen

Menendez and Fuertes (2001) investigated the storage under nitrogen of carbon membranes
derived from phenolic resin. It was seen that N, reduced aging rather than causing it. Some
permeation loss was seen, but was ascribed to exposure to air when handling the membranes.

Groszek et al. (2002), however, found that the energy of adsorption for both N, and O, in
carbon molecular sieve fibres were in the range of chemisorption. The reason for the strong
adsorption of N, was thought to be the “tight fit between the molecules and the walls of the
micropore in which they reside”. This effect would be increased at constrictions in the
micropores.

4.5.4 Exposure to organics

Organic compounds have a very high affinity for carbon surfaces. Furthermore, the weak
dispersion interactions between organic molecules and carbon walls responsible for
adsorption are also enhanced in narrow micropores, as the adsorption potentials of the
opposite walls are superimposed (Dubinin, 1980). At pore restrictions, this superimposition
effect is highest and molecules can block the pore.

Jones and Koros (1994b) investigated the effect of exposure to propane, propylene, C6 and
higher hydrocarbons, as well as subsequent regeneration. Exposure to air saturated with these
organics in a continuous rig resulted in a decrease in O, flux with time. The higher organics
caused a complete loss of flux. This was slowly restored in some cases by flushing with dry
air, whereas heating to 90°C in a vacuum proved ineffective. Exposure to pure propylene
followed by dry air was far more effective and some cases enhanced recovery. It was
speculated that the propylene had acted as a cleaning agent and had removed other
compounds from the carbon surface. They observed no flux decline caused by methane.

Menendez and Fuertes (2001) investigated the effect of storing carbon membranes derived
from phenolic resin under propylene. They found that the permeance of gases increased after
exposure to propylene. It was speculated that hydrocarbon molecules caused expansion of the
carbon pores, by strong adsorption into the slightly flexible carbon matrix. They also
prevented access to the pores by oxygen.

Higher hydrocarbons may, therefore, be detrimental for separation performance, even if
present in trace amounts.

4.6 Application of carbon membranes for hydrogen separation

A review of the application of carbon molecular sieves in hydrogen separation is presented in
this section. The current state of carbon membrane module fabrication is also investigated.
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4.6.1 Module fabrication

The carbon molecular sieve material must be able to be formed into a configuration that is
robust, hydraulically efficient, of a high packing density (metres squared of membrane per
metres cubed of module volume) and low pressure drop, in a commercially practical manner.
Attempts at achieving these characteristics include the carbonization of polymer hollow fibres
(self-supporting) or carbonization of polymer layers on a support.

The challenge to producing self-supporting fibres on a commercial scale is the elimination of
defects. Koresh and Soffer (1983) produced carbon hollow fibres with a diameter of 140
microns and a wall thickness of just 6 microns, which withstood pressure differences (feed to
permeate) of up to 10 atm. Carbon membranes Ltd (Israel), a former company that included
Soffer, later patented methods for carbonizing bundles of cellulose fibres with far fewer
defects (Soffer et al., 1999) and a method of potting fibres into tube sheets (Avraham and
Dagan, 1999). Carbon hollow fibres are often dismissed as being too brittle. However, they do
have the ability to bend and withstand high pressures. Soffer et al. screened pyrolysed
cellulose fibres by passing them through a tube with a curvature radius of 1.5 cm, and
measured internal burst pressures of 50 to 120 bar. Tanihara et al. (1999) successfully tested
carbon molecular sieve asymmetric hollow fibres for H,-CH,4 separation at feed pressures of
10-50 bar. Carbon hollow fibres, in summary, are able to withstand operational pressures
(perhaps as 