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of the virus and are therefore safe, but their
development has been hindered by the lim-
ited identification of antigens. Attempts to
use either recombinant proteins or DNA
vaccination have induced only partial pro-
tection or no protection.

In the 1960s, it was observed that recovery
from infection with less virulent ASFV isolates
protected pigs against subsequent challenge
with related virulent ASFV. This is because
almost all virus proteins are expressed in in-
fected cells, thus inducing a cellular immune
response against a range of virus epitopes in
addition to antibody responses to the native
virus particle. This demonstrated the poten-
tial for LAVs as vaccines. The introduction of
ASFV to Portugal and Spain in 1960 provided
impetus to produce LAVs for vaccination.
LAVs are produced by selecting attenuated
ASFV resulting from passage in cells, which
results in genome modifications. Vaccines
derived by this procedure were used for an
extensive vaccination campaign (13). How-
ever, these vaccines were insufficiently tested
and caused a debilitating chronic disease in
many vaccinated pigs, resulting in vaccine
withdrawal. Other naturally attenuated ASFV
strains have conferred different levels of pro-
tection but also caused unacceptable postvac-
cination reactions (7).

The current status of ASFV vaccine devel-
opment shows some encouraging results. The
most advanced vaccine candidates are LAVs
in which virulence genes are deleted, result-
ing in a weakened virus that still replicates
(so it can trigger immunity) and can be am-
plified in cell culture for vaccine production.
However, a licensed cell line in which a LAV
can be stably grown and produced on a large
scale is still required. Deletion of ASFV genes
that inhibit host antiviral type I interferon
responses has been an effective strategy to
attenuate the virus and induce protection.
These interferon inhibitory proteins include
members of multigene family (MGF) 360
and MGF 505. Genetic modification allows
for fine-tuning of safety and efficacy and the
introduction of markers to distinguish in-
fected from vaccinated animals (DIVA). This
is needed to monitor vaccine efficacy and to
confirm disease eradication. Several gene-
deleted genotype I and genotype II LAV vac-
cine candidates have shown promising results
in preliminary testing (7). However, these re-
quire further testing and scale-up of produc-
tion before completing larger-scale safety and
efficacy testing in vivo (see the figure).

Although LAVs have the potential to be ef-
fective vaccines and have been used for the
eradication of smallpox and rinderpest, there
are safety concerns. These include induction
of ASF-like symptoms and dispersal of the
vaccine virus. The vaccine may not protect
enough animals to stop the epidemic. More-
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over, vaccinated animals may spread the viru-
lent virus to uninfected animals. These safety
issues were also observed using a naturally
attenuated ASFV strain from Latvia (Lv17/
WB/Riel) (I4). This virus caused clinical
signs of ASF in pigs, including joint swelling,
which is associated with a chronic form of
ASF (15). In addition, the vaccine replicated
to high concentrations in blood and spread
to pigs on contact. Replication of the virulent
virus was not sufficiently controlled, and the
pigs shed the virulent virus sporadically and
could therefore spread ASF to other animals
(14), potentially failing to stop the epidemic.
Such safety issues should be considered dur-
ing animal testing of vaccine candidates.

The race to develop an ASFV vaccine may
overshadow comprehensive efficacy and
safety testing, thus potentially investing
in the wrong vaccine development strat-
egy and in unnecessary use of animals for
experiments. Additional caution should be
taken when developing LAV vaccines to be
spread in nature in oral baits. The challenge
of ASFV vaccine development, including
vaccination of wild boar, should not be un-
derestimated and requires the cooperation
of many disciplines in the early stages of
vaccine development.
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MEMBRANES

Porous crystals
as membranes

Microporous crystalline
membranes are designed
for gas separation and
potential scale-up

By Moises A. Carreon

hemical separations account for
about half of the United States’ in-
dustrial energy use and as much as
15% of total U.S. energy consumption
(I). Most of these industrially em-
ployed separations, including distilla-
tion, evaporation, and drying, are thermally
driven. Energy-efficient separation technol-
ogies require reducing heat consumption.
Non-thermally driven membrane technol-
ogy could play a key role in gas separations
that are less energy-intensive, making them
potentially economically feasible. On page
667 of this issue, Li et al. (2) illustrate a pow-
erful example using a microporous crystal-
line membrane to separate water from light
gases, with subsequent carbon dioxide con-
version to liquid fuels by hydrogenation.

Porous crystals grown as membranes
with equally sized micropores or with lim-
iting pore apertures are highly appealing
materials to effectively separate gas mol-
ecules by size exclusion. Li et al. designed
a sodium aluminosilicate microporous crys-
talline molecular sieve NaA zeolite mem-
brane displaying precise water conduction
nanochannels that allow water to effectively
permeate through a continuous crystalline
membrane and restrict the diffusion of
gas molecules. This strategy may be useful
for many industrially important processes
where water is present.

The precise gate effect of the membrane
can be exploited for the separation of other
industrially relevant gas mixtures, includ-
ing ammonia separation from light gases.
For instance, this zeolite composition has a
pore entrance size that should be ideal to
effectively sieve ammonia from hydrogen
and nitrogen. Furthermore, the pore en-
trance of NaA zeolite promotes favorable
charge-dipole interaction with polar mol-
ecules. The higher polarizability of ammo-
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Different strategies to separate gases
Porous crystalline membranes are designed to use several different mechanisms

to separate out different types of gases.

Molecular sieving
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Changing the effective pore
diameter will separate out the
smaller gas molecules from
larger ones.

nia should favor adsorption over the zeolite
surface, resulting in highly selective ammo-
nia membranes.

Microporous crystal sieves suitable for
gas separations can be inorganic, organic,
or a hybrid material. Zeolites are the prime
example of porous inorganic crystalline
molecular sieves that have been effectively
used in gas separations (3). Metal-organic
frameworks are microporous -crystalline
materials composed of transition metal
ions linked together by organic ligands (4)
that have shown an ability to separate gas
mixtures. Covalently bonded
porous organic cages can
be assembled into crystal-
line microporous materials
with three-dimensional con-
nectivity. These materials
combine highly desirable
properties, such as uniform
micropores, high surface
area, and thermal and chem-
ical stability. This makes
them highly appealing can-
didates for challenging mo-
lecular gas separations (5).

The preparation of con-
tinuous porous crystalline
membranes for molecu-
lar gas separations is not a
trivial issue. Porous crystals
displaying particular separation proper-
ties in powder or particle form may not
be suitable for membrane preparation be-
cause limited adhesion to the support can
lead to delamination, induced stresses at
the membrane-support interface, or poor
crystal intergrowth. Nonetheless, several
examples of the successful synthesis of mi-
croporous crystalline membranes for gas
separations are well documented. ZSM-5
(Zeolite Socony Mobil-5 with MFI topol-
ogy) membranes are one example; they ef-
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Diffusivity differences

The pore size and shape can
affect how quickly large and small
molecules move through the
porous crystal membrane.

“Porous crystals
grown as
membranes with...
limiting pore
apertures are highly
appealing materials
to effectively
separate gas
molecules by size
exclusion.”

Competitive adsorption
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fectively separate gas molecules, including
isomers, with very small differences in size
and shape (6).

Over the past two decades, consider-
able effort has gone into developing zeolite
membranes for gas separations (7). The
successful synthesis of any metal-organic
framework membrane demonstrated the
feasibility for using porous crystalline
compositions for hydrogen separation (8).
This motivated the development of con-
tinuous metal-organic framework mem-
branes (9) and continuous porous organic
cage membranes for gas
separation (10).

Three main separation
mechanisms—molecular siev-
ing, differences in diffusivi-
ties or Kkinetic contribution,
and competitive adsorption
or thermodynamic contribu-
tion—are observed for gas
mixtures over microporous
crystalline membranes (see
the figure). When the ef-
fective pore aperture of the
microporous crystal lies be-
tween the kinetic diameters
of the molecules to be sepa-
rated, molecular sieving may
be possible (1I). However,
strictly speaking, true molec-
ular sieving takes place only when molecules
diffuse selectively through crystal micropores
or through a single crystal. When compar-
ing zeolites to metal-organic frameworks,
we expect sharper molecular sieving for zeo-
lites, as they have rigid pore sizes when com-
pared to metal-organic frameworks. Smaller
and lighter molecules should diffuse faster
than larger and heavier molecules, promot-
ing separation on the basis of differences in
diffusivities. Preferential adsorption occurs
through a variety of surface forces between

Published by AAAS

the membrane and molecules with high di-
pole moments (Z1). Li et al. demonstrate that
exploiting the Kkinetic and thermodynamic
contributions could lead to highly selective
water membranes.

A different separation mechanism for
gases over porous organic cages was shown
to effectively separate hydrogen isotopes
by kinetic quantum sieving (12). The struc-
ture and distinctive solid-state molecular
packing of porous organic cages differen-
tiate them from other porous crystals, re-
sulting in special transport and adsorption
properties, and therefore unusual separa-
tion mechanisms.

The study by Li et al. represents a path
toward the rational design of zeolite mem-
branes for a highly relevant industrial sepa-
ration focused on water removal from light
gases, and subsequent conversion of carbon
dioxide into liquid fuels. An outstanding
issue is whether these high-performance
NaA zeolite membranes can be scaled
up. Demonstrating zeolite membranes at
scale requires a testing facility; one in the
United States is currently under construc-
tion. This oil field facility will allow testing
of a scaled-up zeolite membrane, denoted
as DDR, having uniform limiting pore ap-
ertures of 0.36 nm for carbon dioxide re-
covery from natural and associated gases.
This field demonstration test is an excit-
ing step toward the potential deployment
of porous crystalline membranes for gas
mixture separations. This should motivate
focusing membrane development around
cheaper supports amenable to scale-up, the
assessment of membrane performance un-
der industrial-like conditions, and stability
studies. Promising membrane compositions
from laboratory studies can then be scaled
up and tested in the presence of impurities
and the effects of pressure and temperature.
This requires a true but difficult integrative
connection among academia, national labo-
ratories, and industry.
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