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Abstract: Although several separation technologies are technically capable of removing volatile products
from fermentation broths, distillation remains the dominant technology. This is especially true for the
recovery of biofuels such as ethanol. In this paper, the status of an emerging membrane-based technology,
called pervaporation, for this application is reviewed. Several issues and research priorities which will
impact the ability of pervaporation to be competitive for biofuel recovery from fermentation systems
are identified and discussed. They include: increased energy efficiency; reduction of capital cost for
pervaporation systems; longer term trials with actual fermentation broths; optimized integration of
pervaporation with fermentor; synergy of performing both alcohol recovery and solvent dehydration by
pervaporation with dephlegmation fractional condensation technology; and updated economic analyses of
pervaporation at various biofuel production scales. Pervaporation is currently viable for biofuel recovery
in a number of situations, but more widespread application will be possible when progress has been made
on these issues.
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INTRODUCTION

The production of renewable biofuels has been
receiving increased attention due to the phase-out of
methyl z-butyl ether (MTBE) as a fuel oxygenate,
the reliance on sometimes problematic sources of
fossil fuels, and the effect of non-renewable fossil
fuel combustion on the earth’s climate. Currently, the
conversion of corn to ethanol accounts for the vast
majority of liquid biofuels produced in the United
States. Only a few decades ago, the ethanol produced
from corn contained less energy value than the energy
required to produce that ethanol.! Over time, however,
efficiency gains in the corn-to-ethanol conversion
process have reversed this situation.!? Unfortunately,
some of these efficiencies are only possible at the large
scale, thereby fueling the drive to large corn-to-ethanol
plants. For example, the median capacity of corn-to-
ethanol plants under construction in the year 2004
was 40 million gallons per year (MGY) (150 million
liters per year—MLY) [Source: BBI International].
This size plant requires 0.4 million metric tons of corn
each year.? During the 2002/2003 corn marketing year
in the US, about 2.5 billion gallons (9.5 billion liters)
of fuel ethanol were produced from about 920 million
bushels of corn (23 billion metric tons).*

While corn and other agricultural crops, such as
sweet sorghum, sugar cane, sugar beet, etc, will
remain a sizeable fraction of the starting material for
liquid biofuels, other carbon sources will be required
if renewable biofuels are to make more significant
inroads into the world’s energy portfolio. A variety of
biomass materials are available for production of liquid
biofuels, both intentionally grown for this purpose
and that which is a side product or waste material
from another process. The latter category includes
agricultural residues, such as corn stover, fruit and
vegetable processing wastes, plant trimmings; pulp
and paper sludge; wood chips; cheese whey; and waste
paper, to name just a few.’> 18 The amount of this
distributed biomass waste is significant, although often
overlooked. For example, Kim and Dale estimated
ethanol produced from the world’s waste crops and
crop residues could replace 32% of global gasoline
consumption.!* Some of these waste materials, such
as corn stover, are co-located with current large-scale
ethanol production facilities. Many more sources of
lignocellulosic material will be distributed in nature.
The transportation costs associated with delivering
material from smaller distributed sources to a large
centralized biofuel plant can outweigh the low, no,
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or negative cost of the waste materials.!° Several
articles provide overviews of the many technical and
economic issues related to the production of ethanol
from biomass.!!-1419-25

A sample flow diagram for a biomass-to-ethanol
process is provided in Figl. In this process,
lignocellulosic biomass is converted into sugars
which are then fermented to ethanol. Cellulose,
hemicellulose, and lignin are the most prevalent
components in lignocellulosic biomass. The most
common sugars produced from these materials are
glucose (C¢H;20¢) and xylose (CsH;o0Os5) which
can be converted fermentatively to ethanol, carbon
dioxide, and a range of coproducts. Ideally, each
unit mass of sugar yields about 0.5 unit mass of
ethanol. Standard baker’s yeast strains are capable
of fermenting glucose, but not xylose. Other yeast
strains, genetically engineered species, and other
microorganisms can be employed to ferment xylose
to ethanol.

One example of a distributed lignocellulosic biomass
waste stream with the potential for conversion to
ethanol is the sludge from pulp and paper mills. Several
groups have studied the conversion of pulp and paper
sludge to ethanol.?317:26-28 According to a 1995 US
Environmental Protection Agency (USEPA) report,
the average pulp and paper mill produced 26 000
dry metric tons of sludge material per year—material
which might typically be land-applied, converted to
compost or animal bedding, or combusted for energy
recovery as waste disposal practices.>!7-2° For virgin
paper plants, this represents a mass of sludge equal
to 5% of the mass of the final paper product. Plants
which produce recycled paper generate twice as much
sludge; the mass of sludge is therefore approximately
10% of the product paper mass. Each dry metric ton
of sludge can produce up to 70 gallons (265 liters)
of ethanol, thus the average paper mill could pro-
duce up to 1.8 MGY (6.8 MLY) of ethanol from
this waste stream.?® Although this volume is small
compared to a 40 MGY (150 MLY) corn-to-ethanol
plant, the 555 US pulp and paper mills could collec-
tively account for 1 billion gallons per year (3.8 billion

1 Biomass

l Makeup water

liters per year) of ethanol—equivalent to one-third of
the US ethanol production volume in 2003 [Source:
BBI International]. The vision of efficient, small-scale,
distributed production of biofuels is exemplified by a
recent US Army research grant solicitation entitled
‘Tactical Biorefinery for Forward Fuel Production’ in
which the Army envisions using waste material as a
source of energy and biofuels to reduce the need for
fuel resupply of forward units. Although the military
has special needs and acceptance criteria, the ‘tactical
biorefinery’ must still be energy efficient at the small
scale. A process which meets the energy efficiency
criterion of the US Army as well as the economic cri-
teria of the private sector will be commercially viable.
As stated in the commercialization vision from the
2004 US Army Small Business Technology Trans-
fer (STTR) solicitation: ‘A small biorefinery which
can effectively reduce the cost of waste disposal and
removal while simultaneously providing an offsetting
fuel value would be an attractive end-item in a number
of agricultural and manufacturing industries’.

What is needed is a process train which can
convert lignocellulosic biomass materials to biofuels
such as ethanol or butanol in an efficient, cost-
effective manner at a small scale, most likely with
a variable feed source composition. The stages of the
biomass-to-biofuel process train must be reassessed
individually and collectively in order to arrive at
the most efficient small-scale system. For example,
recovery of ethanol from the fermentation broth
has long been ceded to distillation for corn-to-
ethanol operations. The economies of scale and the
extent of heat integration which are achieved at
the large scale make distillation economically and
energetically efficient. From an analysis of ethanol
production from biomass, Lynd concluded that
the energy usage and cost of distillation is not a
primary constraint to the competitiveness of such
a process.'? However, the advantages of distillation
over competing separations technologies for biofuel
recovery fade as the scale of the operation is reduced,
thereby opening the door for other technologies
such as gas stripping,”1%30~%  liquid-liquid
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Figure 1. Simplified flow diagram for a biomass-to-ethanol process utilizing enzymatic hydrolysis and simultaneous saccharification and

cofermentation.'%21,
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extraction,>* 294445 yacuum stripping,>>:36-28:46-51
membrane distillation,”>>> vacuum membrane
distillation (VMD),?1345455  sorption,®*3®  and

pervaporation.3*39:56-89 In this paper, the potential
for using pervaporation in the recovery of liquid
biofuels from dilute fermentation broths will be
reviewed.

FUNDAMENTALS OF PERVAPORATION
Pervaporation is a process in which a liquid stream
containing two or more miscible components is placed
in contact with one side of a non-porous polymeric
membrane or molecularly porous inorganic membrane
(such as a zeolite membrane) while a vacuum or gas
purge is applied to the other side. The components
in the liquid stream sorb into/onto the membrane,
permeate through the membrane, and evaporate into
the vapor phase (hence the word ‘pervaporate’). The
resulting vapor, referred to as ‘the permeate’, is then
condensed. Due to different species in the feed mixture
having different affinities for the membrane and
different diffusion rates through the membrane, even
a component at low concentration in the feed can be
highly enriched in the permeate. Thus, the permeate
composition may widely differ from that of the vapor
evolved after a free vapor—liquid equilibrium process.
Enrichment factors, the ratio of the permeate to feed
concentrations of a compound, range from the single
digits to over 1000, depending on the compounds,
the membrane, and process conditions. A schematic
diagram of the pervaporation process is shown in Fig 2.
As depicted in Fig 2, by separating the extracting vapor
phase from the feed liquid with a membrane which is
selective for Species 1, the permeate vapor is enriched
in Species 1 relative to the feed liquid. The main
process units of a pervaporation process: feed source,
feed pump, heater, membrane module, condenser,
and vacuum pump, are pictorially shown in Fig 3.
The properties of the membrane material dictate
the separation achieved in the process. For example,
if the membrane is hydrophobic, then the membrane
will preferentially permeate organic compounds rela-
tive to water and the permeate will be enriched in the

Pervaporation = Permeation + Evaporation
Liquid

Retentate ®

© Species 1
® Species 2

PBI‘I"I‘IBE_tG >

Membrane selective for Species 1

Figure 2. Schematic diagram of pervaporation process.
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organic compounds. Alternatively, if the membrane is
hydrophilic, then water will be enriched in the per-
meate and the organic compound in the feed liquid
will be dehydrated. The general process components
are the same, only the membrane material has been
changed. The dehydration of organic solvents, partic-
ularly those which form azeotropes with water (such as
ethanol and isopropanol) is the main commercial use
of pervaporation today.’® In the dehydration appli-
cation, pervaporation competes with molecular sieve
sorption and ternary or vacuum distillation. For the
production of biofuels, pervaporation can therefore be
applied to both the recovery of alcohols from water
and for the dehydration of the alcohols to meet fuel
dryness specifications. According to ASTM standard
D4806, the maximum amount of water allowed in fuel
ethanol is 1vol% (0.8 wt%).%192

The driving force for transport across the membrane
in pervaporation is the chemical activity difference
of a species between the bulk feed liquid and the
bulk permeate vapor. Flux through the membrane
is inversely proportional to the overall resistance
and proportional to the concentration gradient (as
a representation of the activity difference) between the
bulk liquid and the bulk permeate vapor as follows:

\%
% = kiIC* - CY] = kiCr [xi - P—} 1)

vil;
where ¥; is the flux of species 7 (molm_2 s71), k; the
overall mass transfer coefficient (ms~!) which is the
inverse of the overall mass transfer resistance, C- the
bulk feed liquid concentration of species ¢ (molm™>),
Cly the liquid phase concentration (mol m~>) of species
1 which would be in equilibrium with a permeate vapor
containing species ¢ at a bulk partial pressure of PzV
(Pa), x; the mole fraction of 7 in the feed liquid, Ct
the total molar density of the feed liquid (molm ™), y;
the activity coefficient of 7 in the feed liquid, and P

the saturated vapor pressure of component i.

The resistance to transport between the bulk feed
liquid and the bulk permeate vapor consists of
diffusion in the stagnant or near stagnant liquid layer
next to the feed/upstream side of the membrane,
transport through the membrane, and diffusion in the
vapor layer on the permeate/downstream face of the
membrane. The latter is considered small compared
to the first two so that the liquid boundary layer and
membrane represent the most significant barriers to
transport. The overall mass transfer coefficient, %;, is
estimated as:

1 1 1 1
R R @
yi P~Sat Pmem
h kmem — 1 1 3
where k; o Cr 3)

where kL, k™™, and kY are the liquid boundary
layer, membrane, and vapor boundary layer mass
transfer coefficients, respectively, and P the
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Figure 3. Flow diagram for generic pervaporation system.

membrane permeability coefficient (mol (mPas)~!)
(all for species 7). Additionally, 7T is the membrane
thickness (m).

A steady state mass balance on species 7 over a
differential area (or length) of membrane module can
be written by relating the change in concentration of
species 7 in the feed liquid to the flux of ¢ through the
membrane as follows:

0dC; =¥ d4 (4)

where Q is the liquid flow rate (m3®*s™!) and dA4 is
the differential membrane surface area for the module
element. By integrating eqn (4) over the length of
a membrane module (over area A) using eqn (1) to
represent ¥, the effect of membrane area 4 (m?) on
the concentration of species 7 in the residual stream
(CZR) from a pervaporation module at feed liquid flow
rate Q can be estimated from the feed concentration
(CF) as follows:

cR-cY —k:A
N Vo Q ©)

where the permeate composition (CZV) and the mass
transfer coefficient (k) have been assumed to be
constant throughout the module.

In addition to flux, the performance of a pervapo-
ration membrane is judged by the degree to which
it is able to separate one compound from another
and deliver a permeate highly enriched in one of the
compounds. A full representation of the separation
capability of the membrane would be a plot of the
permeate composition vs feed composition—much
the same way as vapor-liquid equilibria are repre-
sented. In most cases, the quality of the separation is
reported as the ‘separation factor’ of Species 1 relative
to Species 2 (aj2) and is defined as the ratio of the
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ratio of permeate compositions to the ratio of the feed
compositions as follows:

(cY/cy)
(ct/cy)

_ /32
(CT/CY)

(6)

o2 =

According to this equation, a membrane with a
separation factor of 1 yields a permeate with the
same composition as the feed. A membrane with
a separation factor which approaches infinity would
permeate only Species 1 and would be the ideal
membrane if the objective is to selectively remove
Species 1 from the feed liquid. The truly ideal
pervaporation membrane would exhibit both a high
flux and a high separation factor. In reality, even this
‘ideal’ membrane is not appropriate for all scenarios
(for example, if the permeate partial pressure of
the preferential permeating species limits transport).
Thus, the properties of the membrane must be
matched to the desired separation performance and
the physical limitations of the process.

As outlined above, the relative separation delivered
by a pervaporation system is primarily a function of
the membrane material and the feed species. Feed
temperature, feed composition, and permeate pressure
have secondary effects. Flux is a function of these same
variables. In fact, flux is a rather strong function of
all of these variables. Unlike separation factor, flux is
a strong function of the thickness of the membrane,
often a linear function of the reciprocal of membrane
thickness.

Molecules which end up in the permeate experience
a phase change from liquid to vapor which requires
energy to fuel the evaporation. Therefore, one result
of pervaporation is a cooling of the feed liquid as it
traverses the membrane module. Fortunately, only the
fraction of material which permeates the membrane is
evaporated. In the case of an infinite separation factor
(¢ — o0), heating and cooling would only be used to
evaporate and condense the desired permeate product
species. Since « is never infinite, heat must be applied

F Chem Technol Biotechnol 80:603—629 (2005)



to evaporate not only the desired permeate species,
but the undesired permeating species as well. In the
case of removing ethanol from water, the energy cost
of delivering a unit of ethanol as condensed permeate
is the sum of the energy required to evaporate and
condense both the desired ethanol and the undesired
water in the permeate. On a molar basis, water and
ethanol have similar heats of evaporation (40.7 vs
38.6kJmol™!). However, due to the difference in
molecular weights, the heat of evaporation on a
mass basis is significantly higher for water than for
ethanol (2260vs 838kJkg™!). Thus, if the permeate
contains 50 wt% ethanol, 1 kg of water is evaporated
and condensed per 1kg of ethanol with 73% of the
energy involved required for the water component.
Therefore, in order to achieve highly energy efficient
recovery of alcohols from water, high alcohol-water
separation factors are desired.

If the temperature change of the feed liquid is
excessive due to evaporation, then interstage heating
may be required to maintain the desired liquid
temperature. If batch or semi-batch operation is
feasible, then an alternative to interstage heating is
to increase the recirculation flow rate through the
membrane modules. The effect of increased flow rate
is a decrease in the single-pass temperature drop so
that the per-stage temperature drop is decreased. The
higher flow rate will also result in a lower per pass
alcohol removal.

According to eqn (1), the maximum driving force
(and therefore maximum flux through the membrane)
is achieved at the maximum feed concentration, the
minimum permeate partial pressure of a given species,
and the maximum feed liquid temperature. Obviously,
there are limits to each of these. For example, the
feed concentration is dictated by the upstream process
and is generally not independently controlled. The
permeate partial pressure is theoretically limited to
absolute 0 pressure, but practically limited by the
capital and operating costs associated with producing
a given vacuum level. Total permeate pressures of
less than 10 torr (1.3 kPa) are typically uneconomical
when using mechanical vacuum pumps—pressures in
the range of 30 to 100torr (4 to 13kPa) are more
preferred. Feed temperature is limited first by the

Pervaporation for product recovery

boiling point of the feed mixture and secondarily by
the temperature sensitivity of components of the feed.
Feed pressurization can be used to increase the boiling
point of the feed liquid thereby expanding the available
temperature range.

The tradeoffs associated with a maximal operat-
ing temperature are highlighted in Table 1. Unless
limited by the presence of temperature sensitive feed
liquid components, the advantages of operating at
a high temperature typically outweigh the disadvan-
tages—primarily due to the reduced membrane area
required to achieve a desired separation due to the
higher flux. Based on our observations with silicone
rubber membranes, the amount of membrane area
required to remove a given amount of ethanol from
water is on the order of ten times higher at 30°C
than at 80 °C. Potential temperature-sensitive compo-
nents can be either biotic in nature, such as proteins,
enzymes or living microorganisms, or abiotic, such
as certain aroma/flavor compounds. Raw fermenta-
tion broths originating from biomass-to-ethanol pro-
cesses will contain a variety of temperature-sensitive
biotic components including live yeast or bacteria.
Several flowsheet scenarios are available for process-
ing such streams with pervaporation as has been
well outlined by Groot ez al™8 and Mulder and
Smolders.%

INTEGRATION OF PERVAPORATION WITH
FERMENTATION SYSTEMS

A comparison of different authors’ research on alcohol
fermentations is difficult due to the number of vari-
ables that enter into the reported results such as: type,
strain, growth phase and loading of microorganism;
source, pretreatment, and concentrations of nutrients
and substrate; temperature and temperature history;
pH and pH history; oxygen concentration; fermentor
design, and level of mixing. Adding the variables asso-
ciated with separation technologies to the fermentation
variables yields an even more complex system from
which few direct comparisons are possible. However,
a number of general trends and observations can be
made from this body of research:

(1) Fermentor productivity will increase upon application
of a solvent removal technology if the

Table 1. Advantages and disadvantages of operating pervaporation at the maximum possible temperature

Advantages

Disadvantages

e Highest flux

o Highest allowable permeate pressure (reduced vacuum
requirement)

o Lowest permeate condensation costs (ability to operate at
higher coolant temperatures)

e Yields system with the lowest required membrane area

e Harmful to temperature-sensitive compounds and
microorganisms

e Higher likelihood of precipitate formation

o Increased heater capital costs

e Requires high temperature heat source

e Requires heat exchanger to recover heat from residual stream

o Material failure more likely

e Increased material property requirements

e Requires more insulation

e Reduced separation factor (permeate concentration) —
dependent on compound and membrane properties

F Chem Technol Biotechnol 80:603—629 (2005)
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microorganisms exhibit inhibition by the solvent
product atr concentrations readily achieved in
the fermentor.910-20.:61,75.76,93-95  Mjcroorganisms,
including standard yeast strains, usually
experience strong ethanol inhibition above
5-8 wt% ethanol while strong butanol inhibition
occurs above 1 wt% n-butanol.?® Thus, butanol
productivity will be enhanced relatively more
than ethanol productivity if a solvent-removal
technology is coupled with the fermentor.
Solvent inhibition varies a great deal among
microorganisms though. For example, Pichia
stupiris CBS 5773 experiences ethanol inhibition
at 2 wt% ethanol, which is several times lower
than the concentration of ethanol found to inhibit
Saccharomyces cerevisiae.*?> As a result, organisms
which are highly sensitive to the produced solvent
but which otherwise possess superior performance
characteristics (for example, thermotolerance)
could be employed if the solvent concentration
is depressed using a separation technology.
Increasing the concentration of viable cells in the
fermentor will increase the solvent productivity
of the fermentor, all other wvariables being
equal 21,56 71.74.75.79.89.96 Ror example, Nakao ez al
observed a 200-300% increase in fermentor
ethanol productivity (mass of ethanol produced
per unit of reactor volume per unit of time,
ie kgm >h~!) when pervaporation was coupled
directly with a fermentor.”® This productivity
increase was primarily due to an increase in
the concentration of viable yeast cells through
either cell immobilization or water removal via
pervaporation with a smaller effect of reduced
ethanol inhibition—the productivity per viable
cell only increasing 20-50% due to inhibition
reduction. Increases in the concentration of
viable cells in the fermentor can be achieved
with a cell separation technology and cell
recycle, as will be discussed in the next section,
or by immobilizing the cells.’%7%75.79,97-104
Increased biomass concentrations are particularly
attractive when consumption of a particular
substrate is slow. For example, consumption of
xylose by Saccharomyces cerevisiae is slower than
consumption of glucose, so xylose consumption
per unit volume of reactor can be improved
by increasing the yeast concentration.’® Since
pervaporation removes water along with produced
ethanol, cell density will increase upon application
of pervaporation, although this increase will be
small compared to that achieved using other
approaches like filtration.”” Unfortunately, few
studies in which product separation technologies
have been mated to fermentors actually monitored
the concentration of viable cells; without this
information the true increase in productivity
cannot be assessed.

Integraring a solvent recovery unit with a fermentor
enables the wuse of more concentrated substrate

C))

solutions which increases the productivity of the
fermentor and reduces the amount of water processed
in the system.?02433:43.54.56,61,93.105 Taylor er al
were able to feed a 550 gdm > glucose solution
to a fermentor while maintaining the ethanol
concentration in the fermentor at about 5 wt%
by removing the ethanol via a gas stripping
process.?> Otherwise, this concentration of
glucose would generate inhibitory concentrations
of ethanol. Unfortunately, each of the first
three trends may also lead to undesirable
consequences such as higher levels of non-
alcohol inhibitors,38:76.66.71.86.89 These inhibitors
may include organic acids (such as formic,
acetic, citric, butyric, and lactic acids), organic
compounds (such as acetaldehyde, ethyl acetate,
methanol, isobutanol, methyl butanol, furfural, 5-
hydroxymethylfurfural), and salts (such as NaCl,
Mg(Cl,).10.20.56,71.76.86 By increasing fermentor
productivity, higher amounts of substrate are
fed/consumed per unit volume of the fermentor.
Thus, regardless of whether the inhibitors are
produced by the microorganisms or are present in
the substrate solution (possibly from the biomass
pretreatment regimen), their concentration can be
expected to be higher when fermentor productivity
is increased when wutilizing higher substrate
concentrations or by recycling cells and/or broth.
For separation technologies, like pervaporation,
gas stripping, and even distillation, which remove
only materials which can be volatilized from
the broth, compounds which are non-volatile or
exhibit a low tendency to volatilize from the broth
will accumulate in the fermentor if the stripped
broth is recycled to the fermentor. As a result,
attention should be paid to the presence of these
inhibitors with mitigation controls established if
they are deemed to significantly impact system
productivity.

A ovariery of separation technologies, including
pervaporation, are technically viable to recover
biofuels  from  fermentation  broths. A  list
of potential separation technologies and
references describing those technologies was
provided in the introduction section. Each
of the possible separation technologies has
advantages and disadvantages and several
articles provide overviews as to how they
relate to the recovery of fermentation broth
components.>* 2° In addition, these separation
technologies are generally applicable to a
wide array of fermentative organisms. For
example, pervaporation has been coupled with
fermentations involving one or more strains
of Saccharomyces cerevisiae, Zymomonas mobilis,
Clostridium thermohydrosulfuricum, Escherichia coli,
Candida pseudorropicalis, Clostridium beyerinckii,
and Clostridium acetobutylicum.

F Chem Technol Biotechnol 80:603—629 (2005)



Solid-liquid separation

As noted previously, the most cost-effective pervapo-
ration system is most likely one which is operated
at the maximum possible feed temperature. There-
fore, if temperature-sensitive materials are present in
the feed material, then the pervaporation system will
either have to be operated at a temperature lower
than the operational optimum, the sensitive materi-
als will need to be removed prior to being exposed
to harsh pervaporation conditions, or a certain inca-
pacitation of the sensitive materials will need to be
accepted. Removal of the sensitive particulate mate-
rials can be achieved with either a filtration device
or a centrifugation unit. In most biofuel fermenta-
tion scenarios, the temperature-sensitive materials are
microorganisms. As a result, microfiltration (MF) and
centrifugation are both viable separation options as
the solids separation unit shown in Fig 3.1067108 Ag a
barrier-based technology, membrane filtration has the
advantage that it will, theoretically, remove all solids
above the design range of the filter. In fact, drinking
water providers have begun considering membrane fil-
tration for the removal of harmful pathogens from tap
water.'99~113 MF is capable of removing most fermen-
tative microorganisms. If proteins or enzymes must be
retained as well, then ultrafiltration (UF) or nanofil-
tration (NF) may be required. For example, Knutsen
and Davis have reported the use of sedimentation
and UF to recover and reuse cellulase enzymes.!!#
Centrifugation is commonly used for solid—liquid sep-
arations in the corn-to-ethanol industry. However, in
that industry, the ethanol recovery technology, dis-
tillation, can be designed to handle solids and there
may not be a need to protect the distillation system
from solids in the feed stream unless it leads to a
more economical design or if solids recycle is desired.
Thus, centrifuges are used to recover saleable distillers
dry grains (DDGs) from the still bottoms which have
already been exposed to the high temperatures of the
distillation column (¢ 100°C).11>-116 Centrifuges may
also be used to separate components in the ground
and swollen corn.

Membrane filtration is now a standard unit oper-
ation in the food/beverage and pharmaceutical pro-
duction industries for separating solids and dissolved
solids from process streams.!1”'118 Membrane filtra-
tion has the advantage that solids larger in size than
the size cutoff range of the membrane are rejected by
the membrane. In centrifugation, no absolute or rela-
tive cutoff standard exists. In addition, centrifugation
is only able to separate materials based on density
differences. Thus, fermentor solids with a density sim-
ilar to that of the broth will be difficult to remove
by centrifugation. However, centrifugation should be
able to produce significant reductions in solids from
fermentation broth because the high G-forces gener-
ated in the centrifuge make up for the low density
difference. Membrane separation performance, on the
other hand, is not a function of the density of the solids

F Chem Technol Biotechnol 80:603—629 (2005)
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to be removed. For example, researchers at Lund Uni-
versity recently reported results comparing the solids
separation performance of a vibrating MF membrane
unit to that of a decanter centrifuge.!!” The feed to
the separation processes was a simultaneous saccha-
rification and fermentation (SSF) broth containing
3% dry matter. Both the centrifuge and the MF unit
delivered slurries containing about 18% solids. How-
ever, while the MF permeate was free of particles, the
centrifuge only achieved solids recoveries of 60—-80%,
even at low feed flow rates, indicating that the centrate
contained significant amounts of solids. Maybury ez a/
observed a maximum clarification efficiency of ¢ 70%
for a continuous centrifuge using yeast cell debris while
efficiencies up to 99.3% were possible when remov-
ing polyvinyl acetate particles.!?° Hansen compared
a filter press, centrifuge, cross-flow ceramic MF unit,
and a vibrating MF unit for yeast extract recovery
from beer fermentors.'%® The low capital cost of the
centrifuge was offset by high energy consumption and
poor centrate quality (high haze) relative to the MF
units. The filter press, too, was cited for poor filtrate
quality due to haze, although the filter press delivered
a cake containing 35% dry matter (vs 17% dry matter
for the centrifuge). Both MF units delivered 18% dry
matter retentate with clear permeates. Hydrocyclones
were observed to yield yeast cell recoveries similar
to that of continuous centrifuges (ie in the 70-90%
range).!?!

The main vulnerability of membrane filtration is
potential fouling of the membrane surface or of
the internal pores. One culprit in the fouling of
some membrane modules is the flow spacer used
to separate membrane sheets. Particulate material
can become trapped in the spacer, thereby blocking
the flow path, creating dead zones, blocking the
surface of the membrane, and increasing pressure
drop. Membrane fouling has been addressed through
module design (rotating disk filters, vibrating modules,
tubular membranes, ceramic membranes, open flow
channels, turbulence enhancing inserts) and operating
procedures (high cross-flow feed liquid velocity, air
sparging, backflushing, cleaning regimens).!?2~140 In
the case of the vibrating module, lateral oscillations of
the membrane surface (2.5 cm amplitude at ~60 Hz)
create high surface shear rates which disrupt the
formation of a surface foulant layer. Postlethwaite ez al
demonstrated the ability of a vibrating MF system
to generate a permeate flux at high yeast solids
concentrations (200—-500gdm > wet weight) which
was the same as a standard MF system operating at a
much lower yeast concentration (6 gdm™> wet wt).!*°
The capital costs of vibrating membrane systems
are typically higher, per unit area, than conventional
cross-flow membrane systems, although they may be
comparable on a per unit flux basis since they will
deliver a higher flux per unit area. The vibrating design
is energy efficient and has been observed to consume
less energy than a cross-flow filtration system.!06:141
Our own observations (unpublished) and those of
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others working with high shear membrane systems
suggest no damage to the microorganisms due to
the membrane processing.!?®> Diagrams of several
membrane module configurations are provided in
Fig 4.

The presence of a solid—liquid separation device
before the pervaporation system not only removes
temperature-sensitive broth components, thereby
allowing pervaporation operation at elevated temper-
atures, it also protects the pervaporation modules
from fouling by solids in the broth. This is not to
say that all pervaporation modules are sensitive to
fouling by solids. Many of the same fouling-resistant
module designs which have been developed for filtra-
tion are also available or possible for pervaporation.
In order to avoid fouling of the liquid flow path,
these modules either do not have a flow spacer or a
flow spacer with a low solids accumulation capability
has been selected. Spacer-free pervaporation mod-
ules include plate-and-frame modules (without flow
spacers),’>142-144 yibrating modules,!¥*~148 tubular
membranes,”?77149-152 gnd monolithic modules with
open flow channels.!®>>* Spiral wound modules
must, by their design, contain a spacer to create a
channel for the feed liquid to traverse the module.
However, the flow spacer can be designed to discour-
age the accumulation of solids. Recently, ROChem
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introduced a spacer-free spiral wound filtration mod-
ule referred to as the ‘ST’ spacer tube design.!>> Spiral
wound modules are second only to hollow fiber mod-
ules in terms of the membrane area which can be
housed in a given volume of module. Hollow fiber
membrane modules, too, can be designed to avoid
solids accumulation although solids flow through the
lumen (inside) of the fibers is inherently limited by the
inner diameter of the fibers. As a result, use of hollow
fiber modules with solids-laden liquids will be most-
likely limited to shell-side fed modules. Currently, only
spiral wound modules are commercially available for
the recovery of alcohols from water.

Based on the above discussion, a pre-pervaporation
solid—liquid separation device, although not required,
would reduce the fouling potential of solids in the
fermentor broth and enable the use of the full
range of pervaporation module options. The recovered
biosolids could also be returned to the fermentor to
increase the productivity of the fermentor by increasing
the concentration of viable cells in the reactor. From
a pervaporation standpoint, the simplest situation
would be one in which the pervaporation modules
are able to accept the fermentation broth as delivered
from the fermentor (including solids) and the broth
contains no temperature-sensitive components (or the
sensitive components are no longer necessary in the

F Chem Technol Biotechnol 80:603—629 (2005)



process)—all at a minimum cost. The addition of
any separation device to the system adds capital and
operating costs. Thus, an economic tradeoff exists
between the increased efficiency of pervaporation (by
enabling higher temperature operation and the ability
to use the most efficient module design) combined
with the increased fermentor productivity vs the
increased complexity of adding a pre-pervaporation
separation device.

Thermophilic and thermotolerant fermentative
microorganisms

An alternative to introducing a solid-liquid separa-
tion device for the protection of temperature-sensitive
microorganisms is the use of thermotolerant or ther-
mophilic fermentative organisms. If thermotolerant
organisms are used, then they could be exposed to
elevated temperatures in a pervaporation system and
still be recycled to the fermentor with a small or no loss
in viability. For example, Moniruzzaman et al report
that a temperature excursion to 50 °C lasting 2h did
not alter the ultimate batch ethanol yield of the KO11
E coli strain although the time to reach the ultimate
yield was longer than in the 35°C control.!>® Even
standard yeast can survive at elevated temperatures
for short periods of time, especially during the sta-
tionary phase of cell lifecycle and this thermotolerance
can be induced in the organisms.!’” 1! The impor-
tant point here is that the organisms only have to
tolerate the elevated temperatures for a time equal to
the liquid residence time in the pervaporation system.
Unfortunately, even thermotolerant microorganisms
cannot survive when exposed to temperatures above
their tolerance range. The most likely maximum tem-
perature for standard S cerevisiae is 50 °C. For truly
thermophilic organisms, the temperature of the fer-
mentor would be elevated and might even be the
same as that of the pervaporation system. For exam-
ple, Mori and Inaba investigated ethanol production
from starch by the anaerobic thermophile C thermo-
hydrosulfuricun YM3 and coupled the fermentor with
a pervaporation module.”! Both the fermentor and
the pervaporation unit were operated at 66 °C. Sim-
ilarly, Agrol Limited markets a thermophilic bacteria
for the production of ethanol.'®? Since the saccha-
rification activity of most enzymes used in biofuel
production processes is optimum at elevated temper-
atures, the higher temperatures afforded by thermo-
tolerant and thermophilic organisms would reduce
the enzyme demand of the process. For example,
the optimum temperature range for cellulase activ-
ity is 45—-50°C.?4163 QOperation of the fermentation
at elevated temperatures has the added advantage of
limiting contamination by undesirable microorgan-
isms.

Membrane materials for alcohol recovery by
pervaporation

Many membrane materials have been studied for the
purpose of recovering organic compounds from water

F Chem Technol Biotechnol 80:603—629 (2005)
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by pervaporation. Only those materials with leading
properties will be mentioned here.

The current benchmark hydrophobic pervapora-
tion membrane material is poly(dimethyl siloxane)
[PDMS], often referred to as ‘silicone rubber’. PDMS
is an elastomeric material which can be used to fabri-
cate hollow fiber, tubular, unsupported sheet, or thin
layer supported sheet membranes. Several companies
have manufactured thin PDMS supported membranes
over the years. At present, Membrane Technology and
Research, Inc (MTR) of Menlo Park, CA is the lead-
ing supplier, manufacturing spiral wound modules out
of their supported silicone rubber membranes. A list of
alcohol-water separation data from the literature for
PDMS membranes is assembled in Table 2. As seen
from the third column, the reported ethanol-water
separation factor for ‘pure’ PDMS membranes ranged
from 4.4 to 10.8. The broad range in ethanol-water
separation factors for PDMS membranes is typical
of performance parameters reported in the literature
for a given polymer and separation situation. The
breadth in values arises from a variety of factors,
including the source of the polymer starting materials
(although called ‘PDMS’, there are often differences),
the method of casting the film, the cross-link den-
sity, the thickness of the selective layer, the porous
support material (if any), and the test conditions.
Reported butanol-water separation factors for PDMS
also cover a fairly broad range, from 40 to 60, which
is 6—10 times that of ethanol—-water.

Much effort has been expended searching for poly-
meric materials with better ethanol-water separa-
tion performance than PDMS. Unfortunately, sel-
dom have materials been reported to improve upon
PDMS. A few references observed values above
the PDMS range for membranes based on PDMS,
including PDMS impregnated in a porous PTFE sup-
port (o = 14.0);"! silicone oil supported in a porous
polypropylene (PP) support (o up to 12.6);!%* and
a PDMS film treated with octadecyldiethoxymethyl-
silane (o = 16.3).1%% Literature data for the latter
of these are included in Table 3. Another material
which has received significant attention is poly[l-
(trimethylsilyl)-1-propyne] or ‘PTMSP’—a high free
volume polymer displaying a permeability greater than
that of PDMS.80:165-169 Ag shown in Table 3, the
ethanol—water separation factor for PTMSP has been
reported to be higher than that of PDMS, ranging
from 9 to 26. The butanol-water separation fac-
tor for PTMSP has been observed to be as high
as 70.17 Unfortunately, PTMSP membranes have,
so far, proven to deliver unstable performance, with
flux and selectivity declining with time. Such changes
have been attributed to the compaction of the poly-
mer film or the sorption of foulants inside the film.%’
Recently, PTMSP has been cross-linked to yield a
more physically stable material which may improve
prospects for this polymer.!7!:172 Table 3 also contains
ethanol-water separation performance data reported
in the literature for polymeric materials other than
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Table 2. Alcohol-water separation factors of PDMS membranes

Temp Alcohol—-water Thickness

Alcohol (°C) a (um) Notes (feed EtOH conc, source of PDMS, flux, vacuum) Ref

Ethanol 66 14.0 58 1.5wt% EtOH, porous PTFE impregnated with PDMS in pores, 71
10torr vacuum

Ethanol 25 8.8-12.6 258 Supported liquid membrane, PDMS oil in porous support, 164
viscosity of oil = 5-100 cSt, 4 wt% EtOH

Ethanol 30 10.8 100 8wt% EtOH, cross-linked oligodimethylsiloxane with acetoxysilyl 210
groups

Ethanol 66 104 120 1.5wt% EtOH, 10 torr vacuum 71

Ethanol 20-90 9-10 25 5wt% EtOH, o = 11 at <1 wt% EtOH 211

Ethanol 35 9.0 200-400 B wt% EtOH, <2torr, « = 8.6 and 8.7 at 50 and 65 °C, 212
respectively, GE 615 PDMS

Ethanol 30 8 120 9wt% EtOH, 6-7 torr vacuum, Fuiji System PDMS membrane, 79
same « observed for porous PTFE and PP

Ethanol 35 8 NA 2 wt% EtOH, fermentation broth, two experiments yielded o = 7.7 86
and 8.2

Ethanol 40 8 160 16.5wt% EtOH, PDMS from Tisso Co Ltd, observed effect of 213
PDMS chain length on «

Ethanol 25 7.7 208 6 wt% EtOH, 1-3torr vacuum, o« = 6.7 at 3wt% EtOH, MTR 80
PDMS membrane

Ethanol 22.5 7.6 NA 5wt% EtOH, GE 615 PDMS 214

Ethanol 22-25 7.6 100 5.5 wt% EtOH 69

Ethanol 22 7.3 105 7 wt% EtOH 215

Ethanol 42 6.5 18 5wt% EtOH 56

Ethanol 30 6 2.08 5wt% EtOH, 5torr vacuum, « rises to 8 at 20 torr vacuum 181

Ethanol 50 5.3 ~120 4.4 wt% EtOH 216

Ethanol 35 ~5 NA 6 wt% EtOH 217

Ethanol 35 5 NA2 6 wt% EtOH, GFT (now Sulzer) PDMS membrane (composite) 217

Ethanol 40 5 ~225 0.01 wt% EtOH in presence of aroma compounds 218

Ethanol 22 4.4 32 7 wt% EtOH 215

n-Butanol 37 60 250 0.1 wt% n-BuOH, « | to 25 as conc 1 to 0.8 wt%, PDMS tubes, 99
N2 sweep gas

n-Butanol 50 58 50 1 wt% n-BuOH 219

n-Butanol 62 50 75 2wt% n-BuOH, « 1 with 1 temp, « = 40 at 26 °C, MemPro 68
MEM-100™ PDMS

n-Butanol 50 49.6 50 GE VTR615 silicone rubber, 10gdm~2 n-BuOH 83

n-Butanol 41 42 600 0.25wt% n-BuOH, « | to 27 as conc 1 to 3wt% n-BuOH, PDMS 188
tubes, air sweep gas

Methanol 22.5 7.6 NA 5wt% MeOH, GE 615 PDMS 214

Methanol 30 6 82 ~5wt%, Sulzer PERVAP-1060 membrane 220

2-Propanoal 22.5 9.5 NA 5wt% i-PrOH, GE 615 PDMS 214

2-Propanol 22-25 9.5 100 5.5wt% i-PrOH 69

n-Propanol 22-25 19.1 100 5.2 wt% n-PrOH 69

n-Propanol 60 14.8 208 5.2 wt% n-PrOH 207

n-Propanol 60 12.8 5.58 10 wt% n-PrOH, MTR silicone rubber membrane, 10 torr 207

2 Supported on porous material.
NA = data not available.

EtOH = ethanol, MeOH = methanol, n-PrOH = n-propanol, i-PrOH = 2-propanol, n-BuOH = n-butanol.

Note: 1torr = 0.13 kPa.

PTMSP and PDMS with separation factors greater
than that of benchmark PDMS. To the knowledge
of this author, membranes constructed from these
materials are not commercially available at this time.
While no organic membrane has yet to challenge
PDMS as the benchmark hydrophobic pervaporation
membrane material, inorganic membranes based
on hydrophobic zeolites have shown both higher
ethanol-water separation factors and ethanol fluxes
than PDMS membranes. An extensive review of zeolite
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materials and the fundamentals of using zeolites for
pervaporation applications by Bowen ez al was recently
published.!”® Literature performance values for two
types of hydrophobic zeolites, silicalite-1 and Ge-
ZSM-5, are presented in Table 4. Silicalite-1, the
most studied hydrophobic zeolite for this application,
has been reported to deliver ethanol—water separation
factors ranging from 12 to 72 with a typical value
around 40—four to five times that of PDMS. The
ethanol-water separation factor for pure silicalite-1
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Table 3. Ethanol-water separation factors of other polymeric membranes

Pervaporation for product recovery

Temp Ethanol-water
Polymer (°C) a Notes (conc, flux, vacuum, thickness) Ref
PTMSP
PTMSP 30 15.1-19.9 B wt% EtOH, 14-43 um thick 169
PTMSP 30 15.1-19.3 B wt% EtOH, 10—-20 um thick 167
PTMSP 30 19.9 6 wt% EtOH feed, o | with time and 85
with exposure to fermentation broth
PTMSP 50 10.3 6-7 wt% EtOH feed 221
PTMSP 30 9 5wt% EtOH, « 4 to 17 at 1 wt% EtOH 222
PTMSP 75 10.7 10wt% EtOH, « | from 10.7 to 8 over 223
450h
PTMSP 30 11.2 7 wt% EtOH 224
PTMSP 25 22.9 6 wt% EtOH, « lower for fermentation 80
broth
PTMSP 66 18.7 1.5wt% EtOH, 10torr vacuum 71
PTMSP 60 10-26 6 wt% EtOH, 30 um thick, 50 torr 207
permeate pressure, « | from 26 to
10 over 150 h, soaking in ethanol
recovered o
Modified PTMSP and other high free volume propynes
PTMSP/PDMS graft copolymer 30 28.3 Max « at 12 mol% PDMS, 7 wt% EtOH 224
Phenyl propyne/PDMS graft copolymer 30 22.5 Poly(1-phenyl-1-propyne)/PDMS 225
copolymer (75 mol% PDMS),
7.3wt% EtOH, max « of ~30 at
50°C
Trimethylsilyl substituted PTMSP 50 17.6 6-7 wt% EtOH feed, 10mol% 221
substitution of trimethylsilyl groups
n-Decane substituted PTMSP 50 17.8 6-7 wt% EtOH feed, 5 mol% 221
substitution of n-decane groups
Poly(methyl phenyl siloxane) 50 1.7 4.1 wt% EtOH 216
Other polymers
Styrene—fluoroalkyl acrylate graft 30 16.3-45.9 8wt% EtOH, 20 um selective layer on 210,226
copolymer 100 um PDMS layer, max « for
heptadecafluorodecyl acrylate
Copolymer of polysiloxane and 25 5-31 5wt% EtOH, range of « observed for 227
phosphate ester 1-4 layers/coatings
IPAA/FA-PDMS blend 24 19.7 a drops to 14 as temp 1 to 50°C, 228
2.5wt% EtOH
Plasma polymerized silane 25 18.0 4 wt% EtOH, polymer of 164
hexamethyltrisiloxane treated with
octadecyldiethoxymethylsilane
Plasma polymerized silanes 25 13.2-16.9 4 wt% EtOH, max « for polymers of 164
methyltrioctylsilane and
octadecyldiethoxymethylsilane
PDMS plasma treated with 25 16.3 4 wt% EtOH, 20 um film 164
octadecyldiethoxymethylsilane
Polyhydromethylsiloxane—PDMS 25 14.4 Supported liquid membrane with 164
copolymer polyhydromethylsiloxane—PDMS
copolymer oil, 4 wt% EtOH in feed
Polysiloxaneimide 40 10.6 10wt% EtOH, 1.5:2:0.5 equivalents of 229
ODMS/PMDA/MDMS ODMS:PMDA:MDMS
Poly(methyl ethoxy siloxane) 50 10.5 4.4 wt% EtOH 216
Polyurethaneurea containing PDMS 40 8.6 10wt% EtOH, 82 um fim 213
Plasma polymerized perfluoropropane 40 7.0 4.8 wt% EtOH, porous polysulfone 230
support
PTMSP = poly[1-(trimethylsilyl)-1-propyne].
IPAA/FA = copoly(N-isopropylacrylamide/1H,1H,2H,2H-perfluorododecyl acrylate).
ODMS = «, w-(bisaminopropyl) dimethylsiloxane oligomer.
PMDA = 1,2,4,5-benzenetetracarboxylic dianhydride.
MDMS = 1,3-bis(3-aminopropyl) tetramethyldisiloxane.
F Chem Technol Biotechnol 80:603—629 (2005) 613
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Table 4. Alcohol-water separation factors of hydrophobic zeolite membranes

Temp Alcohol-water

Zeolite Alcohol (°C) o Notes (conc, flux, vacuum, thickness) Ref

Silicalite-1 Ethanol 60 Up to 106 5wt% EtOH, synthesis and pervaporation 231
conditions varied, max performance with
mullite porous support

Silicalite-1 Ethanol 60 30-89 Same as above, except max performance with 232
alumina support

Silicalite-1 Ethanol 60 56-72 10wt% EtOH, mullite tubular support 233

Silicalite-1 Ethanol 30 31-71 10wt% EtOH, SS support, flux | when exposed 84
to fermentation broth

Silicalite-1 Ethanol 30-60 60 4 wt% EtOH, SS support (lower « for alumina 234
support), @ independent of temperature

Silicalite-1 Ethanol 30 59 4 wt% EtOH, SS support (lower « for alumina 186
support)

Silicalite-1 Ethanol 30 26-51 4 wt% EtOH, SS support, six samples 176

Silicalite-1 Ethanol 30 13-42 4 wt% EtOH, range from four membranes, SS 60
support

Silicalite-1 Ethanol 30 41 5wt% EtOH, o 1 to 88 with fermentation broth 87
but flux | over 20 h, SS support

Silicalite-1 Ethanol 30 Ave = 28 4 wt% EtOH, SS support, a of four different 60
membranes ranged from 13 to 42

Silicalite-1 Ethanol 30 Ave = 26 4 wt% EtOH, SS support, a of six different 66
membranes ranged from 11 to 46

Silicalite-1 Ethanol 30 21 5wt% EtOH, SS support, « reduced to 8 upon 88
addition of 0.3 wt% succinic acid

Silicalite-1 Ethanol 32 11.5 9.7 wt% EtOH, alumina support, <15 torr 235

Silicalite-1 with PDMS coating Ethanol 30 47-125 4 wt% EtOH, SS support, six samples with 176
various PDMS coatings

Silicalite-1, silane treated Ethanol 30to 50 15-45 4 wt% EtOH, SS support, only observed a of 5 236
for untreated silicalite-1

Silicalite-1 Methanol 32 7.2 3.5wt% MeOH, SS support 235

Silicalite-1 Methanol 32 2.5 3.5wt% MeOH, alumina support 235

B-ZSM-5 Ethanol 30 31 5wt% EtOH, alumina support 237

Ge-ZSM-5 Ethanol 30 47 5wt% EtOH, SS support, Si/Ge = 41 238

Ge-ZSM-5 Methanol 30 36 5wt% MeOH, SS support, Si/Ge = 41 238

Ge-ZSM-5 n-Butanol 30 19 5wt% n-BuOH, SS support, Si/Ge = 41 238

Ge-ZSM-5 2-Propanoal 30 29 5wt% i-PrOH, SS support, Si/Ge = 41 238

SS: stainless steel.

membranes with few non-zeolite pores larger than
the zeolite pores is over 100. In addition, fluxes
observed with silicalite-1 membranes meet or exceed
those of the thinnest PDMS films reported. As with
inorganic membranes in other applications, silicalite-1
membranes are expected to be more expensive than
polymer membranes on a unit area basis. However,
silicalite-1 membranes may be cost effective on a
per unit ethanol basis owing to the higher separation
factor and flux afforded by the silicalite-1. Efforts to
produce silicalite-based modules on a larger scale are
ongoing including development of tubular silicalite-
1 membranes at Bio-Nanotec Research Institute, Inc
(BNRI, part of Mitsui & Co, Ltd, Tokyo, Japan) and
of multi-channel monolithic membranes at CeraMem
Corporation (Waltham, Massachusetts USA).

Due to the difficulty and cost of manufacturing
defect-free commercial-scale silicalite-1 membranes,
several groups have investigated the potential of
mixed matrix membranes consisting of silicalite-1
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particles dispersed in PDMS. In fact, a membrane of
this type was, until recently, available commercially
from Sulzer Chemtech (Neunkirchen, Germany).
Table 5 lists alcohol—water separation factors reported
in the literature for silicalite-PDMS mixed matrix
membranes. The range of ethanol-water separation
factors shown in the table, 7—59, overlaps the ranges
reported for both PDMS and silicalite-1 alone. The
performance of these mixed matrix materials is
dependent on the loading of silicalite-1, size of the
particles, source of silicalite-1, and membrane casting
conditions. Although some performance gains have
been observed with a loading as low as 30 wt%
silicalite-1,'7* loadings of 60 wt% may be needed
to deliver consistently high separation factors.’317°
Ikegami er al have combined PDMS and silicalite-1
in another manner to alter properties.8®17% Instead
of dispersing silicalite-1 in PDMS, they coated the
surface of a silicalite-1 membrane with a thin layer
of PDMS to protect the silicalite-1 surface and
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Table 5. Alcohol-water separation factors of silicalite—silicone rubber mixed matrix membranes

Temp  Silicalite loading ~ Alcohol-water

Alcohol (°C) (Wt%) a Notes (conc, flux, vacuum, active layer thickness) Ref
Ethanol 22 7 59 7 wt% EtOH, 125 um thick, <1 um particles 215
Ethanol 22 77 34 5wt% EtOH, 20 um thick?, <1 um particles 215
Ethanol 50 50 29.3 4.4 wt% EtOH, silicalite particles treated with acid and steam, « 1 216
if methyl ethoxy or methyl phenyl siloxanes used instead of
PDMS
Ethanol 40 40 28 0.01 wt% EtOH in presence of aroma compounds 218
Ethanol 30 70 17 5wt% EtOH, GE RTV615 PDMS, 1.8 um particles, 100 um thick, 239
a | when temp 1 Note: ultrastable Y zeolite showed higher «
and flux than silicalite
Ethanol 22.5 60 16.5 5wt% EtOH, ~100 um thick?®, ~5um particles, GE 615 PDMS 214
Ethanol 22 62 13-16 7 wt% EtOH, 4—12 um thick?®, <1 um particles 215
Ethanol 35 30 15.7 6 wt% EtOH, <2 torr, nanoscale silicalite, « = 15.3 and 14.3 at 50 212
and 65 °C, respectively
Ethanol 22.5 40 14.9 5wt% EtOH, ~100 um thick?®, ~5um particles, GE 615 PDMS 214
Ethanol 66 NA 111 1.5wt% EtOH, 10 torr vacuum 71
Ethanol 35 30 ~10 6 wt% EtOH 218
Ethanol 60 50 7.5 4.8 wt% EtOH, <40 um particles, supported membrane 240
Ethanol 35 50 ~7 B6wt% EtOH, GFT (Sulzer) composite membrane 217
n-Butanol 30-70 Upto 70 40-140 Nanoscale silicalite dispersed in PDMS 241
n-Butanol 50 60 111 GE VTR615 silicone rubber, 0.1-0.2 um particles, 19 um thick?, 83
10gdm™— butanol
n-Butanol 78 60 100-108 0.5-0.9wt% n-BuOH, 3 um silicalite particles dispersed in PDMS, 57
306 um membrane, thinner membrane (170 um) had only
a =30
n-Butanol 50 40 50 Sulzer Chemtech PERVAP-1070 membrane, 29 um thick?® 83
Methanol 22.5 60 13.09 5wt% MeOH, ~100 um thick?®, ~5um particles, GE 615 PDMS 214
Methanol 30 ? 3.6 Est at 5wt% MeOH, Sulzer PERVAP-1070 membrane, 10 um 220
membrane
2-Propanol 225 60 23.0 5wt% i-PrOH, ~100 um thick®, ~5um particles, GE 615 PDMS 214

@ Supported on microporous support.

to fill defects, such as non-zeolitic pores, in the
silicalite-1 layer. PDMS-coated silicalite-1 membranes
delivered ethanol-water separation factors ranging
from 47 to 125. Since mixed matrix membranes
would be fabricated and used in much the same way
as standard polymer membranes, the cost per unit
area of mixed matrix membrane modules should also
be similar to that of standard polymer membrane
modules and, therefore, several times lower than
that of inorganic membrane modules. The increased
performance characteristics with little cost increase
has led to the interest in mixed matrix membrane
materials.

Future trends in pervaporation membranes

The preceding discussion and the data presented in
Tables 2—5 provide a glimpse of the most attractive
materials for the recovery of ethanol from water which
are either currently available or under development.
Similar observations have been made by others on the
subject including: Aminabhavi ez al,!”” Dutta ez al,!"®
Karlsson and Tragardh,!” Zhang and Drioli,!®
Hickey and Slater,* and Blume ez al.!®! From these
analyses it appears that PDMS will, at least for the
near term, continue to be the dominant organic
membrane material for the recovery of alcohols from

F Chem Technol Biotechnol 80:603—629 (2005)

water. Development of silicalite-1-based membranes,
both pure and in mixed matrix form, will continue,
likely culminating in commercial membranes of this
type available within 2-5years. For all membranes
discussed here, long term testing of those membranes
and modules with actual process streams is required.

Alcohol recovery by vacuum membrane distillation

When porous membranes (¢ 0.1 um diameter pores)
are used in conjunction with a vapor permeate, the
purpose of the membrane is generally to provide a
high surface area interface for evaporation. In this case,
the name ‘vacuum membrane distillation’ is the most
appropriate although some researchers have referred to
this as ‘pervaporation’. Although conventional wisdom
and the preponderance of experimental observations
suggest that the best ethanol-water separation factor
a VMD system can achieve will be that offered
by the thermodynamic vapor-liquid equilibrium
(ayLg),>+2> 791827184 Ghofar and Kokugan recently
reported ethanol-water separation factors in excess
of the ayig (reported to be 9.7 for ethanol-water)
for VMD employing PTFE and PP microfiltration
membranes.!®> In fact, they found that reducing
membrane flux by increasing permeate pressure
resulted in VMD ethanol-water separation factors
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as high as 90. The stated theory for such high
separation factors was the interaction between ethanol
and the hydrophobic membrane materials. This is the
first report of such high separation factors for VMD
with porous membranes and will, therefore, require
independent verification.

Effect of fermentarion broth components on pervaporation
membranes and modules

The literature contains several anecdotal observations
regarding the impact, both positive and negative, of
fermentation broth components on the performance
of a variety of pervaporation membranes and
modules,60:61.66.68.80.84.85.87.88.186.187 Y{swever, only a
few of these attempted a systematic study to unravel
the often overlapping effects of broth components
on pervaporation membranes.%%8487:88 To complicate
matters, several studies have indicated no significant
effect of fermentation broth on pervaporation
performance of silicalite-1,8> PDMS,8%188 mixed-
matrix PDMS-—silicalite,’”82 and even PTMSP
membranes.®® Broth components which Zave been
mentioned as impacting pervaporation performance
are listed in Table 6 along with the effect attributed to

their presence. The impact of each fermentation broth
component on membrane performance is likely to
be temperature-dependent since sorption, diffusion,
evaporation, and precipitation are all temperature-
dependent phenomena.

As noted in Table 6, organic acids such as
acetic acid, butyric acid, succinic acid, and L-malic
acid (L-hydroxy succinic acid) have been identi-
fied as negatively impacting the performance of
silicalite-1.60-84.88.186 The cause of the performance
decline is not yet understood. It might simply be a
competitive sorption process in which the acids are
preferentially sorbed relative to ethanol thereby block-
ing ethanol transport and making the silicalite-1 more
hydrophilic—a reversible phenomenon. However, an
irreversible interaction between the acids and reactive
sites in the zeolite may also occur. An irreversible reac-
tion between organic acids and aluminum groups in
some preparations of silicalite-1 has been proposed.!8°
In any event, only the protonated form of the acid is
expected to be of importance. The pH of the broth
and the acid dissociation constant(s) (pK;) of the acids
thus determine the magnitude of any impact of acids
on silicalite-1. The pK, values for four organic acids

Table 6. Components of a biofuel fermentation broth which might impact pervaporation system performance

Broth component or

Max concentration

property (¢] dm=9) Effect on pervaporation membrane or module

Viable and dead whole cells Potential to accumulate in modules, blocking flow path and membrane
surface

Suspended solids Same as above

Cell components (such as Same as above, especially if materials precipitate when heated, lipid

proteins, cell wall, etc) adsorption mentioned for PTMSP68

Glucose 100 Glucose and lactose | water flux and, to a lesser extent, | ethanol flux,
therefore ethanol-water o 16

Xylose 50 Likely to have a similar effect as glucose

Organic acids (pKa): Silicalite-1: reduced flux and selectivity observed in presence of acetic

o Acetic acid (4.74) 1 and succinic acids although other reports indicate no effect of acetic

o L-Malic acid (3.40/5.05) 1 or butyric acids

e Succinic acid (4.21/5.64) 4

o Butyric acid (4.82) 0.5

Dissolved solids (NaCl) 10 PDMS: may increase y for ethanol and therefore ethanol flux, no
problem unless they precipitate at elevated temperatures

Glycerol 10 PDMS: same as for dissolved solids

Silicalite-1 with PDMS coating: glycerol may reduce flux®

Main fermentation products: PDMS membranes: 1 alcohol concentration tends to 4 permeability of

e Ethanol 100 both water and the alcohol, with the former affected more, therefore,

o Acetone 10 alcohol-water « |

e n-Butanol 20 Silicalite-1: due to competitive sorption and hindered transport, 4

e 2-Propanol 5 alcohol concentration tends to 4 «

Side-product alcohols: Polymer membranes: may lead to swelling of membrane which could

2,3-butanediol 0.5 reduce alcohol-water «

Silicalite-1: due to competitive sorption and hindered transport,
butanediol may impede both ethanol and water permeation, thereby
reducing flux

pH pH range 3-6 No direct effect, secondary effect through the fraction of organic acid
which is protonated and, therefore, in volatile form
Fatty acids 0.15 PTMSP: 10-fold reduction in butanol flux and selectivity observed when

o Stearic acid
o Palmitic acid

sodium stearate or sodium palmitate added to feed®®

Note: | refers to ‘decreasing’ or ‘decreases’ and 1 refers to ‘increasing’ or ‘increases’.
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are provided in Table 6. The first acid constants for
these materials range from 3.4 to 4.8. These values
are at or below the typical pH of a fermentation broth,
indicating that at least a portion of the organic acids
will be present as deprotonated anions. Increasing the
pH within the typical yeast fermentation pH range of
4—6 can be used to significantly reduce the amount of
acid in protonated form. For example at a pH of 4,
the fractions of succinic acid and acetic acid which are
protonated are 61 and 85%, respectively. However, at
a pH of 6, the fraction protonated drops to 0.5 and 5%
for succinic acid and acetic acid, respectively. Despite
the fact that feed solution pH appears to be a critical
parameter for assessing the impact of organic acids on
pervaporation membranes, the pH of the feed solution
is rarely controlled or even reported in the literature.

Fermentation broth components may also alter the
thermodynamic behavior of alcohols. For example,
simply adding more salt to the broth will increase
the activity coefficient of the alcohol such that the
alcohols prefer to partition out of the water phase
and into the membrane.!®® The activity of water is
also a function of dissolved species thereby impacting
observed membrane separation factors.'®® Nakano
et al investigated the impact of sodium citrate, sodium
lactate, ammonium citrate tribasic, glycerin, glucose,
and xylose on the vapor—liquid partitioning of several
alcohols including ethanol.'°® Only glucose and xylose
did not impact the VLE behavior of the alcohols.
Each of the other species measurably increased the
activity coefficient of the alcohols. Given all of the
uncertainty, it is apparent that additional experimental
observations are needed to understand the impact
of broth components on pervaporation performance.
As external and internal membrane foulants are
identified, engineering controls and cleaning protocols
will be developed to minimize the impact of the
foulants in much the same way as protocols have
been established for filtration systems.

Energy considerations

In the ‘Fundamentals of Pervaporation’ section, the
energy required to evaporate and then condense per-
meating species was briefly introduced. In this section,
the effect of membrane performance characteristics,
process configurations, feed composition, and desired
separation requirements will be discussed as they relate
to the energy efficiency of pervaporation. The energy
required to evaporate permeate in a pervaporation
process, normalized per unit of ethanol permeated,
(One) is calculated as follows:

evap
E H %
evap i

norm = (7)
JEoH

where H;'™ is the heat of evaporation of species i.
When ethanol and water dominate the feed and the
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permeate, eqn (7) can be rewritten in terms of the
ethanol—water separation factor () as:

CL
evap __ evap evap w
norm HEtOH + Hw CL
@ UEioH
L
_gew o pee (C1 = Clon) (g
— “7EtOH w CL
@ UgioH

The heat which must be removed in order to
condense the permeate vapor is approximately the
same as the heat required for the evaporation step (ie
cond — — Qhom)- Ideally, the heat released during
condensation can be used to provide the heat of
evaporation. Due to heat transfer resistances and the
difference between the temperatures of the feed liquid
and the permeate condensate necessary to maintain
a permeate pressure driving force, the heat released
during condensation cannot be directly used to heat
the feed liquid. When pervaporation is operated at
an elevated feed temperature, the temperature of the
permeate condenser may also be elevated relative to
ambient temperatures. Thus, the heat released during
condensation can be removed with a simple forced air
heat exchanger, requiring little energy input. Under
these circumstances, the heat of evaporation is the
dominant energy sink in the pervaporation process.

However, heat pumps can be employed to
upgrade the heat released during condensation of the
permeate.'°1719° The conceptual incorporation of a
closed-cycle heat pump with a pervaporation system is
shown in Fig 5. The evaporator portion (cold side) of
the heat pump is linked to the condensers of the perva-
poration system while the condenser portion (hot side)
of the heat pump is linked to the feed liquid heaters
of the pervaporation system. Heat pump efficiency is
reported as the Coefficient Of Performance (COP)
which is the ratio of the delivered useful energy to the
energy input to the heat pump compressor (the latter
is sometimes referred to as the purchased energy).!?>
A standard closed-cycle heat pump can be expected to
produce evaporation quality heat from the heat of con-
densation using an energy input equal to one-quarter
to one-third or less of the evaporation energy yield-
ing a COP of 3—4. Mechanical vapor recompression
(MVR) heat pumps are capable of COP values as high
as 8, but are limited to situations where the process
vapor (permeate in this case) is the working fluid of
the heat pump.

More efficient condensation schemes can also be
used to increase the energy efficiency of pervaporation
systems. Until recently, the separation performance of
a pervaporation system was solely determined by trans-
port through the membrane. For the ethanol-water
system, since the permeate product typically contained
ethanol at less than 30 wt%, this meant that the con-
densed permeate would require additional processing,
most likely with distillation, in order to concentrate
the ethanol to the azeotrope; followed by dehydration
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Figure 6. Schematic diagram of process combining dephlegmation fractional condenser with pervaporation module.

to meet fuel specifications. However, a joint inven-
tion of the USEPA and Membrane Technology and
Research, Inc enables the final condensed ethanol
product from the pervaporation system to be at or
above the normal azeotropic composition.?°%-201 In
this invention, as depicted in Fig 6, the permeate
vapor is fed into a dephlegmator fractional condenser
before passing to the final complete condenser. In the
dephlegmator, a rising vapor is contacted with a falling
condensate to generate temperature and concentra-
tion gradients in the column. The column contains
a high surface area material to enable efficient mass
transfer, establishing multiple VLE stages. No reboiler
is employed and the condensate is generated either
from an overhead condenser or by operation of the
dephlegmator as a countercurrent heat exchanger. For
process simulation purposes, the dephlegmator can
be modeled as a distillation column with a vapor
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feed to the bottom stage and no reboiler. In the case
of ethanol-water vapors, water is preferentially con-
densed in the dephlegmator and leaves as a bottoms
condensate while an ethanol-enriched vapor leaves the
top of the dephlegmator and enters a complete con-
denser. The result is a condensed ethanol product
containing 904+ wt% ethanol which can be directly
dehydrated. The ethanol-depleted dephlegmator bot-
toms condensate can be recycled to the pervaporation
feed stream so no ethanol is lost due to addition
of the dephlegmator. In this way, distillation is no
longer needed. This improvement can be achieved
with a passive packed column. Other than operation
of a liquid reflux pump and dephlegmator bottoms
condensate pump, no additional energy is required
for operation of the dephlegmator relative to that of
the traditional complete condenser. Thus, pervapora-
tion with hydrophobic membranes competes directly
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with distillation for the production of azeotropic mix-
tures of ethanol and water from dilute ethanol-water
solutions, such as fermentation broths.

Just as distillation systems for recovering ethanol
from fermentation broths have become more energy
efficient through heat integration, so too will per-
vaporation systems. Due to the dilute nature of
fermentation broths and poor heat integration, older
distillation systems required more energy to recovery
ethanol from the broths than could be released through
combustion of the ethanol recovered. Newer distilla-
tion system designs require significantly less energy
per unit ethanol than older distillation systems.?*202
However, even with the most efficient designs, the net
energy required for distillation exceeds that contained
in the ethanol when ethanol concentrations in the
broth are less than 1 wt%. In addition, the complexity
required to obtain efficient distillation does not scale
down well. For example, a schematic diagram of a
heat-integrated distillation system for ethanol recov-
ery from fermentation broths is shown in Fig 7 (figure
from Ref 203). Such a system as that depicted in
Fig 7 is economical at a large scale, but may not be
economical at a smaller scale.

Using data provided by Madson and Lococo (sce-
nario ‘C’) and Galbe and Zacchi, the energy required
to recover ethanol using a heat-integrated distilla-
tion system as a function of the concentration of
ethanol in the feed solution was calculated.?*2°? In
these references, the ethanol concentration in the bot-
toms residual stream was assumed to be constant

/6

3

Figure 7. Schematic diagram of a heat-integrated distillation system
consisting of two stripper-rectifier towers (labeled 10 and 11)
operated at different pressures (from US Patent 4,306,942, Ref 203).
Note: Units labeled 16, 18, 21, 24, 34, 46, 61, 63, 68, and 89 represent
heat exchange devices necessary to achieve heat integration.
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at 0.02 wt% and the overhead product contained
95 vol% (~93wt%) ethanol. The range of energy
requirements from these two references is shown in
Fig 8a as a gray zone. Energy requirements for per-
vaporation were calculated according to eqn (8) for
a range of ethanol—water separation factors. No con-
densation heat recovery was assumed. As with the
distillation estimates, the residual ethanol concentra-
tion was fixed at 0.02 wt%. It was further assumed that
a dephlegmator was coupled with the pervaporation
system to enrich the permeate to a product concen-
tration of 93 wt% requiring no additional energy (as
was described earlier). In these calculations, the log-
mean ethanol concentration was used to represent the
ethanol concentration in the pervaporation system.
Pervaporation energy requirements thus calculated for
ethanol-water separation factors of 8, 10, 20 and 50
are shown in Fig 8a. As noted previously, traditional
silicone rubber membranes can be expected to deliver
a separation factor of between 8 and 10. As shown in
Fig 8a, without condensation heat recovery, the energy
required to recover ethanol by pervaporation for « = 8
or 10 exceeds the energy of combustion of the recov-
ered ethanol for ethanol feed concentrations up to
about 5 wt%. Therefore, condensation heat recovery
may be critical for such systems. Hydrophobic zeolite
membranes can be expected to exhibit ethanol-water
separation factors between 40 and 80. For such sepa-
ration factors, pervaporation without heat recovery is
as efficient, or more so, than the distillation systems.
Recovery of condensation heat in pervaporation
systems alters the above conclusions. For example,
Fig 8b presents the pervaporation energy usage using
the same calculation parameters as for Fig 8a, but
assuming a 67% reduction in pervaporation energy
usage through energy recovery (for example, if a
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Figure 8a. Energy required to recover ethanol from water as a
function of the ethanol concentration in the feed stream for two
heat-integrated distillation systems and pervaporation systems at
several ethanol-water separation factors. Distillation values from Ref
202 (design ‘C’) and Ref 24. No condensation heat recovery was used
for the pervaporation scenarios. All scenarios treat residual down to
0.02 wt% ethanol and deliver 93 wt% ethanol product.
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Figure 8c. Same as Fig 8b except the pervaporation ethanol-water
separation factor is fixed at 10 but the fractional recovery of ethanol
allowed to vary.

COP = 3 heat pump was employed). Note that the
distillation values shown in Fig 8b are the same as
in Fig 8a. As shown in Fig 8b, except for « = 8 at
concentrations below 1.5 wt% ethanol, heat-integrated
pervaporation systems require less energy than is
contained in the recovered ethanol for all of the
separation factors analyzed. This analysis further
predicts that pervaporation systems incorporating
condensation heat recovery with « > 15 are more
efficient than heat-integrated distillation systems.

The analyses presented in Figs 8a and 8b used a
fixed residual concentration of 0.02 wt% (0.2 gdm™>).
As a result, the fraction of ethanol recovered in each
scenario increases from 0.98 to 0.996 as the feed
ethanol concentration increases from 1 to 5 wt%.
Although the energy required for distillation and
capital costs are not a strong function of recovery in this
range of concentrations, the same cannot be said for
pervaporation systems. In fact, pervaporation systems
are often best analyzed in terms of a fixed recovery
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since membrane area (and thus capital cost) is linked
more to the fraction of a compound removed than to
the absolute value of the concentrations, as suggested
by eqn (5). Thus, it is informative to investigate
the effect of ethanol recovery on energy usage in
pervaporation. To this end, calculations similar to
those used to generate the pervaporation curves
in Fig 8b for pervaporation systems incorporating
condensation heat recovery were carried out for fixed
ethanol recoveries of 90, 95, and 99% assuming an
ethanol—water separation factor of 10. The distillation
range shown in Figs 8a and 8b is again provided for
reference in Fig 8c as is the pervaporation curve for
o = 10 with condensation heat recovery from Fig 8b
where recovery increases from 98 to 99.6% because
the residual is fixed at 0.02 wt% ethanol. As might be
expected, energy usage for the 99% recovery scenario
is similar to that of the fixed 0.02 wt% residual scenario
since the recoveries overlap. Energy usages for 95%
and 90% recoveries are appreciably lower, indicating
that efficiency gains can be achieved if lower ethanol
recoveries (ie higher residual ethanol concentrations)
are acceptable. In fact, a number of scenarios involving
the application of pervaporation to remove inhibitory
fermentation products involve operating with single-
pass recoveries of less than 50%.

Several conclusions can be made from the analysis
presented in Figs 8a, 8b and 8c. First, using heat-
integrated distillation systems as a benchmark and
requiring a residual ethanol concentration of 0.02
wt%, pervaporation systems with ethanol-water
separation factors greater than 15 are required
to improve upon the benchmark if condensation
heat recovery is employed while separation factors
greater than 40 are required if condensation heat
recovery is not employed. If the residual ethanol
requirement is relaxed (or if the ethanol recovery
requirement is reduced), then even pervaporation
systems with separation factors of 8 or 10 are
sufficiently energy efficient while still maintaining
ethanol recoveries in excess of 90%. Mention of the
major assumptions and limitations of this analysis is
in order. First, it has been assumed that the energy
required for evaporation and condensation of the
permeate represents the total energy requirement in
the pervaporation system. This is generally the case.
However, other energy requirements, such as that
required for liquid and vacuum pumps, will become
more significant, in a relative sense, as the magnitude
of the evaporation and condensation energies is
reduced through heat integration or when employing
a membrane with a higher separation factor. Thus,
the values presented in Figs 8a, 8b and 8c should be
considered approximations and used only to identify
general trends. Second, the distillation data from the
two references have been assumed to represent a
typical heat-integrated distillation system.

This analysis did not venture into the area of
engineering costs, looking only at rough energy
requirements. Even a pervaporation system which uses
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more energy to produce ethanol than is contained in
the ethanol could be economically viable if the cost
of energy is low (for example if waste steam heat is
available). As stated previously, the distillation energy
usages presented in Figs 8a, 8b and 8c represent heat-
integrated designs which may not be economically
practical at smaller scales. As a result, a full engineering
cost analysis of the options should be performed for
the particular situation before selecting an ethanol
recovery process.

Due to the higher inhibitory effect of butanol
on acetone—butanol-ethanol (ABE) fermentative
microorganisms and the resulting lower concentration
of biofuels in an ABE broth, the impact of coupling a
solvent recovery stage with an ABE fermentor is more
significant. In addition, the energy picture for the
recovery of biofuels from ABE fermentations is much
more attractive for pervaporation because of the high
butanol-water separation factor and the liquid—liquid
phase separation offered by the #n-butanol/water
system.20429¢ Matsumura ez al compared #-butanol
recovery by pervaporation using an oleyl alcohol
liquid membrane followed by distillation to that
of distillation alone.?®> For a broth containing 0.5
wt% n-butanol, the pervaporation—distillation system
required 7.4 M]J per kilogram of n-butanol recovered
while the distillation only system required ten times as
much energy (79.5 MJ kg-BuOH ™).

Dehydration of condensed permeate

The ethanol product from an ethanol recovery
pervaporation system must be dehydrated to meet
fuel specifications. Based on the fuel ethanol standard
established in ASTM D4806,°! fuel ethanol may
contain up to 1 vol% (0.8 wt%) water. Thus, a
reasonable target for the pervaporation dehydration
retentate would be 0.5 wt% water. If a dephlegmator

Ethanol-Depleted
“Residual”

Feed Tank
5wt EtOH

Permeate
Vapor
~20 wt%

Owerhead
~95 wi% BOH

Pervaporation for product recovery

is coupled with the pervaporation system, then the
pervaporation—dephlegmator product will contain on
the order of 95 wt% ethanol and the subsequent
dehydration step must reduce water content from 5 to
0.5 wt%. In this situation, the competing technologies
are pervaporation with hydrophilic membranes and
molecular sieve sorption. When pervaporation is
used for alcohol recovery from the fermentation
broth, economic synergies can be realized if the
dehydration is also performed by pervaporation since
the permeate infrastructure is already in place. This
is schematically illustrated in Fig 9. As depicted in
the figure, the permeate vapor from the dehydration
pervaporation modules would be processed by the
same dephlegmator, condenser, and vacuum pump as
the permeate from the alcohol recovery pervaporation
modules. The quantity of water removed by the
dehydration modules is small compared to the quantity
of water in the original permeate from the alcohol
recovery modules. As a result, the size and cost of the
permeate infrastructure is only marginally changed by
addition of permeate from the dehydration modules.
Such a scheme enables the use of dehydration
membranes with lower water—ethanol separation
factors since the ethanol which is ‘lost’ to the
permeate is recovered in the dephlegmator—condenser
system. Since flux and selectivity are often inversely
correlated, the lower selectivity membranes should
deliver high water fluxes and require less area to
produce dehydrated ethanol.

Economic studies

Several groups have calculated the engineering costs
for pervaporation systems recovering alcohols from
fermentation broths.”-7881,207-209 The most recent of
these was published in 2002 and the oldest in 1984.
Comparison of these six studies is not straightforward
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Figure 9. Schematic diagram illustrating the synergy of employing pervaporation for both ethanol recovery and product dehydration using the

same permeate processing system.
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because of the many different assumptions employed.
In addition, each study represents a snapshot in
the development of an emerging technology. As a
result, the studies are almost immediately obsolete.
Nevertheless, such studies are critical to understanding
the issues associated with a technology and help to
focus research and development efforts on issues with
the most significance to the commercial success of the
technology.

In all but one of these six studies, silicone
rubber was assumed to be the selective layer in the
membrane. Three of these were for the recovery of
ethanol from water and separation factors of 10,
10.3, and 11.7 were applied.”®20%20° Two of the
cost analyses involved butanol-water systems and
both used silicone rubber as the membrane material
with assumed butanol-water separation factors of
507 and 30.2°7 In the remaining case, the exact
material was not stated, but reference was made
to a zeolite—silicone rubber mixed matrix material
which enabled the authors to use a more optimistic
ethanol—water separation factor of 20.8!

In most published articles documenting engineering
cost analyses, not all of the equations and assumptions
used in the analyses are provided due to space
limitations or oversight. Such is the case for the
six alcohol recovery pervaporation studies where
incomplete information is provided to reproduce
the calculations or for the reader to apply new
assumptions. For example O’Brien eral, in what
appears to be the most complete analysis, do not
mention the membrane area they calculated that
would be required to produce the 50 MGY (189
MLY or 17300kgh™!) of ethanol.2® According to
Dr O’Brien, a membrane area of 2.99 x 10° m?
was used in the calculations and this area was
based on a total flux of 0.15kgm2h™! (42 wt%
ethanol in the permeate) and 330 days of operation
per year (O’Brien, personal communication, 2004).
Even with this scale of system, it was concluded
that pervaporation coupled with fermentors (with
distillation of the condensed pervaporation permeate)
was on the verge of being cost competitive with
distillation alone. Only modest improvements in
ethanol-water separation factor and/or flux would
tip the scales in favor of pervaporation as would
a reduction in the cost of the membrane units.
Given the analyses provided herein, it should be
clear that operation of the pervaporation system at
a higher temperature will increase flux by a factor
of 5-10 and that separation factor improvements
of 2x to even 6x could be possible in the near
future which, according to O’Brien ez a/, would make
a pervaporation—fermentation system an attractive
option. As noted by O’Brien ez a/, knowledge of the
true cost of pervaporation systems is lacking. For
example, the membrane costs of $200 m~2 for modules
with housings and $100 m~2 for replacements and the
5year lifetime assumed by O’Brien er al each seem,
to this author, to be optimistic by a factor of about
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2. Yet, given the state of the technology and lack
of cost information, one person’s assumptions are
just as valid as another’s. To accommodate for the
imprecise nature of membrane cost and performance
data, O’Brien ez al and others performed sensitivity
analyses on these parameters to elucidate the impact
they have on production costs.

Despite the vagaries associated with the cited eco-
nomic studies, each determined pervaporation to be
either the low-cost option or on the verge of compet-
itiveness. The four main issues which emerge from
the studies as leading to the improved positioning
of pervaporation are increased fluxes, increased sep-
aration factor, increased membrane/module lifetime,
and reduced cost per unit membrane area. These
issues are universal to all membrane processes. Given
the ability of other membrane processes, like reverse
osmosis, to overcome similar challenges and become
competitive with traditional technologies, it can be
projected that pervaporation, too, has the poten-
tial to achieve technical acceptance and commercial
success.

CONCLUSIONS

Pervaporation is an emerging technology with signifi-
cant potential to efficiently recover alcohols and other
biofuels from fermentation broths. As reviewed here,
a number of studies have investigated this application,
reporting on new membranes, new modules, pervapo-
ration—fermentation integration issues, energy issues,
fouling, and costs. Several issues must be addressed for
pervaporation to be economically viable and enlisted
for biofuel recovery:

(1) Increased energy efficiency:
(a) Improved ethanol-water separation factor
(b) Heat integration/energy recovery

(2) Reduction of capital cost for pervaporation
systems:

(a) Reduction in the membrane/module cost per
unit area

(b) Increasing membrane flux to reduce required
area

(3) Longer term trials with actual fermentation broths
to assess membrane and module stability and
fouling behavior

(4) Optimized integration of pervaporation with
fermentor:

(a) Filtration (MF or UF) to increase cell density
in fermentor and allow higher pervaporation
temperatures

(b) Removal/avoidance of inhibitors

(5) Synergy of performing both alcohol recovery and
dehydration by pervaporation with dephlegmation
fractional condensation technology

(6) Updated economic analyses of pervaporation
which provide comparisons to competing tech-
nologies on even bases at various biofuel produc-
tion scales
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As part of our research and development activities into
the sustainable production of biofuels, the USEPA’s
Pervaporation Team will be contributing to four
industry-led, US government-funded research projects
which seek to address the issues outlined above. The
first project is a two-year effort led by CeraMem
Corporation to develop high performing (high flux and
selectivity), large area monolithic ceramic membranes
with an alcohol-selective silicalite-1 layer. The effect
of actual fermentation broths on performance will be a
part of this study. This first project primarily addresses
issues 1, 2, and 3 above. The second project, led by
Membrane Technology and Research, Inc, involves
the development of high flux dehydration membranes
and ways in which the dehydration system can be
integrated with the alcohol recovery pervaporation
unit (issue 5 above). The third project is a two-
year effort, also led by Membrane Technology and
Research, Inc, which will examine implementation
and cost issues related to employing pervaporation
for ethanol recovery from biomass conversion to
ethanol at modest ethanol production levels—at least
an order of magnitude smaller than typical corn-to-
ethanol operations. In this effort, a consortium of
groups covering food/beverage producers (biomass
generators), separation technology companies, and
government researchers hope to make progress in each
of the six issues identified above. In the fourth project,
a consortium led by BC International, Corp will
attempt to scale biofuel production down even further
to assess whether waste materials generated by forward
military units can be converted into liquid fuels and
heat/steam in an energy efficient manner to support
the needs of those units. The results of these four
projects combined with the results of other ongoing
pervaporation research and development projects will
most certainly move the technology closer to maturity.

DISCLAIMER

The mention of trade names or commercial products
does not constitute an endorsement or recommenda-
tion for use. Any unreferenced costs provided herein
are the author’s estimates and should not be relied
upon to develop system costs. As always, the reader
is advised to contact the vendor for pricing for the
specific application being considered.
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