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Abstract 

Separation and purification of the products of biocatalyzed fermentation 

processes, such as ethanol or butanol, consumes most of the process energy 

required. Slnce membrane systems require substantially less energy for 

separatlon than most alternatives (e.g., distillation) they have been 

suggested for separation or concentration of fermentation products. This 

report is a review of the effects of concentration polarization and membrane 

foullng for the prlncipal membrane processes: microfiltration (MF), 

ultraflltratlon (UF), reverse osmosis (RO), and electrodialysis (ED) including 

a dlScussion of potential problems relevant to separation of fermentation 

products. 

It was concluded that advanced membrane systems may result in 

signlflcantly decreased energy consumptlon. However, because of the need to 

separate large amounts of water from much smaller amounts of product that may 

be more volatile than water, it is not clear that membrane separations will 

necessarily be more efficient than alternative processes. To establish the 

most energy-efficient, economically effective separatlon technology for any 

speciflc fermentation process, lt will be necessary to make detailed energy

economlC assessments of alternatlves, followed by experimental validation and 

englneerlng development. 
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Introduction 

Separation and pur1fication of the products of biocatalyzed fermentation 

processes consumes most of the process energy required. (For example, Cf. Ref 

1). Advances 1n genetic engineer1ng should yield increased energy efficiency 

through higher tolerance to products and organic solvents in fermentation 

reactors; however, supportive advances in separation technology will still be 

very important in the m1n1mization of total energy consumption. Since 

membrane systems require substantially less energy than most alternative 

processes, they have been suggested for separation or concentration of primary 

fermentation products and may also be applicable to separat10n and recovery of 

relat1vely high-cost byproducts or catalysts (e.g., riboflavin, enzymes or 

cofactors). Therefore, this report was prepared to aid in the future 

development of energy-eff1cient biocatalytic processes for production of 

industrial spec1alty or commod1ty chemicals, as part of the Energy Conversion 

and Utilization Technologies (ECUT) Biocatalysis Research Activity at JPl. 

Most types of membrane separation processes have been described in 

previous review papers by Strathmann (2), Lonsdale (3, 4) and others. These 

include microf1ltrat1on (MF) ultraf1ltrat1on (UF), reverse osmOS1S (RO), 

dialys1s, electrodialysis (ED), and gas separat1on. 

MF, UF, RO, and gas separation are driven by pressure differences applied 

across the membrane. MF membranes are symetrical with 0.1 to 10 ~m pores, and 

operate by a siev1ng mechanism at pressure gradients of 0.1 to 2 bars. The 

main application is to produce sterile, particle-free water. UF is similar, 

but asymmetric membranes with smaller pores (< 0.3 ~m) and pressure gradients 
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of 0.5 to 5 bar are normally used to retain various colloids and 

macromolecules. An asymmetric membrane is one in WhlCh separation lS 

controlled at the feed side of surface of the membrane because the pore 

diameters (or effective pore sizes for solution-dlffuslon membranes) at that 

surface are smaller than the downstream pore diameters. RO membranes are 

generally asymmetric "skin type" membranes ln which the mechanlsm lS via 

Solutlon dlffusion in the feed-slde skln or surface, driven by a higher 

pressure gradient (20 to 100 bar). The main applicatlon is desalination and 

separatlon of other speciflc solutes. Oialysls is drlven by a concentratlon 

gradlent and the maln applicatlon is in blood puriflcation for the treatment 

of uremla. Cation and anion exchange membranes are used in ED, where 

separations are driven by an electrical potentlal gradient to remove lons from 

aqueous solutions. Gas separatlons are drlven by hydrostatlc pressure 

gradients via a solution-diffuslon mechanism to separate and concentrate 

components of gas mixtures. 

Concentration Polarlzation 

Concentratlon polarlzation, deflned as an increase ln concentratlon of 

the retained components near the membrane surface as permeation proceeds, can 

result in a decrease in permeation rate in many membrane processes. In MF, 

concentratlon polarizatlon is normally accepted because the permeation rate is 

relatively high at low pressure gradlents, although cross flow, back washing 

or other cleanlng methods may be employed to mlnimize or remove retained 

partlcles. In dialysis, concentration polarizatlon lS normally not a problem 

because diffusion in the relatively thick membrane is slow compared to flow 

processes at the membrane surface. Simllarly, in gas separatlons, dlffusion 
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1S orders of magn1tude lower 1n the membrane than in the gas phase, so the 

effects of any concentration polarization are negliglble. 

However, concentration polarization and consequent membrane fouling may 

cause ser10US problems in ultraf1ltrat10n, reverse osmosis and electro

dialysis. For example, it has been calculated that feed conta1ning only 

100 ppm of calcium carbonate could deposit 300 g of prec1pitated carbonate in 

an 8" diameter RO hollow fiber module within one hour (5). 

Membrane Fouling in Reverse Osmos1s 

Follow1ng maJor advances in membrane system development, such as 

development of cellulose acetate hollow fibers by Mahon, et al (6, 7, 8) and 

high-flux "skinned" asymnetric membranes by Loeb and Sourirajan (9), it was 

believed that membranes would be used in preference to many alternative, 

established separat10n methods (e.g., distillation, freeze concentration, 

extract10n). However, experiments on various industrial waste streams, salt 

Solut10ns, fermenter supernatant, food products and sludge water (10) showed 

that two problems seriously affect the general applicability of membrane 

systems: concentration polarization and memhrane fouling. Because of the 

importance of these effects they have been 1nvestigated in cons1derable 

theoret1cal and emp1r1cal deta1l, and fouling of RO membranes has been 

extensively rev1ewed by Potts, Ahlert and Wang (11). 

Concentrat10n polar1zation 1S the presence of a higher concentrat10n of 

reJected species at the membrane surface than in the lnitial feed or bulk 

solution, and the concentration polarization modulus, Cp 1S equal to Cs/Cb' 

where Cs 1S the surface concentrat1on and Cb 1S the bulk concentration as 

indicated in F1gure 1. In agreement with the usual solution-d1ffusion models 

for RO transmembrane flux, Cp is proportional to the net pressure across the 

membrane. Slnce osmotic pressure is increased at higher Cp (and opposes the 
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direction of flow) transmembrane flux is correspondingly decreased. 

Furthermore, solute flux increases because it is directly proportional to the 

change in solute concentration across the membrane (Cs-Ca , where Ca is the 

solute concentration in the permeate). Concentration polarization increases 

fouling because the concentrations of substances that result in fouling are 

higher at the surface and their upper solubility limits may be exceeded, 

causing them to precipitate. 

Equations have been developed that show that high-flux and low-feed 

velocity increase concentration polarization, for example (12): 

Cp = exp 

2/3 
2V (u/O) 

f Ub 
(1 ) 

Eq. (1) applies to turbulent flow in round tubes, where V is the 

volumetric flux of solvent through the membrane, (cm3/cm2)/s; u is kinematic 

viscosity, cm2/s; D is the diffusion coefficient of solute in solvent, cm2/s; 

f is the Fanning friction factor and Ub 1S the bulk velocity, cm/s. The 

friction factor can be increased by incre~sing turbulence to decrease Cpo 

High molecular weight solutes 1ncrease Cp because they have low diffusion 

rates, high solution viscosities and lower bulk velocities. But higher 

molecular we1ght 1S advantageous in UF, dialys1s and RO because the rejection 

or maximum lim1t of concentration 1S higher for higher molecular weights. For 

example, the upper limit for concentration of dextrose by RO is about 22 wt %, 

but for soluble coffee (with components of higher molecular weight) the limit 

1S about 34 wt % (13). Equations have also been developed for laminar flow to 

predict solute buildup with tube length and with tube diameter for single and 

multiple-stage operation for deslgn calculations (14). 
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Membrane fouling is essentially coating or plugging of the membrane by 

components in the feed. Although the normal consequence of fouling is a 

decrease in flux, there may also be a decrease in component rejection, with or 

without a flux decrease (15). Foulants include inorganics, particulates, 

dissolved organics and biologlcal reactants. 

Dlssolved inorganics can easily form scale if their solubility limlt is 

exceeded at the membrane surface. Therefore, aCld or chelating agents are 

commonly used to avold scaling from calcium salts in RO waste water treatment. 

However, if the rejected species is the product to be recovered, lt may not 

always be practical to utilize conventional additive pretreatment methods. 

Among particulates, lt has been found that those >5 ~m, WhlCh lnclude 

settleable solids, do not significantly contribute to fouling of RO membranes 

(16) and Sugahara, et al, have concluded that particles smaller than 0.45 pm 

(and dissolved solids) are the most serious foulants (10). In some cases, 

humic acids and organic colloids are more llkely foulants at lower feed 

pH (17). Biological products: carbohydrates, proteins, cells, cell debris, 

humic acid and tannins, whether present as collolds or dissolved, tend to 

cause severe fouling. Blological reactants can degrade membrane performance 

either by fouling or by biocatalytic attack on the membrane. The latter can 

be particularly serious for cellulose acetate membranes. 

Although there has been a considerable effort devoted to studies of 

theoretical mechanisms of foullng by dlssolved and colloidal organics, there 

is currently no coherent theory avallable. Some observations that can be used 

to judge the extent of fouling expected are as follows: 

1. High rejectlon membranes do not foul us easlly as "loose" membranes. 

2. In some cases, asymmetric membranes can be reversibly cleared of 

foullng by mechanlcal surface scrubblng. 
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3. Collo1dal part1cles may deposit on membranes to provide sites for 

adsorpt1on and dissolution of organic solutes, to decrease flux (16). 

4. Reversible or 1rreversible fouling may occur on the membrane surface 

or w1th1n the membrane. 

5. As salt content 1ncreases, colloidal stability may decrease lead1ng 

to coagulation and foul1ng (18). 

For ultraf1ltration, a model has been developed that shows that fou11ng 

occurs when membrane permeation velocity is greater than radially directed 

particle 11ft velocity (19). RO flux dec11ne has been found to correspond to 

an empirical expression: 

m = log (Ft/Fo)/log (t/to) 

where m 1S the flux decline index and Ft and Fo are the flux at time t and the 

init1al flux at time to' respectively (20). 

Concentration Polarization in Ultrafiltration 

Fluxes are normally very high for ultraf11tration relative to reverse 

osmOS1S (- 100 vs. 15 to 30 gal/ft 2/day for RO). The components that are 

separated are particles or macromolecules (molecular weight> 20,000) with low 

d1ffusiv1ties. As the hydrostatic pressure and flux is increased, gel or a 

f1lter cake forms on the membrane surface as a result of concentrat1on 

polarization. As soon as the gel layer is formed the concentration gradient 

between the membrane surface and feed solution reaches a maximum value and an 

equilibrium is established with back diffusion and solute movement toward the 

membrane becom1ng equalized. If the pressure is then increased, more solute 

will be transported to the membrane surface than will dlffuse back to the bulk 

solution. Slnce the pressure required for a given flux depends on the gel 

layer thickness, the rate of f11tration becomes independent of the hydrostatic 

pressure, i.e., an increase in pressure causes only an increase in gel 

thickness (21, 22, 23). Therefore, the optimum pressure is the pressure where 
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flux becomes independent of pressure and a gel layer Just begins to form. In 

th1S case there 1S normally no contam1nant membrane foul1ng. 

Concentrat1on Polar1zation 1n Electrod1alysis 

Electrodialysis 1S a relatively specialized membrane process for removing 

ions from one series of compartments and concentrating them in a second series 

of compartments (Figure 2). For example, the first compartment can be the 

anode compartment enclosed by a cation-select1ve membrane. When current is 

applied the cations w1ll be repelled by the anode and pass through the 

membrane to an ion-concentrating cell. The opposite side of the concentrating 

cell is an anion-selectlve membrane through which anions pass from the central 

ion-depleting cell because of the higher concentration of cations in the 

ion-concentrating cell. The cathode-side of the cell is similar, except that 

the charges are reversed. Electrodlalysis is widely used for desalination, 

although 1nstalled plant capacity is much higher for RO systems (24). The 

operational effects of concentration polarization on defined feeds have been 

clearly established (2) and can be accommodated by appropriate system design. 

There have been problems with fouling, particularly at the anion-exchange 

membrane, apparently caused by the change in pH that occurs on the brine side 

of the membrane to cause increased resistance across the stacks. However, the 

effects of fouling can be nearly eliminated by reversing roles of the the 

concentratlng and diluting compartments with simultaneous polarity reversal 

every 15 to 30 minutes (25). This process is known as electrodialysis 

reversal (EDR) and minimizes foullng to the extent that the only feed 

pretreatment normally required for high salinity water is cartridge 

filtration. The electrodes and membranes are also cleaned in place 

periodically with dilute acid. Since the membranes are expected to last of 

the order of seven years, system disassembly and overall maintenance costs may 
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Figure 2. Schematic of Electrodialysis (ED) Membrane System 

(Alternatlng Anlon-exchange I~I and Catlon-exchange I~I 

Membranes). 
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be less than for RO (26). Energy consumpt10n for des~linat1on by RO or EOR 

1S comparable, although EOR consumpt1on is more sens1t1ve to feed 

concentrat10n (27). 

Pred1ct1on of Fouling in Membrane Systems 

Predict10n of membrane fouling on a theoret1cal basis has not reached an 

advanced stage, partly because of the large number of feed, membrane and 

operat1onal parameters and complex 1nteract1ons that 1nfluence the extent of 

concentrat1on polar1zation and foul1ng. Consider1ng the range of appl1cations 

and character1st1cs of var10US membrane processes, the most severe problems 

are encountered 1n RO, and the minimizat10n and avoidance of foul1ng may 

account for up to 30% of RO processing costs. 

Many emp1rical feed parameters such as m1neral analys1s, COO, UV 

absorbance at 275 nm, turb1dity, electrophoretic mob1l1ty (zeta potential), 

concentrat10n of hydroxylated aromatics or hum1c aC1ds and sllt dens1ty index 

(SO!) have been exam1ned as a means of predicting fouling for the design of RO 

fac1l1t1es (28). Of these, only SOl has been found to be somewhat acceptable. 

The SO! test was orig1nated by DuPont and ut1l1zes a 0.45 ~m M1ll1pore 

f11ter, Wh1Ch 1S actually an ultraf1ltrat1on membrane. The test does not 

slmulate RO cond1t1ons. The RO feed 1S passed through the f1lter at 30 psi 

(207 KP a). The t1me requ1red to collect the f1rst 500 ml of f1ltrate 1S ti. 

F1fteen m1nutes after the start of the test another 500 ml of f1ltrate is 

collected and the t1me requ1red 1S tf. The plugg1ng factor (% P30) 1S 

calculated from: 

% P30 = 100 (l-ti/tf) 

% P30 
and SO! = 

15 m1n 

The range of SOL values is 0 to 6.67, and the value is a sens1tlve 
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measure of colloldal product concentration. There are some varlations of this 

test, e.g. decreaslng the tlme period from 15 to 5 minutes, but then the 

measurement results are not comparable. DuPont and other membrane 

manufacturers often set maXlmum allowable SOl values for their membrane 

systems. For DuPont hollow flber permeators the maximum is 3.0 (29). As a 

consequence the degree of pretreatment of feed required may be appreclable. 

For example, tap water may have an SOl so high that it cannot be measured, and 

even delonlzed water may have an SOl> 4.5. Fortunately, some RO systems can 

be operated effectlvely at SOI's >5.0, but pretreatment and frequent cleaning 

are almost always required. It appears that the relative success of the SOl 

test as a means of "predictlng" RO operational foullng characteristlcs may be 

largely a result of the low maximum allowable SOl values prescribed by 

membrane system manufacturers. In actual practice, the effects of feed on 

membrane operatlonal characterlstics are normally determined by laboratory, 

pilot-plant and full-scale tests and operations. However, there has been some 

recent progress on valldatlon of a model based on the Modified Fouling Index 

(MFI) which is directly proportlonal to the foullng potential of the water 

(30). 

Feed Pretreatment and Membrane Module Cleaning 

Maximum feed pretreatment to minimize fouling is required for RO in 

comparison with other membrane processes, particularly if splral wound or 

hollow fiber conflgurations are used. These low-cost, high-area-density 

systems cannot normally be disassembled for cleaning or fouled membrane 

replacement. The other two higher-cost, lower-area-density configurations are 

tubular or plate-and-frame. In fact, splral wound or hollow flber systems are 

used mainly for desalinatlon, and tubular or plate-and-frame systems for most 

appllcations where the feed is llkely to cause extreme fouling, and may not 
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always be suscept1ble to pretreatment. RO has been u~ed for treatment of 

sewage effluent (30, 31, 32), pulp and paper effluents (33, 34), milk (35,36, 

37), fermentat10n broth (37), and plat1ng Solut1ons (38, 39). 

Pretreatment 1S most necessary for hollow f1ber systems, and can account 

for as much as 50% of the total process costs (40) although costs are normally 

less than th1S. A typical pretreatment system may include chemical 

clar1f1cat1on with llme, alum or ferr1c chlor1de, med1a (e.g. sand) f1ltra

tion, cartr1dge f1ltrat1on, treatment w1th activated carbon, chlorination, 

dechlor1nat1on, aC1d1f1cat1on, and chem1cal treatment to m1n1m1ze scaling. 

Ultraf1ltrat1on may also be used (41). However the cost 1S relat1vely high, 

and where d1ssolved organ1cs or microcolloids are the pr1nc1pal foul ants, it 

may be 1neffect1ve. An 10d1ne shock treatment for 30 m1nutes per day to 

el1m1nate biological foul1ng has allowed cont1nuous operat1on of a hollow 

f1ber RO plant for more than e1ght months (42). Some current hollow f1ber 

modules util1ze an aromat1c polyam1de membrane, which is degraded by chlor1ne, 

but can withstand 10d1ne shock treatment. 

As 1ndicated prev1ously, EDR requ1res substantially less pretreatment of 

feed than RO and may be preferred for desal1nat1on if chemical costs are high, 

as 1n Bahrain, where chemlcal costs are ten times as much as 1n the United 

States (26). 

Physical or chemical clean1ng of RO modules 1S a normal operation in most 

plants. Physical methods can 1nclude backwash1ng, depressurizat10n followed 

by flushing w1th water at high velocity, and sponge-ball cleaning. 

Backwash1ng is not practiced commercially; depressurizat1on-flush1ng 1S the 

usual method, and in some cases may be the only method used. Sponge-ball 

clean1ng is llmited to tubular modules, and has been used successfully 1n the 

absence of media filtrat10n (as a feed pretreatment) and any chem1cal cleaning 
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(43). Some tYPlcal chemical cleaning agents are enzymatic detergents, sodium 

perborate, sodium tripolyphosphate, triton X-lOO, formaldehyde, citric acid 

and urea. Most membrane suppllers speclfy recommended formulatiohs for 

chemlcal cleaning. It has been suggested that small organlc molecules, e.g. 

phenol, alcohol, formamlde or methyl acetate that are not normally rejected 

may be effectlve for removing colloids from clogged membrane pores (15). 

Factors Relevant to Membrane Separatlon of Fermentation Products 

Concentratlon polarlzation and fouling contrlbute significantly to energy 

consumption and costs of membrane separatlons. In fact, for desallnation by 

RO, WhlCh lS actually a partlcularly favorable process because of the 

relatively low concentratlon of rejected salt and the avallability of highly 

selectlve membranes, energy consumptlon may be as much as 80% of that required 

by an efflclent evaporatlve process, such as vapor compression (44). A 

substantlal amount of the lnitlal energy consumed lS used to maintaln high 

bulk velocity to the feed across the membrane surface. If the plant lS large, 

wlth more than 106 gal/day capaclty, energy recovery would become economically 

feaslble, to reduce membrane system net energy consumptlon to about 60% (4). 

However, at the present tlme, evaporative processes are economically 

competltlve with membranes for desallnation, and it does not appear that 

membrane systems are an obvious first choice for separatlon of fermentation 

products. A slgnlficant negative factor is the presence of components in 

fermentatlon broth that are known to contrlbute to fouling, e.g., organic 

fragments, proteins and colloids. Therefore, liquid membranes or 

pervaporation (which are not critically affected by polarization concentration 

and foullng) may be more approprlate than RO. LiqUld membranes (LM) were first 

developed ln 1968 (45, 46, 47) and may conslst of immisclble emulsions ln a 

water or 011 phase. The dispersed phase contalns an internal reagent WhlCh 
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interacts with the product to be separated at the 1n[2rface between the membrane 

phase and the 1nternal reagent phase, as indicated by Figure 3. Hydrocarbons 

(46), phenolics and carboxyllc aClds (48) have been separated with LM systems, 

and recovery of carboxyllc aClds from fermentation with a coupled transport 

process has been investigated 1• Pervaporation is a process in WhlCh the 

driving force is from a llquid to a vapor phase across a membrane. 

Membranes prepared by graft1ng v1nyl monomers to poly(tetrafluoroethylene) 

(49) have been stud1ed In appl1cat1ons of pervaporation to ethanol-water. The 

select1vlty values for ethanol, def1ned as the ratio of alcohol 1n the product 

to alcohol 1n the feed (as volume fract1ons) were 4 to 5.4 for a 

poly(tetrafuoroethylene) f1lm grafted w1th styrene and sulfonated, at alcohol 

feed concentrat1ons of 30 - 80%. 

However, both of these processes tend to be energy intens1ve: LM because 

the product may be obtained 1n a form (e.g. carboxylic aC1ds 1n an emuls10n as 

sod1um salts) that requ1res addlt10nal energy for recovery, and pervaporation 

because vaporlzat1on energy 1S util1zed. 

There have also been some recent developments of compos1te membranes that 

may be useful for concentrat1on of fermentat10n products. A composite 

membrane cons1sts of a very th1n f1lm depos1ted on a porous substrate. Most 

advanced compos1te membranes are formed by 1nterfac1al polymerizat1on directly 

on the surface of the substrate (50), e.g. by 1nterfac1al polymer1zat1on of 

poly(ethylene1m1ne) w1th toluene d11socynate on a polysulphone substrate. The 

permeabil1t1es of a commerc1ally ava1lable compos1te membrane were determ1ned 

for more than twenty organ1c compounds at feed concentrat1ons of 10% or less 

1n Japan (51). Typ1cal reJect10ns were: Ethanol - 97%, 1sopropanol - 99.5%, 

n-butanol - 99.4%, glycer1ne - 99.8%, acet1c aC1d - 86%, prop1on1c aC1d - 98%, 

1Prlvate communication to H. K. Lonsdale from B. R. Sm1th, D1vlslon of 
Chemical Technology, Commonwealth Scientif1c and Industr1al Research 
Organlzatlon, South Melbourne, V1ctorla, Austral1a (Cf. Ref 4). 
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and acetone - 97%. Another composite membrane system, which is also 

commerclally avallable (from Denmark, Cf. reference 37) has also shown 

decreased permeabilitles, e.g. at feed concentrations of 1 - 3%, ethanol 

permeablllty was 25% and lactlc aCld was < 1%. ThlS membrane system is far 

superlor to cellulose acetate membranes because it can be heat sterilized at 

80°C, cleaned wlth dllute (0.5%) nitric acid or alkaline solutions, or 

dislnfected wlth chlorine. The flux incr~ases with operating temperature by a 

factor of > 2.5 at 60°C (vs. 20°C operation) and is inltially more than three 

times hlgher than for a cellulose acetate membrane. This system has been 

successfully tested with juice from beet and cane, fermentation broth from 

yeast productlon, aCld hydrolysate from straw, mllk and whey, and pulp wastes. 

Conclusions 

The current status of membrane research and engineering, and potential 

applicatlons to biocata~yzed processes indicates that advanced membrane 

systems may lead to substantial lmprovements in energy efficiency. However, 

at the present time, lt is not clear that membrane separations will be more 

efflcient than alternative processes. In addition to potential concentration 

polarization and fouling problems, membrane systems are most efficient and 

selectlve for concentration of products up to about 40 wt % in water, rather 

than separatlon of the product from water. Therefore, the most energy

efflclent scenario may be membrane concentration, followed by an alternative 

process for product isolation, such as a vapor recompression or pervaporation 

process. In this way, ~p to about 90% of the water would be removed by the 

precedlng efflclent membrane process, e.g., if concentration was increased 

from 5 to 30%. However, such a process would not be very energy efficient or 

deslrable where the product is more volatile than water, because of the need 

to separate large amounts of water from small amounts of product. 
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Although desalination is very different from purification of fermentation 

products, some important energy-economic relationships mentioned 1n a recent 

paper by R. Silver provide an interesting perspective of membrane vs. 

evaporative processes (52). The minimum thermodynamic energy for desalination 

is only 2.8 kJ/kg (1.2 Btu/lb). An efficient evaporative process requires 

about 250 kJ/kg (108 Btu/lb). However, modern desalination plants are 

combined with steam turbine power plants, so the thermal input for 

d1stillation is obtained at an energy cost of 40% at the boiler, or 100 kJ/kg 

of prime energy. For reverse osmosis, mechanical energy is required and 

amounts to about 15 kJ/kg. But the fuel (or prime energy) required is three 

or four times greater, or 45-60 kJ/kg. Therefore, there is a substantial 

margin for the higher costs of pretreatment, membrane replacement and capital 

costs of RO. But evaporative systems are still currently competitive, partly 

because of limited membrane life and fouling problems. Another important 

factor for some applications is that evaporative processes yield product water 

that contains less than 50 ppm of salt, while RO water may contain up to 500 

ppm. 

Since there are many more variables, problems and complexities associated 

with purification of fermentation products than in desalination of water, it 

will be necessary to make detailed energy-economic assessments of proposed 

separation alternatives, followed by an experimental validation effort, to 

establish the most energy-efficient, economically viable separation technology 

to be utilized for any specific fermentation process. 
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