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Introduction

It has been estimated that fouling of RO membranes has an impact in excess of a $1 billion/year.  The problem is well known, but the causes are incompletely understood.  Some of the factors involved in fouling (colloidal and particulate matter) have been studied in some detail.  The sum of what is understood is not able to account for the observed behavior of membrane units in service (Paul & Abdul, 1990). Typical sequence of membrane operation is illustrated in Table 1.  

Typical events in the life of an RO membrane

	Time
	RO Performance
	RO Membrane Surface

	1 – 8 hours
	Highest Water Flux. Permeate TDS may be high during initial rinsing, then lowers, then rises slightly.
	Clean membrane surface.  Rapid sorption of dissolved organics, colloids and bacteria.  Physical compaction of membrane.

	1 - 14 days
	Sharp Water flux decline (up to 10-15%). Permeate TDS may stay the same, go up or may even decrease.
	Additional sorption of colloids and bacteria.  Microbial growth and multiplication.  Biopolymer synthesis.

	2 weeks
	Gradual flux decline.  When end of life water flux reduces by 10% to 15% or feed/concentrate differential pressure increases by 10 – 15%, a chemical cleaning is required to bring water flux back to the expected flow rate based upon a standard gradual flux decline slope (Fig. 3).
	Biofilm gradually develops in thickness.  Concentration polarization enhanced.  Membrane may deteriorate.


Table 1 -- Paul, D. & Abdul, R. (1990).  Reverse osmosis: Membrane fouling – the final frontier. Ultra Pure Water, 7: 25-36.

Why should there be a severe (discontinuous) decline in flux on the first day?  Why should this decline in flux continue in a relatively uniform (continuous) manner until the onset of biofilm formation?   This paper will discuss two factors which may account for some of this behavior.
Exopolysaccharides and membrane decomposition products

Recent DNA sequencing of ocean water has revealed the presence of an amazing diversity and density of microbial life.  Most of the characterized species have never been seen (very small).  Other work has shown that membrane decomposition products have multiple fates.  Most are adsorbed onto sediment, but a fraction is solubilized.  Cellular membranes have a number of molecular constituents which have evolved to interact with and operate at interfaces.  Exopolysaccharides are the most external constituent and are involved in cell adhesion to surfaces.  This is a viscous, mucousy, highly visco-elastic material that has both oleophilic and oleophobic components and is able to transform its three-dimensional conformation based on the surface energy of the surrounding medium and on steric factors.  Exopolysaccharides can drastically affect the flow characteristics of water over a surface.  Production of exopolysaccharides is increased when microbes are stressed.  Purification of water, as in pre-treatment operations, is a stressing factor and will result in the microbe trying to protect itself from adverse osmotic conditions by production of more exopolysaccharide.  An example of this is the fact that the US Navy has to dry dock destroyers yearly (recently scuba divers are also employed for this purpose) in order to remove 1 lb. of brown algae from the hydroplane surfaces on the bottom of the ship.  This material is so visco-elastic that it decreases the maximum speed of the destroyer from 22 knots to under18 knots and it increases fuel consumption from 100% to 120%.  Certainly if only a fraction of a pound of exopolysaccharide can have this effect on a Naval destroyer, the impact of a small amount of this material on a membrane surface, in relation to flow characteristics and pressure, cannot be overlooked.  The presence of exopolysaccharides in water (even at extremely low concentrations) and the effect they can have on surface energy and flow characteristics when adsorbed or otherwise incorporated into the membrane, may contribute to the sudden and extreme change in membrane performance within the first day.
Under the exopolysaccharide layer, membrane proteins are also of interest in regard to their ability to affect surface energies on interfaces.  Cell adhesion molecules and proteins involved in ion transport are examples.  Cellular membrane materials have evolved to operate at hydrophilic/hydrophobic interfaces. These compounds have multiple three-dimensional conformations and can exhibit variable rheological and solubility behavior.  As an example, a tube constructed of Teflon will exhibit a negative capillary pressure.  In this case, the contact angle with the interface will exceed 90 degrees.  Water will not rise in this tube and will actually have a lower level than the liquid level.  Adhesion of a mono-molecular layer of membrane protein will render the surface hydrophilic and the water will rise in the tube to a level nearly equal to that in a glass capillary tube.  Assuming an average size of 1000 angstroms and an average molecular weight of 100,000 Daltons, it would only require in the range of 10 -14 mole to form a mono-molecular film on 1 m2 of material.  Spot sampling and analysis would never detect such a small quantity.  Exopolysaccharides and membrane proteins are generally not able to be detected using Hexane extraction or other common analyses performed in RO pre-treatment. 
Organic fouling
The effect of membrane proteins and exopolysaccharides on the surface properties of RO membranes may be a factor which can account for the drastic change in membrane behavior observable within the first day.  Subsequently, there is a more gradual, continuous decline which seems to indicate a mechanism whereby the fouling agent is gradually building up, as opposed to a drastic inversion of surface properties.  A possible source of this buildup is organic contamination.  When one discusses organic fouling with membrane users and companies, oftentimes it is related that there is no organic contamination due to numerous pre-treatment steps and based upon analysis, which is always kept at below 1 ppm.  This line of thinking overlooks a few critical factors, which results in a false sense of security.  Although 1 ppm sounds like a low number, it amounts to 1 pound per every million pounds or approximately 120,000 gallons.  A typical system composed of 40 RO elements running at a flow rate of approximately 400 GPM processes 576,000 gallons or 4.78 million pounds of water.  Theoretically 1 ppm would be approximately 4.78 pounds or 54 grams/element per day.  This amount of organic fouling would 

drastically impact the performance of any RO membrane.  At one particular site, MyCelx* filters were employed in the last stage of pre-filtration in order to capture gasoline and diesel range organics which had managed to elude pre-treatment.  Within a ten day period, each filter removed 24 grams of diesel and gasoline range organics, which would normally have gotten through to the membrane (See pictures). Working back, this amounts to approximately 40ppb of organics in the influent stream to the RO.  This is well below the sensitivity of most testing, assuming the 40ppb is presented in a continuous form.  It is also possible that this amount of material could have accumulated due to a few isolated events.  Assuming a relatively continuous presentation of the diesel range organics, one might wonder how it is possible for these relatively water-insoluble compounds to have made it past multiple pre-treatment steps intended to remove them. One contributing factor may be that molecular conformation and charge distributions change as the water becomes more dilute (pure).  See Figure 1.  These changes result in polarization and conformational adjustments which cause molecules that would be considered water-insoluble in the bulk phase to behave as if they were more water-soluble.  It is likely that a fraction of these compounds is adsorbed or otherwise incorporated into the membrane. The accumulation of organics at this stage could be one of the sources of nutrition which supports biofilm formation and may simply contribute to flux reduction due to its accumulation.
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Change in charge distribution of PCE between 1 ppm and 1 ppb

Figure 1
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Discussion and Conclusion


The flow of water over a surface is highly influenced by the chemical and physical characteristics of that surface.  Extremely small quantities of surface active agents are required in order to drastically alter surface characteristics and rheology.  The swift decline in membrane performance in the course of a few hours to one day appears to indicate the presence of some sort of surface active phenomenon on the membrane surface within that time.  Exopolysaccharides should at least be eliminated as the culprit in this case.  This will require cutting edge work, as standard methods of analysis do not exist and sampling methods have not been developed.  The change in solubility behavior of organic compounds, generally considered insoluble or slightly soluble, may be a contributing factor in the difficulty of detecting organic fouling agents and the decreasing effectiveness of pre-treatment modalities as the water gets cleaner.  All of the water-insoluble compounds on which simulations were performed exhibited a drastic change in bond polarity as the dilution was taken from 1 ppm to 1 ppb, resulting in structures that behaved more hydrophilically.  In this soluble state, adsorbants are not effective.  As water desalination becomes more and more critical, it is important to be able to operate in an economic and energy-efficient fashion.  An understanding of membrane performance and operation is critical to achieving this.  There is still much work to be done.
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