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The purpose of this memorandum is to report the results of a review of peer-reviewed journal articles that have studied the issue of biofilm formation in cross-linked polyethylene (PEX) tubing and other types of piping materials used for potable water applications.  The conclusions reached from this review are also provided.  

Introduction

This memorandum provides information to be used in the preparation of an Environmental Impact Report (EIR) for California statewide regulations that would allow the use of PEX tubing in various cold and hot water plumbing (including potable water) applications.  Also provided herein are comments on the validity of the research protocols used with regard to implications for the assessment of the PEX tubing in the EIR.

One of the concerns raised with PEX is that there could be more growth and accumulation of biofilm in PEX relative to other plumbing materials such as copper, and that the biofilm could have implications for public health.  In particular, the concern has been raised that biofilm could potentially harbor pathogens, such as Legionella pneumophila, which causes Legionnaire’s disease.  
Fourteen articles were reviewed that report on basic research on this issue.  Nine articles were found to have relevant information.  The results and conclusions of these nine articles are summarized herein.  
Findings and Conclusions

While the conclusions reported in the eight studies reviewed here differ somewhat, the following can be offered as general findings. 
1. All piping materials exhibit some amount of biofilm formation.  Several studies have found that the formation of biofilm is initially slower in copper pipes compared to PEX pipes, but after a certain length of time (over 200 days) the data indicate no substantial difference in biofilm formation between copper and PEX.  The studies showing less biofilm formation in copper compared to PEX were conducted over a shorter time period (less than 250 days), likely before biofilm growth in copper had reached equilibrium.
2. The measurements of Legionella growth in copper and PEX pipes were not substantially different after 200 days.

3. Since pipes for home plumbing are generally used for many years, the studies evaluating biofilm formation over longer time periods (over 200 days) provide more relevant results.

4. Chlorine disinfection was found to be less effective at controlling biofilm in copper pipes than in PEX pipes.  The study authors hypothesized that chlorine can react with copper, resulting in lower concentrations of available chlorine.  These results imply that water delivered through copper pipes may require a higher chlorine dosage than water in plastic pipes in order to achieve effective and equivalent disinfection.  
5. The data did not reflect any direct quantitative correlation between measurements of biofilm and growth of Legionella.
Definition of biofilm

Momba et al. (2000) define the term biofilm as a layer of micro-organisms in an aquatic environment held together in a polymetric matrix attached to a substratum such as pipes.  The matrix consists of organic polymers that are produced and excreted by the biofilm micro-organisms.  Biofilms are sometimes formed as continuous, evenly distributed layers but are often quite patchy in appearance.  Biofilms in water distribution systems are thin, reaching a maximum thickness of perhaps a few hundred micrometers (Momba et al., 2000).  Biofilm is analyzed in studies as the number of total bacteria, heterotrophic plate counts, or the concentration of adenosine triphosphate (ATP) per surface area of biofilm (Lehtola, 2004).
Studies showing PEX
 to have higher biofilm formation potential compared to copper

Veenendaal and van der Kooij (1999) conducted a study on the biofilm formation potential of various pipe materials, including copper, PEXa and PEXc.  The study used two different test systems; the static biofilm formation potential (BFP) test where water is static within the piping during the test period, and a continuous flow system where water is continuously flowing through the piping.  The static BFP measurements were collected up to a period of 233 days.  The BFP measurement results were expressed in picograms adenosine triphosphate per square centimeter of pipe surface (pg ATP/cm2). The test results showed that the BFP measurements for copper were 2-fold to 3- fold less than the measurements for PEXa and PEXc.  The continuous flow system measurements were taken at various times up to 140 days. In the continuous flow system, the measured biofilm concentrations for copper were slightly higher than PEX.  The authors also found that in the static system there was a significant relationship between the degree of biofilm formation and the growth of Legionella bacteria, with PEX supporting more growth of Legionella compared to copper.  However, the authors state that this is not a linear relationship, and it is not possible to deduce the growth of Legionella by the mass of biofilm.  In the continuous flow system, none of the materials showed growth of Legionella bacteria, Pseudomonas bacteria, mycobacteria or coliform bacteria.  In summary, this study showed that under static conditions up to a period of approximately 200 days, there was 2 to 3-fold greater biofilm formation in PEX compared to copper.  Under continuous flow conditions, the amount of biofilm formation in copper and PEX tubing was not substantially different.  
Silhan et al. (2006) studied segments of used drinking water pipes of galvanized steel, PEX, copper or new medium-density polyethylene for the formation of biofilm, and survival of E. coli in biofilm and in the water phase.  Pipes were filled with water and incubated at 15oC or 35oC under static conditions.  Biofilm formation was measured by counting colony forming units (CFU) per square centimeter of biofilm.  Biofilm formation was followed during 32, 40 and 56 days.  The most dense biofilm was formed on galvanized steel, reaching approx. 4.7x105 CFU/cm2 , and for the other materials the density reached 3x103 CFU/cm2 on PE and PEX and 5x101 and 5x102 CFU/cm2 on Cu pipes after 58 days at 15oC.  Biofilm accumulation was higher at 35oC than at 15oC with only slightly higher values on the metals, but 100-fold higher on PE and PEX.  E. coli was not detected in the biofilm at any of the investigated surfaces.  

These studies showing PEX to have higher biofilm formation potential compared to copper were generally conducted over a period of less than 250 days.  Other studies (described below) indicate that when biofilm and Legionella measurements are collected over a longer period of time there is little difference between biofilm formation and Legionella growth between PEX and copper tubes. 

Studies showing no difference in biofilm formation potential and/or Legionella  growth between PEX and copper

Dick van der Kooij of KIWA Research presented the results of a study where bacteria were allowed to grow for an additional 300 days beyond the duration of the original study (described above) at a Legionella congress in Amsterdam (2006).  The longer duration study showed that Legionella growth was approximately the same in copper as in PEX.  The study authors hypothesize that the amount of Legionella on copper is low in the beginning due to the release of copper ions which have a toxic effect on the Legionella bacteria.  However, over a period of time a biofilm layer is created which may serve as a barrier thus preventing or lessening the release of copper ions and ultimately reducing the toxic effect on the Legionella.    
Van der Kooij et al. (2005) studied biofilm formation and growth of Legionella with pipes of copper, stainless steel and PEX.  The authors found that Legionella concentrations in water and biofilms were at the same levels for all materials after 2 years.
Lehtola et al. (2004) studied the changes in water quality and biofilm formation with two pipe materials; copper and polyethylene.  The authors found that the formation of biofilm was slower in copper pipes than in polyethylene pipes, but after 200 days there was no difference in microbial numbers between the pipe materials.  The number of virus-like particles was lower in biofilms and in outlet water from the copper pipes compared to polyethylene pipes.  These results show that the formation of biofilm on copper requires more time than the corresponding formation on plastic, but that similar biofilm formation is seen after 200 days.  
Studies showing copper to limit biofilm formation and growth of Legionella
Rogers et al. (1994a) compared the ability of copper, polybutylene and chlorinated polyvinyl chloride to support biofilm formation and growth of Legionella at various temperatures (they did not study PEX).  In measurements conducted over a period of 21 days, the authors found both higher biofilm formation and Legionella growth in the two plastic materials as compared to copper.  The authors concluded that copper surfaces were inhibitory to total biofouling and growth of Legionella.  
The limitation with this study is that the authors did not study PEX, and the study duration was 21 days.  It is possible that the ability of copper to limit biofilm and Legionella growth would have been reduced if the study were allowed to proceed over a longer time.
Studies showing copper to not  limit biofilm formation

Teitzel and Parsek (2003) conducted a study showing that biofilm growth was not limited by copper as compared to free-swimming bacterial cells which did appear to be affected by copper.  The authors hypothesize that one reason for this is that the extracellular polymeric substances that encase a biofilm may be responsible for protecting cells from heavy metal stress by binding the heavy metals and retarding their diffusion within the biofilm.  

Lehtola et al. (2005) studied how pipe material can modify the effectiveness of ultraviolet (UV)- and chlorine-disinfection on organisms in drinking water and in biofilms.  This study was done with two pipe materials: copper and composite plastic (polyethylene) in a pilot scale water distribution network.  UV-disinfection decreased the numbers of free-standing bacteria in water, but had little effect on biofilms.  Chlorine effectively decreased the microbial numbers in water and in the biofilm on polyethylene pipes.  In outlet water from copper pipes, the effect of chlorination was weaker; microbial numbers increased back to the level before chlorination in a few days.  In the biofilms present in the copper pipes, chlorine decreased microbial numbers only in the conveyance components preceding the pipeline.  One reason postulated for weaker efficiency of chlorine in copper pipes was that its concentration declined more rapidly in the copper pipes than in the PE pipes because chlorine reacts with copper.  The authors state that chlorine can react with copper producing insoluble copper chloride (CuCl) and reducing the available amounts of chlorine ions.  These results imply that water in copper pipes may require a higher chlorine dosage than water in plastic pipes in order to achieve effective and equivalent disinfection of water in the pipes.  

Studies showing no direct relationship between biofilm formation and growth of pathogens, such as Legionella
One of the conclusions of the study conducted by Veenendaal and van der Kooj (1999) (described on page 1) was that there was no direct relationship between biofilm formation and growth of Legionella.

Rogers et al. (1994b) conducted a study on eight types of plumbing material, including polyethylene, latex and polyvinylchloride to investigate biofilm formation and growth of Legionella.  (The study did not include copper and did not specifically identify a PEX material, although it may be assumed that the relevant properties of polyethylene may be similar to PEX.)  The ability of polyethylene to support biofilm growth was found to be higher than polyvinylchloride and polypropylene, but lower than latex and ethylene-propylene.  The authors also concluded that biofilm formation was not necessarily a good predictor of Legionella growth.  Biofilm may aid the growth of Legionella by supporting bacterial flora that provide essential nutrients, by removing high inhibitory concentrations of oxygen by respiration, or by supporting hosts for the pathogens.  However, biofilm may be inhibitory to Legionella if bacterial flora produce extracellular products that inhibit growth, or encourage a protozoal population that uses Legionella as a preferential food source.  This process of modification of the biofilm flora would be continuing and dynamic until a stable bacterial community was achieved.  The plumbing material would affect this community by influencing the primary colonizing species and subsequent populations.  Therefore, Legionella growth is dependent on various factors in addition to biofilm.  Rogers et al. (1994b) state that numbers of Legionella colony forming units cannot be predicted from measuring biofilm.
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� There are three manufacturing processes for PEX, and the resulting products are commonly called PEXa (cross-linked by the peroxide method), PEXb (cross-linked by the silane method) and PEXc (cross-linked by irradiation).  Results for the individual PEX products are discussed if the specific study differentiates between these products.  
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