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Abstract

Characterization of low density, highly porous polyurethane foam revealed novel depth filtration capabilities in the water treatment field. This depth filter media was characterized by varying approach velocity, filter depth, pore size, head loss, and influent turbidity. Material properties such as high porosity and small pore size enhance performance capabilities compared to other point of use devices. US EPA standards were achieved for 40 hours before cleaning was required under conditions of an approach velocity of 6 mm/s and 5 NTU influent with a 25 cm bed depth of 60 or 90 ppi (pores per inch) foam. Structural foam collapse occurred when head loss was greater than 0.4 cm per cm bed depth in 90 ppi foam. Once collapse occurred, subsequent performance runs were significantly worse.  WHO standards for 5 NTU effluent could be met without dosing coagulant if the foam had been previously dosed with coagulant. 
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Nomenclature 
AFilter


cross-sectional area of filter [L2]
CEffluent


effluent turbidity [M/L3]
CInfluent


influent turbidity [M/L3]
dPore


pore size [L]

g


acceleration due to gravity [L/T2]

hL-Foam


head loss through the foam per unit depth [L]

hL-Pore


head loss through a pore [L]

hTotal


elevation head required to maintain fluidization [L]

HFilter


filter media depth [L]

k


permeability of foam [L2]

mFoam


mass of  foam [M]

nPores


number of pores in 2.54cm of foam

L


length of foam column [L]

pC*


-log fraction of residual particles remaining

Q


flow rate through the cross sectional area of the media [L3/T]
Qbackwash

flow rate during backwash [L3/T]

QPore


flow rate through a pore [L3/T]
Qpump


flow rate supplied by a pump to achieve backwash [L3/T]

Re


Reynolds number
tbackwash


time required for backwash [T]

Vapproach

approach velocity [L/T]
Vbackwash

backwash fluidization velocity [L/T]

VPore


velocity through a pore [L/T]

∀FilterBed

filter bed volume [L3]
∀Foam


volume of foam [L3]

∀Storage


effluent storage volume [L3]

∀Water


volume of water produced falling below USEPA standards [L3]

ε


porosity

θ


hydraulic residence time [T]

θFilter
run time for which filter produces water below USEPA standards [T]
ν


kinematic viscosity [L2/T]

ρFoam


density of foam [M/L3]

ρPUE


density of polyurethane [M/L3]

Introduction

Polyurethane (PUE) foam is manufactured from polymer linked chains composed of polyol and diisocyanate. These two liquids are chemically combined and heated to form polyurethane liquid. The liquid is then compressed and passed under a series of heat sources. The temperature and time that the foam is passed under these heating sources determine the size and distribution of the air bubbles that escape the foam during the drying process.  This common industrial process results in PUE foam with a three-dimensional structure of interconnecting polymer strands. The intersection of these strands form pores that are of interest for filter applications. The foam used in this study is reticulated, meaning that only linear boundaries (where the air bubbles once met) remain.

 Polyurethane foam was first utilized as a surface air filter (Collins, 1963). Subsequent work showcased the media's potential in water treatment and wastewater treatment fields in terms of turbidity, natural organic matter (NOM) and pathogen removal (Biswas et al., 2003; Jain et al., 2005). Biswas et al. (2003) investigated the removal efficiency of turbidity and natural organic matter (NOM) of 15 ppi (pores per inch) polyurethane foam cut into 3 mm cubic sections and compressed 29%. At a depth of 2.4 m, the unit operation had the same removal efficiency as a bed of sand and anthracite at a depth of 0.3 m. Poor performance in Biswas et al.'s (2003) study was due to the large size of the foam cubes and hence of the pores between the cubes. The rationale for cutting foam into cubes was that the foam could be cleaned using an industrial washing process. However, due to the poor particle capture performance foam cubes remains unattractive relative to sand filtration. 

Applied in a point of use (POU) context, however, PUE foam has been effective in removing bacteria. Polyurethane foam coated with silver nanoparticles was an effective medium in removing biological organisms (Jain et al., 2005; Ambrosio and Payne, 2009). Asavavisithchai et al. (2010) found 99% bacterial growth inhibition on open-celled, silver-coated foam for gram-negative and gram positive bacteria at an average foam pore size of 494 µm. 

Jain et al. (2005) found that PUE foam could be coated with silver nanoparticles to provide an effective antibacterial water filter. In the field, the filter design conceived by Jain et al. (2005) could eliminate bacterial detection for influent conditions of 105 CFU/mL to 106 CFU/mL. Typical detection limits for similar microbiological analyses of water samples range from 103 to 104 CFU/mL. A series of SEM micrographs indicated that silver nano-particles adhered to the foam surface even after several runs and washes suggesting that silver nanoparticles had irreversibly bound to the foam. The higher porosity of polyurethane foam compared to sand was hypothesized to be a factor in the improved bacteria removal efficiency (Picanco et al., 2001; Ince et al., 1999). In this study, polyurethane was modeled as a depth filter and filter performance was evaluated based on turbidity removal. The characterization study investigated highly porous and uncompressed polyurethane foam with pore sizes of 30, 60 and 90 ppi, which corresponds to a pore diameter of 0.85, 0.42, and 0.28 mm, respectively. Performance was assessed on the basis of turbidity removal to achieve US EPA drinking water quality standards. Monitoring turbidity removal over wide ranges of important parameters, including pore size, approach velocity, filtration media depth, and influent turbidity values provides a baseline performance characterization. 

Advantages of Rapid Foam Filtration Compared to Rapid Sand Filtration and Slow Sand Filtration in POU Applications

The US EPA standard for drinking water stipulates that 95% of measured samples fall at or below 0.3 NTU (EPA, 2011).  Rapid sand filtration removes 90-98% of suspended solids following flocculation and sedimentation processes (Letterman, 1999).  In combination with disinfection, rapid sand filtration ensures water is safe for consumption. However, rapid sand filtration may not be applicable as a point of use (POU) device. 

During depth filtration, suspended solids become trapped in pores formed between sand grains. After reaching an allowable head loss (Gitis et al. 2002), the sand bed is cleaned utilizing a backwash process. Backwash requires a high backwash velocity (12 – 14 mm/s) of effluent water to fluidize the sand bed for 10 to 15 minutes to guarantee that particles trapped in pores are flushed from the filter bed (Letterman, 1999). Backwashing can be difficult to achieve in a POU system due to the following constraints: 

· A complete backwash cycle requires a significant effluent storage volume in the clear well. The effluent storage volume (
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) may be calculated from the backwash fluidization velocity (), the cross-sectional area ([image: image4.png]Ariser



), and the time required for backwash (
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) (Equations 1 and 2). Rapid sand filtration units are usually designed for a constant backwash velocity of around 10 to 14 mm/s to obtain bed expansion of 20 to 30 percent, which will allow sufficient cleansing of the sand bed.
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· Pumps may provide the flow rate (
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) required to achieve backwash (Equation 1), but are prohibitively expensive to purchase and maintain at the household level. Electricity or fuel may not be available to power pumps.

· Alternatively, the clear well could be set at an elevation above the top of the sand bed to achieve the required backwash velocity.  In general, backwash velocities are roughly 6 times that of the filtration loading rate. These velocities can be estimated through experimentation as well as calculated precisely by using sand characteristics, i.e. density, porosity, etc. The elevation head (
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) required to maintain fluidization within the sand bed during backwash cycles is approximately equal to the depth of the sand bed itself (Davis and Cornwell, 2008). 

[image: image13.png]Rrorar ™ Hrivor



 (3)

· Valves and other specialized components are required to operate pumps or switch between filtration and backwash operation modes. These components may be difficult and expensive to maintain. 

Compared to rapid sand filtration, polyurethane (PUE) foam offers distinct advantages in operation and cleaning in a point of use (POU) context: 

· PUE foam traps particles in its pores and may be cleaned by removing the media from the filter box and squeezing the foam out like a sponge. The equipment and design components: valves, pumps, clear well storage volume, and/or the elevation difference between the filter box and clear well required to make backwash feasible are no longer required elements for cleaning the foam. 

· PUE foam is more porous than sand filters and thus can handle higher .approach velocities. 

Well-managed slow sand filters achieve similar filtration performances as rapid sand filtration, as these filters can effectively produce exceptionally clean water with 90-99% bacterial removal (NESC, 2000). 

Slow sand filtration methods actually utilize biological processes to clean water. Essentially, untreated water enters a contained bed of fine sand where, as similar to rapid sand filtration, suspended solids become trapped in pores. However, this slow sand method uses biofilm growth in the top few millimeters of the sand bed to its advantage. Foreign particles become trapped in the sand pores, while organic material can easily be absorbed by the bacteria, fungi, and protozoa found in the biofilm layer. Additionally, zero chemicals are needed to aid the filtration process using this type of system. 

Slow sand filters are generally used in point-of-use applications due to their lack of need for supervision, minimal sludge-handling issues, and ease of construction using locally available materials. However, they also have a multitude of limitations:

· These units are designed to filter water most effectively at low velocities and at low influent turbidities. In order for the organic matter to be fully absorbed in the biofilm, a sufficient amount of time for metabolism is needed. Furthermore, water with high turbidity levels, specifically greater than 10 NTU, can easily clog the pores between each fine sand grain (NESC, 2000). 

· Slow sand filters require large depths, and subsequent volume, of porous sand media to filter water successfully. This results in a filter that not only occupies a large amount of land area, but also cannot be easily transported to different locations due to excessive weight. 

· Manual labor is required to clean these types of filters. Cleaning can prove difficult as this involves emptying the unit of all porous media. 

· Slow sand filters cannot remove microorganisms as effectively from cold water due to the slow biofilm growth at colder temperatures. 

· Other unexpected growth, such as algae growth, can occur aside from biofilm development. This intrusive development can reduce the filtration performance of slow sand filters if cleaning has not been regularly occurring.

Using polyurethane foam as a means of rapid depth filtration easily offers solutions to all the problems previously discussed with slow sand filtration systems. Not only can relatively fast approach velocities of up to 6 mm/s be used, but influent turbidities as high as 25 NTU can effectively be lowered below WHO standards for drinking water. Additionally, little volume of PUE material is needed to filter influent water. 
Theoretical Considerations

The following section provides a theoretical framework for calculating approach velocity and head loss through the foam media and compares these values to typical design values in rapid sand filtration. 

Effect of Foam Porosity on Pore velocity
The porosity of filter sand is 0.35 to 0.47 at "loose-bed" conditions (Letterman, 1999). Armentia and Webb (1992) report a porosity of 97% for polyurethane foam with 320 µm diameter pores (80ppi). We may calculate the porosity of the foam from the density of the polyurethane material (
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Where: 
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The density of the foam can be calculated from the mass of the foam (
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) divided by the volume of the foam (
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An estimate of each pore size (
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) results from a 1-D analysis of the ppi term (Equation 7). 
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Where: 
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is the number of pores in 2.54 cm as specified by the manufacturer. Because of the complex and irregular pore structure of the foam tested, a more in depth 3-dimensional analysis of pore diameter could not be completed (Figure 4).

For the same volume of media, the porosity of foam is 2.8 times the porosity of sand (porosity of 0.35 and 0.97 for sand and foam, respectively).  
The average approach velocity (
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) of the media is indicated by the flow rate (
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The pore velocity (
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) through each pore is related to the porosity and average approach velocity through the entire bed (Equation 10). 


[image: image30.png]approach =




(7)

For the same cross-sectional area, foam could have an approach velocity 2.8 times greater than sand while still achieving the same pore velocity. While typical approach velocities for rapid sand filtration range between 0.7-2.8 mm/s (Letterman, 1999),  experiments in this study were conducted at approach velocities between 3mm/s and 24mm/s.
Head Loss through the Media

The head loss through the clean bed foam filter media was estimated as major head loss through pipes consisting of the average pore diameter (Figure 2). The Reynolds number was between 0.095 and 0.76 or the range of approach velocities: 3-24 mm/s, resulting in laminar flow for all conditions tested. This is calculated by using the pore diameter and the pore water velocity (Equation 8).  
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Where  is the fluid viscosity of water, 
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Clean bed head loss per unit depth for foam may be calculated utilizing Darcy’s law describing flow through porous media (Equation 9). 
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Where: The length of the foam column L=25.4cm, and the permeability of the foam   k=2.59*10-9 m2 for a pore diameter of 280 μm and an approach velocity of 6mm/s. Permeability was determined empirically after a clean bed head loss across the foam of 5.99cm was measured.

Materials and Methods
Control of Parameters and Experimental Setup
Total hardness (150 mg/L as CaCO3(s)), total alkalinity (113 mg/L as CaCO3(s)), total organic carbon (1.9 mg/L), and pH (8.05) were obtained from 2010 consumer water quality report for Cornell University Water System (City of Ithaca, 2010). Conditions of constant input turbidity were created using a concentrated kaolin clay (R.T. Vanderbilt Company, Inc., CT) suspension diluted with temperature controlled, aerated tap water (Figure 4) to produce a raw water source for experimental trials.
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Figure 1.  Schematic showing how influent turbidity is controlled using process control software written by Weber-Shirk (2008).
Turbidity was controlled by process control software that compared the average of five seconds of turbidity readings to the user-specified target level.  If the turbidity in the raw water source tank dropped below the target level, a signal to the output control box opened a solenoid valve allowing release of a small amount of the concentrated clay stock solution into the raw water source. When the source water turbidity was above the specified target turbidity, the solenoid valve remained close. 

Raw water was pumped from the source tank to the experimental setup where the desired amount of alum coagulant was then introduced into the raw water line using a computer controlled digital peristaltic pump (Masterflex, Cole-Parmer, USA).   The alum coagulant used in the experiments was prepared with distilled water and refilled daily for the duration of the experimental trial.  Rapid mix was assumed to occur over the 100 cm length of 4.8 mm-I.D. (inner diameter) tubing (Figure 2) with energy dissipation rates ranging 0.01 to 0.2 W/kg for velocities of 3 mm/s to 24 mm/s respectively ​.  

No flocculation or subsequent sedimentation process were utilized in any trials. Unless otherwise specified, alum was added in a concentration of 1.5 mg/L per 5 NTU or a dosing ratio of 3:10. This given ratio is in the range of typical dosing values found in water treatment plants (for example, a dose of 30 mg/L alum for 100 NTU water). The process of adding the coagulant with subsequent rapid mix sought to simulate the type and size range of particles that typically escape sedimentation tanks and will be sent to filter units. Such conditions could also be present in the field where coagulant is dosed, but subsequent flocculation and sedimentation processes are not utilized. 
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Figure 2.  Schematic of flow through the laboratory scale filtration unit
Flow from the rapid mix entered the top of the 25 mm I.D. filtration column.  The polyurethane foam material used as the filter media (Foamex SIF) in this experiment was cut from 30.48 cm x 30.48 cm x 2.54 cm sheets into 2.54 cm diameter x 2.54 cm thick cylindrical layers using a band saw.  It was necessary to cut the layers so that they were slightly wider than the sides of the filtration column. This results in a slight compression of the foam so that it is flush with the sides of the column and  preferential flow paths cannot develop.   

Prior to the start of each experiment, the filter media was thoroughly cleaned by removing it from the filtration column, and rinsing the foam under running water. The individual layers were then removed from under the running water and squeezed in air to release all of the trapped clay particles from the previous experiment. This sequence was then repeated six times to complete the washing process. After the layers were thoroughly cleaned, they were replaced in the filtration column in the same order to maintain consistency in subsequent experiments.  Great care was taken to ensure air was not trapped in the foam layers, or in the experimental apparatus itself before experimental runs. The raw water was aerated to reduce super saturation of dissolved gases. This was important because the tap water comes from a surface water source that becomes super saturated when the water is warmed to room temperature in the laboratory. 

Data Acquisition and Sampling
Influent and effluent turbidity were continuously monitored using a Micro TOL turbidimeter (HF Scientific Model 20053, Ft Myers, FL), and recorded every 5 seconds for the duration of each experimental trial.  

A typical performance run is shown for conditions of a 5 NTU influent with a coefficient of variation of ±5%, 1.5 mg/L alum dose, and an approach velocity of 6 mm/s (Figure 3). In graphical representation of the data, a smoothing function is employed, in which one graphical point represents the average of 10 data points.  
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Figure 3. Performance of 25.4 cm filter depth 60 ppi foam under experimental conditions of an approach velocity of 6 mm/s, 5 NTU influent and, and 1.5 mg/L alum feed.
Performance Analysis

PUE foam filter performance is affected by a number of experimental parameters.  In this study, the effect of filtration velocity, filter media depth, influent turbidity, filter pore size, and the presence of a coagulant on filter performance were analyzed. To characterize filter performance, the negative logarithm of the fraction of residual particles, pC* (equation 5) was employed. Filtration models predict that pC* will increase linearly with filtration depth and attachment efficiency.  pC* is a direct measure of filtration efficiency (Equation 14).  
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Where: 
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 is the turbidity in the effluent and 
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 is the turbidity in the influent

In some cases, performance was characterized on the basis of the best average pC*. The “best average pC*” is calculated as the average of the data +/- 50 hydraulic residence times from the maximum pC* value obtained.  One hydraulic residence time (
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) is a function of the approach velocity through a pore (Vpore) and the height of the filter (
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Results and Discussion

Quantifying Foam Pore Size

Foam structure was characterized with images of samples 90 ppi foam utilizing Cornell University’s scanning electron microscope (SEM). Several images were taken for foam with no previous exposure to alum, previous exposure to alum, and foam that had undergone compression. While images revealed a 3-D interlaced structure of various sizes of pores (Figure 4), the images did not reveal any significant differences for the three types of foam images taken.  As of yet, there is no conclusive evidence that the structure of the foam is changed with alum exposure or a compression event. 
[image: image46.emf]
Figure 4. SEM image of 90 ppi foam with no prior alum exposure.
The SEM image indicates that many pores are connected by strands at varying angles and orientations. The pores are a 3 dimensional structure of skeletal strands which form 3 to 6 sided polygons. 

The calculation of pore size estimates an average pore size of 280 µm for 90 ppi foam. Measuring pore size of foam could prove exceedingly difficult because of the 3-D interwoven structure. Figure 12 indicates that the pore sizes vary greatly.  However the specification sheet provided by foamex, nominal foam pore sizes for 90 ppi foam range from 75 to 100 ppi, within 20 percent of the specified pore size. 

Approach Velocity Study
A 90 ppi foam sample at a filter depth of 25.4 cm with constant influent turbidity of 5 NTU and alum dose of 1.5 mg/L was tested for approach velocities of 3, 6, 12, 18, and 24 mm/s. The data is presented for the best average effluent turbidity of each trial (Figure 5). Replicates were tested for approach velocities of 6 and 12 mm/s and the best average effluent performance, measured as NTU, was within a coefficient of variation of ±20%. The results illustrated in Figure 3 demonstrate that filtration performance decreases with increasing approach velocity. Although not displayed, an approach velocity of 38 mm/s was also tested, but was not effective in removing colloids.  
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Figure 5: The maximum average effluent turbidity for approach velocities of 3, 6, 12, 18 and 24 mm/s for 25.4 cm depth of 90 ppi polyurethane foam for an influent turbidity of 5 NTU and alum dosage of 1.5 mg/L
A 90 ppi foam filter at 0.25 m depth can achieve a pC* of 2.4, 1.8, and 1.4 for 3, 6, and 12 mm/s approach velocities, respectively. Compared to conventional rapid sand filtration in a full scale plant with a typical approach velocity of 2 mm/s and a bed depth between 0.5  and 0.75 m, at best a pC* removal of 1.6 is expected (Reynolds and Richards, 1996). The results support that an average approach velocity 2-3 times greater than typically found in rapid sand filtration can achieve similar performance as compared to sand.  

The pC* per unit depth for 90 ppi foam for the same local approach velocities is twice the performance of a sand bed at 0.5 m (Reynolds and Richards, 1996) at 3 times the approach velocity. This difference is not accounted for by the higher volume of pores per bed volume. Rather it is hypothesized to be a result of pore size. In the model of depth filtration by Tufenkji and Elimelch (2004), smaller pore sizes increase collection efficiency. The 90 ppi foam has a smaller average pore size compared to sand. An estimate of pore diameter (assuming the same number of pores and sand and that the volume of a pore is 
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 of a sand grain) is 360 µm, which is slightly smaller than the diameter of sand grains (typically 450 µm).  The smaller foam pore size helps to increase collection efficiency resulting in enhanced performance.   
As approach velocity increases, the performance of the filter correspondingly decreases (Figure 5).  This is likely due to the reduced hydraulic residence time with increased approached velocity. 

Filter Run Time

The length of filter run meeting EPA standards is another important design constraint. Filter run time will determine the frequency that the foam would be cleaned in a POU system.  Figure 8 illustrates the time below the US EPA standards of 0.3 NTU for the various tested approach velocities in the Approach Velocity Study. 

The total volume of water (
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) produced falling below US EPA standards was calculated based on the run time falling below the US EPA standard (
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The filter bed volume (
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) was the cross sectional area (
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The non-dimensional parameter of the amount of clean water produced per bed volume of filter was utilized to characterize relative efficiency in production of effluent water below US EPA standards (Figure 6). 
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Figure 6. Volume of water produced below 0.3 NTU/bed volume versus total depth of water filtered.
Approach velocities of 18 and 24 mm/s were not successful in producing effluent that met US EPA standards. While an approach velocity of 3 mm/s outperformed 6 mm/s in best average effluent turbidity, both approach velocities produced effluent below US EPA standards with run times significantly longer than a day. Surprisingly, an approach velocity of 6 mm/s produced 5% more clean water compared to an approach velocity of 3 mm/s. However, this 5% difference may not be statistically significant as both were performing in the range of typical pore velocities of rapid sand filtration. 

Clean Bed Head Loss through the Filter

Head loss through a clean bed of foam sets the initial height of water required above the foam bed.  Previous authors estimated this head loss was minimal, but did not quantify it (Biswas et al. 2003).  Head loss concerns only the field implementation of the full-scale filtration system (where the flow velocity is approximated by
[image: image59.wmf]  

2

gh

) rather than the lab-scale model, which utilizes a pump to drive flow through a column (where flow velocity is approximately Q/A).  The head loss through foam of 25 cm depth with 4 mm/s approach velocity was determined to be about 2.0 cm in 60 ppi foam and 2.7 cm in 90 ppi foam. Head loss through 90 ppi foam was greater than the head loss in the 60 ppi foam owing to the smaller pore size of the 90 ppi foam. For 90 ppi and 60 ppi foam, the clean bed head loss is 0.11 and 0.08 cm per cm of foam depth, respectively. 
Effect of Head Loss on Filter Compression

The most significant mechanism of failure in all experiments conducted occurred when the build-up of particles in the foam lead to increased head loss and eventual compression of the foam filter.  This failure mechanism is analogous to head loss building up in a sand filter, which eventually causes the sand to shift and release large amounts of clay, which is referred to as turbidity breakthrough.  Though failure (effluent turbidities greater than 0.3 NTU) can occur under other circumstances, foam collapse is the most common and most preventable failure mechanism.
We hypothesize that as particles accumulate in the pores, the active pore area decreases. With the same approach velocity, but decreasing pore area, the pore velocity increases. As the pore velocity increases, the pressure in the foam column begins to increase as the same volume of water is being forced through a much smaller active pore volume. When the force due to water being forced through foam pores becomes greater than the structural support force of the foam, the foam collapses and begins compression. 
Compression of the foam filter immediately results in turbidity breakthrough. Head loss through a 25.4 cm foam bed of 90 ppi foam for an influent of 50 NTU with a 15 mg/L alum dose and 6 mm/s approach velocity was monitored for 8 hours (Figure 8).  The total initial head loss reading of 8.9 cm included the head loss through the foam bed and the filter column. The initial head loss through the foam was estimated to be 3.2 cm and could be calculated utilizing equation (9).

During the run, the active pore size began to decrease as solids filled the pores. The head loss through the foam increased linearly with respect to time at constant solids loading between zero and four hours (Figure 8). After four hours, the head loss began to increase rapidly. A possible cause for this sudden spike is that the bottom layer of the foam began to collapse. From visual observation, the filter layers collapse from the bottom towards the top (Figure 7).  The bottom layers will most likely collapse first because of the additional pressure exerted on them by the additional water height and foam as compared to the top layers.  
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Figure 7. Free body diagram of the foam column before and at collapse.  Head loss is represented by h​1 and h2.  Collapse occurs when PH2O  is equal to the compressive strength of the foam.
The final pore velocity may be estimated by solving equation the Hagen Poiseulle equation for pore diameter equation (14)
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Using the Hagen Pousille equation, the diameter of the pore can be represented as a function of the head loss in the foam column.  The total head loss at four hours before collapse was measured at 16.1 cm or a head loss across the foam bed of 10.4 cm, using a 6 mm/s approach velocity.  This corresponds to a final pore diameter of  45 µm as compared with an original pore diameter of 280 µm for 90 ppi foam.
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Figure 7. The head loss through a 24.5 cm filter bed of 90 ppi foam with a 50 NTU influent, 15 mg/L alum dose and 6 mm/s approach velocity
The time to collapse may be strongly correlated with pore diameter.  As particles accumulate in the filter, the void volume of the foam decreases, which increases head loss in the filter.  Head loss then builds up to the point where structural collapse occurs.  The correlation between void size and head loss suggests that smaller pore size foam is closer to structural collapse at the beginning of a filter run, and thus less particles must accumulate in order for the head loss to reach its terminal value.  This means that there is less time required before structural collapse occurs with smaller pore sizes.  Because smaller pore sizes enhance particle capture, there is a tradeoff between filter run time and particle capture.
Effect of Filter Compression on Performance
While compression produces undesirable high effluent turbidities, collapse also appears to have a permanently negative effect on filter performance.  Once collapse occurs, the foam cannot achieve the same percent removal as in previous trials, though the foam returns to its original depth (Figure 8). Filter performance of 90 ppi foam was assessed under the conditions of 5 NTU, 1.5 mg/L alum dose, and an approach velocity of 6 mm/s. The 90 ppi foam was run until collapse and compression occurred. The foam was washed and then run again under the same influent conditions. 
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Figure 8. Evaluation of performance as measured by pC* for pre and post collapse of 960 ppi foam for the conditions of 5 NTU influent 1.5 mg/L alum dose and approach velocity of 6 mm/s.
The results indicate that collapse negatively influences future treatment capability of the foam. It is unclear what mechanistically occurs to the structure of the foam during compression. 

Performance with respect to Filter Depth

 Performance was measured over three depths: 12.7 cm, 25.4 cm, and 38.1 cm at an approach velocity of 6 mm/s for 90 ppi foam and influent conditions of 5 NTU and 1.5 mg/L alum (Figure 9). For depth filtration, there is an anticipated linear increase in pC* with respect to depth, a relationship first reported by Iwasaki (1937).   
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Figure 9. Average best effluent turbidities for filter depths of 7.62, 12.7, 25.4 and 38.1 cm for 90 ppi foam respectively with an approach velocity of 6 mm/s and influent conditions of 5 NTU with 1.5 mg/L alum
For depths of  12.7, 25.4, and 38.1 cm, the minimum effluent turbidities were 1.12, 0.07, and 0.02 NTU, respectively. While a depth of 12.7 cm filter never met EPA standards of 0.3 NTU, 25.4 cm of depth filter resulted in 40.7 consecutive hours below 0.3 NTU with only 0.2 % of all data above the 0.3 mark. The 38.1 cm depth produced 60.5 hours of effluent below 0.3 NTU and above this value 0.4 % percent of the time (Table 1
).  
Table 1. Analysis of data of performance with respect to filter depth
	Filter Depth
	7.62 cm
	12.7 cm
	25.4 cm
	38.1 cm

	Data points above 0.3 NTU
	N/A
	N/A
	60
	178

	Total data points
	N/A
	N/A
	29,300
	43,500

	Time of filter run before failure (hr)
	N/A
	N/A
	41
	60

	Percent Above 0.3 NTU
	N/A
	N/A
	0.2 %
	0.4 %


While the relationship between depth and increased filter performance indicates that a deeper filter does indeed increase performance, it becomes unreasonable to infinitely increase filter depth.  As the foam filter becomes filled with clay, eventually, collapse will occur causing rapid turbidity breakthrough. Increasing foam column depth adds additional solid phase pressure to the bottom layers of foam.  Because of the low compressive strength of foam (Table 2), it is best to use the minimum foam depth that will produce effluent turbidities below EPA standards.
Table 2. Compressive Strength of 90 ppi foam
	
	One Piece
	Two Pieces
	Four Pieces

	Start of Compression Pressure
	1.04 kPa
	1.18 kPa
	1.50 kPa

	End of Compression Pressure
	2.96 kPa
	3.25 kPa
	2.92 kPa


The compressive strength of the foam was tested using the 25  mm diameter cylinders of 90 ppi foam used in other experiments.  Water was added to a container sitting on top of the foam until collapse began.  The weight of water was recorded at the start and end of collapse and this value was converted to a pressure reading.  
Effect of Foam Pore Size on Performance 

The study sought to understand an appropriate pore size given constraints of filter run time and performance. Larger pore sizes could lengthen the filter run time required to build up to the critical head loss causing structural collapse.  This is because the size of the individual voids is larger in the beginning of the filter run, thus the head loss at which collapse occurs will take longer to build up.  However, larger pore sizes are less efficient in trapping colloids causing worsened effluent performance. Experimental trials were conducted using 30, 60, and 90 ppi polyurethane foam (Figure 10), with 25.4 cm filter depth, 6 mm/s approach velocity and 1.5 mg/L alum dose.  Foam column collapse occurred for each experiment. 
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Figure 10. Performance of 25.4 cm filter depth with 30, 60 and 90 ppi foam under experimental conditions of an approach velocity of 6 mm/s, 5 NTU influent and 1.5 mg/L alum feed.
A filter bed of 60 or 90 ppi foam at a depth of 25.4 cm can achieve desirable particle removal for EPA standards with 5 NTU influent, while 30 ppi foam cannot.  Based upon this preliminary data, 30 ppi foam is not recommended in the design of POU filterWhile the 90 ppi foam achieved the lowest measureable effluent performance, the 60 ppi foam had a much longer run time below US EPA standards. 
The initial pore size in 60 ppi was larger compared to 90 ppi. While both filled up with sediment at the same rate, the active pore volume in 60 ppi remained larger compared to 90 ppi. Thus, the pressure exerted on the bottom of the 60 ppi foam would be lower at the same solid loadings. Subsequently, the pressure required for collapse at 90 ppi would occur sooner and under a lower solid loading. 
The ripening time for the 90 ppi foam filter took 4 hours of to achieve an effluent turbidity below US EPA standards (Figure 10). This ripening time is considerably longer than those ripening times considered for rapid sand filters which are on the order of half an hour to an hour (Reynolds and Richards, 1996).  The ripening time is certainly a concern if this technology is to be implemented as a POU. Increasing the depth of the foam filter bed could decrease this ripening time. 
Presence of Coagulant 

Adding coagulant to the influent enhances the probability that collisions with the foam surface result in attachment.  Results from a 90 ppi foam with a depth of 25 cm which had no previous alum exposure, and no alum stock feed are shown Figure 16.  A comparison trial was conducted using 90 ppi foam (utilized for 10 prior experiments) with previous alum exposure, and an alum stock feed of 1.5 mg/L (Figure 11).  
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Figure 11. Performance of 90 ppi foam with an approach velocity of 6 mm/s with no previous alum exposure, and no alum feed and alum exposure and an alum feed of 1.5 mg/L.
Under the conditions of this experiment (5 NTU influent, 6 mm/s approach velocity and 90 ppi foam), a coagulant is indeed necessary to achieve acceptable levels of particle removal.  No coagulant addition or exposure yielded effluent turbidities above 1 NTU and well above the EPA standard (Figure 11). The trial using a 1.5 mg/L alum dose achieved an effluent turbidity of 0.12 NTU, well below U.S. standards (Figure 16).  Effect of Influent Turbidity on Performance
Performance of 60 and 90 ppi foam at a depth of 25.4 cm and approach velocity of 6 mm/s was evaluated at influent turbidities of 50 NTU, 20 NTU, 10 NTU, and 5 NTU.  The trials were conducted using an alum feed. A linear relationship between alum dose and influent turbidity was assumed with an influent turbidity to dose ratio of 10:3.  From this ratio, a 50 NTU influent would require a 15 mg/L alum dose.  
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Figure 12. Performance of 90 ppi foam with influent turbidity of 50, 10 and 5 NTU, an approach velocity of 6 mm/s with an alum feed.
With influent turbidities less than 10, the effluent turbidity achieved EPA standards of effluent turbidity less than 0.3 NTU.  The difference in performance is the time for which the filter can be run and still produce desirable effluent turbidities, and the time required for the foam to collapse.  This information is important for the operation of a foam filtration unit, since foam compression due to collapse permanently alters the filtering capacity of the foam.  
The data for influent turbidity of 50 NTU suggests that it may be possible to filter more turbid water than is conventionally treated by filtration processes down to acceptable effluent levels.  Though the time at which the filter can be operated is shorter, the water produced during the filter run time at an approach velocity of 6 mm/s would exceed the amount of water required to clean the foam.
Conclusions

Polyurethane foam has 2.8 times the void volume compared to sand. At 2.8 times the approach velocity of rapid sand filtration, foam achieves similar effluent turbidities compared to sand (AWWA, 1971). We hypothesize one underlying reason is that the pore velocity is comparable. Preliminary results suggested that polyurethane foam at 90 ppi could achieve similar performance as rapid sand filtration at half of the conventional depth. We hypothesize that 90 ppi foam has a smaller pore size (280 µm) than is found in conventional rapid sand filters. Because the pore size is smaller, the collection efficiency of colloids per unit depth is greater. 

US EPA standards are met for longer than forty hours at depths 25 cm or greater with 5 NTU influent for 60 and 90 ppi foam.  Foam achieves US EPA performance with 5 NTU for approach velocities of 3 and 6 mm/s. Influent raw water turbidities above 10 NTU without prior flocculation or sedimentation processes quickly exhausted the foam filter capacity.  

Extending bed depth did improve filter run time and performance. However, foam has a low compressive strength. When the pressure exerted on the foam bottom exceeds the structural support capacity of the foam, the foam collapses beginning from the bottom because the compressive forces are maximum at the bottom of the column and approach zero at the top of the column. When foam collapses, performance data suggests that the structure of the foam is irreversibly changed and subsequent performance is significantly worsened as a result. 
The presence of coagulant in the influent increased the rate of successful collisions with the foam.  Foam with no alum feed or previous alum exposure did not achieve effluent turbidities below the EPA standards.  However, once coagulant was added, effluent turbidities fell far below 0.3 NTU.

. 

Future research directions could design and test a point of use device for the field. More fundamental research could also be conducted on understanding the interactions of coagulant with foam surfaces. Although foam was re-used 11 times without collapse occurring in one study without signs of diminishing performance, the long term structural stability and re-usability of the foam media remains to be evaluated.  An evaluation of the effects of natural organic matter (NOM) and microbes are also necessary. 
· Foam can achieve EPA standards with a high approach velocity.

· Foam can run longer than a day before cleaning is required.

· Head loss across the foam bed is minimal, so the required height of water above the foam column is also minimal.

· Foam is light weight and may be easily transported. The filter box containing foam likewise may be light weight to support the foam and water. 

· Foam does not need compression in this application to achieve EPA standards.
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