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EXECUTIVE SUMMARY

Introduction
In recent years, microfiltration (MF) has been shown to be less costly and more effective than

conventional lime clarification as a pre-treatment method for reverse osmosis (RO). OCWD
plans to utilize an MF/RO process in a 70-mgd advanced water reclamation facility. The
feedwater for this large facility is a municipal activated-sludge effluent, which possesses
significant nutrient loading, and high biological activity. These factors contribute to rapid
biofouling (i.e., cake formation) of the MF membranes with consequent loss of performance.
MF fouling is associated with increased hydrodynamic resistance (i.e., flux loss) and
necessitates frequent chemical cleaning of the MF membranes, thereby driving up operational
costs. Better understanding of MF fouling and dynamics are needed to improve the efficiency
of the MF/RO process at OCWD and other agencies. With MF pretreatment becoming the
mainstream RO pretreatment technologys, it is critical that the MF fouling be effectively

managed and controlled.

Background
Microfiltration can be separated into two mechanisms surface and depth filtration. Surface

filtration is dependent on particle size. In this mechanism, particles are blocked from passing
through the membrane pores. Only particles smaller than the pore size of the membrane pass
through to the permeate side. Surface filtration may be conducted under two modes: dead-end
or cross-flow filtrations. In dead-end filtration the feed flows perpendicularly toward the
membrane surface. The liquid passes through the membrane (permeate) and all particles
larger than the pore size are retained at the surface forming a fouling layer (cake). Flux
decreases as the cake thickness increases. In the cross-flow filtration process part of the feed
water passes through the membrane as permeate and the other portion of the feed water passes
tangential along the membrane forming a cross flow. Particles in the feed water deposited at
the membrane surface and swept away by the sheer force of the feed as it passes over the
membrane surface. Cross-flow filtration may have higher permeate fluxes over longer periods
of time compared to dead-end filtration, however, this mode may result in higher energy and

operation costs. In depth filtration, particles smaller than the pore size of the membrane move
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into the filter matrix and adhere to the collecting surfaces of the filter. In depth filtration
particles are not affected by crossflow or surface hydraulic sheer and backwashing by reverse

pressure flow can dislodge the fouling material from the membrane surface.

Project Objective

The MF fouling layer is perhaps the most critical factor responsible for overall process
efficiency economics. Membrane fouling is characterized as the reduction of permeate flux
through the membrane caused by pore blocking, concentration polarization, and cake
formation. Therefore, the primary objective of this project was to elucidate the fouling
mechanism of MF membranes, including permeability, stabilization and removal of filter

cakes.

Project Approach

This project examined the formation, structure, and stability of MF cakes formed on
polypropylene membrane material under controlled conditions. The experimental approach

was divided into three tasks:

Task 1. Acquire and configure a bench-scale MF apparatus to conduct MF cake
investigations, including formation, structural, stability, and dynamics. Experimental MF
cakes were formed under controlled laboratory conditions on 0.22-um polypropylene (PP) MF

membrane material.

Task 2. Evaluate the formation, structure and stability of nanoparticulate organic material
fouling, which may be the primary contributors in MF fouling and decreased membrane
performance, and to screen selected chemicals capable of targeting these foulants (organic

solvents such as ethanol, protease and phosphotase) for MF fouling removal or prevention.
Task 3. Test those cleaning agents determined to be effective under laboratory conditions in

field trials using a pilot size MF unit operated with secondary treated wastewater (STW)

under actual operating conditions.
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Task 3 was not completed as proposed in the original test plan for two reasons. 1) The scope
of the project was changed to evaluate dissolved organic material (DOM) fouling instead of
testing chemical agents to remove microparticualte MF cakes from membrane surfaces, and 2)
an MF pilot scale test unit was not available (could not be acquired in time and at a reasonable
cost) to be used in this study. However, at the field scale one aspect of the study, exposure of
PP membranes in secondary treated wastewater without applied pressure (soaking) was
inadvertently tested using a 5 MGD MF plant with the fouling results favorably agreeing with

laboratory observations (see below).

Membrane Characterization

Atomic Force Microscopy (AFM)

Membrane structural properties (pore size, pore shape and distribution) of clean and fouled PP
membranes were determined by AFM (CP AutoProbe, Park Scientific Instruments,
Sunnyvale, CA). AFM provides essential information about the sub-micron surface
topography and fundamental material properties of polymer membranes. Such information
has been correlated with the performance (flux and solute rejection) and fouling potentials of
separation membranes, and therefore is critical in optimizing function and designing novel

antifouling surfaces.

Attenuated Total Reflection Fourier Transform Infrared Spectrometry
Absorption in the mid-infrared (IR) region (4000 — 500 cm™") was employed to acquire
spectroscopic ‘fingerprints’ of clean and fouled polypropylene (PP) membranes used in the

study.

Membrane Hydraulic Properties

Membrane material was cut into 55 mm diameter disks and placed in a bench-scale AMICON
apparatus. The apparatus was filled with feed solution and sealed. A vacuum of 12 psi was

applied, and membrane permeate flux was measured continuously with an electronic balance



connected to a computer through a RS 232 interface equipped with a data acquisition. A new
PP membrane disk was used in each experiment. Because PP membrane has a highly
hydrophobic surface making it initially impermeable to water, prior to each experiment the
disk was wetted by immersion in 100 % ethanol for 15 minutes followed by flushing with 18

megohm-cm water.

MF Cake Formation and Characterization

MF Cake Formation

Prior to cake formation, the membrane permeate flux was measured. Cake was then deposited
on the surface of the membrane by filtration of source water (filtered or unfiltered) at a
constant transmembrane pressure (12 psi) with feedwater replacement to a volume of 180 mL.

Permeate flux was calculated at regular (5 second) intervals.

MF Cake Formation Using Secondary Treated Wastewater

Source water for the study was secondary treated wastewater (from Orange County Sanitation
District). MF cake formation began immediately upon introduction of the source water, and
the progression of deposition of fouling materials was quantified by monitoring the rate of

decrease in hydraulic conductivity (flow/pressure) through the membrane.

MF Cake Formation Using Microparticulate-free Filtered Secondary Treated

Wastewater (FSTW)

STW was first filtered through a glass microfiber to remove large solids, then filtered using a
hydrophilic, low protein binding, sterile, 0.2 pm polyethersulfone filter designed for
microbiological analysis of potable, waste, process and natural waters. Microparticulate
(bacterial) removal was confirmed by epifluoresence microscopy using the DNA-specific

fluorochrome 4,6-diamidino-2-phenylindole (DAPI).
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Active, Inactive and Lysed Bacterial Component Analysis in MF Cake

STW effluent used in the study contained active, inactive and lysed (ruptured) bacterial cell
components. It was anticipated that each of these components may give rise to fouling of MF
membrane material. Cell components (debris) may include phospholipid fatty acids (PFLAs),
proteins and carbohydrates. Analysis for protein and carbohydrate were performed on

feedwaters, cakes and permeate.

PROJECT OUTCOMES

Task 1. Acquire and Configure a Bench-scale MF Apparatus to Conduct MF Cake

Investigations

Proposed MF Cake Characterization

At the onset of the study, it was presumed that the fouling components of MF cakes would be
mostly comprised of bacteria and large particulates (> 0.2um), and this would be the major
contributor to decreased MF performance. Cake structure was proposed to be studied by
using mass by weight measurements and cake stability by light scattering (optical density),
and by particle sizing using a Coulter Multisizer. In addition, genetic microbial identification,
protein assay, carbohydrate assay, epifluorescence microscopy and light microscopy, would
be used to study the nature of microbial material accumulating on the membrane surface
during cake formation and flux reduction. These techniques were initially employed in study
of the MF cake, but through experimentation it was discovered that MF fouling was

principally influenced by other factors besides microparticulates.

Task 2: Evaluate MF Cake Fouling by Nanoparticulates and DOM

Flow Dynamics Using STW and FSTW Feedwater

A hypothesis was formed that material smaller than bacteria were primarily responsible for
the flux decline observed during MF cake formation on STW. To test the theory, all
macroparticulate solids were removed from the feedwater by passage through a 0.2-pm filter.

To confirm FSTW was particle free equal volumes of STW and FSTW feedwaters were

Xii



filtered onto 25 mm, black 0.2 um filter membranes, stained with DAPI and examined with
fluorescence microscopy to confirm that FSTW was bacteria free. Filtering STW through the
0.2 um filter did remove bacteria and presumably particles >0.2 um. The two feedwaters
(STW with microparticulates and FSTW without microparticulates) generated similar
permeate flux decay curves, suggesting that flux decay kinetics were not principally
influenced by the microparticulate fraction of STW. Permeate flux difference between the
STW and FSTW curves were attributed to the bacteria and other larger particulates present in
STW. This demonstrated that bacterial or particulate fouling (MF cake) is responsible for a

far smaller portion of the overall fouling than was previously thought.

Confirmation Particle Free STW

MF Foulant Characterization Using AFM with and without Microparticles

STW and FSTW foulants deposited on PP membranes were also examined with AFM. AFM
images showed fouling on both STW and FSTW membranes. The STW fouling appeared to
be thick and multi-layered, and composed of bacteria and other particulates. FSTW fouled
membranes did not have bacteria or particles but still were fouled with what appeared to be on
amorphous material that covered the membrane pores. AFM showed pores of the PP
membrane were blocked. The dissolved foulants or nanoparticulates (<0.2 um) seemed to
enter the membrane matrix and block the pores from within, indicating pore clogging is
occurring along with pore blocking. The images support the observation that the most
significant amount of MF fouling is not due to bacteria and other microparticulates, but to

DOM and nanoparticulates.

MF Foulant Characterization — Chemical Analysis

MF Foulant Characterization Using ATR/FTIR
To further characterize MF fouling, ATR/FTIR spectrometry was employed to analyze the

fouling layer left behind at the membrane surface by STW and FSTW. Bands designating
both protein and carbohydrate fouling were equally represented in both STW and FSTW
spectra, providing additional evidence that primary MF fouling may be the result of mostly

biological detritus as opposed to bacteria and other particles larger than 0.2 pm.
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MF Cake Characterization - Protein and Carbohydrate

To further characterize the OCWD FSTW cake, protein and carbohydrate analysis of the
bacterial-free (FSTW) feedwater, STW, FSTW permeate and fouling layer was performed. A
significant concentration of carbohydrates (64%) remained following removal of bacteria
from STW (5.60 ug/mL) and FSTW 3.60 u/mL. Dissolved carbohydrates appeared to be
strongly deposited on the PP membrane representing approximately 71% of the acellular

carbohydrate in the feed.

Phospholipid Fatty Acid Analysis
Cell debris may contain fragments of cell membranes that anneal to form nanoparticlates

(liposomes). The material fragments are largely made up of phospholipids. Of the lipids, the
phopholipid fatty acids (PFLAS) represent the major component of cell membranes. PFLA,
when exposed to hydrophobic membrane surfaces such as PP, may attach and actually
intercalate into the membrane matrix. An analysis to determine the presence of PFLA was

conducted at various stages of the MF process using the bench top AMICON MF assay.

STW- fouled membrane had a 60% higher concentration of PFLAs than FSTW fouled
membrane. STW foulant is comprised of the total PFLAs (microbial plus nanoparticulate).
FSTW foulant contains phopholipids that were present in solution (DOM and
nanoparticulates), since all microparticualtes (bacteria) were removed by filtration using a 0.2-
um filter. This supports the hypothesis that PLFAs are deposited on the membrane surface

during microfiltration and affecting membrane performance

Phospholipid Fouling of PP Membrane
The adherence, movement through the PP membrane matrix and affect on permeate flux of a

pure phosphlipid was investigated using phosphatidylethanolamine, dipalmitoyl-
sulforhodamine B, (PTEDSB). Using the AMICON unit assay, a PP membrane was exposed
to 1.0 ug/mL of PTEDSB and permeate flux loss was measured as a function of time. As

soon as PTEDSB was added to the system, permeate flux dropped and continued to drop as

Xiv



more PTEDSB was drawn to the membrane surface. The PTEDSB could not be washed off

with DI water.

MF Cake Stability — Effects of Specific Foulants

Protein Stability at the Membrane Surface
An experiment was performed to test adsorption and removal of a pure protein from the PP

membrane surface. PP membrane surface was fouled with 0.01% gelatin protein. Upon
protein introduction into the system, permeate flux dropped from 620 GFD to 520 GFD in 5
seconds. Washing the protein-fouled membrane with 5 mg/L Proteinase K reversed the

fouling, restoring flux to above 600 GFD.

When proteinase K was used to remove protein from STW and FSTW fouled membranes, the
results were not as positive as gelatin alone, indicating other factors are involved in the

fouling process besides simply protein deposition.

Phospholipid Stability at the Membrane Surface
Since lipids are capable of contributing to MF fouling, lipase was investigated for its potential

effect on flux recovery. PP membranes were fouled with FSTW, and then treated with lipase
(100 pg/mL, dissolved in buffer at pH 7.7 for 1 hour). Lipase did not restore flux in fouled
membranes; flux remained below 400 GFD. It is unclear why lipase failed to affect MF water
flux as lipids are an integral part of the MF fouling; however, it is known that lipases require
an oil/water interface for maximum activity and binding of lipids to polypropylene may
disrupt this interface. Alternatively, monoglycerides formed by lipase activity may also

effectively foul PP membranes, resulting in continued water flux reduction.

A pretreatment experiment with lipase was conducted. PP membrane was pretreated with 100
pg/mL of lipase at pH 7.7 for 1.5 hours. After pretreatment, the membrane was exposed to
FSTW using the AMICON unit. A control (no lipase) was exposed to NPM buffer solution
for 1.5 hours concurrently. The lipase pretreated membranes started at a lower flux but

appeared to have slower drop in performance as compared to the untreated membranes.
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Although lipase did not restore flow of the fouled membrane when applied post-fouling,

pretreating the membrane surface slowed down the formation of the MF fouling layer.

Membrane Cleaning Using Caustic and Surfactant

Fouled membranes were treated with Memclean C at 40°C, 250 rpm (magnetic stir rod 2 mm
above the membrane surface) for 15 minutes. The cleaning solution was removed and
permeate flux was measured using DI water. Flux was restored, but not to the original level

seen before the membrane was fouled.

Membrane Cleaning Using Polar Solvents

PFLAs are soluble in polar organic substances such as ethanol and acetone. Ethanol was used
as a cleaning agent to restore membrane flux after being fouled with STW and FSTW.
Ethanol restored flux for both STW and FSTW-fouled membranes. FSTW-fouled membrane
recovered better than STW fouled membrane. Over 80% removal of PLFAs from FSTW
fouled membrane was observed (61% of TerBrSats, 73% of Monos, 100% or BrMonos and
MiBrSats, and 64% of Nsats phospholipids) using ethanol. This suggests that polar organic
molecules or nanoparticles are perhaps responsible for a large part of the observed flux
reduction driving microfiltration of secondary treated wastewater. By comparison, ethanol
recovered membrane performance to its original permeate flux, and thus may more efficiently

have removed foulant material.

Task 3. Fouling of PP MF Membranes Independent of Transmembrane Pressure-

Laboratory and Field Experience

DOM fouling occurs rapidly as the feedwater contacts the membrane surface, with no driving
pressure required, as opposed to microparticulate cake formation. This was investigated in the
laboratory by exposing PP membranes to STW for 24 hours. The membrane was then treated
with ethanol and flux was measured. Flux did not recover as seen in previous short-term tests.
This result was also observed in the field in the 5 MGD MF plant at OCWD. New PP hollow

fiber membranes were immersed in the same STW used in laboratory experiments for seven
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days with periodical STW replacement. This resulted in decreased membrane performance

and required earlier than planned chemical cleaning-in-place (CIP).

CONCLUSIONS AND RECOMMENDATIONS

STW and FSTW both demonstrate similar flux decay curves, suggesting bacterial
or microparticulate fouling (MF cake) is a far smaller portion of the overall fouling
than was previously thought.

AFM imaging showed FSTW fouled membranes lacking microparticulates,
suggesting dissolved foulants (<0.2 um) enter the membrane matrix and block
pores from within, suggesting pore clogging is occurring along with pore blocking.
Evidence suggests that in addition to surface coverage (reversible fouling), pore
blockage and/or pore constriction (potentially irreversible fouling) is occurring
during MF filtration using PP membranes.

MF fouling may be principally influenced by other factors besides cake formation
by deposited microparticulates (bacteria).

Protein and carbohydrate ATR/FTIR bands were equally represented in both STW
and FSTW, which provides evidence that primary MF fouling may be the result of
mostly biological detritus as opposed to bacteria and particles larger than 0.2 um.
Dissolved carbohydrates strongly adhere to the PP membrane surfaces.

The presence of phospholipids in the feedwater decreases membrane performance.
Phospholipids can be removed from the membrane surface by polar organic
solvents like ethanol.

Ethanol works well to remove DOM fouling form PP membrane surfaces,
restoring water flux.

DOM fouling occurs rapidly as the feedwater contacts the membrane surface with

no driving pressure required, as opposed to microparticulate cake formation.

Classical models of MF cake fouling suggest the accumulation of particles close to the

membrane surface covers membrane pores, resulting in water flux reduction. The implication

from this work is that there are actually two mechanisms of MF fouling, the classical MF cake

formation, which may result in less reduction of hydraulic conductivity, and deposition of
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microbial cell residue (proteins, carbohydrates and phopholipids) and nanoparticulates (e.g.

liposomes) which results in the majority of the observed fouling.

Recommendations
The results from this study suggest water agency professionals need to seriously consider this

other MF fouling, and revaluate the current cleaning practices so that they specifically target
biological detritus. The current cleaning methods may in some ways be increasing the rate of
fouling, for example by extraction of the lipids from whole bacteria in the cake that
subsequently may be transported and deposited on the MF membrane surface. Therefore,
additional research characterizing the DOM and nanoparticulates is needed. Cleaning agents
specific for phopholipids, proteins and carbohydrates should be further investigated. In
addition, modification of membrane polymers to reduce adsorption of biological detritus is
desirable. Implementation of improved methods of foulant removal and improvement of
hydraulic conductivity in MF membranes will reduce operating costs and prolong membrane

lifetime.

Benefits to California
With MF pretreatment becoming the mainstream RO pretreatment technologys, it is critical

that the MF fouling be effectively managed and controlled. Understanding the fundamental
principles of MF fouling during water reuse leads to more efficient MF operations, increases

the reliability of the process and reducing the cost of the product water.

XViil



ABSTRACT

In recent years, microfiltration (MF) has been shown to be less costly and more effective than
conventional lime clarification as a pre-treatment method for reverse osmosis (RO). Orange
County Water District (OCWD) plans to utilize an MF/RO process in a 70-mgd advanced
water reclamation facility. The feedwater for this large facility is municipal secondary treated
wastewater, which possesses significant nutrient loading, and high biological activity. These
factors contribute to rapid biofouling of the MF membranes with consequent loss of
performance. MF cake formation is associated with increased hydrodynamic resistance (i.e.,
flux loss) and necessitates frequent chemical cleaning of the MF membranes, thereby driving
up operational costs. Bacteria, nanoparticulates and dissolved organic matter (DOM) are the
major components of membrane fouling. The primary objective of this project was to
elucidate the fouling mechanism of MF membranes and to suggest mitigation strategies based
on this mechanism. Experimental MF cakes were formed under controlled laboratory
conditions using a 0.22-um polypropylene membrane material and secondary treated
wastewater. Two mechanisms of MF fouling were observed; the classical MF cake formation
by microparticulates and fouling by microbial cell residue (such as DOM proteins,
carbohydrates and phopholipids) and nanoparticulates. The cake layer (bacterial large
particulate layer) is responsible for a relatively small fraction of the observed loss of hydraulic
conductivity, and the cake is easily removed by backwashing (air sparging), which forces the
cake off the surface. On the other hand, microbial residues such as (DOM and
nanoparticulates with dimensions smaller than 0.2 um) are responsible for the majority of the
observed reduction of hydraulic conductivity and may be more difficult to remove. Adsorbed

material may foul MF membranes in the absence of applied transmembrane pressure.
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1 INTRODUCTION

In recent years, microfiltration (MF) has been shown to be less costly and more effective than
conventional lime clarification as a pre-treatment method for reverse osmosis (RO). Orange
County Water District (OCWD) plans to utilize an MF/RO process in a 70-mgd advanced
water reclamation facility. The feedwater for this large facility is secondary treated
wastewater, which possesses significant nutrient loading, and high biological activity. These
factors contribute to rapid biofouling (i.e., cake formation) of the MF membranes, with
consequent loss of performance. MF fouling is associated with increased hydrodynamic
resistance (i.e., flux loss) and necessitates frequent chemical cleaning of the MF membranes,
thereby increasing operational costs. Better understanding of MF fouling and dynamics are

needed to improve the efficiency of the MF/RO process at OCWD and other agencies.

2 BACKGROUND

MF is increasingly becoming popular as a pre-treatment process in conventional water and
wastewater treatment to meet the increasingly stringent water quality requirements proposed
by state and federal regulatory agencies. MF is widely used to remove colloidal particles and
microorganisms from d