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ABSTRACT
As the world’s population increases, the demand for water will increase accordingly. The
corresponding demand for water puts a strain on the available sources of water and the
technologies to reclaim water from non-potable sources. The use of membranes is
quickly emerging as the prominent treatment technique for water purification. While the
increase in use of membrane technology is providing the water that the world demands,
operational problems such as fouling are limiting the potential of these membrane
processes. Fouling due to biological growth, otherwise known as biofouling, is the
foremost form of fouling that affects current membrane treatment systems. The use of
covalently attached organo-selenium as a surface modification to reverse osmosis
membranes was studied as a potential biofouling inhibition agent. The efficacy of the
organo-selenium surface treatment was tested within a flow-cell system which exposed
the membrane samples to high nutrient medias at low-flow, simulating a worst-case
condition for biofouling to occur at the membrane surface. The surface treatment was
also tested within a bench-scale reverse osmosis system, where the membranes were
exposed to normal operating conditions for a reverse osmosis system. Within the lowflow system, the organo-selenium surface treatment was able to achieve a range of 2.01
to 3.98 logs of inhibition of total biomass. Within the RO system, the organo-selenium
surface treatment was able to achieve between 2.2 and 3.8 logs of total biomass
inhibition. However, when the polypropylene feed spacer also received the surface
treatment, total biomass inhibition was increased to 5.9 logs.
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CHAPTER 1
INTRODUCTION

The demand for advanced water and wastewater treatment processes and operations to
produce larger amounts of high quality finished effluent is currently as great as it has ever
been. These advanced technologies are routinely relied on to replace or retrofit older
systems, and to achieve higher and more efficient levels of treatment. The major methods
used within this set of experiments include: hollow fiber membrane bioreactors
(HFMBRs) and crossflow membrane filtration (via microfiltration and reverse osmosis).

The HFMBR system allows the transmission of oxygen molecules through a series of
hollow fiber membranes into solution while also providing a fixed surface for
microorganisms to attach and provide biological treatment. This type of HFMBR system
allows for greater microbial populations, resulting in increased organics removal, and
increased nutrient removal. In addition to the increased removal rates, the reactor can
maintain a steady effluent level of suspended solids/turbidity, reducing the strain on
downstream systems.

While HFMBRs and similar bioreactor systems focus on removing waste streams
containing high amounts of organic material and nutrients, membrane systems act as a
secondary/polishing process. Membrane systems act to clarify the water, removing
various types of contaminants, ranging from suspended solids in microfiltration to
monovalent ions in reverse osmosis.
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Membrane filtration is an extremely effective and reliable way to remove contaminants
from a waste stream; however, membranes used for filtration are prone to fouling.
Potential foulants have a wide range of physical and chemical properties that make them
unique, and each type of foulant has a unique form of treatment for prevention and
control.

Fouling is still a major operational issue for modern membrane treatment

processes. Biofouling, the unwanted deposition of biological material on the membrane
surface, is the most problematic form of fouling affecting the industry today. Biofouling
is problematic due to cell attachment and extracellular polysaccharide (EPS) attachment.
The attached cells and EPS are extremely difficult to completely remove, and sensitive
membrane materials make in-situ cleaning and membrane remediation hard to achieve.

The first objective of this research was to investigate whether a HFMBR system was
capable of reducing levels of organics and nutrients in a space-based source separated
waste stream, and, when paired with a hollow-fiber microfiltration module, if the
biological material can be contained within the reactor without passing downstream to
sensitive equipment. This research is discussed and reported in Chapter II. The second
objective of this research was to evaluate the efficacy of an organo-selenium surfacetreatment on reverse osmosis membranes to prevent or inhibit the formation of biofilms
at the membrane surface. This hypothesis was tested using two unique systems: the first
being a flow-through system operating at low flow, which specifically exposes the test
membrane to worst-case scenarios, and the second being a cross-flow filtration system
that mimics real-world operation parameters.
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This dissertation is designed to be a compilation of three papers, where the first paper
dealing with HFMBRs is not intended to directly flow into the latter two papers.
However, long-term studies using the organo-selenium surface treatment studied in the
latter two papers could be performed on the microfiltration membrane module used
within the first paper to test whether incorporating the surface treatment will prolong the
service life of the HFMBR/MF system.

3
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CHAPTER 2
BIOLOGICAL AND PHYSICAL POLISHING OF A SPACE BASED
WASTE STREAM
2.1

Introduction

Water is the one of the most critical life support elements for long term life support
sustainability, representing 65% of the daily mass input for crew members even under the
most stringent water use approaches. A reliable water source is therefore a critical item
for long term space habitation. Past and current experiences demonstrate resupply is not
always a reliable or efficient means of providing water. Effective water recycling systems
can have a cascade effect on mission “utility” by establishing a vital technology for
subsequent missions while concurrently increasing logistical space available for other
mission objectives. Water recovery systems currently under development for space
missions (such as distillation) are intensive users of resources and consumables for posttreatment based on adsorption and chemical oxidation of contaminants. Alternative, low
input systems could maximize the logistical savings provided by water recycling.

The TTU proposed strategy for a more sustainable approach to water recycling relies on
the integration of biological systems for regenerative oxidation of wastewater
contaminants with distillation (the current favored primary water treatment process) in
order to increase reliability, decrease energy and consumable costs, and increase
independence from resupply. Microbiological reactors are innately more regenerative
than physiochemical systems; adsorbents or catalysts with limited life spans are replaced
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by living cells that “recycle” the energy harnessed from oxidative reactions to carry out
the reductive processes necessary for cell maintenance and growth. The TTU approach is
presented in Figure 1, which consists of three components: 1) a hollow-fiber membrane
aerated biological reactor (HFMBR) pre-processor to treat urine and hygiene water, 2) a
distillation unit to treat the HFMBR pre-processor effluent, 3) a HFMBR post-processor
to directly treat humidity condensate and solar/direct distillate, and microfiltration unit
for final polishing and backup treatment by membrane filtration (Figure 1). The subject
of this paper will cover the third component of the proposed system.

Figure 2.1. Proposed Integrated Treatment System

Biological preprocessing of urine and hygiene waste streams is designed to oxidize
organics to CO2 and NH4 to NOx or N2, reducing operational problems caused by
surfactants and largely eliminating carryover of volatiles (NH3 and organics) across the
distillation unit. The distillation unit will remove non-volatile dissolved solids (e.g. salts)
from the waste stream. The biological post-processor will treat the atmospheric humidity
condensate stream, a separate waste stream that does not have to be distilled producing
significant energy savings, as well as the distillate, removing any residual VOCs and
5
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converting NH4 to N2 gas. Both pre- and post-processing bioreactors use designs
employing biofilms linked to hollow fiber membranes for aeration due to the advantages
of these systems; such as increased efficiency, precise O2 flux control, reduced volatile
stripping and foaming and ability to manipulate aerobic (nitrification) and anaerobic
(denitrification) processes.

Water reuse represents a necessary step for long-term human space exploration. Previous
missions (ISS) relied primarily on water supplied from cargo and produced from vehicle
fuel cells. Closing the water loop via recycling of urine, hygiene water and humidity
condensate to potable water emphasizes the need to produce high quality water from
recently “unattractive” sources. Recycling of wastewater is also inherently more robust,
while water resupply or in situ utilization can always be used as a backup. While
research has been conducted on a variety of physiocochemical and biological processes
for water recovery, distillation technologies have emerged as the focus of current
development. Substantial work has been conducted to develop distillation processors
capable of high recovery rates and the ability to operate in a micro-gravity environment.
The Water Recycling System scheduled for deployment on ISS utilizes Vapor
Compression Distillation (VCD) to recover water from urine. The WRS consumes
approximately 560 W-day of power and 8 kg of solids per every 100 kg of water
processed. Cascade distillation (CD) received increased emphasis in the space
community due to its capacity for higher water recovery rates and lower costs relative to
ISS baseline technology. The current CD demonstrated recovery rates above 95% for the
multistage rotary distiller. Water quality effluents are high quality with nearly 99.9%

6
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removal of measured anions and cations. However, considerable volatile organic
compounds still remain in the condensate stream, rendering the water nonpotable,
requiring postprocessing9. In addition, for any extended habitation, some form of hygiene
water (shower, laundry, dishes) would be required. This waste stream presents two
problems: it is at a minimum 2 times larger than the humidity condensate and urine
streams combined, and it will contain relatively high concentrations of surfactants. The
larger waste volume will theoretically require larger distillation units and dictate larger
catalytic oxidation and polishing reactors, increasing energy and consumables
requirements.The

proposed

addition

of

two

biological

reactors

to

the

all-

physiocochemical approach mitigates the current difficulties with distillation and adds
only insignificant weight and energy (pumping only) requirements. The inclusion of the
pre-distillation bioreactor based on extensive previous work with biological treatment of
these waste streams, could remove >90% of the organics including the surfactants,
stabilize the pH, and partly convert the NH4 to NO3, a more stable species for brine
treatment. The HFMBR post-processor will treat all of the humidity condensate, reducing
the required size of the distillation unit, and remove any carryover VOC or NH4 from the
distillation unit, while also reducing the required size of the catalytic oxidation reactor
and polishing units.

The humidity condensate waste stream is characterized by volatile organics (e.g.
alcohols, ketones, organic acids) and NH4+/NH3, which cannot be efficiently removed by
distillation process. Catalytic oxidation may destroy these compounds, but the processors
are inefficient at oxidizing some classes of volatile organics and do not remove

7
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NH4+/NH3. These compounds must be removed by additional treatment processes such as
adsorption or exchange systems that require consumables (replacement catalyst,
exchangers/sorbents) and significant power inputs. Ideally, a water processing system
would utilize self-regenerating catalytic processes and maximize in situ resources. As
such, we believe an HFMBR should treat the condensate stream and the effluent from the
solar/direct distillation system.
Previous work with membrane bioreactors by this group has shown that >90% oxidation
of dissolved organic carbon (DOC), 70% oxidation of organic N, and >50% TN
conversion to N2 gas is possible in a single reactor vessel (simultaneous nitrificationdenitrification (sNDn)) for ISS type waste streams. For treatment of the humidity
condensate and distillate effluent, the ratio of organic N to organic carbon is more
favorable, such that almost complete conversion of organic N to N2 gas is possible. sNDn
systems have been extensively used and studied both for terrestrial waste streams2 and for
some space-based waste streams.6

Previous resistance to using biological reactors especially as polishing reactors has
focused on the release of microorganisms to downstream systems as most traditional
bioreactor designs allow microbes to exit with processed water. This issue could be
significant if the HFMBR were directly downstream from polishing processors (e.g.
direct condensate treatment). The concern is pathogens and biofouling of the treatment
system. An established technique to control microorganism release in biological reactor
effluent is membrane filtration. Thus, the approach implemented includes, eliminating
any loss of microorganisms to downstream processes. In membrane filtration, biofilms
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grow on a support filtration membrane used to separate water and microbial biomass.
The membrane removes suspended solids such as microbial cells and SMP, whereas the
biofilm growing on the membrane provides additional water polishing. Direct biological
treatment of the atmospheric humidity condensate stream, which does not require
desalination, reduces a significant volumetric load on the distillation system. As VOCs
can be efficiently removed, the need for subsequent catalytic oxidation or other
exchange/sorbent technologies could be eliminated or substantially reduced. The
advantages of this HFMBR coupled with membrane filtration is that it will not require
consumables, will only exert minimal power requirements, and will not increase the
microbial load on the disinfection system due to the physical barrier (microfiltration unit)
between the microbes and processed water. Ideally, the service life of the microfiltration
membranes would be able to outlast the length of use during a mission/operation and
could be replaced after the mission should and problems occur (i.e. fouling).

Significant work has been performed to evaluate bench scale HFMBR’s at TTU. The
TTU team has operated various continuous flow bench-scale wastewater treatment
systems, with one system operated continuously for seven years. Six of the seven systems
have included membrane aeration. The team has performed aeration studies8, 10, modeled
membrane systems and conducted loading rate studies3. Additionally, the team has
experience with both design and operation of nitrification-denitrification and
nitrification-carbon oxidation systems6, 11. The team has experience with both ersatz and
real waste streams. Others, such as JSC, Kennedy, and JPL are evaluating solar and other
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distillation systems for the proposed Lunar Base, and distillation (CASCADE) is the
current primary treatment on ISS.

2.2

Materials and Methods

2.2.1

HFMBR

The post-processor HFMBR system consisted of one bench scale HFMBR, a feed pump,
and a recycle pump. The reactor had an approximate volume of 951 milliliters (mL) and
contains 48 hollow-fiber siloxane membranes, total surface area of 0.036 sq. meters (m2),
which correlates to an effective membrane area of 37.8 square meters per cubic meter of
water. A complete description of physical characteristics can be found in Table 1, and a
drawing of the reactor can be found in Figure 2. The system was operated at influent
flow rates ranging from 0.20 mL/min to 0.60 mL/min, and recycled at a flow rate of 60
mL/min. Flow rates for all four test points can be found in Table 2. The feed pump and
recycle pump were peristaltic pumps (Cole-Parmer Masterflex L/S), and were operated
using Masterflex L/S silicone tubing. The reactor was custom built at TTU with an
acrylic outer shell and PVC caps, with equal lengths of all-thread acting to compress the
reactor so it is leak-tight. The reactor contains two air plenum chambers, one on each end
of the reactor, to allow air/oxygen to be supplied to the membranes. Siloxane membranes
were chosen for their oxygen permeability. The plenums were made from rubber and
were sealed in place by a gasket.

10
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Table 2.1. Individual Reactor Dimensions and Properties
Properties
Total Volume

m3

9.70 x 10-4

Working Volume

m3

9.51 x 10-4

Number of Membranes

-

48

Membrane Surface Area

m2

0.036

Specific Surface Area

m2/m3

38.71

Cross Sectional Area

m2

0.01

The reactor was operated in four different configurations during the study period. During
the first test point, the reactor was operated at an influent flow rate of 0.20 mL/min,
during the second test point the influent flow rate was 0.40 mL/min, during the third
point the reactor operated at 0.60 mL/min, and the system is currently operating in the
fourth test point also at a flow of 0.60 mL/min. During the first three test points, the
reactor was operated using lab air as the oxygen source, and pure oxygen was used during
the 4th test point. influent feed solution was a mixture of an atmospheric humidity
condensate ersatz solution, and a modified Winogradsky’s medium.
The modified Winogradsky’s medium was based on a solution referenced in Atlas1.
Appendix Table 1. The Winogradsky’s medium was added in addition to the inorganic
and organic feed solutions of atmospheric humidity condensate (AHC) ersatz, which was
prepared in accordance with the recipe given by Verostko12. The full recipe can be found
in the appendix in Table 2 and 7. The reactors were fed once per day, and feed was
prepared as a 1,000 mL batch, with an additional 40 mL of Winogradsky’s medium. The
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reactor was fed with an flow of 475 mL/min during the first 3 test points, and an oxygen
supply of 100 mL/min during the last test point, as controlled by a mass flow controller.
Lab air was filtered via activated carbon and a glass fiber filter prior to supplying the
reactor.

Table 2.2. Post-Processor HFMBR Test Point Descriptions

Days

Feed Flow
Rate
(mL/min)

Recycle Flow
Rate
(mL/min)

Recycle
Ratio

Ret. Time
(days)

O2
Source

1

28

0.20

60

300

3.30

Lab Air

2

30

0.40

60

150

1.65

Lab Air

3

94

0.60

60

100

1.10

Lab Air

4

128

0.60

60

100

1.10

Oxygen

Test
Point

Water quality samples for the reactor were collected from the influent feed tank and the
gas-liquid separator at the outlet of the reactor. DO and pH measurements were taken
daily on the influent and effluent of the system. Also, the reactors were sampled a
minimum of three times a week to quantify DOC, TN, NOX, and NH4+ concentrations to
assess system performance.

2.2.2

Microfiltration

The filtration system consisted of the membrane module (Koch Membrane Systems
Romicon Hollow Fiber Cartridge), a peristaltic pump, and a valve system to regulate
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backpressure and permeate flow. The microfiltration module was a flow-through type
membrane that produces permeate due to the pressure gradient generated by the
concentrate outlet valve. The module has two permeate effluent ports, of which only one
was utilized for the current operating configuration. The feed-concentrate flow path was
operated at 100% recycle during experimentation so the maximum amount of water could
be recovered as permeate rather than wasted in the concentrate. The peristaltic pump
(Cole-Parmer Masterflex L/S) was operated at an influent flow rate of 480 mL/min. This
generally corresponded to a permeate flow rate in the range of 35-55 mL/min, but was
heavily dependent on the amount of back-pressure generated by the concentrate outlet
valve.

Figure 2.2. Reactor Diagram
Feed solutions for the microfiltration experiments were taken directly as the effluent from
the post-processor reactor. The tests were run until approximately 90% permeate
recovery was achieved, and then sampled. The permeate and feed water quality samples
13
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were collected and analyzed for the following parameters: DOC, TN, turbidity, TDS, and
total heterotrophic bacteria (HPC). Feed solutions for the microfiltration system were
collected as batches, and was not operated continuously as the HFMBR was.

2.2.3

Analytical Methods

The water samples collected throughout all test points for the system had to be analyzed
for a wide range of constituents and parameters. pH and DO data for the system was
collected using a HACH portable multimeter. TOC and TN samples were analyzed using
the Shimadzu TOC-V CSH TOC analyzer and the Shimadzu TNM-1 TN analyzer. The
system was calibrated using a five-point calibration that brackets the expected range of
values. System error was measured by way of 50 ppm standards and spiked samples.
NOX-N anion values were obtained using a Dionex Ion Chromatography (IC) system.
The IC system was calibrated based on a series of standards developed by the United
States Environmental Protection Agency (USEPA) in method 300.0, a six-point
calibration was utilized based on these standards. NH4+-N values were obtained through
the use of an Orion ammonia electrode and bench-top meter. The electrode was calibrated
using a four-point calibration which brackets the entire detection range capable of the
probe. Quality control checks were performed using a 100 ppm standard throughout
measurement to assure good data. Turbidity values gathered for the microfiltration tests
were taken using a HACH spectrophotometer. HPC values were obtained using HPC
plating and counting procedures from Standard Methods
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2.3

Results and Discussion

2.3.1

HFMBR

Figure 3 shows the water quality results for the HFMBR post-processor’s four test points.
The influent stream over the four test points had an average pH 6.3 ±0.26, average DOC
concentration of 172 ±28.5 mg/L, average TN concentrations of 41 ±7.5 mg/L, average
NOX-N concentrations of 0.7 ±1.2 mg/L, and average NH4+-N concentrations of 20 ±5.3
mg/L. The four test points are separated by hydraulic retention time and air/oxygen
supply as indicated in Table 2. DOC concentrations in the reactor were decreased to an
average level of 43 ±12.8 mg/L, corresponding to nearly 75% DOC removal. DOC
removal increased as the HRT decreased, but the trend is statistically insignificant in
relation percent removal. TN levels were reduced to an average level of 24 ±4.5 mg/L,
and did not show any trend corresponding to the change in HRT or gas source. TN
removal rates ranged between 30% and 50%, with most of the TN being converted to
NH4+-N. Net NOX-N production within the HFMBR was nearly zero for all test points,
with average effluent concentrations of less than 1 mg/L. This indicates the likelihood
that any NOX-N produced was most likely used by the denitrification process. Ammonia
concentrations (measured as NH4+-N) was reduced to an average concentration of 15
mg/L, corresponding to an average ammonia removal of 35%. Ammonium values for the
first test point are being excluded from discussion due to suspected failure of the
membrane used within the ammonium probe and faulty meter.
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Based on the water quality data, percent removals were calculated for DOC and TN
values for each individual test point. DOC removal rates generally increased as the HRT
decreased, ranging from 73% removal at an HRT of 3.30 to 76% for a HRT of 1.10.
However, the changes in the percent removals over the tests points is not statistically
significant due to the sequential operation and nature of the experiment.
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Figure 2.3. Water Quality Testing Results for HFMBR

TN removal rates generally decreased as the HRT increased, ranging from 43% for the
largest HRT to 28% for the lowest HRT. Past HFMBR studies on wastewater streams
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have yielded carbon removal rates as high as 90%7, indicating this waste stream may
have a nutrient limitation or another biological limitation such as bioavailability.
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Figure 2.4. Reaction Rates for HFMBR (DOC & TN)

With the water quality data from the experiments, areal and volumetric reaction rates
were calculated to for each individual test point. Reaction rates were calculated for DOC
and TN removal based on the average concentrations measured from water quality testing
during the test points. Areal reaction rates were calculated as a function of the influent
and effluent DOC/TN concentrations, the flow rate, and the total membrane surface area
within the HFMBR. Volumetric reaction rates were calculated in the same manner, using
the volume of the reactor in place of the membrane surface area. As a guideline, areal
reaction rates indicate the reactor’s capacity for DOC/TN removal as a function of the
membrane surface area, more specifically how much material is treated per unit area. In
the similar manner, volumetric rates provide a guideline in gauging the capcity of the
reactor to remove DOC/TN as a function of the reactor’s volume. In general, areal
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reaction rates for DOC and TN dropped as the HRT was increased. The same trend is
also true for volumetric reaction rates for both DOC and TN. Areal DOC reaction rates
decreased from 3.58 g/m2-d for an HRT of 1.10 to 0.86 g/m2-d for an HRT of 3.30. Areal
TN reaction rates decreased from 0.53 g/m2-d to 0.12 g/m2-d for the same range of
HRT’s. Volumetric DOC reaction rates decreased from 135.4 g/m3-d to 32.7 g/m3-d,
while volumetric TN reaction rates decreased from 20.0 g/m3-d to 4.5 g/m3-d for the high
and low range of HRT’s. While the DOC rates trend with the change in retention time,
the TN rates show no significant difference, indicating that the reactor is encountering a
limitation. Also, the reaction rates for oxygen are not on par with the reaction rates for air
at HRT 1.10. This could be due to oxygen not being a limiting factor for the reaction
rates, as well as there being a change in the biofilm between test points.
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80
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20

0
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Figure 2.5. Percent Constituent Removal for HFMBR Test Points

While this system achieves high carbon removal, the removal and conversion of nitrogen
within the system appears limited in comparison to earlier studies with HFMBR’s at
TTU. Conversion of nitrogen within the system varied between 27% and 46%, and does
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not statistically correspond to the variance in hydraulic retention time. This indicates that
the HFMBR is possibly encountering a macronutrient (nutrients that are required by
microorganisms in large amounts) limitation, which is a possible explanation as to why
the nitrogen removal is so low. A breakdown of macronutrients within the system can be
found in Table 5. Breakdown of the influent feed solution showed that there were little to
no amounts of important macronutrients being supplied. During testing, the humidity
condensate ersatz feed solution was supplemented with a modified version of
Winogradsky’s medium, to aid in the growth of the nitrifying bacteria population and to
increase the amount of macronutrients in the reactor. Micronutrients were not added as
part of this experiment, mainly in an attempt to isolate whether the lack of a
macronutrient caused the limitation. Over the duration of the study, the addition of the
Winogradsky’s showed an increase in the removal of nitrogen, but not to the desired level
of >50%. Attempts are currently being made to isolate individual macronutrients to aid in
the promotion of nitrification within the HFMBR. Nitrification was not detected for the
majority of samples (confirmed by lack of nitrite/nitrate production.). Further analysis of
the atmospheric humidity condensate stream makeup gives some insight into the
macronutrient limitation, done by breaking down the stream into individual components.
The theoretical TOC value is 224.9 mg/L, and the theoretical total nitrogen is 32.1 mg/L
(almost entirely supplied by ammonium bicarbonate). The theoretical C:N ratio for the
system, 7.01 parts carbon to 1 part nitrogen, suggests that the system can induce
oxidation of the carbon without encountering a nitrogen limitation, but that the reactor’s
ability to perform nitrification may be inhibited. Typical C:N values for wastewater and
space-based waste streams are in the range of 0.3 to 1.1.7 Other macronutrients were
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available in the feed at much lower concentrations, while some are not present in the raw
feed and are only supplied through the addition of the Winogradsky’s medium. In
addition to suspected issues with nutrient limitations, the biofilm thickness within the
reactors is succeptible to change over time, and adequate time to reach steady state may
not have been reached for the final test point.
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Table 2.3. Water Quality for HFMBR Test Points

HRT Air/O2 Days

Inf

DOC

TN

mg/L-C

mg/L-N

SD

Eff

SD

n

Inf SD Eff SD

n

1.1

O2

128

176 ±21

44

±15 37 36

±7

26

±5

41

1.1

Air

94

196 ±35

47

±16 52 47

±8

25

±8

44

1.65

Air

30

158 ±29

42

±13 29 39

±9

25

±4

30

3.3

Air

28

148 ±29

40

±7

±6

20

±1

12

13 35

Table 2.4. Water Quality for HFMBR Test Points

HRT Air/O2 Days Inf

SD

NOX-N

NH4+-N

mg/L-N

mg/L-N

Eff

SD

n

Inf SD Eff SD

n

1.1

O2

128

0.1 ±0.6 0.9 ±1.8 47 20

±2

14

±4

46

1.1

Air

94

0.6 ±0.9 0.9 ±1.2 56 21

±6

11

±6

56

1.65

Air

30

0.9 ±1.1 0.5 ±1.1 27 21

±8

21

±8

20

3.3

Air

28

1.4 ±2.3 0.6 ±1.5 16

-

-

-

-

-

While the raw water quality data did not indicate any significant trends corresponding
between percent removal and the hydraulic retention time, the reaction rates (areal and
volumetric) did correspond to the changes in retention time. For the highest retention
time, 3.30 days, the areal and volumetric reaction rates for carbon removal, nitrogen
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removal, and nitrification all increased with a corresponding decrease in retention time to
the lowest value, 1.10 days. Carbon removal rates at 3.30 days were 1.128 g/m2-d and
32.7 g/m3-d, and increased to 4.344 g/m2-d and 164.4 g/m3-d for a HRT of 1.10 days. The
system did not show an increase in DOC, TN, or Nitrification rates between the air and
oxygen test points. However, this may be due to the reactor not having enough time to
reach steady state at the time of writing.

Table 2.5. Macronutrient Concentrations in HFMBR Influent

2.3.2

Macronutrient

Conc. Supplied
by AHC Feed

Conc. Supplied
by Winogradsky's

Total
Conc.

-

mg/L

mg/L

mg/L

C

243.9

-

243.9

N

32.1

-

32.1

P

-

3.6

3.6

S

1.0

8.6

9.6

K

3.0

9.0

12.0

Mg

-

3.9

3.9

Na

0.2

-

0.2

Ca

0.2

-

0.2

Fe

-

5.9

5.9

Microfiltration

The primary goal of the microfiltration (MF) unit is to act as a biological barrier between
the HFMBR and the water supply system. The microfiltration unit is not capable of
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providing further biological treatment of the waste stream, but can provide excellent
physical treatment of the stream. The unit was effective at removing bacteria (HPC) from
the effluent stream, as well as reducing the turbidity and TDS of the effluent. The
HFMBR influent has a turbidity of 27 NTU, which was reduced to 15 NTU in the
effluent, which was further reduced to <1 NTU in the permeate from the MF unit. The
TDS of the influent stream on average was 216 ppm, reduced to 197 ppm in the effluent
stream, and further reduced to 154 ppm in the permeate stream from MF. Heterotrophic
plate counts yielded a 5-log reduction in the bacterial concentrations between the
HFMBR effluent and MF permeate and will constantly be able to achieve these numbers
as the bioburden increases with service life. HPC, turbidity, and TDS tests were limited
to the second test point, and were only performed on a limited number of samples due to
the large volumes needed for testing required by the MF unit.

Figure 2.6. Concentrate (L) and Permeate (R) from MF
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Figure 2.7. Water Quality Results for Microfiltration Unit

2.4

Conclusion

Overall the HFMBR and MF system worked well to achieve carbon reduction, but was
limited in nitrogen removal, and had to be supplemented with an additional medium to
supply macronutrients. Practically, the atmospheric humidity condensate waste stream is
not well-suited for treatment by itself, mainly due to the general lack of macronutrients
within the solution. Microfiltration experiments showed that membrane filtration is
capable of acting as a biological barrier, as well as providing a barrier for suspended
solids and removing some dissolved solids. When paired with a disinfection system, the
microfiltration permeate is well suited for recycling into a water system as a gray water
and could even be recycled as potable upon further disinfection/treatment.
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CHAPTER 3
ANALYSIS OF ORGANO-SELENIUM COATING IN FLOW-CELL
SYSTEM

3.1

Introduction

Biofouling, or fouling due to biofilm growth, has been widely acknowledged as a
significant operational difficulty to reverse osmosis membrane treatment systems
(Flemming, 2002; Vrouwenvelder et al., 2009). Biofilm formation on the surface of RO
membranes causes numerous operational impacts such as decreased permeate flux,
decreased salt rejection, increased concentration polarization at the membrane surface,
and higher operational costs to provide increased pressure and energy to the system (AlAhmad et al., 2000). Numerous water treatment technologies have been utilized for RO
fouling control, but are typically expensive and ineffective in the prevention of biofouling
of the RO system (Meyer, 2003). Modification of the RO membrane surface has been
proposed as an effective biofouling prevention alternative, acting as a passive technology
that does not require constant chemical addition during system operation.

Anti-biofouling strategies generally focus on two separate approaches: physical removal
of bacteria from the feedwater, and killing/inactivation of the bacteria (Horsch et al.,
2004; Vrouwenvelder et al., 2001). Typically, physical removal of foulants is done with
the use of pre-filters. Pre-filters are normally microfiltration/ultrafiltration scale units that
specifically target larger particles and bacteria. Inactivation of bacteria is typically
attempted through the use of strong biocides and chemicals. Biocides are typically
expensive and are not considered passive treatments, because they have to be constantly
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added to the system. Surface-treatments have been studied before, using compounds such
as tributyl tin and titanium dioxide. Previous experiments using titanium dioxide surface
treatments showed that a 2-log reduction of biofilms was possible (Kochkodan et al.,
2008) Each of these surface treatments were shown to be effective in their own
applications, but had damaging side effects making the application to a sensitive surface
like an RO membrane impractical (Flemming, 2002).

Previous studies have shown the ability of organo-selenium covalently attached to a
variety of surfaces to inhibit the formation of biofilms (Tran et al., 2009). Selenium
catalyzes superoxide production via redox reaction involving oxygen and thiol groups.
Superoxide (O2-) is a reactive species capable of compromising bacterial cellular
membranes through the production of hydroperoxyl radicals (HO2-), which can react with
unsaturated fatty acids (Fridovich, 1983). However, these radicals do not react with
polyamide RO membranes. The objective of this paper is to present the efficacy of
covalently attached selenium to inhibit biofilm formation on RO membrane surfaces as a
mechanism to reduce and possibly prevent RO biofouling. The experimental setup
utilizes a flow-through system to mock potential operating conditions. This study utilizes
both Gram positive and Gram negative bacteria species (S. aureus and E. coli,
respectively) throughout the study to encourage biofilm formation and growth on RO
membranes.
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3.2

Materials and Methods

3.2.1

Experimental Supplies
3.2.1a Chemicals

All chemicals used during the course of the experiments were reagent grade or higher
(Fisher Scientific, Sigma-Aldrich, Acros Organics, and Eburon Organics International).

3.2.1b RO Membranes
RO membranes were purchased from GE Osmonics (Minnetonka, MN). Polyamide
composite membranes (Type PA-AK) were used in all experiments. Membranes were
shipped as flat sheets and cut to size for the experiment.

3.2.1c Flow-Cell System
The flow-cells used in the experiments were custom-built at Texas Tech University
(Physics Department). The flow-through cell body was constructed from one inch (25.4
mm) thick industrial grade Lexan® polycarbonate, and the two seal plates to enclose the
flow-cell were made from clear, quarter-inch (6.35 mm) thick standard grade Lexan®
polycarbonate. The flow-cells were sealed watertight through the use of silicone gaskets,
and ten machine screws connected the two seal-plates. The flow-cells were connected to
the media feed tanks using silicone tubing (Cole-Parmer Masterflex L/S), and various
tubing sizes were used to accommodate the different sized connections throughout the
system. The system relied on a peristaltic pump (Cole Parmer Masterflex), with multichannel pump heads to supply the feed media; supplied by two 8L feed tanks. The
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effluent from each cell was collected in a 20L waste collection tank and disposed of after
a single pass through the system. A schematic of the flow cell system layout is displayed
in Figure 1.

3.2.1d Monomer Attachment
The surface treatment of selenium monomers consisted of the attachment of amine and
carboxyl groups from both selenocystamine and selenocyanatoacetic acid to the RO
membrane surface via peptide crosslinkers after surface activation. Surface activation
was accomplished by first exposing the RO membranes to ethylene oxide (EtO) gas. The
surface was then oxidized by submerging the RO membranes in a potassium
permanganate

(KMnO4)

solution.

dimethylaminopropyl]carbodiimide

Crosslinking
hydrochloride

agents:
(EDC-HCl),

1-Ethyl-3-[3and

N-

hydroxysulfosuccinimide (sulfo-NHS) were used to catalyze covalent bonds between the
surface and selenocystamine, and EDC-HCl was used to catalyze attachment between
selenocyanatoacetic acid and any remaining groups that were not linked with
selenocystamine in the first coating step. The RO membrane was soaked in the
crosslinker-selenocystamine solution for approximately 24 hours, then rinsed with a 1x
phosphate buffer solution (PBS) solution (pH 7.4), then soaked in the crosslinkerselenocyanatoacetic acid solution for approximately 24 hours and rinsed with a solution
of 150 mM glutathione in 1x HEPES buffer to finalize the coating process. The PBS and
HEPES rinses were performed to remove any unattached organo-selenium from the RO
membrane surface. The PBS solution was prepared by dissolving 8.0 g-L-1 of NaCl, 0.2
g-L-1 of KCl, 0.24 g-L-1 of KHPO4, and 1.44 g-L-1 of Na2HPO4 in nanopure water.
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3.3

Feed Media Preparation

3.3.1

Luria Bertani (LB) Broth

LB broth was selected for use as a control media for the biofilm experiments to represent
a nutrient rich environment that would guarantee biofilm formation. LB broth was
prepared using 10 g L-1 NaCl, 10 g-L-1 Tryptone, and 5 g-L-1 Yeast Extract and nanopure
water. The solution was then adjusted to pH 7.4 by adding 10N NaOH and supplemented
with 150 µM glutathione (GSH) and autoclaved prior to use in the flow-cell system. The
GSH was added in solution to reduce any oxidized selenium residues on the membrane
surface.

3.3.2

Synthetic Wastewater

Synthetic wastewater was used as the experimental media in this testing, and is based on
formulations NASA uses to represent wastewater on the International Space Station
(Verostko et al, 2009). This synthetic wastewater formulation was chosen to represent a
worst-case scenario for a RO membrane system, a highly concentrated low-nutrient
wastewater. This media is considered worst case because it represents a waste stream that
has not received any prior treatment to lower the concentration of nutrients within the
stream. The recipe consists of four separate solutions: an organic and inorganic urine
ersatz, and an inorganic and organic hygiene ersatz.
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The organic urine ersatz was made from five ingredients into a 10x concentrate, which
had a total ingredient concentration of 237 g-L-1. The organic urine ersatz was made
based on an abbreviated recipe, which contained five total ingredients. This ersatz is
composed of urea (19.7 g-L-1), taurine (1.1 g-L-1), creatinine (1.0 g-L-1), histidine (1.6 gL-1), and glycine (1.3 g-L-1).

The inorganic urine ersatz was made from seven ingredients into a 10x concentrate,
which had a total ingredient concentration of 110.7 g-L-1. This ersatz was composed of
sodium chloride (50.7 g-L-1), potassium chloride (19.3 g-L-1), potassium sulfate (13.5 gL-1), potassium phosphate monobasic (13.2 g-L-1), magnesium chloride hexahydrate (7.2
g-L-1), ammonium bicarbonate (2.2 g-L-1), and calcium chloride dihydrate (4.8 g-L-1).

The organic hygiene ersatz was made from fifteen ingredients into a 100x concentrate,
and had a total ingredient concentration of 58.0 g-L-1. The ersatz was comprised of:
Orajel® toothpaste (18.7 g-L-1), No Rinse® shampoo/body wash (15.1 g-L-1),
Neutrogena® shaving cream (7.5 g-L-1), acetic acid (2.9 g-L-1), ethanol (0.6 g-L-1),
ethylene glycol (0.2 g-L-1), formic acid (0.6 g-L-1), isobutyric acid (0.4 g-L-1), lactic acid
(2.9 g-L-1), methanol (0.4 g-L-1), 1,2-propanediol (0.2 g-L-1), 1-propanol (2.3 g-L-1),
propionic acid (1.9 g-L-1), urea (2.1 g-L-1), and caproic acid (2.3 g-L-1).

The inorganic hygiene ersatz was made from five ingredients into a 100x concentrate, at
a total ingredient concentration of 27.7 g-L-1. This ersatz solution was made from sodium
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chloride (19.1 g-L-1), ammonium bicarbonate (4.9 g-L-1), sodium sulfate (1.7 g-L-1),
potassium phosphate monohydrate tribasic (1.2 g-L-1), and potassium fluoride (0.8 g-L-1).

The final synthetic wastewater solution used for the flow-cell experiment was made from
13.7 mL-L-1 of each urine ersatz and 8.3 mL-L-1 of each hygiene ersatz. Once the final
ersatz solution was prepared, the mixture was supplemented with 150µM GSH and
autoclaved prior to use in the flow-cell system. Each ersatz solution and the final feed
solution were all prepared in sterile nanopure water.

3.4

Biofouling Experiments

3.4.1

Bacterial Species

Staphylococcus aureus strain AH133 and Escherichia coli strain MM294 were the
selected strains used in the biofouling experiments. These bacteria were selected to
determine how the organo-selenium coating affected model Gram negative and Gram
positive organisms. Also, S. aureus was selected because it is a strong biofilm former,
while E. coli was selected to represent an environmentally relevant microorganism. The
S. aureus strain AH133 contained a plasmid that carried a constitutively expressed green
fluorescence protein (GFP) (pCM11) and erythromycin resistant gene (Hammond et al.,
2011). The E. coli strain did not initially contain the GFP plasmid pMRP9-1 which also
carries the carbenicillin resistance gene (Hammond et al., 2011). The plasmid was
introduced into MM294 by a heat-shock transformation procedure. Frozen stock of the S.
aureus and E. coli strains containing the GFP and antibiotic resistance were stored at -
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80°C in LB broth with 20% glycerol. Cultures used in the experiments were grown from
the frozen stock in LB broth supplemented with antibiotic (erythromycin for S. aureus,
and carbenicillin for E. coli). The cultures were incubated in a shaking water bath at 37°C
and 200 rpm overnight prior to being used as inoculum for the flow-cell system.

3.4.2

Biofilm Development on Membrane Surface

RO membranes used in the flow-cell system were cut into 1 cm2 squares from a larger
flat sheet membrane. Each sample was cut from the same membrane to ensure that there
was no variance in the membrane samples due to different membrane lots. To sterilize the
RO membrane surface prior to bacteria exposure, both sides of the control and the
selenium coated RO membranes were exposed to ultraviolet (UV) light at a wavelength
of 254 nm for approximately 30 minutes. The flow-cells, all tubing, and the media tanks
were sterilized in an autoclave the same day as the experiment was initiated. Four
replicates of RO membranes (four control or four coated) were used in each cell, and four
cells were employed during each experiment. Two cells were attached to each of two
feed tanks:

one tank contained LB broth, and the other tank contained synthetic

wastewater. Each feed tank was dosed with the antibiotic corresponding to the type of
bacteria used. For S. aureus, the media tanks were dosed with 100 µL-L-1 of 1 mg-mL-1
erythromycin, and for E. coli the tanks were dosed with 150 µL-L-1 of 1 g-mL-1
carbenicillin, to maintain the plasmid in the bacteria. A peristaltic pump was used to feed
each flow-cell at an equal rate, set at 0.6 mL-min-1 (0.86 L-d-1) for all experiments. The
pump was calibrated prior to all experiments to ensure accurate flow, as output by the
pump’s digital display.
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The overnight culture of bacteria, either S. aureus or E. coli, was prepared the day prior
to the start of the experiment. To seed each system, one mL of the overnight culture was
injected upstream of each flow-cell. The optical density at wavelength 600 nm of the
overnight culture averaged 1.2 ± 0.3 over the course of the experiments. Once the system
was primed and injected with bacteria, the pump was turned on for approximately five
minutes to draw bacteria into the flow-cell. The pump was then shut off for
approximately one hour to allow for initial attachment of bacteria to the RO membrane
surface. Upon the end of the one hour initial attachment time period, the pump was
turned back on and the system was in continuous operation for the duration of the
experiment. For the experiments using PA composite membranes, the membranes were
exposed to continuous flow for approximately fourteen days. Media passing through the
flow-cell had an approximate retention time of six minutes before exiting to the effluent
tank. Feed tanks were changed every three or four days to ensure fresh feed to the flowcells, new media was prepared in the same manner as the original feed tanks, new feed
tanks were sterilized in the autoclave prior to use. After the continuous feed phase of the
experiment, the system was shut down and disassembled. The inlet and outlet tubing was
separated from each flow cell, and the samples were left inside the cell to ensure the least
amount of time exposed to air before being tested under the microscope. Once the
samples were ready for microscopy, the flow-cells were disassembled one at a time, and
the RO membranes were rinsed in a 1x PBS solution and then mounted on a culture plate
for analysis.
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The flow-cell system represents a worst-case scenario system for analyzing biofilm
formation on the RO membrane surface. This flow-cell setup was considered worst-case
because it is a low-flow, low-velocity system which encounters a high inoculation
population of microorganisms in a nutrient rich media. This experiment was designed to
specifically show the ability of the organo-selenium coating of an RO membrane to
inhibit the formation of total biomass and reduce average biofilm thicknesses from
biofouling.

3.4.3

Microscopy and Image Analysis

Each of the four RO membranes from each cell were separately analyzed by a confocal
laser scanning microscope (CLSM). RO membrane samples were analyzed with CLSM
within fifteen minutes of being removed from the flow-cell to ensure minimal cell loss
and maximum signal emission. CLSM images and data files, taken for each 2 µm of
biofilm depth, were acquired using an Olympus IX 71 upright microscope with a 20x
optical lens, and Fluoview software (Olympus America) at the Texas Tech University
Health Sciences Center (Lubbock, TX). Once each sample was analyzed with the CLSM,
the data files generated for each image by the Fluoview 300 software were analyzed and
expanded into individual data files generated for each z-slice of biofilm collected by
CLSM with the MetaMorph program (Molecular Devices). The data files generated in
MetaMorph were then analyzed using the COMSTAT module in MatLab. COMSTAT is
a computer module used as an add-on with MatLab, and is specifically designed to
quantify biofilm structures. The COMSTAT module produced values for total biomass
and average biofilm thickness based on the images generated with CLSM.
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3.5 Statistical Analysis

Statistical analysis was performed using a paired t-test. The t-test outputs a t-value and a
two-tailed P-value to represent the statistical significance of any differences between
two-data sets. The t-test was performed on corresponding membrane samples that
received exposure to both S. aureus and E. coli during the course of the experiments. The
P-value represents a probability of observing a difference larger than would be observed
if there were no difference between the two data sets. The P-values are computed as a
function of the t-statistic and the degrees of freedom in the data set comparison.

3.6 Results and Discussion

3.6.1 Inhibition of total S. aureus & E. coli biomass formation by organo-selenium
coating
3.6.1a Effect of organo-selenium coating in LB Broth
The organo-selenium surface coating of polyamide RO membranes RO membranes was
shown to inhibit the biofilm development of S. aureus AH1331/pCM11 and E. coli
MM294/pMRP9-1. Figure 4 shows the average reduction of total biomass between
control and coated RO membrane samples when exposed to LB broth. The average
concentration of total S. aureus AH1331/pCM11 biomass (µm3-µm-2) was reduced from
6.49 x 101 ± 3.40 x 101 µm3-µm-2 to 4.75 x 10-3 ± 6.57 x 10-3 µm3-µm-2 throughout the
fourteen day test period, a net difference of 4.3 logs. The average concentration of total
E. coli MM294/pMRP9-1 biomass was reduced from 1.62 x 101 ± 1.29 x 101 µm3-µm-2 to
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4.05 x 10-2 ± 3.47 x 10-2 µm3-µm-2 throughout the fourteen day test period, a net
reduction of 2.8 logs. Figure 2 represents CLSM images for S. aureus in LB broth, and
visually characterizes the reduction in biomass between uncoated and organo-selenium
coated membrane samples. Variations between bacterial biofilms of S. aureus and E. coli
control samples (P = 0.25 and t = 1.6) and selenium coated samples (P = 0.28 and t = 2.1)
were determined to not be statistically significant.

3.6.1b Effect of organo-selenium coating in synthetic wastewater
The effect of the organo-selenium coating of polyamide RO membrane on biomass
development when exposed to 14 days of flow in synthetic wastewater is shown in Figure
5. Average concentration of total S. aureus AH1331/pCM11 biomass was reduced from
2.36 x 10-1 ± 4.01 x 10-1 µm3-µm-2 on the control samples to 2.34 x 10-3 ± 4.68 x 10-3
µm3-µm-2 on the surface coated membrane samples, while total E. coli MM294/pMRP9-1
biomass was reduced from 2.28 x 101 ± 6.56 x 100 to 1.02 x 10-1 ± 1.18 x 10-1 µm3-µm-2
during the testing period. These values correspond to a reduction of 2.0 logs for S. aureus
and 2.6 logs for E. coli. Figure 3 represents CLSM images for E. coli in synthetic
wastewater, and visually characterizes the reduction in biomass between uncoated and
organo-selenium coated membrane samples. Variations in organo-selenium coated PA
membrane samples (P = 0.51 and t = 1.0) exposed to synthetic wastewater were not
statistically significant, however, the difference between control PA membrane samples
exposed to the synthetic wastewater showed a significant statistical variance (P = 0.02
and t = 6.9) between E. coli growth and S. aureus. The difference can be attributed to the
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higher growth that E. coli experienced in the synthetic wastewater when compared to S.
aureus as shown in Figure 5.

3.6.1c Summary of organo-selenium effect on total biomass formation
The organo-selenium coating has a definite impact on the formation of biofouling at the
surface of polyamide composite RO membranes. The surface treatment is effective in
inhibiting biomass formation of both Gram negative and Gram positive type bacteria.
Also, each bacteria strain grew well in each feed solution, and grew stronger in the
control media when compared to the experimental media. However E. coli outgrew S.
aureus in the experimental synthetic wastewater media by 2-logs, this is most likely due
to the presence of a particular trace mineral that this specific strain of wild-type E. coli
can easily utilize.

3.6.2 Reduction of average S. aureus and E. coli biofilm thickness by organo-selenium
surface treatment

3.6.2a Effect of organo-selenium coating in LB broth
Not only did the organo-selenium surface treatment of RO membranes show that
inhibition of total biomass formation was possible, but the average thickness of the
developing biofilm is reduced as well. Figure 6 shows the reduction of average biofilm
thickness (µm) for each strain of bacteria when formed on PA type RO membranes in 14
days of flow in LB broth. S. aureus biofilms were reduced from an average thickness
(µm) of 7.98 x 101 ± 2.66 x 101 µm to 9.77 x 10-3 ± 1.41 x 10-2 µm and E. coli biofilms
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were reduced from 3.51 x 101 ± 2.50 x 101 µm to 4.31 x 10-2 ± 3.55 x 10-2 µm. These
values correspond to 4.0 logs of reduction for S. aureus and 3.0 log reduction of E. coli
biofilm thickness, in LB broth. Variations between control uncoated PA membrane
samples (P = 0.10 and t = 2.4) and selenium coated PA membrane samples (P = 0.41 and
t = 1.3) exposed to LB broth were determined to not be statistically significant.

3.6.2b Effect of organo-selenium coating in synthetic wastewater
When the same test was performed using the experimental synthetic wastewater media
and PA type RO membranes, reduction in average biofilm thickness for both S. aureus
and E. coli was also observed. Average S. aureus biofilm thickness (µm) was reduced
from 6.04 x 10-1 ± 1.03 x 100 µm on control samples to 2.53 x 10-3 ± 5.07 x 10-3 µm on
coated samples. Average E. coli biofilm thickness (µm) was reduced from 3.23 x 101 ±
6.26 x 100 µm for control samples to 1.29 x 10-1 ± 1.54 x 10-1 µm for coated samples.
These data values correlate to a 2.6 log reduction for S. aureus and a 2.7 log reduction for
E. coli, represented in Figure 6. The larger biofilm thickness on control RO membrane
samples for E. coli parallels the larger total biomass value measured for the E. coli
control samples. Variations between selenium coated PA membrane samples (P = 0.51
and t = 1.0) exposed to synthetic wastewater, also showed no significant statistical
difference. However, uncoated PA membrane samples (P = 0.02 and t = 7.2) exposed to
synthetic wastewater showed a significant statistical difference. These follow the same
reasons that the total biomass measurements had statistical differences explained in the
prior section.
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3.6.2c Summary of organo-selenium effect on biofilm thickness
Overall, the reduction of average biofilm thickness formed by both S. aureus and E. coli
was shown to be considerable in two different media streams. The organo-selenium
coating was proven effective in a high nutrient waste stream (LB broth) and was also
proven effective in a real-world waste stream, represented by the synthetic wastewater. In
addition to being effective in two different waste streams, the organo-selenium coating
was effective when used on PA type RO membranes in the flow-cell system.

3.7

Concluding Remarks

As RO treatment becomes a more widely used technology, the importance of evaluating
and researching new and innovative technologies that aid in the inhibition of fouling
becomes more and more necessary. The utilization of an organo-selenium surface
treatment that generates superoxide radicals at the surface of an RO membrane was
shown to effectively inhibit the ability of both Gram positive S. aureus and Gram
negative E. coli to form large biofilms. Inhibition of total biomass and the reduction of
average biofilm thickness were proven on PA type RO membranes. A high level of
biofilm reduction in synthetic wastewater demonstrates that the use of organo-selenium
compounds as a surface treatment for RO membranes is a feasible biofouling control
technology. However, further testing needs to be performed on a larger scale to determine
how RO membrane performance is affected under typical RO operating conditions.
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Figure 3.1.

Schematic of Flow Cell System
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Figure 3.2.

Uncoated (L) & Coated (R) RO Membrane - 14 day exposure to LB Broth
and S. aureus

Figure 3.3.

Uncoated (L) & Coated (R) RO Membrane - 14 day exposure to synthetic
wastewater and E. coli
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Figure 4.

E. coli MM294

Total biomass concentration (µm3/µm2) formed on PA composite RO
membrane surface after 14 days of continuous flow in LB broth
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Figure 5.

E. coli MM294

Total biomass concentration (µm3/µm2) formed on PA composite RO
membrane surface after 14 days of continuous flow in synthetic
wastewater
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Figure 6.

E. coli MM294

Average biofilm thickness (µm) formed on PA composite RO membrane
surface after 14 days of continuous flow in LB broth
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Figure 7.

E. coli MM294

Average biofilm thickness (µm) formed on PA composite RO membrane
surface after 14 days of continuous flow in synthetic wastewater
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CHAPTER 4
ANALYSIS OF ORGANO-SELENIUM COATING IN RO SYSTEM

4.1

Introduction

As the world’s population increases, the demand for water will increase accordingly. The
corresponding demand for water puts a strain on the available sources of water and the
technologies to reclaim water from non-potable sources. One technology widely used to
treat low quality water for use in potable systems is reverse osmosis (RO). RO is
currently used in a variety of applications for water purification, but as with all
membrane treatment methods, it is prone to fouling. Fouling of RO systems typically
results in a decrease in the amount of water produced and decreases the reliability of the
RO process. This results in higher operating pressures and increased energy and cost
requirements [1].

In the end, the susceptibility of a membrane system to fouling is dependent on the
makeup of the raw water source [2]. Current research refers to four distinct forms of
fouling: scaling and mineral fouling due to inorganic materials building up on the
membrane surface, organic fouling due to materials such as proteins and humic
substances, particle fouling due to materials such as clay or colloidal particles, and
biofouling due to the growth of microorganisms and biofilms [3].

Biofouling, as defined previously, is caused by the formation of unwanted biofilms on
membrane surfaces, which will eventually occur due to the natural deposition of bacteria.
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Flemming et al. [4] showed that a RO membrane can be completely covered by a biofilm
in only three days. The initial primary adhesion of bacteria onto the membrane surface
has been shown to be a critical early step in the formation of biofilms [5]. As the biofilms
grow stronger in attachment and larger in size, the extracellular polymeric substances
(EPS) that the biofilms produce become the major source of attachment. Research has
shown that fouled RO membranes typically contain bacterial concentrations anywhere
from 103 [6] to 109 [7]. During normal operation biofouling parameters can be monitored
by testing adenosine-triphosphate (ATP) levels, as well as heterotrophic plate counts
(HPC) and total direct cell counts (TDC). These three parameters have been shown to
indicate fouling potential [8].

In the past, there have been numerous studies on the treatment and prevention of
biofouling. In the early stages of RO use, two major strategies were proposed to counter
biofouling: physical removal of bacteria from feedwater, and inactivation of bacteria
using UV/biocides [9]. Also, studies have shown that there will always be some degree of
bacterial transfer from the feedwater stream to the membrane surface during the service
life of a unit. Recent studies have researched the prevention of biofilm formation using
surface treatments. Materials such as tributyl tin, silver nanoparticles, and titanium
dioxide have all been investigated as potential surface treatments, and each have shown
some capability to inhibit biofilm formation [4, 10, 11]. However, these treatments are
expensive, can leach into the water supply (thus they have a limited service life), and are
toxic.
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Recent research has also established the use of covalently attached organo-selenium
compounds as a viable method to inhibit biofouling [12]. Selenium compounds can
successfully inhibit biofilm formation because of their ability to catalyze the formation of
superoxide radicals. The coatings are a permanent surface treatment because of the
catalytic nature of the reaction. However, the superoxide radical is not powerful enough
on its own to damage the RO membrane. So far, the most successful form of selenium
attachment to RO membranes has been with selenocystamine (SCA) molecules and
selenocyanatoacetic acid (SC-AA) molecules. The SCA has a natural tendency to
produce superoxide in the presence of excess thiols [13, 14]. The superoxide radicals are
produced by the catalytic reaction of the SCA and SC-AA attached to the membrane
surface with oxygen and thiol compounds in solution. The superoxide radicals can then
be taken up intracellular from the aqueous environment by the bacteria. Once the
superoxide radicals approach the negative charge of a bacterial cell membrane, the
superoxide (O2·-) anions are converted into neutral hydroperoxyl radicals (HO2·). The
hydroperoxyl radical can then pass into the cell membrane and react with unsaturated
fatty acids leading to a free radical chain reaction, resulting in cell death.

The objective of this paper is to evaluate the effectiveness of utilizing organo-selenium
coated RO membranes within a bench-scale cross-flow filtration system to inhibit the
development of bacterial biofilms. The bench-scale system represents the performance of
an RO membrane under normal operating conditions. The RO membrane and feed spacer
surface coating methods were tested for effectiveness against biofilm development for the
Gram positive Staphylococcus aureus and the Gram negative Escherichia coli.
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Additional impacts of the organo-selenium coating on the RO membrane were also
examined by evaluating permeate flux and salt rejection, as well as the potential leaching
of selenium from the membrane surface.

4.2

Materials and Methods

4.2.1

Experimental supplies

4.2.1a

Chemicals

All chemicals used during the course of the experiments were reagent grade or better
(Fisher Scientific, Sigma-Aldrich, Acros Organics, Difco, and Eburon Organics
International). All chemicals used in sterilization procedures were at least reagent grade,
with the exception of sodium hypochlorite, which was household grade (Clorox).

4.2.1b

RO Membranes and Spacers

All RO membranes and spacers that were used in all experiments were purchased from
GE Osmonics (Minnetonka, MN). Polyamide composite membranes (Type PA-AK) were
used in all experiments. The SEPA flow cell accommodated any 19 cm x 14 cm flat sheet
membrane. All RO membranes were shipped as individually packaged flat sheets.
Medium foulant feed spacers (47 mil thickness) and standard permeate carriers were used
in all experiments. The feed spacers and permeate carriers appeared to be made from
polypropylene, which could not be confirmed with the manufacturer.
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4.2.1c

RO System

The flow cell and cell body system were also supplied by GE Osmonics. The GE
SEPA™ CF II Med/High Foulant System is made up of a flow cell body (made from
grade 316 stainless steel), an anodized aluminum cell body holder, and a concentrate flow
control valve. The cell body contains the RO membrane, which is held in place by four
guideposts, and the cell body is sealed with two Viton rubber O-rings. One O-ring seals
the outer cell body from leaking out from the filtration area. The second O-ring seals the
filtration area of the membrane. The cell body and holder were pressurized through the
use of a hydraulic hand pump. The cell body was able to withstand hydraulic pressure up
to 1000 psig. Pressure in the cell from the hydraulics and backpressure within the flow
cell were both measured by analog pressure gauges. The cell body and flow cell system
was connected to a centrifugal pump (Wanner Engineering, Inc. Hydra-Cell) and a media
reservoir via ¼” (6.35 mm) tubing and piping. Permeate was collected through silicone
tubing that was approximately ⅛” (3.18 mm) in size. The centrifugal pump supplied
media to the flow cell at an approximate flow rate of 1.9 L-min-1. The media tank was
kept in a cooling reservoir, fed with cooling water via a peristaltic pump and 50 feet of
chilled copper pipe. The cooling reservoir was used to offset the temperature increase of
approximately 20°C caused by the constant operation of the pump during the
experimental runs. However, the cooling system was not able to hold the temperature of
the system constant, which impacts the permeate flux readings that were taken. To adjust
for the variation in temperature, the flux value was normalized to a temperature of 25°C
for all data using the following equations:
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(Eq. 1)
(Eq. 2)

The value of the K-constant used in the correction equations was set at 2700°K, and T1
was set at 298°K (25°C). The system was configured to run as full batch recycle, where
both permeate and concentrate streams were fed back into the feed reservoir. Operating in
the batch recycle configuration ensured 100% recycle of all material during the course of
the experiments. A schematic of the entire RO system is outlined in Figure 1.
4.2.1d

Instrumentation and Data Collection

Data for dissolved oxygen and conductivity were collected using a HACH HQ30d
multimeter. Temperature values were measured using a dual probe thermometer. One
probe measured the feed temperature and the other temperature probe measured the
cooling water temperature. Permeate flux measurements were collected by hand using a
10 mL graduated cylinder and a timer.

4.2.1e

Organo-Selenium Attachment

Selenium monomer attachment was performed by joining the amine group of
selenocystamine and the carboxyl group of selenocyanatoacetic acid to a surface
activated RO membrane, via peptide crosslinkers. Surface activation was accomplished
by exposing the RO membranes to ethylene oxide (EtO) gas. The membrane surface was
then oxidized by immersing the RO membrane in a potassium permanganate (KMnO4)
solution

for

approximately

24

dimethylaminopropyl]carbodiimide

hours.

Crosslinking

hydrochloride
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hydroxysulfosuccinimide (sulfo-NHS) were used to catalyze covalent bonds between the
surface and selenocystamine; while only EDC-HCl was used to catalyze attachment
between selenocyanatoacetic acid and the remaining unlinked groups. The RO membrane
was submerged in the selenocystamine reaction solution for approximately 24 hours,
rinsed with a 1x phosphate buffer solution (PBS) solution (pH 7.4), and then soaked in
the selenocyanatoacetic acid reaction solution for approximately 24 hours. The
membrane was then rinsed with a 150 mM glutathione solution to finalize the coating
process. The PBS and HEPES solution rinses removed any unattached organo-selenium
from the RO membrane surface prior to storage/use. The PBS solution was prepared by
dissolving 8.0 g-L-1 of NaCl, 0.2 g-L-1 of KCl, 0.24 g-L-1 of KHPO4, and 1.44 g-L-1 of
Na2HPO4 in nanopure water. The same organo-selenium monomer attachment technique
was used when coating the medium foulant polypropylene feed spacers.

4.3

Feed Media Preparation

4.3.1 Synthetic Wastewater
Synthetic wastewater was used as the experimental media in this experiment and is based
on the formulation NASA uses to represent wastewater on the International Space Station
[15] in laboratory testing. The specific synthetic wastewater formulation was chosen to
represent a worst-case scenario for a RO membrane system, a nutrient-rich wastewater
with high concentrations of microorganisms. The synthetic wastewater media is
considered worst case because it represents a household waste stream that has not
received any prior treatment to lower the concentration of nutrients within the stream,
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which should encourage rapid biofilm growth. The final feed solution consists of four
individual ersatz solutions, that represent the inorganic and organic fractions of the
source separated synthetic wastewater waste stream. One stream represents urine, while
the other stream represents hygiene waste. These streams are split by inorganic and
organic fractions, and make up the four different solutions used to make the final feed.

The organic urine ersatz was made from five ingredients as a 10x concentrate, which had
a total ingredient concentration of 237 g-L-1. The organic urine ersatz was based on an
abbreviated recipe, which contained five total ingredients. The ersatz was composed of
urea (19.7 g-L-1), taurine (1.1 g-L-1), creatinine (1.0 g-L-1), histidine (1.6 g-L-1), and
glycine (1.3 g-L-1).

The inorganic urine ersatz was made from seven different ingredients as a 10x
concentrate, which had a total ingredient concentration of 110.7 g-L-1. The ersatz was
composed of sodium chloride (50.7 g-L-1), potassium chloride (19.3 g-L-1), potassium
sulfate (13.5 g-L-1), potassium phosphate monobasic (13.2 g-L-1), magnesium chloride
hexahydrate (7.2 g-L-1), ammonium bicarbonate (2.2 g-L-1), and calcium chloride
dihydrate (4.8 g-L-1).

The organic hygiene ersatz was made from fifteen ingredients as a 100x concentrate, and
had a total ingredient concentration of 58.0 g-L-1. The ersatz was comprised of: Orajel®
training toothpaste (18.7 g-L-1), No Rinse® body wash (15.1 g-L-1), Neutrogena®
shaving cream (7.5 g-L-1), acetic acid (2.9 g-L-1), ethanol (0.6 g-L-1), ethylene glycol (0.2
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g-L-1), formic acid (0.6 g-L-1), isobutyric acid (0.4 g-L-1), lactic acid (2.9 g-L-1), methanol
(0.4 g-L-1), 1,2-propanediol (0.2 g-L-1), 1-propanol (2.3 g-L-1), propionic acid (1.9 g-L-1),
urea (2.1 g-L-1), and caproic acid (2.3 g-L-1).

The inorganic hygiene ersatz was made from five ingredients as a 100x concentrate, at a
total ingredient concentration of 27.7 g-L-1. This ersatz solution consisted of sodium
chloride (19.1 g-L-1), ammonium bicarbonate (4.9 g-L-1), sodium sulfate (1.7 g-L-1),
potassium phosphate monohydrate tribasic (1.2 g-L-1), and potassium fluoride (0.8 g-L-1).

The final synthetic wastewater solution used for the flow-cell experiment was made from
13.7 mL-L-1 of each urine ersatz and 8.3 mL-L-1 of each hygiene ersatz. Once the final
ersatz solution was prepared, the mixture was supplemented with 150µM GSH and
autoclaved prior to use in the RO system. GSH was also added to this media to encourage
superoxide production at the RO membrane surface. Each ersatz solution and the final
feed solution were all prepared in sterile nanopure water. The initial pH of the synthetic
wastewater was measured as approximately 7.6, and the initial conductivity was
measured as approximately 3000 µS-cm-1. Analysis of the synthetic wastewater solution
using ion chromatography and inductively coupled plasma mass spectrometry yielded
that there is a large amount of iron (2100 mg-L-1) in solution, as well as trace
concentrations of nickel (28 mg-L-1), zinc (19 mg-L-1), molybdenum (3.6 mg-L-1), and
manganese (2.4 mg-L-1).
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4.4

Biofouling Experiments

4.4.1 Bacterial Species
For the bacterial experiments, Staphylococcus aureus strain AH1333 and Escherichia
coli strain MM294 were used to represent biofouling. These bacteria were selected to act
as models to represent Gram negative and Gram positive type organisms and to model
how the organo-selenium reaction affects these types of bacteria. The S. aureus strain
contained a plasmid that carried the constitutively expressed green fluorescence protein
(GFP) (plasmid pCM11) and an erythromycin resistant gene, and was selected because it
is a strong biofilm former. The E. coli strain MM294 was selected because it is an
environmentally relevant bacterium, and did not initially contain the GFP plasmid which
also carried antibiotic resistance [16]. However, these characteristics were transferred
into the strain via heat-shock transformation. The heat-shock transformation process
allowed the transferring of the GFP expression (plasmid pMRP9-1) and antibiotic
resistance to be introduced into the MM294 strain. Frozen stock of the experimental S.
aureus and E. coli strains, each containing the GFP and antibiotic resistance, were stored
at -80°C in LB broth with 20% glycerol. Cultures used in the experiments were grown
from these frozen stocks in LB broth, supplemented with antibiotic (erythromycin for S.
aureus and carbenicillin for E. coli). The cultures were incubated in a shaking water bath
at 37°C and 200 rpm overnight prior to use.

60

Texas Tech University, Anthony S Vercellino, May 2012

4.4.2

RO system sterilization

Prior to all experiments, the RO system was thoroughly sanitized. The sterilization
method (Low et al, 2010), relies on four different chemicals to sterilize the system. The
sterilization process follows: one two-hour cycle of 0.5% sodium hypochlorite (NaOCl),
two ten-minute flush cycles with nanopure water, one thirty-minute cycle of 5mM
ethylenediamintetraacetic acid (EDTA) (pH 11), two ten-minute flush cycles with
nanopure water, one thirty-minute cycle of sodium dodecyl sulfate (SDS) (pH 11), two
ten-minute flush cycles with nanopure water, one one-hour cycle of 90% ethanol, and
finalized with three ten-minute flush cycles with nanopure water. Using this extensive
method of sterilization ensures that any impurities are removed from the system prior to
inserting a RO membrane into the RO flow cell.

4.4.3 Biofilm Development on RO Membranes
RO membranes used in the RO flow cell system were removed from the individual
packaging immediately prior to use, to minimize handling. To sterilize the RO membrane
surface prior to bacteria exposure, both sides of control and selenium coated RO
membranes were exposed to ultraviolet (UV) light at a wavelength of 254 nm for
approximately 30 minutes. Once the membrane had been sterilized, the membrane was
placed into the RO flow cell, feed side down, enclosed within the cell, then pressurized.
Once the membrane was inserted and locked into the flow cell, the pump was turned on
and the membrane was compressed for approximately 24 hours at 300 psi. Once the 24
hour compression period was complete, the pressure was lowered to 180 psi, and the
system operated until the membrane maintained a constant flux over a one hour period.
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The 24 hour wash periods, in addition to preparing the membrane for testing, also acted
as another wash step to remove excess organo-selenium from the surface. Once this was
accomplished, the feed media was prepared and placed into the feed reservoir. The pump
was then turned on and the system was allowed to equalize with the synthetic wastewater
at 180 psi, typically taking approximately 24 hours. During the equalization step, the
synthetic wastewater stream formed a gel layer, which reduced the permeate flux of the
membrane. Allowing for concentration polarization of the RO membrane during this 24
hour period ensured that the effects on permeate flux from concentration polarization
have a minimal impact during the biofilm experiments.

The same day that the system was equalizing with synthetic wastewater, an overnight
culture of bacteria, either S. aureus or E. coli, was prepared. The feed reservoir was then
fed with 20 mL of pure overnight culture of bacteria (OD600 ≈ 1.2) and dosed with the
antibiotic required to keep the GFP plasmid in expression for the type of bacteria being
used. For S. aureus the media tanks were dosed with 100 µL-L-1 of 1 mg-mL-1
erythromycin, and for E. coli the tanks were dosed with 150 µL-L-1 of 1 g-mL-1
carbenicillin. These antibiotics did not harm the bacterial cells in any way. Once the
bacteria were added to the system, the pump was turned on and allowed to run for
approximately ten minutes and then shut down for approximately one hour. This
shutdown period allowed for the initial attachment of the target bacteria to the RO
membrane surface. Once the one-hour attachment period had passed, the system was
turned back on and the flow-cell pressure was set at 180 psi and allowed to run for
approximately 24 hours. Flux, conductivity, DO, and temperature measurements were
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collected during the course of all experiments. Flux measurements were based on flow
because the RO system was operated at constant pressure.

At the end of the 24 hour experimental run, the RO system was shut down. Upon
shutdown the pump was shut off, the concentrate flow control valve was fully opened,
and the hydraulic pressure was relieved. The flow-cell body was then taken out of the cell
holder and taken apart to obtain the RO membrane. The RO membrane was then removed
from the flow-cell and sterilely separated into four sections for microscopic analysis. The
membrane was separated because it was too large to analyze as a whole during
microscopic analysis. Each section of RO membrane was rinsed in a 1x PBS solution and
then mounted to a culture plate for analysis.

4.4.4 Microscopy and Image Analysis
Each section of the RO membrane was separately analyzed by a confocal laser scanning
microscope (CLSM). RO membrane samples were analyzed with CLSM within fifteen
minutes of being removed from the RO flow-cell body to ensure minimal cell loss and
maximum signal emission. CLSM images and data files, taken for each 2 µm of biofilm
depth, were acquired using an Olympus IX 71 upright microscope with a 20x optical lens,
and Fluoview software (Olympus America) at the Texas Tech University Health Sciences
Center. Once each sample was analyzed with the CLSM, the data files generated for each
image by the Fluoview 300 software were analyzed and expanded into individual data
files generated for each z-slice of biofilm collected by CLSM with the MetaMorph
program (Molecular Devices). The data files generated in MetaMorph were then analyzed
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using the COMSTAT module in MatLab. COMSTAT is a unique program that is
specifically designed to analyze and quantify biofilms from the files generated by CLSM.
The COMSTAT module generated values for total biomass and average biofilm thickness
produced by CLSM and MetaMorph.

4.5

Selenium Attachment/Leaching Analysis

Selenium exposure is considered safe for humans, and is actually required in small
concentrations. However, selenium is toxic at higher concentrations, so it is vital to
ensure that the selenium compounds attached to the membrane surface do not leach in
large quantities. The US EPA has a criterion of 170 ppb on selenium to protect people
who drink water containing selenium. Selenium concentration on the RO membrane
surface and in solution was determined at Texas Tech University (Civil & Environmental
Engineering Department) using inductively coupled plasma mass spectrometry (ICP-MS)
and using a third party (Trace Analysis, Inc.). Sample methodology was based on
standard methods (Method 3500-Se). Analysis of membrane samples suggests that the
bulk of the attached selenium leached from the membrane in the first 12 hours of being in
flow (20.49 ppb), this initial leaching would occur during the washing step of the
membrane and would not result in transference of the selenium to a distribution system.
The concentration of selenium leached over the next 7 days (21.09 ppb) was
approximately the same as the concentration lost in the first 12 hours. However, this test
was performed using unwashed membranes which may have contained excess selenium
from the surface treatment process; the values obtained from testing washed samples
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should yield values lower than the unwashed, which were far lower than the EPA
criterion maximum.

4.6

Statistical Analysis

Statistical analysis of each data set was performed using a paired t-test. The t-test analysis
outputs a t-value and a two-tailed P-value to represent the statistical significance of any
differences between data sets. The statistical analysis was performed on data sets that had
corresponding membrane samples which received exposure to both S. aureus and E. coli
during the course of the experiments. The P-value represents a probability of observing a
difference larger than would be observed if there was no difference between the two data
sets. The P-values are computed as a function of the t-statistic and the degrees of freedom
in the data set comparison.

4.7

Results and Discussion

4.7.1

Effect of organo-selenium coating on biofouling characteristics
4.7.1a Inhibition of total S. aureus and E. coli biomass formation

The surface treatment of RO membranes with organo-selenium compounds was shown to
be effective in the inhibition of total biomass for both S. aureus-pCM11 (S. aureus) and
E. coli-pMRP9-1 (E. coli). Figure 2 shows the total biomass concentration measured on
uncoated RO membranes, surface treated RO membranes, and (for S. aureus only) the
combination of a surface treated RO membrane and a surface treated feed spacer.
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For S. aureus the control membranes had an average total biomass concentration
(µm3/µm2) of 2.36 x 100 ± 4.33 x 100 (n=12), which was reduced to 1.86 x 10-2 ± 7.27 x
10-2 (n=16) for the surface treated RO membranes, and further reduced to 3.65 x 10 -6 ±
8.09 x 10-6 (n=8) for the surface coated RO membrane and surface coated feed spacer
combination; yielding a 2.2 log reduction between uncoated and surface coated RO
membranes, and reducing an additional 3.6-logs with the added surface treatment of the
feed spacer with organo-selenium for a net 5.9 log reduction.

For E. coli, the uncoated control samples averaged a total biomass concentration of 4.47
x 100 ± 6.57 x 100 (n=12), and averaged 1.61 x 10-3 ± 5.25 x 10-3 (n=15) for organoselenium surface treated RO membrane samples, corresponding to a net inhibition level
of 3.7 logs. Tests using E. coli did not include the organo-selenium surface treatment of
the feed spacer.

Overall, the total concentrations of biomass formed by both S. aureus and E. coli on the
uncoated control membranes were quite similar (t = 0.86, P = 0.41). Also, the total
concentrations of biomass formed by each bacterial strain measured on the surface coated
samples were not significantly different (t = 0.93, P = 0.38). Figures 3 and 4 display 2D
and 3D images of the biofilms measured from the experiments.

Research performed using a surface treatment of TiO2 [10] measured nearly 2-logs of
reduction in bacteria concentrations. Other research using silver nanoparticles [17, 18]
showed inhibition levels ranging between 0.3 and 2 logs, while research using the
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compound ‘Vanillin’ [19] measured inhibition up to approximately 1.8 logs. Studies
using the decoupler dinitrophenol to inhibit biofilms achieved 0.8 log inhibition [20].
Overall, these technologies prove effective in decreasing the impacts of biofouling, but
are all lower than the measured effect of an organo-selenium surface treatment. The
organo-selenium surface treatments measured 2.2 and 3.7 logs for coated membranes and
5.9 logs when including the organo-selenium coated feed spacer.

4.7.1b Reduction of average S. aureus and E. coli biofilm thickness
The surface treatment of RO membranes with organo-selenium not only showed its
ability to inhibit the total biomass formation at the membrane surface, but also showed
the corresponding ability to reduce the average thickness of the biofilm at the membrane
surface. Figure 5 shows the average biofilm thickness measured on uncoated RO
membranes, organo-selenium surface coated RO membranes, and organo-selenium
surface coated membranes and spacers.

For S. aureus biofilms, the average biofilm thickness (µm) was reduced from 8.68 x 100
± 1.35 x 101 (n=12) for uncoated membranes, to 2.26 x 10-2 ± 8.80 x 10-2 (n=16) for
surface coated membranes, and further reduced to 2.60 x 10-6 ± 7.37 x 10-6 (n=8) for the
coated membrane and coated feed spacer combination. This corresponds to a 2.8 log
reduction between uncoated and coated samples, and increases to a net 6.8 log reduction
when including a surface coated feed spacer.
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E. coli biofilms also had their average thickness reduced by the organo-selenium surface
treatment. Biofilms on the control samples had an average thickness of 1.02 x 10 1 ± 1.47
x 101 (n=12), while the average biofilm thickness on the surface treated samples averaged
3.27 x 10-3 ± 1.14 x 10-2 (n=15). This corresponds to a net 3.8 log reduction for E. coli.
Just as with total biomass concentration values, the data for average biofilm thickness on
uncoated samples (t = 0.27, P = 0.80) and surface coated samples (t = 0.87, P = 0.41)
were not significantly different between the two bacterial strains, S. aureus and E. coli.

4.7.2 Effect of organo-selenium coating on membrane performance

In addition to monitoring the characteristics of biofouling on the RO membrane, the
performance characteristics of the RO membrane also had to be monitored throughout
each experiment. During the course of each experiment and test point the permeate flux
and the salt rejection of each membrane was measured to assess how these physical
characteristics were being affected by the presence of an organo-selenium compound on
the surface of the RO membrane.

4.7.2a Flux Loss
Flux loss was the most critical measurement to monitor throughout the course of each
experiment. Since the system was operated at a constant pressure, the net change in
permeate flux was the major indicator of the occurrence of biofouling during each
experiment. For experiments using S. aureus, the control membranes had an initial
permeate flux of 7.9 ± 0.3 mL-min-1 (n=4) and was reduced to an average flux of 3.8 ±
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0.3 mL-min-1 (n=4) by the end of the test periods. This corresponds to an average
permeate flux loss of 52% ± 3%. For E. coli in a similar set of experiments, the initial
permeate flux averaged 7.5 ± 1.0 mL-min-1 (n=4), and was reduced to 3.2 ± 0.5 mL-min-1
(n=4) by the end of the test period. This corresponds to an average permeate flux loss of
57% ± 2%, which is presented in Figure 6.

The flux loss measured during the course of experiments where the organo-selenium
surface coating was applied to the RO membrane surface were of particular importance,
because this would show how the permeate flux was affected. Tests using S. aureus
started with an average permeate flux of 4.2 ± 1.1 mL-min-1 (n=4), and the flux was
reduced to 3.7 ± 0.8 mL-min-1 (n=4); while tests using E. coli started with an average
permeate flux of 3.7 ± 0.5 mL-min-1 (n=4), and ended with an average permeate flux of
3.1 ± 0.3 mL-min-1 (n=4). This corresponds to a 15% ± 5% flux loss for S. aureus and a
flux loss of 14% ± 4% for E. coli. In the test using S. aureus where the membrane and the
feed spacer both received the surface treatment, the initial flux averaged 4.8 ± 0.1 mLmin-1 (n=2) and the permeate flux upon completion of the test averaged 4.4 ± 0.3 mLmin-1 (n=2). These values correspond to an average permeate flux loss of 8% ± 3%, as
represented in Figure 7.

The surface treatment of the RO membrane surface with organo-selenium shows that the
net change in permeate flux loss from start to finish during the course of these
experiments could be improved. However, even though the surface treatment of the RO
membranes with organo-selenium showed the ability to reduce flux loss from 52%/57%
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in untreated membranes to 15%/14% in the surface treated membranes, the flux values at
the end of each set of uncoated and coated experiments were nearly the same. This is
because the surface treatment process results in a loss of flux prior to any water being
processed by the RO membrane. Initial flux values for the uncoated membranes averaged
7.7 ± 0.6 mL-min-1 (n = 8, t = 0.92, P = 0.43), while the initial flux values for the surface
treated membranes averaged 4.2 ± 0.6 mL-min-1 (n=10, t = 0.22, P = 0.84); yielding a net
permeate flux loss of 45% ± 4% due to the surface treatment of the RO membrane alone,
as represented in Figure 8. The nearly 75.4% flux recovery measured in these
experiments is on par with the flux recovery from chemical cleaning measured in (Lim et
al, 2003) of 76.8%, and is higher than the flux recovery from DI water backwashing of
24.7% and the flux recovery from the 10 minute sonication of the membrane of 60.8%.

4.7.2b Salt Rejection
Another major physical characteristic that needed to be monitored throughout the course
of each experiment was the change in salt rejection. Salt rejection measurements were
based on conductivity values, measured as µS-cm-1. Measurements during the control
experiments on uncoated membranes had average rejection values of 83% ± 2% for S.
aureus, dropping from 2955 ± 239 µS-cm-1 (n=4) in the feed stream to 496 ± 66 µS-cm-1
(n=4) in the permeate stream; and 87% ± 4% for E. coli, dropping from 2970 ± 180 µScm-1 (n=8) to 367 ± 115 µS-cm-1 (n=8). For the experiments where the surface treatment
was analyzed, the salt rejection averaged 82% ± 4% for S. aureus, being reduced from
2873 ± 176 µS-cm-1 to 507 ± 116 µS-cm-1; for E. coli the salt rejection averaged 87% ±
4%, dropping from 2878 ± 93 µS-cm-1 to 362 ± 121 µS-cm-1; and for the S. aureus
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combination test the salt rejection averaged 87% ± 4%, dropping from 2900 ± 170 µScm-1 to 364 ± 88 µS-cm-1. This data is represented graphically in Figures 9 and 10.
Overall, salt rejection only varied by a few percent between experiments using control
membranes and the experiments using surface treated membranes, and is not considered
to be statistically significant (t = 0.62, P = 0.55).

4.8

Concluding Remarks

As membrane treatment becomes a more commonly used technology for water
purification, the importance of researching and testing new and innovative technologies
that aid in the inhibition of fouling becomes more important. These experiments show
that utilizing an organo-selenium coating that catalyzes the formation of superoxide
radicals at the surface of an RO membrane can effectively inhibit the formation of both
Gram positive S. aureus and Gram negative E. coli biofilms. Inhibition of total biomass
ranged between two and three logs when using a synthetic wastewater. Inhibition
increased to five logs when including an organo-selenium coated feed spacer in addition
to the coated RO membrane. A high level of biofilm reduction in synthetic wastewater
demonstrates that the use of an organo-selenium coating is a feasible biofouling control
technology. However, even though the amount of flux loss from biofouling was reduced
by nearly 85% between uncoated and surface coated samples, the flux loss from the
surface treatment alone nearly negates the effect of the surface treatment. In spite of this,
further research that was performed during the course of these experiments has found a
way to integrate the organo-selenium compounds into a polymer, which can theoretically
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be incorporated into the membrane material, which in turn will prevent the flux loss from
the coating process, but still maintain all the gains against biofouling that the surface
treatment provided.
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Figure 4.1.

RO System Schematic
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Figure 4.2.

E. coli MM294

Total Biomass concentration (µm3/µm2) on PA RO membrane surface due to
biofouling, for three different test cases: (1) Uncoated Membrane, (2) OrganoSelenium Surface Coated Membrane, (3) Organo-Selenium Surface Coated
Membrane and Feed Spacer combination

* An organo-selenium coated feed spacer was only analyzed using S. aureus
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Figure 4.3.

CLSM images displaying biofilms (in green) after the completion of a 24
hour biofouling experiment using S. aureus. Pictures show (top to
bottom): Uncoated membrane, Organo-selenium coated membrane,
Organo-selenium coated membrane and spacer
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Figure 4.4.

CLSM images displaying biofilms (in green) after the completion of a 24
hour biofouling experiment using E. coli. Pictures show: Uncoated
membrane (Top), Organo-selenium coated membrane (Bottom).
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Figure 4.5.

E. coli MM294

Average Biofilm Thickness (µm) on PA RO membrane surface due to
biofouling, for three different test cases: (1) Uncoated Membrane, (2) OrganoSelenium Surface Coated Membrane, (3) Organo-Selenium Surface Coated
Membrane and Feed Spacer combination

* An organo-selenium coated feed spacer was only analyzed using S. aureus
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Figure 4.6.

E. coli MM294

Permeate flux (mL/min) average for uncoated PA RO membranes at initial stage
of the experiments (t = 0h), and at the completion stage of the experiments (t =
24h)
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Figure 4.7.

MM294

AH1333*

Permeate flux (mL/min) average for organo-selenium coated PA RO membranes
at the initial stage of the experiments (t = 0h), and at the completion stage of the
experiments (t = 24h)

* This data set represents the experiment where the polypropylene feed spacer
also received the organo-selenium surface treatment in addition to the PA RO
membrane.
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Figure 4.8.

Permeate flux (mL/min) average for uncoated and organo-selenium coated PA
RO membranes at the initial stage of the experiments (t = 0h).
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Figure 4.9.

E. coli MM294

Average salt rejection (µS/cm) for uncoated PA RO membranes for the 24
hour test period
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Figure 4.10.

MM294

AH1333*

Average salt rejection (µS/cm) for organo-selenium coated PA RO membranes
over the 24 hour test period

* This data set represents the experiment where the polypropylene feed spacer
also received the organo-selenium surface treatment in addition to the PA RO
membrane.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

The demand for advanced water and wastewater treatment processes to reliably provide
high quality water is at an all-time high. Technologies such as membrane bioreactors and
membrane filtration are two of these processes at the forefront of this movement for clean
water. While these operations and processes have been shown to work effectively, more
research is required to streamline and optimize the way they are designed and operated.

Chapter two demonstrated that a HFMBR is effective in reducing the concentrations of
carbon and nitrogen using biological treatment, even when faced with a nutrient limited
waste stream. However, this research was specifically geared towards evaluating a very
specific waste stream generated in space. The HFMBR setup was suitable for this set of
experiments, but further testing with a new, optimized bioreactor design over a longer
testing period with a more suitable wastewater feed would yield results more applicable
to common scenarios. The microfiltration module of this system was also shown to be
effective in reducing the passage of contaminants, but more extensive testing needs to
performed to evaluate membrane performance over a typical life-cycle.

Chapters three and four proposed a novel approach to lower the impact of biofouling on
reverse osmosis membranes. Organic selenium compounds were shown to be able to
attach to the surface of both cellulose acetate and polyamide composite type membranes.
Also, these selenium compounds possessed the means to catalytically produce superoxide
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radicals. The superoxide radicals act as the primary defense against cell and EPS
attachment by attacking the cell walls of microorganisms that approach the membrane
surface. However, while the organo-selenium compounds were proven to provide
significant levels of inhibition, the membrane flux was also reduced due to the surface
treatment of selenium. The experiments, including the surface treatment of the feed
spacer, yielded promising results, showing that the coating of the feed spacer (which has
no impact on the physical characteristics of the membrane) provides additional inhibition
of cell growth on the membrane surface. Future work involving oregano-selenium
compounds as a biofouling prevention agent should seek out a method where the
selenium compounds can be incorporated into the membrane material so as to not affect
the physical performance characteristics of the membrane during the membrane’s service
life.

The results gathered from the experiments in chapter three yielded that the surface
treatment of organo-selenium was effective in decreasing the ability of S. aureus and E.
coli to form stable biofilms over the course of two different time periods. Further
research using the same experimental setup featured in chapter three should focus on
using a variety of different microorganisms over different time periods. Also, the feed
media could be varied to observe whether the effect of the selenium compound varies.

The experiments featured in chapter four showed, that when exposed to normal operating
conditions for RO, the selenium surface treatment of the membrane maintained its ability
to reduce the formation levels of biomass at the membrane surface. Future research using
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the bench-scale RO system should aim to evaluate how a surface-treated membrane
performs over a longer period of time to show that the surface treatment will stay as
effective as it was shown to be during the initial time steps shown in this experiment.
Overall, the use of selenium compounds SCA and SC-AA as a surface treatment for RO
membranes to inhibit the formation of biomass at the membrane surface was proven to be
effective. If the selenium has the ability to be incorporated into the membrane material
without effecting the membrane physical characteristics, the results could be very
promising, while the prospects of this technology being scaled up to larger systems will
only increase.
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Table A2.1. Modified Winogradsky’s Feed Recipe

Modified Winogradsky's Feed

Conc (mg/L)

MW (g/mol)

Formula

Magnesium Sulfate

40.0

246.47

MgSO4·7H2O

Ferrous Sulfate

16.0

151.908

FeSO4

Dibasic Potassium Phosphate

20.0

174.2

K2HPO4

Table A2.2. Inorganic Atmospheric Humidity Condensate Feed Recipe

Inorganic AHC Feed

Conc (mg/L)

MW (g/mol)

Formula

Potassium Chloride

1.8

74.5

KCl

Potassium Fluoride

3.1

58.1

KFl

Sodium Sulfate

0.6

142.05

Na2SO4

125.0

79.06

NH4HCO3

0.8

147.03

CaCl2·2H2O

Ammonium Bicarbonate
Calcium Chloride Dihydride
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Table A2.3. Organic Atmospheric Humidity Condensate Makeup

Conc
(mg/L)

MW
(g/mol)

Formula

Acetic Acid

56.3

60.05

C2H4O2

Benzyl Alcohol

12.1

108.14

C7H8O

1-Butanol

1.8

74.12

C4H10O

2-Butoxyethoxyethanol

5.3

162.22

C8H18O3

2-butoxyethanol

1.1

118.17

C6H14O2

Caprolactam

38.9

113.16

C6H11NO

Diethylphthalate

1.4

222.23

C12H14O4

108.4

46.07

C2H6O

2-Ethoxyethanol

1.2

90.12

C4H10O2

Ethylene Glycol

11.7

62.07

C2H6O2

4-Ethyl morpholine

4.1

115.17

C6H13NO

Formaldehyde

10.9

30.03

CH2O

Formic Acid

18.6

46.03

CH2O2

Hexanoic Acid

1.2

116.16

C6H12O2

4-Hydroxy-4-methyl-2-pentanone

1.5

116.16

C6H12O2

Lactic Acid

11.2

90.08

C3H6O3

Methanol

7.1

32.04

CH4O

1-Methyl-2-pyrrolidinone

1

99.13

C5H9NO

N,N-Dimethylformamide

1.2

73.09

C3H7NO

1

144.21

C8H16O2

Phenol

0.5

94.11

C6H6O

1,2-Propanediol

80.6

76.09

C3H8O2

2-Propanol

56

60.1

C3H8O

Propionic Acid

5.9

74.08

C3H6O2

Tetrahydrothiophene-1,1-dioxide

3.3

120.17

C4H8O2S

Urea

9.2

60.1

CH4N2O

Organic AHC Feed

Ethanol

Octanoic Acid
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Table A3.1

Raw Data for Flow-Cell Experiments from COMSTAT (E. coli)

System

Bacteria

Media

Treated?

Total
biomass

Average
thickness

Flow Cell
Flow Cell
Flow Cell
Flow Cell

E. coli
E. coli
E. coli
E. coli

LB
LB
LB
LB

Yes
Yes
Yes
Yes
AVG
ST DEV

(µm3/µm2)
8.45E-02
3.52E-02
4.22E-02
0.00E+00
4.05E-02
3.47E-02

(µm)
8.69E-02
4.49E-02
4.05E-02
0.00E+00
4.31E-02
3.55E-02

Flow Cell
Flow Cell
Flow Cell
Flow Cell

E. coli
E. coli
E. coli
E. coli

LB
LB
LB
LB

No
No
No
No
AVG
ST DEV

1.49E+01
1.36E+01
3.38E+01
2.70E+00
1.62E+01
1.29E+01

4.11E+01
2.71E+01
6.59E+01
6.21E+00
3.51E+01
2.50E+01

Flow Cell
Flow Cell
Flow Cell
Flow Cell

E. coli
E. coli
E. coli
E. coli

WW
WW
WW
WW

Yes
Yes
Yes
Yes
AVG
ST DEV

4.87E-03
2.71E-01
9.39E-02
4.00E-02
1.02E-01
1.18E-01

7.11E-03
3.53E-01
1.01E-01
5.43E-02
1.29E-01
1.54E-01

Flow Cell
Flow Cell
Flow Cell
Flow Cell

E. coli
E. coli
E. coli
E. coli

WW
WW
WW
WW

No
No
No
No
AVG
ST DEV

2.38E+01
3.09E+01
1.51E+01
2.14E+01
2.28E+01
6.56E+00

3.39E+01
4.04E+01
2.67E+01
2.80E+01
3.23E+01
6.26E+00

91

Texas Tech University, Anthony S Vercellino, May 2012

Table A3.2

Raw Data for Flow-Cell Experiments from COMSTAT (S. aureus)

System

Bacteria

Media

Treated?

Total
biomass

Average
thickness

Flow Cell
Flow Cell
Flow Cell
Flow Cell

S. aureus
S. aureus
S. aureus
S. aureus

LB
LB
LB
LB

Yes
Yes
Yes
Yes
AVG
ST DEV

(µm3/µm2)
5.06E-03
0.00E+00
1.39E-02
0.00E+00
4.75E-03
6.57E-03

(µm)
9.21E-03
0.00E+00
2.99E-02
0.00E+00
9.77E-03
1.41E-02

Flow Cell
Flow Cell
Flow Cell
Flow Cell

S. aureus
S. aureus
S. aureus
S. aureus

LB
LB
LB
LB

No
No
No
No
AVG
ST DEV

8.11E+01
1.05E+02
3.94E+01
3.40E+01
6.49E+01
3.40E+01

9.40E+01
1.10E+02
5.80E+01
5.69E+01
7.98E+01
2.66E+01

Flow Cell
Flow Cell
Flow Cell
Flow Cell

S. aureus
S. aureus
S. aureus
S. aureus

WW
WW
WW
WW

Yes
Yes
Yes
Yes
AVG
ST DEV

9.37E-03
0.00E+00
0.00E+00
0.00E+00
2.34E-03
4.68E-03

1.01E-02
0.00E+00
0.00E+00
0.00E+00
2.53E-03
5.07E-03

Flow Cell
Flow Cell
Flow Cell
Flow Cell

S. aureus
S. aureus
S. aureus
S. aureus

WW
WW
WW
WW

No
No
No
No
AVG
ST DEV

2.36E-02
2.37E-02
8.38E-01
6.06E-02
2.36E-01
4.01E-01

4.07E-02
6.30E-02
2.15E+00
1.68E-01
6.04E-01
1.03E+00
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Table A4.1

Raw Data for RO Experiments from COMSTAT
(S. aureus, uncoated membrane)

System

Bacteria

Date

RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO

S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus

7/28/2011
7/28/2011
7/28/2011
7/28/2011
8/5/2011
8/5/2011
8/5/2011
8/31/2011
8/31/2011
9/9/2011
9/9/2011
9/9/2011

Total
biomass

Average
thickness

(µm3/µm2)
1.75E-03
8.17E-03
1.13E-02
1.05E-02
6.59E-03
6.85E-03
4.11E-01
3.83E+00
1.32E+00
2.47E+00
1.49E+01
5.30E+00
2.36E+00
4.33E+00
12

(µm)
8.33E-06
5.83E-05
1.44E-04
1.19E-04
4.79E-05
7.04E-04
1.44E+00
1.34E+01
4.02E+00
1.46E+01
3.34E+01
3.73E+01
8.68E+00
1.35E+01
12
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Table A4.2

Raw Data for RO Experiments from COMSTAT

(S. aureus, organo-selenium coated membrane)

System

Bacteria

Date

RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO

S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus

10/18/2011
10/18/2011
10/18/2011
10/18/2011
10/21/2011
10/21/2011
10/21/2011
10/21/2011
10/25/2011
10/25/2011
10/25/2011
10/25/2011
11/11/2011
11/11/2011
11/11/2011
11/11/2011

Total
biomass

Average
thickness

(µm3/µm2)
0.00E+00
0.00E+00
0.00E+00
0.00E+00
2.91E-01
7.08E-04
4.81E-04
4.19E-04
0.00E+00
3.62E-03
5.75E-04
0.00E+00
2.29E-04
0.00E+00
8.54E-05
0.00E+00
1.86E-02
7.27E-02
16

(µm)
0.00E+00
0.00E+00
0.00E+00
0.00E+00
3.52E-01
9.21E-04
5.81E-04
5.44E-04
0.00E+00
5.50E-03
7.40E-04
0.00E+00
2.88E-04
0.00E+00
1.10E-04
0.00E+00
2.26E-02
8.80E-02
16
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Table A4.3

Raw Data for RO Experiments from COMSTAT

(S. aureus, organo-selenium coated membrane and feed spacer)

System

Bacteria

Date

RO
RO
RO
RO
RO
RO
RO
RO

S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus

11/3/2011
11/3/2011
11/3/2011
11/3/2011
11/8/2011
11/8/2011
11/8/2011
11/8/2011

Total
biomass

Average
thickness

(µm3/µm2)
0.00E+00
2.29E-05
0.00E+00
6.25E-06
0.00E+00
0.00E+00
0.00E+00
0.00E+00
3.65E-06
8.09E-06
8

(µm)
0.00E+00
2.08E-05
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
2.60E-06
7.37E-06
8
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Table A4.4

Raw Data for RO Experiments from COMSTAT
(E. coli, uncoated membrane)

System

Bacteria

Date

RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO

E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli

9/20/2011
9/20/2011
9/20/2011
9/23/2011
9/23/2011
9/23/2011
9/27/2011
9/27/2011
9/27/2011
10/1/2011
10/1/2011
10/1/2011

E. coli, Control

Total
biomass

Average
thickness

(µm3/µm2)
1.83E-04
9.53E+00
1.01E+00
2.18E+01
3.63E+00
5.88E+00
7.02E-01
5.95E-03
8.47E-03
6.07E-01
6.01E-01
9.90E+00
4.47E+00
6.57E+00
12

(µm)
2.08E-06
1.77E+01
4.84E+00
4.87E+01
1.05E+01
9.54E+00
1.72E+00
4.64E-03
1.41E-02
1.49E+00
1.43E+00
2.66E+01
1.02E+01
1.47E+01
12
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Table A4.5

Raw Data for RO Experiments from COMSTAT

(E. coli, organo-selenium coated membrane)

System

Bacteria

Date

RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO
RO

E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli

10/4/2011
10/4/2011
10/4/2011
10/7/2011
10/7/2011
10/7/2011
10/7/2011
10/11/2011
10/11/2011
10/11/2011
10/11/2011
10/14/2011
10/14/2011
10/14/2011
10/14/2011

Total
biomass

Average
thickness

(µm3/µm2)
2.33E-04
0.00E+00
3.83E-04
1.09E-03
7.92E-04
9.88E-04
2.05E-02
8.33E-06
1.08E-04
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.61E-03
5.25E-03
15

(µm)
6.06E-04
0.00E+00
4.98E-04
1.42E-03
2.71E-05
1.76E-03
4.45E-02
2.08E-06
1.23E-04
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
3.27E-03
1.14E-02
15
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Table A4.6

Raw Data for RO Experiments – Flux Measurements, S. aureus
Top:
Middle:
Bottom:

Uncoated Membrane
Coated Membrane
Coated Membrane and Spacer

S. aureus
28-Jul
5-Aug
31-Aug
9-Sep
AVERAGE
ST DEV

Start
7.8
8.1
8.0
7.5
7.9
0.3

End
3.9
3.6
4.1
3.5
3.8
0.3

Flux Loss
50%
56%
49%
53%
52%
3%

S. aureus
18-Oct
21-Oct
25-Oct
11-Nov
AVERAGE
ST DEV

Start
0.7
1.8
2.8
11.6
4.2
1.1

End
0.6
1.5
2.2
10.5
3.7
0.8

Flux
Loss
14%
17%
21%
9%
15%
5%

S. aureus
3-Nov
8-Nov
AVERAGE
ST DEV

Start
4.7
4.9
4.8
0.1

End
4.2
4.6
4.4
0.3

Flux
Loss
11%
6%
8%
3%
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Table A4.7

Raw Data for RO Experiments – Flux Measurements, E. coli
Top:
Bottom:

Uncoated Membrane
Coated Membrane

E. coli
20-Sep
23-Sep
27-Sep
1-Oct
AVERAGE
ST DEV

Start
7.2
7.5
8.8
6.4
7.5
1.0

End
3.2
3.3
3.8
2.6
3.2
0.5

Flux Loss
56%
56%
57%
59%
57%
2%

E. coli
4-Oct
7-Oct
11-Oct
14-Oct
AVERAGE
ST DEV

Start
3.1
4.2
3.5
3.8
3.7
0.5

End
2.7
3.4
3.0
3.4
3.1
0.3

Flux Loss
13%
19%
14%
11%
14%
4%
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Table A4.8

Raw Data for RO Experiments – Conductivity Measurements, S. aureus
Top:

Uncoated Membrane

Middle:

Coated Membrane

Bottom:

Coated Membrane and Spacer

S. aureus
28-Jul
5-Aug
31-Aug
9-Sep
AVERAGE
ST DEV

Start
2670
2910
3250
2990
2955
239

End Rejection
420
84%
501
83%
481
85%
581
81%
496
83%
66
2%

S. aureus
18-Oct
21-Oct
25-Oct
11-Nov
AVERAGE
ST DEV

Start
2730
2820
3130
2810
2873
176

End Rejection
336
88%
590
79%
530
83%
570
80%
507
82%
116
4%

S. aureus
3-Nov
8-Nov
AVERAGE
ST DEV

Start
2780
3020
2900
170

End Rejection
426
85%
302
90%
364
87%
88
4%
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Table A4.9

Raw Data for RO Experiments – Conductivity Measurements, E. coli
Top:

Uncoated Membrane

Bottom:

Coated Membrane

E. coli
Start
End Rejection
20-Sep
2950
485
84%
23-Sep
2730
423
85%
27-Sep
3050
340
89%
1-Oct
3150
220
93%
AVERAGE 2970.0 367.0
87%
ST DEV
179.6 114.6
4%

E. coli
4-Oct
7-Oct
11-Oct
14-Oct
AVERAGE
ST DEV

Start
2900
2740
2930
2940
2878
93

101

End
510
402
308
229
362
121

Rejection
82%
85%
89%
92%
87%
4%

