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Abstract

Membrane fouling consists of the accumulation of solutes and/or particulate matter on the
membrane surface, resulting in decreased performance in terms of permeate water flux and/or
solute rejection. Given the rising number of nanofiltration (NF) and reverse osmosis (RO)
installations throughout North Carolina, studies on the fouling properties of local source waters
and corresponding cleaning strategies are needed. Accordingly, we have identified foulants and
optimum cleaning strategies for membranes collected from the Cape Fear Public Utility
Authority (CFPUA) NF plant, which treats water from the Castle Hayne and Peedee aquifers.
Castle Hayne foulants included dissolved organic matter and inorganic species, primarily
calcium, silica, aluminum, and iron. Peedee foulants contained low concentrations of organic
matter, and relatively high concentrations of calcium and silica. Alkaline cleaning solutions,
particularly basic solutions containing ethylenediaminetetraacetic acid (EDTA), were shown to
be more effective than acidic solutions at increasing water productivity in membrane samples
fouled at the CFPUA treatment plant. In addition, membranes obtained directly from the
manufacturer (not used in the CFPUA treatment plant) were fouled in the laboratory using waters
collected at the CFPUA NF plant. The fouling produced in the laboratory could not be reversed
using the cleaning solutions that successfully reversed fouling on membranes fouled at full-scale;
this indicates that for the waters tested in this study, fouling in the laboratory is not
representative of full-scale processes. Pretreatment of source waters was performed to simulate
sand filtration, microfiltration, and ultrafiltration; the various filtration treatments were found to
be ineffective at removing dissolved constituents that resulted in membrane fouling. Although
membrane fouling significantly increases power consumption by the pumps in the membrane
stages of the CFPUA treatment plant, increasing cleaning frequency above the current average of
two times per year would result in limited energy savings compared to chemical and labor costs.
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1. Introduction

Over half of North Carolina’s population relies on groundwater for their water supply (DWR,
2001), and in the Coastal Plain region, this figure is approximately 90% (NCDENR, 2010a).
Population growth and changes in land use have increased demand and extraction of water from
coastal aquifers, including the Lower Cape Fear, Upper Cape Fear, Black Creek, Peedee,
Beaufort, Castle Hayne, Yorktown, and Surficial aquifers (DWR, 1991; DWR, 2001; DWR,
2002). In turn, increased extraction has resulted in declining groundwater levels and salt
intrusion (DWR, 2008a; DWR 2008b; DWR 2009). To mitigate these problems, state regulators
have restricted groundwater withdrawals in certain areas, forcing some water utilities to use non-
ideal groundwaters that require more intensive treatment (DWR, 1991; DWR, 2001; DWR,
2002; DWR, 2008a).

Salt intrusion, or its predicted occurrence, is a main concern for drinking water production in the
Coastal Plain (DWR, 2008a; DWR, 2008b; DWR, 2009). Water has been deemed salty (i.e.,
>250 ppm) in over 30% of the area of at least six of the main aquifers (NCDENR, 2010b).
Additionally, new and upcoming drinking water quality regulations (USEPA, 1993; USEPA,
2001; USEPA, 2006) pose the challenge to utilities of ensuring the removal of a broad variety of
contaminants and the control of disinfection byproducts. With evolving regulations,
nanofiltration (NF) and reverse osmosis (RO) have become increasingly attractive treatment
options as they can remove a broad range of contaminants in one treatment step (Mulder, 1996).
By 2002, RO treatment of groundwater had already become a primary method for production of
potable water in Dare, Currituck, and Hyde Counties with installed capacity of nearly 11 MGD
(DWR, 2001; DWR, 2008a). Approximately ten RO and NF installations are currently being
used throughout the state (Malone, 2010), with more expected in the future.

The primary challenge in membrane filtration is the phenomenon of fouling which consists of
solute or particle deposition on the membrane surface or pores (Schafer et al., 2005; Al-Amoudi
et al., 2007). Fouling results in decreased membrane performance as quantified by water
productivity and salt rejection, and thus optimized membrane cleaning strategies are essential to
recover performance and maximize membrane life. Optimum cleaning strategies, however,
depend on the foulants present (Schafer et al., 2005; Al-Amoudi et al., 2007), and unfortunately
there is limited information available on the foulants present and fouling properties of waters
from North Carolina. Accordingly, there is a need to identify the main foulants and optimum
membrane cleaning strategies for North Carolina waters.

For example, given that hardness, iron, and manganese are the main constituents of concern in
the waters of the Castle Hayne and Peedee aquifers that feed the 6-MGD NF plant of the Cape
Fear Pubic Utility Authority (CFPUA) in Wilmington, NC (Malone, 2010), acidic solutions were
expected to be optimum cleaning agents (Schafer et al., 2005; Al-Amoudi et al., 2007); however,
acid cleaning was ineffective. It was thus theorized that organics or their interactions with
inorganic species (Contreras et al., 2009; Law et al., 2007; Lee, et al. 2005; Kim et al. 2009) may
have caused the observed fouling, and thus alkaline cleaning was tested and found to recover
membrane performance (Malone, 2010). Nevertheless, the foulants responsible for performance
decrease were not identified, the pH of cleaning solutions had to be pushed to the limits of
membrane tolerance (Malone, 2010; Koch, 2010a and 2010b), and it was unknown whether
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using these cleaning solutions with pH conditions at the limits of membrane tolerance will result
in long-term membrane damage. In order to avoid early membrane replacement at the CFPUA
NF plant which serves 31,500 North Carolinians, there was a need to identify both the main
membrane foulants in the Castle Hayne and Peedee waters and the corresponding optimum
membrane cleaning strategies. Given the increasing number of NF/RO plants treating
groundwaters in the Coastal Plain (DWR, 2001; DWR, 2008a), future NF/RO facilities will
likely face similar problems as those observed by the CFPUA NF plant. The same problems are
perhaps also currently faced by other NF/RO plants. As a result, studying the membrane fouling
characteristics of the Castle Hayne and Peedee aquifers, and corresponding optimum membrane
cleaning strategies, was of regional importance.

Accordingly, our goal in this study was to identify membrane foulants and optimum cleaning
strategies for NF/RO membranes treating groundwaters from the Castle Hayne and Peedee
aquifers. We present analyses of source water quality and pretreatment strategies, as well as the
identification of membrane foulants and optimum cleaning strategies for utilities using NF/RO
membranes to treat waters from the Castle Hayne and Peedee aquifers. We also compare the
properties of foulant layers obtained in membranes fouled at the full-scale treatment plant and in
the laboratory. A technique previously used to characterize unfouled membranes, Rutherford
backscattering spectrometry (RBS), was introduced for fouled membrane characterization, and
X-ray photoelectron spectroscopy (XPS), previously used for characterization of unfouled
membranes and to a limited extent for characterization of foulant layers, was used extensively
for characterization of fouled membranes. A study of the long-term effects on membrane
performance of membrane cleaning using solutions with pH values above the limits
recommended by manufacturers is also presented.



2. Methods

2.1. Treatment Plant Configuration

The top row of Figure 1 is a process flow diagram of the various treatment steps at the
nanofiltration plant operated by the Cape Fear Public Utility Authority (CFPUA) at Wilmington,
NC, which serves approximately 31,500 customers. The treatment plant has separate treatment
trains for the Castle Hayne and Peedee aquifers. Water is pumped from each aquifer to the
treatment plant, where sulfuric acid and a proprietary antiscalant are added to prevent the
formation of inorganic precipitates. This conditioned, unfiltered water passes through 5 um
prefilters to remove suspended particulate matter that can result in rapid fouling of nanofiltration
membranes. Following prefiltration, feed water is pumped at high pressures through two stages
of nanofiltration elements arranged in series, with each stage containing six four-foot long
membrane elements in series. Overall water recovery from both stages of the treatment plant is
80%, while the other 20%, referred to as membrane concentrate, is discharged to waste. The
percent water recovery is thus calculated as

Permeate Flow Rate
1)

Recovery (%) = ood Flomrate < 100 .

The membranes in all nanofiltration stages are polyamide thin-film composite membranes. The
first stage of nanofiltration for the Castle Hayne water has ultra-low pressure membranes (TFC-
ULP, Koch Membrane Systems, Wilmington, MA) which have 98.5% chloride rejection (Koch,
2010b). The Castle Hayne second stage, Peedee first stage, and Peedee second stage have
softening membranes (TFC-S, Koch Membrane Systems) which have 85% chloride rejection
(Koch, 2010a).

2.2. Water Collection and Prefiltration

A process flow diagram of the treatment plant and sample collection locations is shown in
Figure 1. Water pumped directly from the aquifers before any treatment will be referred to as
‘plant intake’. Water collected after the water conditioning step at the treatment plant (i.e., pH
adjustment and antiscalant addition) will be referred to as ‘unfiltered” water. The ‘Sum
permeate’, ‘Peedee concentrate’ and ‘Castle Hayne concentrate’ labels describe the location
where corresponding water samples were collected at the plant. Peedee concentrate and Castle
Hayne concentrate were sampled from the first stage and second stage, respectively, of the
nanofiltration stages. Unfiltered water samples were also filtered in the laboratory through 1.2
um, 0.1 um, or 100 kDa filters, and corresponding permeate samples were labeled accordingly
(see Figure 1). The filter ratings used represent conventional sand filtration (1.2 um),
microfiltration (0.1 pm), and ultrafiltration (100 kDa) pretreatment steps (Kumar et al., 2006).
The 1.2 um, 0.1 um, or 100 kDa filtered samples were referred to as ‘prefiltered’” waters because,
if applied in the treatment plant, these prefiltration treatments would occur before nanofiltration.



Water samples were collected on August 18 and September 21 of 2011. All nanofiltration
concentrate samples were collected in September and additional nanofiltration feed and permeate
samples were collected on February 10, 2012. Samples were collected in 5-gallon polyethylene
collapsible containers and immediately transferred from the treatment plant to the University of
North Carolina at Chapel Hill, an approximately four hour drive. At the university, samples were
immediately stored at 4°C until used. Collapsible containers were used to eliminate head space in
the container to minimize iron precipitation during transport and storage.

Castle Hayne or pH adjustment _| Spumcartridge N Stage 1 o Stage 2 |
Peedee aquifers “lanti-scalant added - filter "1 nanofiltration "1 nanofiltration
Peedee Castle Hayne
concentrate concentrate

Lab

1.2 pm 0.1 um 100 kDa
permeate permeate permeate

Figure 1. Process flow diagram of water treatment at the Cape Fear Public Utility Authority (CFPUA)
Groundwater Nanofiltration Treatment Plant (Wilmington, NC) and locations of the collection of water
samples . In the first two rows, white boxes depict treatment processes at the plant, and blue boxes depict
sampling locations. Unfiltered samples collected after water conditioning were filtered at the laboratory
using membranes with nominal pore sizes of 1.2 um, 0.1 um, or 100 kDa. The Peedee water treatment train
uses TFC-S membranes (Koch Membrane Systems, Wilmington, MA) in both nanofiltration stages. The
Castle Hayne water treatment train uses TFC-ULP membranes (Koch Membrane Systems) and TFC-S
membranes in the first stage and second stage, respectively, of nanofiltration.

2.3.  Water Quality Analyses

Water quality analyses were divided into three groups: (1) conventional water quality
parameters, (2) dissolved inorganic species, and (3) organic parameters. Membrane filters that
minimized protein binding that would bias the measurement of organic parameters were selected
for laboratory use. Table 1 lists materials and methods used to measure water quality parameters
and simulate prefiltration processes. The rejection of each water quality parameter by
prefiltration was calculated as

Permeate Value

. . 0 p— J—
Rejection (/0) - (1 Feed Value

) x 100 . (2)



Table 1. Materials and methods for measuring water quality parameters and performing laboratory filtration

tests.

Water Quality Parameter

Instrument/Method

Conventional Parameters

Turbidity

Portable tubidimeter - Hach 2100P (Loveland, CO)

Silt density index (SDI)

Standard methods (ASTM, 2002)

Total suspended solids (TSS)

Standard methods (AWWA, 2006)

Hardness

Total hardness test kit - Hach (Loveland, CO)

Alkalinity Standard methods (AWWA, 2006)
Conductivit Benchtop conductivity meter - Mettler Toledo (Columbus, OH)

y Accumet Excel XL60 conductivity meter — Fisher Scientific (Pittsburgh, PA)
pH Accumet AB15 pH meter - Fisher Scientific (Pittsburgh, PA)

Particle size distribution

Zetasizer Nano ZS90 - Malvern Instruments (Worcestershire, United Kingdom)

Dissolved Inorganics

Dissolved ions

Al, Ca, Fe, Mn, Mg, Si, Na: ICP-MS - Agilent Technologies (Santa Clara, CA)
Chloride: lon selective electrode - Accumet/Fisher (Pittsburgh, PA)
Sulfate: Standard Methods (AWWA, 2006)

Organic Parameters

Dissolved organic carbon (DOC)

Total organic carbon analyzer - Shimadzu TOC-V SPH (Columbia, MD)

Ultraviolet absorbance (UVA)

Diode array spectrophotometer - Hewlett Packard (Palo Alto, CA)

Excitation-emission
matrices (EEMSs)

Fluorog-321 spectrofluorometer with xenon arc lamp, synapse CCD detector
- HORIBA Jobin Yvon (Edison, NJ)

Laboratory Pretreatment

Conventional sand filtration

1.2 um cellulose acetate filter - General Electric (Tervose, PA)

Microfiltration

0.1 um polyvinylidene fluoride (PVDF) filter - Millipore (Billerica, MA)

Ultrafiltration

100 kDa regenerated cellulose filter - Millipore (Billerica, MA)

Organic parameters were used to calculate a series of indicator parameters descriptive of the type
of organics present in the water samples analyzed, including specific ultraviolet absorbance
(SUVA), slope ratio (Sr), fluorescence index (FI), and intensity of specific fluorescence peaks.
SUVA is calculated as UVA divided by DOC and serves as an indicator of the aromaticity of
organics. Slope ratio (Sr) is used as an indicator of molecular weight (Helms et al., 2008), and is
calculated by dividing the slope of the UV absorbance in the 275-295 nm wavelength range by
the corresponding slope in the 350-400 nm range. Fluorescence index and intensity of
fluorescent peaks are calculated based on EEMs data. Fluorescence index (Fl) is a proxy for
organic matter source and is calculated as the ratio of 470 nm emission intensity over 520 nm
emission intensity at an excitation wavelength of 370 nm. The fluorescent signature of organic
matter can be separated into a number of components, as shown in Figure 2. Components one,
two, and three are associated with organic matter from plants and soil, bio-available and
nitrogen-containing organic matter, and microbially-derived materials, respectively.
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Figure 2. Fluorescence excitation-emission matrices (EEMs) showing the main components in the fluorescent

signature of organic matter. Color represents fluorescence intensity in Raman units with blue and red

denoting the least and most intense, respectively. Component 1 (C1) is associated with higher plants and soil

precursor material, Component 2 (C2) with bio-available organic matter and organic nitrogen, and

Component 3 (C3) with microbially-derived material. (Image courtesy of Dr. Rose Cory.)
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2.4. Collection of Membrane Elements and Preparation of Cleaning
Solutions

For each the Castle Hayne and Peedee treatment trains, the lead element from the first stage and
tail element from the second stage were collected as shown in Figure 3. Metal oxide and
colloidal fouling typically appear in the first element, while mineral scaling and polymerized
silica are most severe in the last element; organic fouling is common in all stages (Nitto Denko,
2011). Figure 4 presents photographs illustrative of open pressure vessels showing membrane
elements before collection.

Membrane cleaning tests in the laboratory were performed with the following four standard
cleaning solutions (Nitto Denko, 2011):

2% citric acid, pH = 2.5 (acidic, gentle)

2% STPP with 0.8% EDTA (STPP+EDTA), pH = 10 (basic, gentle)
0.5% HCI, pH = 2.5 (acidic, harsh)

0.1% NaOH with 0.03% SDS (NaOH+SDS), pH = 11.5 (basic, harsh)

In addition, membranes were also cleaned with sodium hydroxide (NaOH) at pH 11, as well as
with Lavasol 7 and OptiClean F which are proprietary alkaline cleaning solutions generously
provided by PWT chemicals (Vista, CA). We used these two proprietary cleaning solutions
because the treatment plant previously used Lavasol 7 before switching to OptiClean F. The
primary components of Lavasol 7 are potassium hydroxide (KOH) and EDTA, while OptiClean
F contains sodium metasilicate (Russell, 2012; Furukawa, 2012). Both Lavasol 7 and OptiClean
F contain unknown builders (i.e., chemicals that soften water via complexation or precipitation
and which are often detergents such as STPP).  The results obtained with Lavasol 7 and
OptiClean F allowed us to compare the cleaning agents used by the treatment plant to four
potential standard alternatives (citric acid, STPP+EDTA, HCI, and NaOH+SDS). In general,
acidic cleaners are used for carbonate scales, metal oxides/hydroxides, and inorganic colloids



while basic cleaners are used for mixed inorganic/organic colloids, polymerized silica, biological
matter, an natural organic matter (Nitto Denko, 2011).

First Stage Second Stage
[ A | [ : \
Influent Concentrate
— i i i i i > i i i i i >

[ Elements Sampled ———

Figure 3. Schematic of membrane sampling locations in each the Castle Hayne and Peedee treatment trains.

Figure 4. Membrane elements collected from the Castle Hayne (left) and Peedee (right) treatment trains.

2.5. Characterization of Membranes and Foulant Layers

SEM/EDX Analyses: Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) analyses were performed using a Helios Nanolab 600 dual beam system
(FELI, Hillsboro, OR) equipped with an INCA X-ray microanalysis system (OXFORD
Instruments, United Kingdom) having a Si(Li) INCA PentaFET-x3 detector. An accelerating
voltage and current of 20 kV and 0.34 nA, respectively, were used. All samples were coated
with 2 nm of Au/Pd to prevent charging. In a small number of samples, current was adjusted to
maximize signal, but all currents were within one order of magnitude of 0.34 nA.

FTIR Analyses: Each attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) spectrum reported here was obtained as the average of five replicate spectra, with



each spectrum being collected as the average of 24 scans in the 375-4000 cm™ wavenumber
range at 1.5 cm™ resolution. Membrane samples were first dried in air at 35°C, and then in
vacuum for 24 hours before performing ATR—FTIR analyses using a Bruker Scientific Alpha
FT-IR Spectrometer (Ettlingen, Germany) equipped with OPUS 5.0 software.

RBS Analyses: Rutherford backscattering spectrometry (RBS) analyses were conducted at the
Triangle Universities Nuclear Laboratory (TUNL). Samples were irradiated to a fluence of 5 x
10" ions/cm? using a 2 MeV “He" ion beam, a sample—detector distance of 75 mm, and incident,
exit, and scattering angles of 22.5°, 42.5°, and 160 °, respectively. The experimental setup was
described in greater detail by Attayek et al. (2012).

XPS Analyses: We used X-ray photoelectron spectroscopy (XPS) to quantify membrane surface
elemental compositions. Prior to XPS analyses, samples were vacuum-dried for ~24 h. XPS data
was taken on a Kratos Axis Ultra DLD system with a monochromatic Al Ko X-ray source
operated at 150 W. High resolution scans were obtained at a pass energy of 20 eV, and the area
of analysis was 300 um x 700 um. Scans were collected for carbon (C1s), oxygen (O1s),
nitrogen (N1s), iron (Fe2p), calcium (Ca2p), silicon (Si2p), sulfur (§2p), aluminum (Al2p),
magnesium (Mg1s), manganese (Mn2p), chlorine (CI2p), and sodium (Nals). XPS results
describe the near-surface region (top <10 nm) of the polyamide active layer for unfouled
membranes, and the near-surface region of fouling layers for fouled membranes.

2.6. Membrane Cleaning and Performance Testing in Dead-end
Configuration

Membrane cleaning was performed with cleaning solutions heated (see Section 2.4) to a
temperature of 38°C in an incubator. Full-scale fouled and laboratory cross-flow fouled samples
were submerged in the heated cleaning solution and soaked for one hour. Following cleaning,
samples were rinsed thoroughly with ultrapure water (>18 MQ-cm) water. The performance of
fouled membranes in terms of water permeability and salt rejection was tested before and after
cleaning. A subset of membrane samples was soaked in cleaning solution at room temperature
for one hour and gently scrubbed with a soft sponge to maximize physical foulant removal prior
to surface characterization.

Water permeability and salt rejection were tested using a 300 mL stirred dead-end filtration cell
(Sterlitech HP4750, Kent, WA). The cell was filled with an electrolyte solution containing

100 mg/L NacCl, and conductivity of the permeate and feed solutions was measured. Sodium
chloride concentrations were linearly correlated with conductivity measurements over the range
of concentrations tested (data not shown), which allowed for the calculation of chloride rejection
from conductivity measurements as given by

Chloride Rejection = 1 — [Clpermeate 1 _ Comductivitypermeate (3)
[CFeed Conductivitypeeq




Water permeability and salt rejection tests were performed at 95 psi with samples collected over
an integrated period of 10 minutes for a minimum of 30 minutes (i.e. 0-10, 10-20, and 20-30
minutes). The first two measurements (0-10 and 10-20 minutes) were used to verify stable
performance, while the final sample (20-30 minutes) was used to calculate water permeability
and chloride rejection.

Membrane water flow rate (m® s™*) was calculated as the ratio between the permeate water
volume collected and the time (10 min) during which that volume was collected. The permeate
water volume collected was determined using the measured weight of the collected sample and
the density of water (1 g/cm®). The water flow rate was then divided by the area of the membrane
sample tested (14.6 cm?) to obtain membrane water flux, J (m*m-s7%). The water flux, J,
through a membrane is given by

J = A(AP — Am) 4)

where AP is the applied transmembrane pressure, Az is the transmembrane osmotic pressure, and
A is the specific permeability, also referred to as the water permeability coefficient.

2.7.  Membrane Cleaning and Performance Testing Using in Cross-Flow
Configuration

2.7.1. Cross-Flow System

A schematic of the bench-scale, cross-flow membrane filtration system used for laboratory tests
is shown in Figure 5. Feed water temperature and pH were controlled via a recirculating chiller
(Neslab Thermoflex 900, Thermo Fisher, Newington, NH) and pH controller (Alpha 190, Eutech
Instruments, Vernon Hills, IL), respectively. Feed water was pumped into two cross-flow SEPA
membrane cells (Osmonics, Minnetonka, MN) connected in parallel which allowed for
simultaneous testing of two membrane samples. Water was pumped using a plunger pump
(Model 231, Cat Pumps, Minneapolis, MN) driven by a 1/2 HP variable speed DC motor
(Dayton Electric Manufacturing Co., Niles, IL). Both the permeate and concentrate from the
system were recycled back to the feed reservoir. This allowed for continuous operation of the
membrane system under controlled conditions.
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Figure 5. Schematic of bench-scale cross-flow membrane filtration system. Two membrane cells were
operated in parallel, with the second cell not shown.

2.7.2. Cross-Flow Fouling Experiments

Lab-scale fouling experiments were conducted with the cross-flow system depicted in Figure 5
using Castle Hayne concentrate collected from the CFPUA treatment plant. To simulate average
conditions in the treatment plant, feed pH and temperature were maintained at 6.5+0.2 and
13.0+0.5°C, respectively. A feed pressure of 120 psi and cross-flow velocity of 0.15 m/s were
used. Fouling runs for any given membrane sample tested lasted for a minimum of 24
continuous days.

2.7.3. Cross-Flow Cleaning Experiments

In addition to the cleaning tests in dead-end configuration, cleaning experiments were also
performed in the cross-flow system to emulate full-scale turbulence during chemical cleaning.
The cross-flow cleaning tests were performed with full-scale plant-fouled membranes collected
from the CFPUA treatment plant as well as with one membrane fouled in the laboratory using
the cross-flow system (Section 2.7.2). The cross-flow fouled membrane was cleaned with
STPP+EDTA, while all four plant-fouled membranes were cleaned using both STPP+EDTA and
citric acid.

Chemical cleaning solutions were heated to 32°C and then circulated through the membrane cells
for one hour at a cross-flow velocity of 0.15 m/s and pressure of 25 PSI. Membranes were then
soaked in the cleaning solution for 1 hour by filling the pipes, closing the valves and turning off
the pump. Then, a one-hour rinse with deionized water at 25 PSI with a cross-flow velocity of
0.15 m/s was performed. These conditions replicated those in the CFPUA treatment plant during
chemical cleaning (Malone, 2012).
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2.7.4. Cross-Flow Membrane Performance Measurements

Membrane performance was tested in the cross-flow system depicted in Figure 5 via water
permeability and chloride rejection measurements in a similar manner as described in Section
2.6. Water permeability and chloride rejection were evaluated before and after membrane fouling
and/or cleaning until readings stabilized.

2.8. Other Data Sources

The CFPUA treatment plant has a supervisory control and data acquisition (SCADA) system that
logs operational information. Hourly readings of key parameters from the year preceding
membrane element collection were provided by CFPUA personnel for the membrane skids from
which elements were sampled. Parameters included feed flow rate, feed pressure, permeate flow
rate, concentrate flow rate, temperature, feed pH, feed conductivity, and permeate conductivity.

The SCADA system collected data whether or not the system was operational. Analysis was
restricted to periods where each skid was in use by considering only data points with feed
pressures of 80 PSI or greater. Noise reduction was achieved for each time point by taking a
moving average of ten data points, including the nine points preceding the time point of interest.

Reference performance values for water permeability and salt rejection of unfouled TFC-S
membranes was not obtained in the laboratory because at the time of this study the manufacturer
(Koch Membrane Systems) had already discontinued production of these membranes. Similarly,
for the TFC-ULP membranes, the manufacturer informed us in personal communication that the
formula for the TFC-ULP membrane had been altered compared to the formula used at the time
of production of the membranes that were installed in the CFPUA treatment plant. We, however,
tested the new TFC-ULP in the laboratory and obtained a water permeability value 11.6% lower
than the range of permeability indicated in the specifications (Koch, 2010b) provided to the
CFPUA treatment plant for the TFC-ULP membranes installed at the plant. The chloride
rejection of the new TFC-ULP tested in the laboratory was 92.9%, compared to 98.5% reported
in the specifications provided to the CFPUA treatment plant (Koch, 2010b).

Due to the inability to use the performance of new membranes tested in the laboratory as
reference values to evaluate the performance decrease of fouled membranes collected from the
treatment plant, or the extent of performance recovery of these membranes after being subjected
to cleaning procedures, we used as reference performance of unfouled membranes the water
permeability and salt rejection reported in the membrane specifications (Koch, 2010a and 2010b)
provided by the manufacturer to the CFPUA for the membrane elements installed in the
treatment plant. Chloride rejection was assumed to be independent of test conditions: 98.5% and
85% for TFC-ULP and TFC-S, respectively. The clean water permeability of TFC-ULP and
TFC-S membranes were calculated as 0.0118 m/d/psi and 0.0138 m/d/psi, respectively, taking
into account concentration polarization and the test conditions reported in the specification sheets
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(Koch, 2010b and 2010a). Chloride rejection and water permeability values of cleaned
membranes were compared to those of unfouled membranes to evaluate cleaning effectiveness.

Specifications from the manufacturer indicate that membrane water productivity may vary by as
much as -15%/+20 of the average productivity reported in the specifications, thus figures
showing normalized water permeability in this report indicate with dashed lines upper (+20%)
and lower (-15%) limits for the expected water permeability of unfouled membranes (Koch,
2010a and 2010b). The manufacturer obtained the -15%/+20% range of water permeability
variability for membrane elements with a total membrane area of 37.2 m®. As a result, the
variability in the water permeability of membrane samples of the sizes used in this project

(140 cm? and 14.6 cm? for dead-end and cross-flow samples, respectively) may be greater.
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3. Results

3.1. Source Water Quality and Prefiltration

Numerous water quality parameters were evaluated to identify potential membrane foulants. The
water quality parameters were divided in three groups: (1) conventional water quality
parameters, (2) dissolved inorganic species, and (3) organic parameters. Conventional
parameters consisted of turbidity, alkalinity, silt density index (SDI), hardness, conductivity,
total suspended solids (TSS), and pH. Dissolved inorganics measured include aluminum,
chloride, calcium, iron, magnesium, manganese, silicon, sodium, and sulfate. Organic parameters
consisted of dissolved organic carbon (DOC), UV absorbance at 254 nm (UVA), specific UV
absorbance (SUVA=UVA/DOC), excitation-emission matrices (EEMs), fluorescence index (FI),
slope ratio (Sr), and fluorescence ratios of peaks of particular interest in EEMs. Results of water
quality measurements for Castle Hayne and Peedee waters are shown in Table 2. Castle Hayne
and Peedee source waters were also filtered to represent cartridge filters used by CFPUA (5 pm),
conventional sand filtration (1.2 um), microfiltration (0.1 pm), and ultrafiltration (100 kDa)
pretreatment steps (Kumar et al., 2006). Percent reduction in parameters from Table 2 following
filtration are shown in Table 3.

3.1.1. Conventional Water Quality Parameters

Recommendations by the manufacturer (Koch Membrane Systems) of the membranes used in the
treatment plant state that turbidity of feed water should not exceed 1 NTU (Koch, 2010a and
2010b). Turbidity in water from the plant intake was 0.088 NTU in the Castle Hayne and 0.105
NTU in the Peedee aquifer at the time of collection (see Table 2). Turbidity measured in the
laboratory was much higher, likely due to precipitation of dissolved species during transport.
Since samples were filtered in the laboratory following transport, feed turbidity measurements
taken in the laboratory for unfiltered water were used to calculate turbidity rejection during
filtration tests (see Table 3). Even with the precipitation that occurred during transport and
storage, and the corresponding relatively high turbidity it produces, the 5 um cartridge filters
currently used for prefiltration were sufficient to reduce turbidity below 1 NTU.

Silt density index (SDI) in feed water should be less than or equal to 5 to prevent particulate
fouling, according to the membrane manufacturer (Koch, 2010a and 2010b). SDI was measured
at the treatment plant for plant intake with both Castle Hayne and Peedee waters, and was found
to be less than 2. Measurements obtained at the laboratory were higher than on site (see Table 2)
likely due to precipitation during transport, not to particulate matter in the source water.

Particle size distributions (see Appendix 3) were measured before and after filtration for both the
Castle Hayne and Peedee waters. Filtration with 1.2 pm filters resulted in minimal change in
average particle diameter, while 0.1 um filtration noticeably reduced particle size for both
waters. Ultrafiltration with 100 kDa filters reduced average particle diameter below the lower
detection limit (i.e., a few nanometers) of the instrument (Zetasizer Nano ZS90 - Malvern
Instruments).
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Minimal changes in hardness alkalinity, and conductivity following filtration were observed.
Changes in pH following filtration were likely due to equilibration of the water with the
atmosphere. Groundwaters, especially those whose pH has been adjusted by acid addition (i.e.,
Castle Hayne water), are typically saturated with carbonic acid, which volatilizes in the form
carbon dioxide when exposed to the atmosphere. The loss of carbonic acid is likely the cause of
the increasing pH observed with filtration. The concentration of total suspended solids (TSS) was
below the limit of quantification following all forms of filtration.
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Table 2. Water quality parameters for Castle Hayne and Peedee groundwaters.

Castle Hayne Peedee
Standard Standard
Average Deviation |Note| Average Deviation |Note
Conventional Parameters*

Turbidity (NTU) 0.088 - [1] 0.105 - [1]
Alkalinity (mg/L as CaCO3) 94.6 0.6 180.5 0.7

SDI 5.4 - [2] 3.5 - [2]
Hardness (mg/L as CaCO3) 281.4 3.1 262.1 2.7
Conductivity (s/cm) 570.3 5.5 578.0 1.0

TSS (mg/L) 1.8 0.7 Below LOQ | Below LOQ | [3]
pH 5.99 0.05 6.67 0.03

Dissolved Inorganics (mg/L)**

Aluminum 0.015 0.011 0.011 0.012

Chloride 29.4 - [4] 51.6 - [4]
Calcium 105.5 - [4] 93.5 - [4]
Iron 5.7 1.1 0.09 0.03
Magnesium 2.2 0.1 7.4 0.6
Manganese 0.084 0.009 0.011 0.000

Slicon 8.0 8.8 5.9 7.1

Sodium 8.4 0.4 19.6 1.5

Sulfate 231.4 - [4] 103.1 - [4]

Organic Parameters***

DOC (mg/L) 7.9 1.0 4.4 1.1

UVA 254 (m'l) 35.3 4.2 12.2 3.4

SUVA (L/mg-m) 4.5 0.04 2.8 1.5

Slope ratio 0.7 0.05 1.0 0.2
Fluorescence index 1.55 0.05 1.53 0.01

Peak C1 Intensity 3.05 0.31 2.14 0.52

Peak C2 Intensity 0.32 0.05 0.21 0.03

Peak C3 Intensity 1.17 0.15 0.74 0.18

[4] Calculated as average of multiple instrument readings from the same sample.

*Conventional parameters were calculated from technical replicates of samples collected in August 2011.

[2] SDI requires approximately 5 gallons of water per test; replicates were not performed due to limited sample volume.

[3] T'SS meassurements for Peedee Waters were below the limit of quantification (LOQ) of 1.66 mg/L.

**Averages and standard deviations for dissolved inorganics were calculated from samples collected in August 2011 and February 2012.

*** Averages and standard deviations for organic parameters were calculated from samples collected in August 2011 and September 2011.

[1] Measured at treatment plant to avoid precipitation during transport. Sample collected February 2012 prior to antiscalant addition, pH adjustment.
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Table 3. Approximate reduction in the values of water quality parameters (i.e. rejection) for various pretreatment alternatives tested in the laboratory.

Castle Hayne Peedee
5um 1.2um 0.1um 100kDa 5um 1.2um 0.1um 100kDa
Conventional Parameters
Turbidity [1] 99% 100% 100% 100% 0% 63% 54% 93%
Alkalinity 8% 6% 2% 3% 0% 0% 3% 1%
SDI 1% 37% 68% [2] 59% 73% 73% [2]
Hardness 1% 4% 1% 4% 0% 0% 0% 2%
Conductivity 0% 0% 2% 0% 0% 3% 0% 2%
TSS [3] <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
pH [4] 5.99-6.22(5.99 - 6.20(5.99 - 6.19(5.99 - 6.43|6.67 - 7.08|6.67 - 7.25|6.67 - 6.87 |6.67 - 7.01
Dissolved Inorganics
Aluminum - - 21% 53% - - 22% 0%
Chloride - - 0% 0% - - 0% 0%
Calcium - - 1% 4% - - 0% 2%
Iron - - 1% 2% - - 19% 18%
Magnesium - - 1% 1% - - 5% 2%
Manganese - - 0% 7% - - 0% 0%
Silicon - - 0% 7% - - 2% 10%
Sodium - - 0% 2% - - 4% 3%
Sulfate - - 3% 4% - - 2% 0%
Organic Parameters
DOC - - 0% 0% - - 2% 0%
UVA 254 0% 2% 0% 4% 0% 0% 0% 0%
SUVA - - 0% 0% - - 9% 0%
Slope ratio 7% 7% 8% 3% 14% 13% 16% 15%
Fluorescence index 1% 2% 1% 2% -1% -1% 0% -1%
Peak C1 Intensity 0% 0% 0% 0% 0% 0% 0% 0%
Peak C2 Intensity 0% 2% 0% 2% 0% 0% 0% 0%
Peak C3 Intensity 0% 1% 1% 0% 0% 0% 0% 0%
[1] Turbidity rejection was calculated from unfiltered water (Castle Hayne: 18.2 NT U; Peedee: 0.24 NT U) and permeate water measured in the laboratory following transport.
[2] SDI requires approximately 5 gallons of water per test; tests were not performed due to limited sample volume.
[3] All T SS measurements for filtered samples were below the limit of quantification (LOQ) of 1.66 mg/L.
[4] pH measurements displayed in "unfiltered - filtered" format for pH before and after filtration, respectively.
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3.1.2. Dissolved Inorganic Species

Tables 2 and 3 present the concentrations of dissolved inorganic species measured in source
waters and rejection following prefiltration. Water from the Castle Hayne aquifer had high
concentrations of dissolved calcium, iron, silicon, and sulfate which are known membrane
foulants. The CFPUA adds sulfuric acid to the Castle Hayne water to prevent the formation of
inorganic precipitates, but this results in an increased sulfate concentration. High concentrations
of calcium and silicon were observed in water from the Peedee aquifer, and manganese
concentrations were much lower (0.011 mg/L) than expected; at the time of treatment plant
design, manganese was measured at 0.14 mg/L (Membrane Systems, Inc.). Concentrations of
dissolved silicon and aluminum had large standard deviations relative to the average
concentration, suggesting temporal variability in concentration (i.e., the values shown in Table 2
are the average of results obtained for samples collected in September 2011 and February 2012).

The rejection of inorganic species was only analyzed for 0.1 um and 100 kDa filtered samples
because all samples had to be filtered through 0.2 um filters to protect the ICP-MS instrument.
The only species whose concentrations were reduced by at least 10% by filtration were
aluminum in both waters, and iron and silicon (100 kDa only) in the Peedee water. These results
indicate that prefiltration would not be effective at removing dissolved inorganic species, and
thus that it would not contribute to minimization of inorganic fouling (i.e., scaling).

3.1.3. Organics and Fluorescence Parameters

Natural organic matter in the tested waters was characterized by measuring dissolved organic
carbon (DOC), UV absorbance (UVA) and fluorescence excitation-emission matrices (EEMs),
and by calculating the specific UV absorbance (SUVA), slope ratio (Sr), fluorescence index (FI)
and fluorescence peaks of particular interest in EEMs. EEMs can be used to characterize the
relative abundance of hydrophobic molecules, biopolymers, and humics which are likely to cause
membrane fouling (Amy, 2008). Values of SUVA are strongly correlated with percent
aromaticity (Weishaar et al., 2003), and thus hydrophobicity, with high SUVA values often
indicating a larger hydrophobic fraction of organic matter, and suggesting a greater potential for
membrane fouling (USEPA, 2005).

Slope ratio (Sr) is used as an indicator of molecular weight (Helms et al., 2008). Samples with a
higher content of low-molecular weight organics have a high slope ratio, while low slope ratio
indicates high molecular weight. Fluorescence index (FI) is a proxy for organic matter source.
An FI of approximately 1.9 indicates a significant organic content of microbial origin while an FI
of 1.40 indicates terrestrially derived organic matter (McKnight et al., 2001).

Table 2 indicates that water from the Castle Hayne aquifer contains almost twice the dissolved
organic carbon (DOC) and absorbs almost three times as much ultraviolet light (UVA 254) as
water from the Peedee aquifer. Higher SUVA and lower slope ratio in the Castle Hayne water
than in the Peedee water indicates that the organic matter in the Castle Hayne aquifer is more
aromatic, thus hydrophobic, and may lead to a higher propensity for organic fouling of
membranes. Consistent with the DOC and SUVA values in Castle Hayne and Peedee waters, as
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shown in Section 3.4.6, Castle Hayne fouling layers contained higher concentrations of organic
matter than the Peedee fouling layers.

EEMs for the Castle Hayne and Peedee waters following prefiltration are shown in Figures 6

and 7, respectively. These figures demonstrate that the fluorescence signature of both waters
does not change significantly with filtration, and therefore filtration does not significantly
remove fluorescent natural organic matter. Figures 6 and 7 also visually illustrate the relative
fluorescence of components C1, C2, and C3. Fluorescence components C1, C2, and C3 were
about 150% more intense in the Castle Hayne water than in the Peedee water, but were present in
similar ratios. The order of peak intensity is C1 > C3 > C2, which suggests that organic matter
was mostly associated with higher plants and soil material, followed by microbially-derived
material and bio-available organic matter and organic nitrogen.

The Peedee water has a higher Sr than the Castle Hayne water, suggesting that the Peedee water
has a higher proportion of low-molecular weight organics. Measurements of fluorescence index
(FI) are similar for the two waters and indicate primarily terrestrial sources of organic matter.

Table 3 indicates minimal change in organic parameters following filtration. These results
suggest that most of the organic matter was smaller in size than the smallest filter used

(100 kDa). Because dissolved iron has been shown to influence fluorescence parameters (Pullin
et al., 2007), the effect of increasing dissolved iron concentrations on fluorescence parameters
was tested for the Castle Hayne and Peedee waters (see Appendix 4). Increasing iron
concentration increased UVA 254, but had a minor effect on fluorescence parameters and did not
affect the trends observed (e.g., C1>C3>C2 for both Castle Hayne and Peedee waters, Sr is
higher for Castle Hayne water than for Peedee water, etc.).
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Figure 6. Excitation-Emission Matrices (EEMSs) for water samples collected from the Castle Hayne treatment
train in August 2011. Samples include (A) plant influent, (B) influent after pH adjustment and antiscalant
addition, (C) 5 um cartridge filter effluent, (D) 1.2 um filter effluent, (E) 0.1 um filter effluent, and (F) 100
kDa filter effluent. For (C) through (F), filtration tests were performed in the UNC laboratories using the

water shown in (B) as influent.
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Figure 7. Excitation-Emission Matrices (EEMSs) for water samples collected from the Peedee treatment train
in August 2011. Samples include (A) plant influent, (B) influent after pH adjustment and antiscalant
addition, (C) 5 um cartridge filter effluent, (D) 1.2 um filter effluent, (E) 0.1 um filter effluent, and (F) 100
kDa filter effluent. For (C) through (F), filtration tests were performed in the UNC laboratories using the
water shown in (B) as influent.
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3.2.  Full-Scale Membrane System Performance

Feed, permeate, and concentrate water samples were collected in February 2012 from both the
Castle Hayne and Peedee membrane treatment trains. The Castle Hayne treatment train has two
different membrane types: TFC-ULP in the first stage and TFC-S in the second stage. For this
reason, permeate water samples were collected from both stages of the Castle Hayne treatment
train whereas only total permeate (i.e., combined permeate from both stages) was collected from
the Peedee treatment train. Results from water quality analyses of the samples collected and data
from the treatment plant’s SCADA system were used to evaluate performance of the full-scale
membrane system.

3.2.1. Full-Scale Rejection of Dissolved Constituents

Permeate water samples were tested for various water quality parameters and the results were
compared to corresponding values for feed water samples to determine rejection of dissolved
constituents (see Section 2.3). Table 4 shows observed rejection of dissolved species. Recovery
of 50% from the Castle Hayne first stage, based on treatment plant design values, was used to
calculate the water quality of the influent to the Castle Hayne second membrane stage. For
example, if the Castle Hayne feed water entering the first membrane stage contained 105.5 mg/L
of calcium (see Table 2), the concentration of calcium entering the second stage would be 196.2
mg/L because the first stage had 50% recovery and 93% rejection (see Table 4).

The rejection of dissolved ions in Table 4 was comparable to the rejection reported by the
manufacturer in the specification sheets for the TFC-ULP and TFC-S membranes provided to the
CFPUA ref: 98.5% chloride rejection for TFC-ULP, and 85%, 98.5%, and 98.5% rejection of
chloride, total hardness, and magnesium sulfate, respectively for TFC-S (Koch, 2010b and
2010a). However, it should be noted that the rejection data in the manufacturer’s specifications
were collected during testing of the membrane elements with 15% water recovery, while the
CFPUA treatment plant operates at a total recovery for each the Castle Hayne and Peedee
treatment trains of 80%.

Table 4 also indicates that, in general, the rejection of monovalent ions, sodium and chloride,
was lower than rejection for polyvalent ions, as expected. We observed excellent rejection (93-
99%) of polyvalent ions such as iron, magnesium, and manganese; however, the rejection of
calcium and aluminum was relatively low with values as low as 57% for calcium and negligible
rejection for aluminum. Given that most of the hardness in Castle Hayne water comes from
calcium content (see Table 2), total hardness rejection was similarly poor. With the exception of
calcium rejection in the Castle Hayne first stage, calcium and aluminum rejection were lower
than sodium and chloride rejection in all membrane stages.
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Table 4. Observed rejection of various water quality parameters in the membrane filtration stages of the
CFPUA Groundwater Nanofiltration Treatment Plant (Wilmington, NC) relative to feed water concentration.

Castle Hayne Pedee
Stage 1 Stage 2 Total
Permeate Permeate Permeate
(TFC-ULP) (TFC-S) (TFC-S)
Conventional Parameters
Hardness 93% 75% 60%
Conductivity 96% 95% 90%
Dissolved Inorganics
Aluminum 53% -12% 64%
Chloride BLD, >88% [1] 77% [2] 76%
Calcium 93% 71% 57%
Iron 99% 96% 93%
Magnesium 99% 97% 96%
Manganese 99% 97% 94%
Silicon 98% 88% 82%
Sodium 75% 68% 70%
Sulfate 100% 100% 99%
Organic Parameters

DOC BLD, >99% [1] 99% [3] 77%
UVA 254 99% 99% 58%
SUVA N/A [4] 7% -83%
Slope ratio -295% 33% [5] -39%
Fluorescence index -1% 4% [5] -1%
Peak C1 Intensity 100% 100% 98%
Peak C2 Intensity 99% 99% 96%
Peak C3 Intensity 100% 100% 99%
[1] Measurements that were below the limit of detection (BLD)
[2] First stage chloride rejection assumed to be 90%.
[3] First stage DOC rejection assumed to be 100%.
[4] SUVA cannot be calculated as DOC was below detection.
[5] Second stage influent assumed to be equal to first stage influent.

Both stages of the Castle Hayne treatment train exhibited excellent rejection of DOC, UVA 254,
and all three fluorescence peaks. DOC rejection in both Castle Hayne stages was 99% or greater,
which exceeds the DOC rejection by nanofiltration membranes reported by Peiris et al. (2010)
(92.7-95.8%) and Jarusutthirak et al. (2007) (94.9-97.0%). DOC rejection by nanofiltration in the
Peedee treatment train was only 77%, which is lower than rejections reported in literature. The
observed rejection of UVA by TFC-S membranes was 58% and 99% for Peedee water and

Castle Hayne water, respectively, consistent with the range of approximately 50-80% reported by
Yoon et al. (2005). The lower rejection of organics observed in the Peedee treatment train,
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compared to in the Castle Hayne treatment train, was consistent with the higher slope ratio (0.7),
and thus lower molecular weight organics, obtained for the Peedee water compared to the slope
ratio (1.0) obtained for the Castle Hayne water (Section 3.1.1.).

Figure 8 shows EEMs of the three permeate waters. While the permeate water from the Castle
Hayne first stage has little fluorescence, the permeate water from the second stage has visible
fluorescence in all three peak areas (C1, C2, and C3). The analysis of the relative fluorescence
intensities of Peaks C1, C2 and C3 in the feed (Figure 8A) and second stage permeate (Figure
8C) samples of Castle Hayne water indicates that the fluorescence intensity of Peak C2 is more
permeable that that of Peaks C1 and C3. This suggests that the organic matter that makes up peak
C2 might be more permeable than the organic matter that makes up the other peaks. Similarly,
for Peedee water, it appears that the organic matter that makes up Peak C1 is more permeable
than the organic matter that makes up Peak C3.
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Figure 8. Excitation-Emission Matrices (EEMSs) for unfiltered and membrane permeate water samples.
Samples include (A) Castle Hayne plant influent (B) Castle Hayne stage 1 permeate, (C) Castle Hayne stage 2
permeate, (D) Peedee plant influent, and (E) Peedee total permeate. Note that the fluorescence scale is three

orders of magnitude lower for membrane permeate samples (B, C, E) than for treatment plant influent (A,
D).

25



3.2.2. Full-Scale Operational Parameters

The treatment plant’s SCADA system logs important operational parameters. A subset of these
parameters was obtained from plant personnel (Malone, 2012), including:

e Feed pressure

e Permeate and concentrate flow rate

e Feed and permeate conductivity

e Feed temperature

e Feed pH

e Water pressure before 5-um filters

e Pressure loss across 5-um filters

e Percent of maximum motor speed used to drive the feed pumps for membrane stages

These data from the SCADA system can be used to calculate water recovery, conductivity
rejection, and overall membrane water permeability. Water recovery was calculated as

Permeate flow rate

Recovery (%) = %X 100 . (5)

Permeate flow rate +Concentrate flow rate

Figures 9 and 10 show permeate water flow rate and percent water recovery for the nanofiltration
treatment trains treating Castle Hayne and Peedee water in the CFPUA treatment plant from
April 2011 through May 2012. Figures 9 and 10 indicate that water recovery during operation is
very close to the treatment plant’s target of 80%. The Castle Hayne treatment train has more
pressure vessels, thus more membranes and more membrane area than the Peedee train. For this
reason, 80% recovery corresponds to a permeate water flow rate (i.e., water production rate) of
approximately 1,040 GPM for the Castle Hayne system and 835 GPM for the Peedee system.
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Figure 9. Pemeate water flow rate and and water recovery for the Castle Hayne treatment train in the
CFPUA Groundwater Nanofiltration Treatment Plant from April 2011 through February 2012.
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Peedee permeate flow and recovery
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Figure 10. Permeate water flow rate and water recovery for the Peedee treatment train in the CFPUA
Groundwater Nanofiltration Treatment Plant from April 2011 through February 2012.

The CFPUA treatment plant operates under constant flux conditions, where feed pressure is
increased as the membrane fouls to maintain a constant permeate flow rate. Figure 11 shows the
feed pressure in the Castle Hayne and Peedee treatment trains over time. Feed pressure was
increased as fouling increased in severity to maintain the consistent permeate water production
shown in Figures 9 and 10. Cleaning is also evident from the feed pressure plots, as reductions in
operating pressure of 70 and 35 PSI followed cleaning in the Castle Hayne and Peedee systems,
respectively.

Although treatment plant cleaning procedures allowed significant reductions in feed pressure,
treatment plant personnel still had to contend with detrimental effects on system performance
caused by fouling. The permeate flow rate in the Castle Hayne system (see Figure 10) from early
July to late August was 10-15% below the typical production rate. Similar but less severe
permeate shortfalls were observed in early August in the Peedee system. High feed pressure also
resulted in the rupture of several seals within the system, which were not rated for the pressures
applied (Malone, 2012). These experiences demonstrated the need to identify optimum cleaning
strategies and explore measures that may delay fouling.
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Figure 11. Feed water pressure in the Castle Hayne and Peedee treatment trains in the CFPUA Groundwater

Nanofiltration Treatment Plant from April 2011 through February 2012.

Conductivity rejection in the Peedee treatment train improved from 76 to 83 % as fouling
increased in severity, as shown in Figure 12. Following cleaning, conductivity rejection dropped
t073.5%, before increasing again to 76% as foulants accumulated. No similar correlation with
conductivity rejection and cleaning was observed for the Castle Hayne system. Conductivity
rejection in the Castle Hayne system was approximately 95%, compared with 76% in the Peedee

system.
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Figure 12. Conductivity rejection in the Castle Hayne and Peedee treatment trains in the CFPUA
Groundwater Nanofiltration Treatment Plant from April 2011 through February 2012.

3.3.  Comparison between the Performance of Fouled Membranes in Dead-
End and Cross-Flow Filtration

Elements from the lead position of the first stage and the tail position of the second stage (i.e.
first and last elements in the treatment train) were collected from the Castle Hayne and Peedee
treatment trains as detailed in Section 2.4. Membrane samples were cut from the elements, and
tested using both dead-end and cross-flow filtration. As shown in Figure 13, dead-end and cross-
flow tests yielded similar specific water permeability results, using the temperature correction
procedure described by MWH (2005). Since water permeability results using dead-end and
cross-flow filtration are comparable, then cleaning effectiveness (measured as the increase in
membrane water permeability caused by cleaning) was evaluated using dead-end filtration as
opposed to the more time-consuming cross-flow filtration (Section 3.6). From Figure 13, we
also see that elements from the Castle Hayne second stage are the most severely fouled in the
treatment plant.
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Figure 13. Specific water permeability of full-scale fouled elements tested using the dead-end apparatus and
cross-flow system. Note: Peedee second stage membranes were damaged as evidenced by significantly low
chloride rejection results (see Figure 14), thus caution should be used when interpreting results for these
membranes.

Chloride rejection was also tested using the two setups, and corresponding results are shown in
Figure 14. While the conductivity rejection for tests with membranes from the Castle Hayne
treatment train were statistically the same for tests in the dead-end apparatus and cross-flow
system, there was a difference of about 7.7 percentage points between conductivity rejections
obtained in dead-end and cross-flow operation for membranes from the Peedee first stage. This
indicates that conductivity rejection results from dead-end experiments may not be representative
of those obtained in a cross-flow system. One potential explanation for this observation is that
turbulence at the membrane surface was different in the dead-end apparatus than the cross-flow
system. Concentration polarization is minimized in the cross-flow system by shearing forces
generated as water flows through the feed spacer, increasing turbulence at the membrane surface
and carrying away solutes. The dead-end cell has a stir bar inside (and not touching the
membrane surface), which was operated at approximately 350 revolutions per minute. The dead-
end cell’s stir bar may have generated less turbulence than the flow of feed water in the cross-
flow system, thus resulting in a relatively stronger concentration polarization effect in the dead-
end cell.

Also evident in Figure 14 is the significantly different chloride rejection results for the Peedee
stage 2 membranes in dead-end and cross-flow operations. Appendix 5 demonstrates that the
significant discrepancy between Peedee stage 2 dead-end and cross-flow chloride rejection can
be attributed to differences in location of membrane sample rather than differences in the two
setups.

Numerous samples from the Peedee second stage were used in the calculation of chloride
rejection in Figure 14 (n=17). A similar number (n=14 to 18) of samples were used in calculating
average and standard deviation of chloride rejection for the other three sampled membranes.
Peedee Stage 2 samples appear to be damaged, as the manufacturer lists chloride rejection as
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85% (Koch, 2010a) and laboratory tests for 17 fouled samples resulted in chloride rejections of
50% on average with values as low as 31%. The low rejection and high standard deviation
obtained for membrane samples from the Peedee second stage demonstrated that Peedee second
stage membranes were damaged, and that this damage resulted in chloride rejection and water
flux results more spatially variable than in the other membranes sampled.
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Figure 14. Conductivity rejection of full-scale fouled elements tested using the dead-end apparatus and cross-
flow system. Note: Peedee second stage membranes were damaged as evidenced by high flow rate and low
chloride rejection, thus caution should be used when interpreting results for these membranes.

3.4. Characterization of Membrane Foulants

3.4.1. Scanning Electron Microscopy (SEM)

SEM was used to capture high resolution images of unfouled and fouled membranes. Figure 15
shows SEM images of the polyamide active layer of an unfouled TFC-ULP membrane at high
resolution (5 um scale) and low resolution (500 um scale). The figure shows that while at the at
the 5-pm scale the unfouled membrane surface has a textured appearance, at the 500-um scale it
appears smooth. The Castle Hayne stage 1 and stage 2 fouling layers (see Figures 16 and 17,
respectively) appear to be continuous scales. The fouling layer of the Castle Hayne first stage has
a rough, amorphous texture while the fouling layer of the second stage is smooth. Fractures in
the fouling layer of the Castle Hayne second stage may have resulted from the sample drying
process during sample preparation.
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Figure 16. Castle Hayne stage 1 fouled membrane at (A) 50 pm and (B) 500 pm scale.
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Figure 17. Castle Hayne stage 2 fouled membrane at (A) 50 pm and (B) 500 pm scale.

Figures 18 and 19 show SEM images of the fouling layers on the Peedee first and second stage
elements. Although the Peedee first stage fouling layer completely covers the polyamide surface,
the fouling layer did not have a distinct morphology. In contrast, the Peedee second stage fouling
layer seemed to form in shapes of similar structure approximately 100 um in diameter.
Additional SEM images of fouled membranes at various magnifications, captured at a grazing
angle rather than perpendicular to the membrane surface, can be found in Appendix 6. The
images provide further visual evidence of the different morphologies of the foulant layers.
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Figure 19. Peedee stage 2 fouled membrane at (A) 50 pm and (B) 500 pm scale.

3.4.2. X-Ray Photoelectron Spectroscopy (XPS)

While SEM was used to visually evaluate the morphology of fouling layers, XPS analysis was
used to determine their elemental composition. XPS analysis provides the elemental
composition within the first few nanometers from the surface of the sample (Shafer et al., 2006).
If a fouling layer is less thick than the analysis depth of XPS (<10 nm), then XPS results would
represent the combined signal from foulants and the active layer.

Results for XPS characterization are shown in Figure 20. Error bars correspond to +/- 1 standard
deviation as calculated from a minimum of three sample replicates. The presence of a fouling
layer is evident by the decrease in carbon and nitrogen content, two elements prevalent in the
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membrane itself. All fouled samples show an increase in oxygen concentration, which could be
attributed to oxide, hydroxide, carbonate, sulfate, or silicate foulants.

All fouled elements also had detectable concentrations of each inorganic element detected(i.e.,
iron, calcium, silicon, aluminum, and sulfur) in raw water samples with ICP-MS analysis. The
fouled membranes from the two Castle Hayne stages had statistically similar concentrations of
calcium and iron, and while the first stage had more silicon and aluminum, the second stage had
more sulfur. The Peedee elements had similar iron concentrations, but the first stage had more
calcium and the second stage had more silicon and aluminum. Iron concentrations in the Castle
Hayne membranes were higher than in the Peedee membranes.

Calcium was observed in significant concentrations in all membranes tested, and sulfur in
relatively low concentrations. High silicon concentrations were observed in the Castle Hayne
first stage and Peedee second stage elements. Colloidal silica typically fouls the first membranes
in a treatment train while polymerized silica commonly precipitates on the last membrane in the
treatment train (Nitto Denko, 2011), suggesting that the Castle Hayne first stage contains
colloidal silica while the Peedee second stage contains polymerized silica. This hypothesis is
supported by physical handling of the two membranes: the Castle Hayne first stage foulant was
easily removed by touching the surface or spraying it with water, while the Peedee second stage
could not be removed by similar means.
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Figure 20. Elemental composition of (A) organics and (B) inorganics in unfouled and fouled membranes
determined by XPS. The TFC-ULP membrane was the clean membrane baseline for the Castle Hayne first
stage (CHS1) membrane, while TFC-S membrane was the clean membrane baseline for the Castle Hayne
second stage (CHS?2), Peedee first stage (PDS1), and Peedee second stage (PDS2) membranes .

3.4.3. Energy Dispersive X-Ray Spectroscopy (EDX)

EDX is a an analytical technique that yields elemental composition information like XPS, but
penetrates approximately 1000 times deeper into the sample — several micrometers (Greenlee et
al., 2009). Figure 21 shows the elemental composition of fouled membranes as determined by
EDX. As was observed with XPS characterization (Section 3.4.2), fouled membranes analyzed
by EDX had lower carbon and higher oxygen content that the unfouled TFC-ULP membrane. In
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contrast to XPS measurements, nitrogen was observed at higher concentrations in fouled
elements than in the unfouled TFC-ULP.

As was also observed by XPS, EDX results indicate that Castle Hayne foulants contained more
iron than the Peedee foulants and that aluminum and silicon were higher in concentration in the
fouling layers of the Castle Hayne first stage membranes than in the fouling layers of the second
stage membranes. Conversely, the fouling layers of the Peedee first stage membranes showed
EDX results significantly lower than XPS results for inorganic constituents. Additionally, the
carbon, oxygen and nitrogen content obtained by EDX for the membrane sample from the
Peedee first stage were similar to those obtained for the unfouled TFC-ULP membrane. The
results thus indicate that the Peedee first stage membrane had a very thin fouling layer that
resulted in an EDX signal largely representative of the unfouled membrane (because the analysis
depth of EDX is much greater than the fouling layer thickness).

In the TFC-ULP membrane, as well as most of the fouled elements, there are high concentrations
of sulfur. This sulfur signal is caused by the polysulfone support layer in the TFC-ULP
membrane. Low sulfur signal and similar ratios of inorganics measured by XPS and EDX
suggests that the Castle Hayne stage 1 fouling layer is the thickest of the four fouling layers
tested which was supported by visual inspection of the fouled membranes.
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Figure 21. Elemental composition of (A) organics and (B) inorganics in unfouled and fouled membranes
determined by EDX. Fouled membranes include the Castle Hayne first stage (CHS1), Castle Hayne second
stage (CHS2), Peedee first stage (PDS1), and Peedee second stage (PDS2). TFC-ULP was used as the clean
element baseline for all elements because TFC-S was not available from the manufacturer at the time of
analysis.

The fouling layer in the Peedee second stage had the most dissimilar elemental composition
when measured by XPS and EDX. One possible explanation for the difference in results from the
two methods is the ability of EDX to resolve different areas of a heterogeneous fouling layer;
while the horizontal spatial resolution of EDX analysis is the same as that of SEM imaging (e.g.,
tens of microns), the horizontal resolution of XPS analysis is in the several hundreds of microns
(see Appendix 7). Given the spatial variability of the Peedee second stage fouling layer, the
elemental composition obtained by EDX analysis was highly sensitive to the spot analyzed on
the membrane surface.
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3.4.4. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR)

ATR-FTIR provides an additional means to characterize fouled and unfouled membranes.
Different bond types absorb energy at a specific wavelength, resulting in characteristic peaks in
the ATR-FTIR spectrum. These peaks can be used to identify bond types, and perhaps indicate
molecules present rather elemental composition as was determined by XPS and EDX. Figure 22
shows ATR-FTIR spectra for an unfouled TFC-ULP membrane and the four fouled elements.
TFC-ULP and TFC-S membranes have very similar ATR-FTIR spectra as shown in Appendix 8,
and therefore, TFC-ULP membranes were used as a baseline.

The TFC-ULP peaks indicate the presence of certain compounds in the membrane. For example,
peaks at 1587, 1504, and 1488 cm™ correspond to the polysulfone support layer, and peaks at
1663, 1609, and 1541 cm™ indicate that the active layer is composed of polyamide (Tang et al.,
2009). A similar approach can be used to identify membrane foulants. For the Castle Hayne first
stage sample, two peaks are evident at wavenumbers of 1032 and 1007 m™. These peaks
correspond to stretching of the Si-O bond, suggesting that the first stage Castle Hayne elements
are fouled by silicates (Saikia et al. 2010, Vaculikova et al. 2011). Similarly, the peak around
912 m represents deformation of an OH group linked to two AI**, and the peaks around 468 and
535 m™ represent Si-O-Si bending and Si-O-Al stretching, respectively (Saikia et al. 2010,
Vaculikova et al. 2011). All of these bonds are present in theoretical kaolinite, and therefore the
fouling layer most likely contains kaolinite. Gabelich et al. (2005) also showed that the
precipitate foulants most likely to form in membrane systems from dissolved aluminum and
silica are kaolinite and muscovite. The peaks mentioned above could also represent aluminum
silicate, which has a similar chemical structure to kaolinite.
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Figure 22. ATR-FTIR spectra for a sample of the unfouled TFC-ULP membrane and fouled membrane
samples from the (A) Castle Hayne treatment train and (B) Peedee treatment train.

Al fouled samples had an absorbance peak around 1440 m™, which is characteristic of calcium
carbonate (Stein, 2012). The Castle Hayne second stage sample has peaks in similar locations to
the first stage with different magnitudes of absorbance. Peaks that were more prominent in the
Castle Hayne second stage sample included those at 1408 and 1540 m™; however, these peaks
could not be matched to particular bonds. ATR-FTIR spectra of fouled elements from the first
and second Peedee stages had FTIR spectra that more closely aligned with the unfouled TFC-
ULP element, indicating thinner fouling layers that resulted in a large portion of the FTIR signal
coming from the membrane itself as opposed to from the fouling layer. Other prominent peaks
could not be linked to potential foulants.
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3.4.5. Rutherford Backscattering Spectrometry (RBS)

RBS provides another means to characterize the elemental composition of membrane samples.
Unlike XPS, RBS can characterize the full depth of the membrane’s active layer. RBS is also
more sensitive than EDX, allowing for the detection of elements present in relatively low
concentration. Figure 23 shows RBS spectra for an unfouled TFC-ULP membrane sample and a
sample of the Castle Hayne first stage fouled membrane, while Figure 24 shows spectra for an
unfouled TFC-S membrane sample and samples of the Castle Hayne first stage, Peedee first
stage, and Peedee second stage fouled membranes.

From Figures 23-24, we see that all four elements have peaks that indicate the presence of
aluminum, silicon, calcium, and iron as was observed by XPS (see Figure 20), in addition to the
expected constituents of organic matter and polymers carbon, oxygen and nitrogen. Additional
spectra are shown in Appendix 9. Although spectra for all four fouled elements indicate the
presence of the same elements, relative concentrations of each element vary significantly. The
distinct calcium peak (as opposed to a plateau as in the other fouled samples) in the Peedee first
stage RBS spectrum (see Figure 24) indicates that the (calcium-containing) fouling layer is thin
enough that RBS can ‘see’ the surface and backside of it. XPS results also indicated that calcium
was the primary foulant in the Peedee first stage (see Figure 20). Since the analysis depth of RBS
is about 2 um, then the thickness of the fouling layer in the Peedee first stage is less than ~2 um;
based on the thickness of the calcium peak, the thickness of the fouling layer in the Peedee first
stage membranes can be estimated as <200nm.

The analysis of the Peedee second stage RBS spectrum in Figure 24 indicates that all RBS signal
comes from the fouling layer, which means that the fouling layer thickness is larger than 2 pum.
The analysis of the RBS spectrum indicates that the fouling layer is composed of at least three
sub-layers containing carbon, oxygen, silicon, aluminum, calcium, and iron. The top sub-layer
(<40 nm thick) is rich in iron compared to the two bottom sub-layers, and the top two sub-layers
are rich in calcium and silicon compared to the third sub-layer. The thickness of the top two sub-
layers combined is <300 nm thick.

The RBS spectra for the Castle Hayne fouled membrane samples in Figures 23 and 24 indicate
that the fouling layers in both Castle Hayne stages are thicker than 2 um. The spectra also show
that iron, calcium and carbon content is higher at the surface of the Castle Hayne stage two
sample than at the surface of the Castle Hayne stage one sample. The RBS spectrum for the
fouling layer of the Castle Hayne stage one sample shows a top sub-layer less than 300-nm thick
rich in silicon followed by a thick fouling layer. Similarly, the RBS spectrum for the fouling
layer of the Castle Hayne stage two sample shows a top sub-layer less than 500-nm thick rich in
calcium, silicon and probably aluminum.
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Figure 23. RBS spectra for samples of the Castle Hayne first stage (CHS1) fouled membrane and unfouled
TFC-ULP membrane.
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Figure 24. RBS spectra for samples of the Castle Hayne second stage (CHS2), Peedee first stage (PDS1), and
Peedee second stage (PDS2) fouled membranes and an unfouled TFC-S membrane sample.

3.4.6. Analysis of Extracted Foulants

Although, XPS, EDX, and RBS can all determine elemental composition, these techniques are
best suited for the identification of inorganic foulants. XPS, EDX, and RBS cannot distinguish
carbon, oxygen, and nitrogen atoms present in the membrane from those present in organic
foulants. While ATR-FTIR can indicate the presence of bonds typically found in organics, the
complex nature of the foulants observed in the four membranes tested prevented the
identification of individual molecules from ATR-FTIR spectra. In addition, relating ATR-FTIR
absorbance to foulant concentration provides further challenges. As a result, to better
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characterize the composition of the fouling layers, we analyzed cleaning solutions for DOC and
dissolved ions to measure the concentration of foulants extracted during the cleaning process.

Organic matter can be extracted from membrane foulant layers by soaking fouled membrane
samples in sodium hydroxide solutions (Ivnitsky et al., 2005; Cho et al., 1998). Following
membrane cleanings with sodium hydroxide (pH=11) (See Section 3.7), the concentration of
dissolved organic carbon (DOC) in the cleaning solution was measured. Using the area of the
membrane sample cleaned and the volume of the cleaning solution used, we calculated the areal
concentration (g/m?) of organic matter on the fouling layer on the membrane surface. The results
obtained for membrane samples from both stages of the Castle Hayne and Peedee treatment
trains are presented in Figure 25. From these results, it was evident that the Castle Hayne
membranes had more significant organic fouling than the Peedee elements, particularly the
membranes from the Castle Hayne second stage.
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Figure 25. Deposited organic carbon (measured as DOC in the cleaning solutions) extracted during cleaning
with sodium hydroxide at pH=11.

To determine if the fouling layers contained more organic or inorganic fouling, concentrations of
inorganic foulants in the cleaning solutions following chemical cleaning were measured by ICP-
MS. Measurements of inorganics were performed using cleaning solutions that most effectively
removed the membrane fouling layer (see Section 3.7); STPP+EDTA and Lavasol 7 cleaning
solutions were used as sodium hydroxide was less effective at removing inorganics (see
Appendix 10). Results of inorganic extractions are shown in Figure 26.
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Figure 26. Deposited inorganic foulants extracted during cleaning with the most efficient cleaning solution
(STPP+EDTA for the Castle Hayne elements, Lavasol 7 for the Peedee).

From Figures 25 and 26, we can infer the relative mass contribution of inorganic and organic
constituents to the foulant layer. For both Castle Hayne elements, the presence of foulants in
order of decreasing mass concentration was silicon, calcium, organic matter, iron, magnesium,
aluminum, manganese. Similarly, the order for Peedee was silicon, calcium, magnesium,
aluminum, organic matter, iron, and manganese.

The results also show that silicon, calcium, and aluminum are in general present in higher
concentration in the Peedee fouling layers than in the Castle Hayne fouling layers, and that the
opposite is true for iron. These findings generally agree with XPS results, although aluminum
concentration is in the foulants extracted from membranes from the Castle Hayne first stage
compared to the corresponding concentration in the Castle Hayne and Peedee second stage
samples is lower than what was expected from XPS results. This could indicate that the
aluminum present in the Castle Hayne first stage fouling layer is colloidal in nature, and thus
filtered by the 0.2 um prefilter used to protect the ICP-MS instrument.

Further analysis of organic matter extracted from fouled elements is shown in Table 5. Castle
Hayne foulants are more UV absorbent, as determined by SUVA values. Additionally, SUVA
measurements were lower in extracted organic matter than was observed in the source water (see
Table 2), indicating that the less aromatic organic matter fraction contributes most to fouling.
Her et al. (2010) also reported lower SUVA in extracted foulants than the source water as a
whole. Extracted organic matter from the Castle Hayne first stage, Peedee first stage, and Peedee
second stage fouled elements had a higher slope ratio that the respective source waters,
suggesting lower molecular weight organics in the foulant layer than the overall source water.
These findings suggest that organic foulants had lower molecular weight and were less
hydrophobic than the source water as a whole. Despite DOC concentrations of 1 to 12 mg/L in
the extracted foulants, very little of the organic matter present was fluorescent as evidenced by
low fluorescence intensity of peaks C1, C2, and C3.
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Table 5. Organic parameters for extractions performed using NaOH at pH=11. Prior to fluorescence analysis,
samples were neutralized to pH=7.

Castle Hayne First Stage Castle Hayne Second Stage
Standard Standard
Average Deviation Average Deviation
Organic Parameters
DOC (mg/L) 4.6 0.7 9.9 2.3
UVA 254 (m’) 7.9 0.1 11.8 2.7
SUVA (L/mg-m) 1.7 0.2 1.2 0.0
Slope ratio 1.25 0.43 0.54 0.00
Fluorescence index 1.24 0.037 1.28 0.053
Peak C1 Intensity 0.068 0.020 0.058 0.018
Peak C2 Intensity 0.076 0.025 0.045 0.016
Peak C3 Intensity 0.030 0.009 0.017 0.002
Peedee First Stage Peedee Second Stage
Standard Standard
Average Deviation Average Deviation
Organic Parameters
DOC (mg/L) 1.7 0.3 1.4 0.4
UVA 254 (m’) 2.2 1.2 2.0 0.0
SUVA (L/mg-m) 1.3 0.9 1.5 0.4
Slope ratio 2.05 0.23 2.31 1.71
Fluorescence index 1.17 0.082 1.22 0.060
Peak C1 Intensity 0.030 0.013 0.073 0.012
Peak C2 Intensity 0.080 0.045 0.090 0.019
Peak C3 Intensity 0.008 0.001 0.020 0.001

3.5. Recreating Full-Scale Fouling in a Cross-Flow System

While we initially intended to analyze cleaning efficiency using membranes fouled in the
laboratory with water collected at the CFPUA treatment plant, it was determined that fouling in
the laboratory was not representative of full-scale fouling. Castle Hayne second stage
concentrate was chosen for fouling experiments because it had the highest fouling potential of
any water collected from the treatment plant. Additionally, laboratory fouling results obtained
with Castle Hayne second stage water could be directly compared to the fouling layer

characterization results obtained with the membrane element collected from the second stage of
the Castle Hayne treatment train at the treatment plant; the Castle Hayne second stage element
filtered water that was essentially the same membrane concentrate used for the laboratory fouling
studies.
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Fouling tests were conducted at 13°C and a pH of 6.5 to simulate treatment plant conditions.
Two membrane samples were tested in parallel in the cross-flow filtration system depicted in
Figure 3. Fouling tests lasted for a minimum of 24 days until a decrease in flux of 20% was
observed. One of the two membranes tested in parallel was then collected and cut into 4 pieces,
and one of the four pieces was used to test cleaning efficiency in dead-end configuration. The
remaining three pieces were used for characterization by XPS, ATR-FTIR and/or RBS. The
second membrane was left in the cross-flow system and cleaned in place using STPP+EDTA.
Results of membrane characterization tests for the membranes fouled in the cross-flow system
including XPS, RBS, and ATR-FTIR are shown in Figures 27-29, and are compared to results
obtained for the membranes collected from the second stage of the Castle Hayne treatment train
at the treatment plant.
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Figure 27. Comparison of fouling layer elemental composition, as quantified using XPS, for membranes
fouled at full-scale (CHS2) and in the laboratory cross-flow system (X-Flow) using concentrate water from
the second stage of the Castle Hayne treatment train.

Figure 27 indicates that the fouling layer generated by the laboratory cross-flow system
contained more silicon than the fouling layer on Castle Hayne second stage membranes and less
of all other inorganic constituent, as measured by XPS. Dissimilar RBS and ATR-FTIR spectra
in Figures 28 and 29, respectively, between the membrane samples fouled at full-scale and in the
laboratory also indicate that cross-flow fouling experiments conducted in the laboratory were not
representative of full-scale fouling.
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Figure 28. RBS spectra of membranes fouled at full-scale (CHS2) and in the laboratory cross-flow system (X-
Flow) using Castle Hayne concentrate.
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Figure 29. ATR-FTIR spectra of membranes fouled at full-scale and in the laboratory cross-flow system (X-
Flow) using Castle Hayne concentrate.

Laboratory cross-flow fouled membranes were cleaned using citric acid, HCI, STPP+EDTA,
NaOH+SDS, NaOH (pH=11), Lavasol 7, and OptiClean F. None of the cleaning solutions tested
produced significant improvement in membrane permeability following cleaning (data not
shown). In contrast, seven solutions were tested on the Castle Hayne second stage membrane
samples fouled at full scale (see Section 3.8), and all seven resulted in significant flux
improvement with five of the seven solutions returning membrane permeability to values
representative of an unfouled membrane.

Two potential explanations for the difference in foulants deposited at full scale and in the cross-
flow system are the absence of an antiscalant in the cross-flow system and that Castle Hayne
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water changes significantly in quality when exposed to the atmosphere. Antiscalant could not be
fed practically in the laboratory because it would have needed to be added continuously, diluting
the feed solution, and elevating the antiscalant degradation products to levels not present at the
treatment plant. Addition of an antiscalant is impractical, and therefore is not done in laboratory
settings. Castle Hayne water also contains high concentrations of dissolved iron, which
precipitate when exposed to oxygen from the atmosphere. Iron concentrations in water samples
from the second stage concentrate in the Castle Hayne treatment train decreased from 13.3 mg/L
to 0.06 mg/L after exposure to the atmosphere prior to use in cross-flow filtration system.

3.6. Comparing Dead-End and Cross-Flow Cleaning

As was shown in Section 3.5, producing fouled membranes in the laboratory resulted in fouling
characteristics not representative of fouling at full-scale. Thus, the appropriate way to test
cleaning effectiveness was to clean the full-scale fouled membranes collected from the treatment
plant.

Dead-end cleaning and performance testing allows for faster sample processing than cross-flow
cleaning and testing, and thus more cleaning solutions can be tested using the dead-end setup. As
a result, to determine if dead-end and cross-flow cleaning yielded comparable results, we
evaluated membrane performance in terms of water permeability following cleaning using both
configurations.

Cleaning effectiveness in dead-end and cross-flow setups was tested for two cleaning solutions:
one basic (STPP+EDTA) and one acidic (citric) cleaning solution. Results of these cleanings
tests are shown in Figures 30 and 31. Cleaning was similarly effective for the dead-end and
cross-flow cleaning configurations of full-scaled fouled membrane samples as depicted by the
similar specific water permeability values shown in Figures 30-31 for both configurations.
Accordingly, dead-end cleanings were used to obtain the results for foulant removal and
performance recovery in Sections 3.7 and 3.8, respectively. As described in Section 3.3 above,
we found that the membrane element collected from the second stage of the Peedee treatment
train was defective, yielding highly variable water permeability and chloride rejection values that
depended on the location sampled in the membrane element. While the permeability results for
both setups were similar following cleaning with STPP+ EDTA, there was a discrepancy
following cleaning with citric acid that was attributed to spatial variability in membrane damage.

47



_ 0.035 -
(%)
N
® 0.03 - @ Dead-end cleaned
(7]
~_§.‘ 0.025 - O Cross-flow cleaned
S,
'g' 0.02
£
| 0.015
a
£
g 001 -
=
=
S 0.005 -
o
v
0 - T
Castle Hayne Castle Hayne
Stage 1 Stage 2

Peedee Peedee
Stage 1 Stage 2

Figure 30. Specific permeability of plant-fouled membranes cleaned with STPP+EDTA in dead-end and
cross-flow configurations. Note: Peedee second stage membranes were damaged as evidenced by high flow
rate and low chloride rejection, thus caution should be used when interpreting results for these membranes.
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Figure 31. Specific permeability of plant-fouled membranes cleaned with citric acid in dead-end and cross-
flow configurations. Cross-flow cleanings with citric acid were not conducted in duplicate, and therefore do
not have error bars. Note: Peedee second stage membranes were damaged as evidenced by high flow rate and
low chloride rejection, thus caution should be used when interpreting results for these membranes.

3.7. Effect of Chemical Cleaning on Foulant Removal

A number of chemical cleaning solutions were tested for their effectiveness at reversing
membrane fouling. Effectiveness of cleaning solutions was determined by comparing the results
for cleaned elements to those for unfouled TFC-ULP and TFC-S membranes. STPP+EDTA was
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found to be effective for all membranes tested, and therefore we use the corresponding results as
illustrative results in this section, with similar results contained in the appendices for the other
cleaning solutions. Lavasol 7 was generally found to be equally or more effective than
STPP+EDTA at reversing membrane fouling. However, the CFPUA switched from Lavasol 7 to
OptiClean F because Lavasol 7 was impractical and hazardous for treatment plant personnel to
handle. Lavasol 7 results are provided for comparison with STPP+EDTA results, but are not the
focus of this section as the utility has already decided not to use this cleaning solution.

3.7.1. Secanning Electron Microscopy (SEM)

SEM images provide a simple means for analyzing foulant removal from a fouled membrane by
determining if the textured polyamide surface typical of unfouled active layers is visible
following cleaning. As shown in Figure 32, cleaning using STPP+EDTA reversed membrane
fouling such that the active layer was visible in all four fouled membranes imaged after cleaning.
Appendix 11 contains further SEM images for membranes cleaned with other cleaning solutions.
These images demonstrated that acidic cleaners, including citric acid and HCI, were not as
effective as basic cleaners at removing the fouling layer.
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Figure 32. SEM images at 5 pm scale of (A) Castle Haye first stage, (B) Castle Hayne second stage, (C) Peedee
first stage, and (D) Peedee second stage membrane samples cleaned using STPP+EDTA. For comparison,
Panel (E) shows an unfouled TFC-ULP membrane at 5 pm scale.
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3.7.2. X-Ray Photoelectron Spectroscopy (XPS)

XPS was used to determine the elemental composition of the membrane surface following
cleaning. As shown in Figure 33, STPP+EDTA removed foulants such that the elemental
composition of cleaned membranes was similar to that of the unfouled membranes, TFC-ULP
and TFC-S. The most notable exception is perhaps the inability of STPP+EDTA to remove all
silicon and aluminum from the foulant layers of the Castle Hayne Stage 1 membranes. Appendix
12 shows XPS results for membranes cleaned with all other cleaning solutions. From the figures
in Appendix 12, it is evident that acidic cleaners were ineffective at removing silicon and
aluminum from the fouling layers in both Castle Hayne membranes. NaOH+SDS performed
poorly at removing calcium and iron from the fouling layer of the Castle Hayne second stage. In
the Peedee second stage, it was evident that citric acid was not effective at removing silicon, nor
was NaOH+SDS at removing calcium or silicon.
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Figure 33. Surface atomic concentrations of (A) organics and (B) inorganics in unfouled and fouled
membranes determined by XPS. The TFC-ULP membrane was the clean membrane baseline for the Castle
Hayne first stage (CHS1) membrane samples, while the TFC-S membrane was the baseline for the Castle
Hayne second stage (CHS2), Peedee first stage (PDS1), and Peedee second stage (PDS2) membrane samples.

3.7.3. Energy Dispersive X-Ray Spectroscopy (EDX)

As was shown in the previous section, cleaning with STPP+ EDTA removes most of the foulant
layer from all four membranes tested. Since EDX is less sensitive to surface foulants than XPS,
foulant removal appears even greater as shown in Figure 34. However, this is an artifact of EDX
penetrating deepert into the sample and characterizing more of the membrane than of the foulant
layer. From Figures 33 and 34, it is evident that XPS is a more appropriate technique than EDX
for characterizing foulants that remain after cleaning. The high sulfur signal in Figure 34 results
from the fact that most of the EDX signal comes from the polysulfone support rather than from
the active layer. EDX results for membranes cleaned with other solutions are shown in Appendix
13.
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Figure 34. Atomic concentration of (A) organics and (B) inorganics in unfouled and fouled membranes
determined by EDX. The TFC-ULP membrane was used as the clean element baseline for all membranes
because the TFC-S membrane was not available from the manufacturer at the time of analysis.

3.7.4. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR)

ATR-FTIR provides further evidence that STPP+EDTA was effective at removing foulants
present in all membranes tested (see Figure 35). The spectra of cleaned elements in Figure 35
closely match that for the unfouled TFC-ULP membrane, which is used as a reference. ATR-
FTIR results for all solutions tested are shown in Appendix 14.
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Figure 35. ATF-FTIR spectra of an unfouled TFC-ULP membrane sample as well as of samples of Castle
Haye first stage (CHS1), Castle Hayne second stage (CHS2), Peedee first stage (PDS2), and Peedee second
stage (PDS2) membranes cleaned using STPP+EDTA.
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3.7.5. Rutherford Backscattering Spectrometry (RBS)

RBS spectra of fouled memebranes before and after cleaning with STPP+EDTA are shown in
Figures 36-39. Spectra of fouled membranes cleaned with STPP+EDTA generally align well
with the spectra of the unfouled membranes, thus indicating that STPP+EDTA removed most of
the fouling layers leaving behind traces of the fouling layers only a few nanometers thick.
Nevetheless, we see that small concentrations of calcium remain in both Castle Hayne
membranes and in the Peedee first stage membrane. Similarly, traces of iron remain in the
membranes of the second stage of both the Castle Hayne and Peedee treatment trains. Silicon and
aluminum were found to be still present on the Peedee second stage membrane.
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Figure 36. RBS spectra of a Castle Hayne first stage (CHS1) element before and after cleaning with
STPP+EDTA. Cleaning returned the membrane to a condition similar the unfouled baseline (TFC-ULP).
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Figure 37. RBS spectra of a Castle Hayne second stage (CHS2) element before and after cleaning with
STPP+EDTA. Cleaning returned the membrane to a condition similar the unfouled baseline (TFC-S).

53



8000 -+

7000 -
\/ = PDS1 Fouled

6000

——PDS1 STPP w/ EDTA
5000 -+

——TFC-ULP

4000 -~

Intensity

3000 -+

2000 -+

1000 -

600 1100 1600 2100 2600 3100

Channel

Figure 38. RBS spectra of a Peedee first stage (PDS1) element before and after cleaning with STPP+EDTA.
Cleaning returned the membrane to a condition similar the unfouled baseline (TFC-S).
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Figure 39. RBS spectra of a Peedee second stage (PDS2) element before and after cleaning with STPP+EDTA.
The peak that still remains in the fouled sample is composed of aluminum and or silica.

3.7.6. Comparing Effectiveness of Lavasol 7 and OptiClean F at Removing Foulants

Lavasol 7 was previously used at the treatment plant before switching to OptiClean F due to
safety hazards handling concentrated Lavasol 7. Comparing Lavasol 7 and OptiClean F, it was
evident that the two solutions were similarly effective at removing foulant layers from fouled
membranes from the Castle Hayne first and second stage as well as from the Peedee first stage
(see Appendices 12 and 13). By contrast, OptiClean F was shown to be less effective at
removing foulants present in the Peedee second stage membranes than Lavasol 7. As Figure 40
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shows, much of the foulant layer still remained following cleaning with OptiClean F whereas
Lavasol 7 returned the membrane to its original unfouled state. This difference can also be seen
in the corresponding ATR-FTIR spectra (see Figure 41). The FTIR peaks characteristic of the
polysulfone support are muted in fouled samples and those cleaned with OptiClean F; however,
the polysulfone peaks are similar in the spectra of the unfouled TFC-ULP membrane and in
fouled samples cleaned with Lavasol 7.

Figure 40. SEM images of Peedee second stage membrane samples cleaned with (A) Lavasol 7 and (B)
OptiClean F.
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Figure 41. ATR-FTIR results for Peedee Second stage membrane samples cleaned with Lavasol 7 and
OptiClean F.
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3.8. Effect of Chemical Cleaning on Membrane Performance

Each of the four fouled membranes sampled were cleaned in the dead-end configuration using
citric acid, STPP+EDTA, NaOH at pH=11, Lavasol 7, and OptiClean F. Citric acid and STPP+
EDTA were tested because they were found to be more effective at removing foulants than HCI
and NaOH+ SDS, respectively. NaOH at pH=11 was chosen to test the effectiveness of solely
increasing pH. Lavasol 7 and OptiClean F were chosen so that alternative cleaning solutions
could be compared to those solutions used at the treatment plant. Permeability and chloride
rejection were measured before and after cleaning. When prepared without pH adjustment,
Lavasol 7 and OptiClean F solutions had pH values of approximately 12.5 and 12.0, respectively.
The membrane manufacturer specified a maximum pH of 11.0 during cleaning for both TFC-
ULP and TFC-S membranes (Koch, 2010b and 2010b). For this reason, Lavasol 7 and OptiClean
F were also tested with an adjusted pH of 11.0.

Figure 42 shows water permeability results for Castle Hayne first stage membranes before and
after cleaning normalized to the water permeability for new TFC-ULP membranes reported in
the manufacturer’s specifications (0.0118 m/day/psi) (see Section 2.8). Each of the seven
cleaning solutions tested resulted in statistically similar water permeability values. Cleanings
were observed not to have a significant impact on chloride rejection (see Appendix 15).
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Figure 42. Water permeability of Castle Hayne first stage fouled membranes before and after cleaning with
various cleaning solutions. Permeability measurements were normalized to the water permeability for new
TFC-ULP membranes reported in the manufacturer’s specifications. Dashed lines represent the range of
expected permeability for new TFC-ULP membranes (see Section 2.8). Lavasol 7 and OptiClean F were
prepared with and without pH adjustment, resulting in an adjusted pH values of 11 for both cleaning
solutions and unadjusted Lavasol 7 and OptiClean F pH values of approximately 12.5 and 12.0, respectively.

Cleaning results for fouled membranes collected from the Castle Hayne second stage are shown
in Figure 43. Permeability results were normalized to the water permeability for new TFC-S
membranes reported in the manufacturer’s specifications (0.0138 m/day/psi) (see Section 2.8).
Unlike the results obtained for the Castle Hayne first stage membranes, citric acid was observed
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to perform significantly worse than the basic cleaning solutions for the Castle Hayne second
stage membranes. The cleaning efficacy of Lavasol 7 and OptiClean F decreased when the pH
was reduced to 11.0 compared to when the pH was not adjusted (i.e., pH~12-12.5). Using NaOH
at pH=11 was shown to be similarly effective at recovering membrane performance as
STPP+EDTA and Lavasol 7 at pH=11.0. OptiClean F at pH=11 was less effective than other
basic solutions. Cleaning did not affect chloride rejection, as shown in Appendix 15.
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Figure 43. Water permeability of Castle Hayne second stage fouled membranes before and after cleaning
with various cleaning solutions. Permeability measurements were normalized to the water permeability for
new TFC-S membranes reported in the manufacturer specifications. Dashed lines represent the range of
expected permeability for new TFC-S membranes (see Section 2.8). Lavasol 7 and OptiClean F were
prepared with and without pH adjustment, resulting in an adjusted pH values of 11 for both cleaning
solutions and unadjusted Lavasol 7 and OptiClean F pH values of approximately 12.5 and 12.0, respectively.

Water permeability results for Peedee first stage membrane samples before and after cleanings
are shown in Figure 44. The Peedee first stage was the least fouled of the four membranes tested.
Most of the basic cleaners tested were similarly effective at improving water permeability;
however, citric acid cleaning resulted in no improvement in water permeability. Membrane
cleaning did not significantly affect chloride rejection, as shown in Appendix 15.
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Figure 44. Water permeability of Peedee first stage fouled membranes before and after cleaning with various
cleaning solutions. Permeability measurements were normalized to the water permeability for new TFC-S
membranes reported in the manufacturer’s specifications. Dashed lines represent the range of expected
permeability for new TFC-S membranes (see Section 2.8). Lavasol 7 and OptiClean F were prepared with
and without pH adjustment, resulting in an adjusted pH values of 11 for both cleaning solutions and
unadjusted Lavasol 7 and OptiClean F pH values of approximately 12.5 and 12.0, respectively.

Figure 45 shows fouled and cleaned normalized water permeability results for Peedee second
stage membrane samples. As described in Section 3.3, due to damaged membranes permeability
of cleaned elements was well above the range expected for unfouled elements, and chloride
rejection was much lower as well (see Appendix 15) with average chloride/conductivity
rejections of 50% compared to the 85% indicated in the manufacturer’s specifications. Although
the damage to these membrane samples complicates interpretation of the results, we see that all
cleaning solutions tested significantly improved permeability except for OptiClean F,
particularly at pH=11.0.
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Figure 45. Permeability of Peedee second stage fouled membranes before and after cleaning with various
cleaning solutions. Permeability measurements were normalized to the water permeability for new TFC-S
membranes reported in the manufacturer specifications. Dashed lines represent the range of expected
permeability for new TFC-S membranes (see Section 2.8). Lavasol 7 and OptiClean F were prepared with
and without pH adjustment, resulting in an adjusted pH values of 11 for both cleaning solutions and
unadjusted Lavasol 7 and OptiClean F pH values of approximately 12.5 and 12.0, respectively. Note: Peedee
second stage membranes were damaged as evidenced by high flow rate and low chloride rejection, thus
caution should be used when interpreting results for these membranes.

3.9. Membrane Longevity

To determine if prolonged exposure to membrane cleaning solutions from repeated cleanings
would affect membrane performance, membrane longevity tests were conducted. Longevity tests
were performed by exposing TFC-ULP elements obtained from the manufacturer to cleaning
solutions at 38°C and then testing performance after varied exposure periods. Given that at the
CFPUA treatment plant cleanings occur approximately biannually (see Figure 10) for a
minimum of two hours, 40 hours of cleaning solution exposure is analogous to 10 years of
cleaning.

Figures 46 and 47 show normalized water permeability and chloride rejection, respectively, for
membranes exposed to three cleaning solutions: STPP+EDTA, Lavasol 7, and OptiClean F.
These three cleaning solutions were selected for the membrane longevity tests because STPP+
EDTA was the most effective non-proprietary cleaning solution for all four fouled membrane
samples and Lavasol 7 and OptiClean F have been used by the treatment plant. Lavasol 7 and
OptiClean F were prepared without pH adjustment resulting in corresponding pH values of
approximately 12.5 and 12.0 which exceed the membrane manufacturer’s recommendation of
11.0 for cleaning (Koch, 2010a and 2010b). The pH of STPP+EDTA was adjusted to 10.5. From
Figure 46, it was evident that Lavasol 7 increased membrane permeability by approximately 20%
for all exposure periods tested, as did OptiClean F for exposures over 40 hours. For periods of
exposure greater than 40 hours, membranes exposed to both Lavasol 7 and OptiClean F had
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chloride rejections 4-5 percentage points lower than membranes exposed to STPP+EDTA and
deionized water for which chloride rejection remained statistically constant over the exposure
period. Water permeability of TFC-ULP membranes exposed to deionized water and
STPP+EDTA demonstrated reduced permeability over time, possibly due to membrane
compression effect.
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Figure 46. Normalized water permeability of membranes exposed to cleaning solutions for varying amounts

of time. Samples were normalized to the initial membrane water permeability at time 0 hours. Cleaning

solution pH was approximately 10.5 for STPP+EDTA, 12.5 for Lavasol 7, and 12.0 for OptiClean F.
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Figure 47. Chloride rejection of membranes exposed to cleaning solutions for varying amounts of time.
Cleaning solution pH was approximately 10.5 for STPP+EDTA, 12.5 for Lavasol 7, and 12.0 for OptiClean F.
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3.10. Optimizing Full-Scale Cleaning Frequency

Over a one month period spanning June and July of 2012, the average daily electricity cost to
operate the treatment plant, including pumping water from the Castle Hayne and Peedee aquifer
wells to the treatment plant, was $1,283.32 (Malone, 2013). Excluding seasonal differences in
water demand, the extrapolated annual electricity cost is over $468,000. Producing water as
fouling progresses requires more energy as feed pressure is increased to maintain constant flux.
Therefore, we considered optimizing cleaning frequency to reduce energy consumption, thereby
reducing energy costs. To optimize full-scale cleaning frequency, we compared the cost of
chemical cleaning, including chemical costs and labor costs, to the variable energy costs during
periods of fouling. We did not take into account depreciation or maintenance costs of equipment
used during cleaning or filtration operations.

3.10.1. Labor and Chemical Costs

Chemical cleanings incur costs in the form of labor and chemicals used. Chemical cleaning
requires 4 man-hours of preparation the day prior to cleaning, and 12 man-hours the day of
cleaning, resulting in a total labor cost of $408 per cleaning (Malone, 2013). Cleanings
performed with OptiClean F use three 10-gallon pails of powdered chemical at a cost of $103 per
pail, or a total chemical cost of $309. Lavasol 7 is more expensive, requiring six 5-gallon buckets
of liquid chemical at $205 per bucket, or a total chemical cost of $1,230. Summing labor and
chemical costs, the total cleaning costs using OptiClean F and Lavasol 7 are $717 and $1,638,
respectively.

3.10.2. Well Field Pumping Costs

Water is pumped from the Castle Hayne and Peedee well fields to treatment plant. Although
pumping water to the facility is independent of membrane fouling, understanding energy use by
well field pumps is important for two reasons. First, it is important to understand what portion of
energy use is fixed. Based on a one month period of June and July, 2012, well field pumps cost
$419 per day to operate, or 33% of overall electricity costs (Malone, 2013). Second, pressure
output by the well field pumps provides the baseline of feed pressure for the membrane system.
Water pumped to the treatment plant typically has a pressure of 45 psi at the treatment plant
entrance (Malone, 2013). Some pressure is lost in the Spm prefilters before the membrane feed
pumps boost the feed pressure high enough to achieve 80% recovery in the nanofiltration syste
(see Section 3.2.2).

Relevant well field operational data are summarized in Table 6. Pumps are submerged in the well
at a given ‘pump depth’, and when pumps are not in operation, the water rises to the ‘static water
level’. When wells are turned on, a cone of depression forms around the pump, lowering the
level of water in the well to the ‘pumping water level” which corresponds to the head required to
lift water to the surface and is expressed in Table 6 as head and pressure (e.g, ‘depth (pressure)’).
Well pumps provide head to lift water to the surface, plus a residual pressure of 45 psi entering
the treatment plant. Summing the pressure heads for lifting the water (i.e., ‘pumping water
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level’) and residual mechanical pressure (i.e., pressure at membrane feed pump’), the total head
delivered by the Castle Hayne well field pumps is 61.3-66.4 psi and the corresponding head
delivered by the Peedee well field pumps is 62.7-72.0 psi.

Table 6. Well field operational data for the Castle Hayne and Peedee aquifers (Malone, 2013). Pump depth,
static water level, and pumping water level ranges were provided through personal communication with the
treatment plant (Malong, 2013). Pressure at the membrane feed pump was determined from SCADA data,
and total head delivered by the well pump was calculated as the sum of pressure head needed to lift water to
the surface (pumping water level) and pressure at the membrane feed pump.

Castle Hayne Peedee
Well Field Well Field

Pump depth in well 60 ft 100 ft
Static water level (feet) 18 - 23 40-45
Pumping water level 42 — 45 ft (18.2 - 19.5 psi) 45 - 60 ft (19.5-26.0 psi)
Pressure at membrane feed 45.0 +/- 1.91 psi 45.0 +/- 1.85 psi
pump
Total head delivered by well 61.3 — 66.4 psi 62.7 —72.9 psi
pump

3.10.3. Modeling Membrane Feed Pump Performance

To determine the cost of operating a membrane feed pump at varying degrees of fouling, we
must know the power delivered by the pump, the pump efficiency, and the efficiency of the
electric motor driving the pump. The power delivered by a pump is calculated as described by
Munson et al. (2005)

PD =ngh1 (6)

where the power delivered, Pp, is the product of Q, the volumetric flow rate, p, the density of the
fluid, g, gravitational acceleration, and h, the pressure head delivered by the pump.

To calculate the electrical power consumed by the motor, Pc, the power delivered by the pump,
Pp, is divided by the mechanical efficiency of the pump, #,, and the efficiency of the electric
motor, 7y, as expressed by Munson et al. (2005)

Pp

Pc = . (7)

N neim

The motors that drive the membrane feed pumps are manufactured by U.S. motors and deliver
125 HP at 1785 RPM, and operate using 460 volt, 3-phase, 60 Hertz electricity (Malone, 2013).
Efficiency of the motor could not be determined during operation, and thus a constant efficiency
of 95% was assumed.
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We used pump curve information obtained from the manufacturer (Afton Pumps, Houston, TX)
for the individual pumps installed in the Peedee treatment train (Malone, 2013) to obtain the
pump efficiency () values required to calculate the power consumed by the motors. The pumps
used in the treatment plant were performance tested prior to delivery. Figure 48 shows
mechanical pump efficiency (1) as a function of the fraction of maximum motor speed (i.e.,
fraction of 1785 RPM). While pumping in both systems is equally efficient at full motor speed,
the Castle Hayne system has a lower efficiency at all other motor speeds, thus requiring more
power than the Peedee system.

We evaluated the accuracy of the 7, values obtained in Figure 48 by comparing in Figure 49 the
total dynamic head (TDH) values obtained with the same model to the corresponding values
observed in the treatment plant. Observed TDH was calculated using data gathered by the
SCADA system (Malone, 2013). SCADA measures fraction of motor speed (i.e., the input for
the model), and also pressure of plant influent, headloss across the membrane prefilters, and
membrane feed pressure. Observed TDH was calculated as the sum of membrane feed pressure
and headloss across the prefilters minus pressure of plant influent. Modeled TDH values as a
function of the fraction of maximum motor speed are presented in Figure 48. From this plot, we
see that increasing motor speed increases feed pressure up to approximately 120 psi and 140 psi
for the Castle Hayne and Peedee systems, respectively. The reason the same pump model in the
Castle Hayne system has a lower modeled pressure than a Peedee pump at the same motor speed
is that the flow rate delivered by the Castle Hayne pump (1,300 GPM) is greater than the flow
rate delivered by the Peedee pump (1,040 GPM). Figure 49 shows that the model underestimates
the power delivered by the Castle Hayne pumps and overestimates by the power delivered by the
Peedee pumps. However, this discrepancy is relatively minor and gave us confidence that
modeled #, and TDH were descriptive of the actual #, and TDH in the system.
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Figure 48. Modeled total dynamic head and pump efficiency as a function of fraction of total motor speed.
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Figure 50. Comparison of observed and modeled pump total dynamic head (TDH) delivered by the Castle
Hayne and Peedee membrane feed pumps over time.

The power consumed by the membrane feed pumps was modeled using Equation 7. Results are
shown in Figure 50. Power consumption by the Peedee membrane pumps increased from 32.7
kW after cleaning to a maximum of 79.1 kW when fouling was most severe, while power
consumption by the Castle Hayne membrane pumps increased from 56.1 kW to 77.5kW during
fouling events. Even after cleaning, the Castle Hayne treatment train is operated at a higher
pressure than the Peedee (see Figures 12 and 50) because the Castle Hayne system has TFC-ULP
membranes in its first stage, which are less productive than TFC-S which is in the first stage of
the Peedee. This difference in feed pressure leads to nearly double the power consumption (32.7
vs. 56.1 kW) due to differences in mechanical efficiency (see Figure 48).
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Figure 50. Modeled power consumption by the Castle Hayne and Peedee feed pumps over time.
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3.10.4. Estimating Savings in Energy Cost for Varying Cleaning Regimens

To determine energy savings with various cleaning regimens, we needed to determine the change
in energy consumption and multiply it by the price of electricity. Taking the average of on-peak
and off-peak energy cost at the treatment plant in June and July of 2012 (Malone, 2013) resulted
in a price of $0.046/kWh, which was used to estimate cost savings. For the purpose of this
analysis, it was assumed that successive cleanings are equally effective at returning treatment
trains to their previous level of performance. SCADA results were gathered at one-hour time
steps, and differences in power usage (kW) were multiplied by this time step to get energy
consumption (kWh) for the base cleaning scenario (i.e., the actual scenario used in the treatment
plant) and other scenarios that assumed more frequent cleaning.

The Castle Hayne system frequently encounters periods of rapid fouling, where feed pressure
increases significantly in a very short period of time. As shown in Figure 51 in the baseline
scenario, one hour after system startup on the morning of November 30, 2011, feed pressure
increased from 130 to 150 psi within a one hour period and did not decrease until cleaning in
May of 2012. Figure 51 shows modeled power consumption for a period of eight months for the
observed baseline scenario (i.e., no cleaning events), and a scenario with more frequent cleaning
(i.e., two cleaning events occurring after a time period equal to the onset of rapid fouling in the
baseline scenario). For the scenario with more frequent cleaning events, it was assumed that
fouling would progress at the same rate observed in the treatment plant before the rapid fouling
event of November, 2011. Compared to the baseline scenario, the scenario with increased
cleaning frequency reduced the average energy use over the 8-month time period studied in
Figure 51 from 71.7+7.6 KW to 61.1+7.7 kW. Cleaning resulted in an overall energy savings of
18,300 kWh, equivalent to an energy cost savings of $841.
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Figure 51. Comparison of modeled power consumption in the Castle Hayne treatment train for the baseline
scenario observed at the treatment plant and a scenario with more frequent cleaning.

A similar approach was taken in modeling energy savings for the Peedee treatment train. Since
there were no periods of rapid fouling in the Peedee treatment train like those observed in the
Castle Hayne system, a different set of cleaning criteria were needed. Typically, nanofiltration
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membranes are cleaned following a 10-30% decrease in flux (Shafer et al., 2006). Thus, we
modeled power consumption assuming cleanings after 10%, 20%, and 30% increases in feed
pressure as shown in Figure 52. Cleaning reduced the average energy consumption from
54.0+£13.4 kW in the baseline scenario to 38.1+2.3 kW, 39.9+3.6 kW, and 42.2+5.0 kW for the
three cleaning scenarios. These reduced power consumptions correspond to energy cost savings
of $1,238, $1,103, and $922 for cleanings following an increase in feed pressure of 10%, 20%,
and 30%, respectively.
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Figure 52. Comparison of modeled power consumption in the Peedee treatment train for the baseline scenario
observed at the treatment plant and scenarios with cleaning events after a 10%, 20%, and 30% increase in
feed pressure.

3.10.5. Comparing Cleaning Costs with Energy Savings

To determine the optimum cleaning frequency, cost of chemical cleanings (Section 3.10.1) were
compared to energy savings from increased cleaning frequency (Section 3.10.4). Table 6
summarizes the costs and savings associated with increasing cleaning frequency. Cleaning with
Lavasol 7 ($1,638/cleaning) was much more expensive than cleaning with OptiClean F
($717/cleaning). As a result, net savings from cleaning with OptiClean F were always greater
than cleaning with Lavasol 7 as the two were assumed to be equally effective cleaning agents.
The only cleaning scenario with positive net savings was cleaning of the Peedee treatment train
after a 30% increase in feed pressure using OptiClean F. These results suggest that more frequent
cleanings would generally cost more in labor and chemical costs than the associated savings in
energy costs.
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Table 6. Energy costs savings, cleaning costs, and net savings for different cleaning scenarios over the period

between cleaning events.

Castle Hayne -
Immediately After

Peedee -
10% Feed

Peedee -
20% Feed

Peedee -
30% Feed

Rapid Fouling Pressure Increase | Pressure Increase | Pressure Increase
Energy
Savings $840.80 $1,238.45 $1,102.53 $921.81
Number of
Cleanings 2 3 2 1
Days Between
Cleaning Events 95 78 122 159
OptiClean F Total
Cleaning Costs $1,434.00 $2,151.00 $1,434.00 $717.00
Lavasol 7 Total
Cleaning Costs $3,276.00 $4,914.00 $3,276.00 $1,638.00
Net savings from
OptiClean F Cleaning -$593.20 -$912.55 -$331.47 $204.81
Net savings from
Lavasol 7 Cleaning -$2,435.20 -$3,675.55 -$2,173.47 -$716.19
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4. Discussion
4.1. ldentification of Membrane Foulants

Five membrane characterization techniques — SEM, XPS, EDX, ATR-FTIR, and RBS — were
used to identify membrane foulants in the sections and figures described below:

e SEM: Section 3.4.1, Figures 15-19

e XPS: Section 3.4.2, Figure 20

e EDX: Section 3.4.3, Figure 21

e ATR-FTIR: Section 3.4.4, Figure 22

e RBS: Section 3.4.5, Figures 23 and 24

Membrane cleaning solutions were also analyzed to determine the concentrations of extracted
inorganic foulants and organic matter as shown in Section 3.4.6, Figures 25 and 26. Of the
characterization techniques listed above, XPS, EDX, and extraction analysis can quantify the
elemental composition and/or concentrations of foulants in the fouling layers. Table 7 shows
elements ranked by decreasing order of concentration as obtained for XPS, EDX, and foulant
extraction analyses. From these results, it was evident that XPS and EDX yield similar results
regarding the relative concentration of foulant elements. However, the absolute concentrations of
foulants were much lower for EDX than for XPS because EDX penetrates a few microns
(Greenlee et al., 2009) into the sample, therefore characterizing a larger portion of the membrane
itself together with the fouling layer, while XPS only penetrates a few nanometers thus
characterizing mainly the fouling layer (Shafer et al., 2006).

Table 7. Ranking in order of decreasing concentrations in the fouling layers of foulant elements as
determined by XPS, EDX, and foulant extraction analyses.

XPS EDX* Foulant Extraction**

Castle Hayne 1% Stage | O>Si>Al>Ca>Fe>S O>Si>Al>Ca>Fe Si>Ca>0OM>Fe>Al

Castle Hayne 2" Stage | O>>Ca>>Si>Fe>Al>S | O>Ca>Fe>Si>Al Si>Ca>0M>Fe>Al

Peedee 1% Stage 0>Ca>Si>Al>S>Fe | O>Ca>Si>Al>Fe | Si>Ca>AlI>0OM>Fe

Peedee 2" Stage O>Si>Ca>Al>Fe>S O>Ca>Si>Al>Fe Si>Ca>AlI>0OM>Fe

*EDX cannot be used to determine the presence of sulfur in the fouling layer, as it penetrates into the polysulfone
support and signal from the support cannot be separated from the signal from the foulant layer.

**Foulant extractions cannot measure the presence of oxygen; magnesium results excluded; OM indicates organic
matter.

Extraction with sodium hydroxide may underestimate organic fouling, because increasing pH
alone may not remove organic matter as well as solutions that include a chelating agent such as
EDTA (Ang et al. 2006; Hong and Elimelech, 1997). However, organic matter extracted from
the membrane surface could not be accurately quantified in cleaning solutions containing EDTA
because EDTA is itself an organic molecule. For example, STPP+EDTA contained 0.8 percent
EDTA, or 8,000 mg/L EDTA, which is orders of magnitude larger than the organic matter
concentration in the cleaning solution due to membrane foulants (~12 mg/L of DOC in the most
concentrated sample extracted with NaOH at pH=11).
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ATR-FTIR spectra of fouled elements yielded absorbance peaks at specific wave numbers
characteristic of certain bond types (see Figure 22). All fouled samples had an absorbance peak
around 1440 m™, which is characteristic of calcium carbonate (Stein, 2012). The Castle Hayne
first stage had absorbance peaks characteristic of Si-O, Si-O-Si, and Si-O-Al bonds. When
considered together, these bonds may represent kaolinite, a clay that could have been deposited
in colloidal form or precipitated on the membrane surface. These bonds could also be
characteristic of other aluminum and silicate colloids. Spectra for fouled elements from the
Castle Hayne first stage contained an array of absorbance peaks from a heterogeneous fouling
layer which complicate foulant identification. The other three fouled membranes tested contained
prominent peaks that could not be linked to specific molecules containing the elements identified
by EDX and XPS.

Individual elements present in fouling layers were also identified by RBS. From Figure 24, we
determined that the Peedee first stage and second stage fouling layers had thicknesses of less
than 200 nm and 300 nm, respectively. The Peedee first stage fouling layer had a relatively high
calcium content. The Peedee second stage had three distinct layers, the top layer (<40nm) having
a relatively high iron content, and the bottom two layers having a mixture of carbon, oxygen,
silicon, aluminum, calcium, and iron. The two Castle Hayne fouling layers are thicker than 2 pm
(see Figures 23 and 24). The Castle Hayne second stage fouling layer contains more iron,
calcium, and carbon than the fouling layer of the first stage. The Castle Hayne first stage fouling
layer has a thin surface layer rich in silicon less than 300-nm thick atop a thick fouling sublayer.

Compared to other polyvalent cations, calcium and aluminum were poorly rejected in the full-
scale system (see Table 4). One potential explanation for poor aluminum and calcium rejection is
concentration polarization, but concentration polarization alone would have also resulted in
similarly poor rejection of other dissolved constituents. Another explanation could be that
calcium and aluminum are preferentially present in the fouling layer at the membrane surface.
This hypothesis is supported by the observed presence of aluminum, calcium, and silicon in the
fouling layers of all membranes tested (see Section 3.4), and is consistent with studies reporting
that calcium acts as an intermolecular bridge between nanofiltration membrane surfaces and
organic matter (Li and Elimelech, 2004).

Based on the numerous methods used to characterize the membrane fouling layers, we
determined that all fouling layers contain iron, aluminum, silicon, calcium, oxygen, and carbon.
Organic foulants were detectable in all membranes, but were present in higher concentrations in
the Castle Hayne fouled elements than in the Peedee fouled elements. Significant calcium and
silicon concentrations were observed in all fouled membranes, possibly indicating silicate and
calcium carbonate fouling.

4.2. Potential Removal of Membrane Foulants by Prefiltration

Membrane foulants consisted of a variety of inorganic constituents and organic matter as was
discussed in Section 4.1. Prefiltration methods included the treatment plant’s existing 5-um
filtration as well as 1.2 um, 0.1 pm, and 100 kDa filtration which simulated sand filtration,
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microfiltration, and ultrafiltration, respectively. Prefiltration results shown in Section 3.1 indicate
that prefiltration removed over 99% of turbidity in Castle Hayne water, and 42-97% (depending
on the filter used) in Peedee water (see Table 3). Prefiltration also reduced SDI in both samples.
Although prefiltration reduced both turbidity and SDI, the values measured in the source waters
were already below the values specified by the manufacturer as the maximum limits that waters
should have to be apt to serve as influent to the membrane elements (Koch, 2010a and 2010b).

Of the dissolved ions tested, only aluminum was reduced by at least 20% by prefiltration; this
relatively significant aluminum removal may indicate that the aluminum present is colloidal in
nature. The other ions tested were not significantly reduced by prefiltration, and neither was the
concentration of DOC. This includes calcium, silicon, and iron, which are key inorganic foulants
found in the fouling layers, as discussed in Section 4.1.

The inability of sand filtration, microfiltration, and ultrafiltration to remove the dissolved
constituents that make up the fouling layers suggests that improving water quality of the
membrane feed via pretreatment by prefiltration methods would not significantly reduce the
membrane fouling potential of the feed waters.

4.3. Preventing Full-Scale Membrane Fouling

Given that prefiltration was ineffective at removing membrane foulants as described in

Section 4.2, other methods for preventing membrane fouling should be considered. Two methods
to prevent the formation of membrane foulants are pH control and the addition of an antiscalant.
At the treatment plant, Castle Hayne feed water is adjusted to a pH of approximately 6.0 before
treatment to prevent the precipitation of inorganic foulants. The pH of Peedee feed water is also
adjusted to a value of 6.67. Both the Castle Hayne and Peedee treatment trains use an antiscalant
as well.

Silicon was an important membrane foulant identified in all four-fouled membranes tested (see
Figures 20, 21, and 26). In the bench-scale fouled membrane, silicon was the predominant
membrane foulant and could not be efficiently removed by any of the cleaning agents tested (see
Figure 27). Given the silicon concentrations in the influent Castle Hayne and Peedee waters,
solubility limit analyses in the membrane concentrate waters indicate that fouling by silicates
potentially occurs in both the Castle Hayne and Peedee membranes. Silicate solubility at the
temperature (13°C) of influent waters to the membrane stages is approximately 100 mg/L as SiO,
at pH=7.0 (FILMTEC, 2013). At the pH conditions of the Castle Hayne (pH~5.99) and Peedee
(pH~6.7) waters in the membrane stages (see Table 2), silicate solubility increases to 112 and
106 mg/L as silicate for Castle Hayne water and Peedee water, respectively. Influent silicon
concentrations in the Castle Hayne and Peedee waters were found to be 8.0+8.8 mg/L as Si and
5.9+7.1 mg/L as Si, respectively (see Table 2). Using the 95% upper confidence level of silicon
solubility limits for Castle Hayne (16.8 mg/L as Si) and Peedee (13 mg/L as Si) waters, we
converted these values to 36.0 mg/L as SiO, and 27.8 mg/L as SiO,, respectively. Given 80%
recovery in the system (see Figures 9 and 10), silicate concentrations could potentially increase
in the membrane feed channel to 180 mg/L as SiO; in the Castle Hayne treatment train and 139
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mg/L as SiO, in the Peedee treatment train. Both values are above the solubility limit for silicates
in their respective waters. Decreasing solution pH only increases silicate solubility by
approximately 12% per pH unit (FILMTEC, 2013), thus silicate solubility would only be 136
mg/L at pH=4, making acidification of the feed solution impractical for controlling fouling by
silicate. The potential problem of fouling by silicates is compounded by Luo and Wang’s (2001)
observation that precipitation of silicates also occurred at concentrations below saturation during
high-pressure membrane filtration; Luo and Wang suggested catalysis by AI** and Fe** ions as
the most probable cause. Given the challenges to control silicate solubility by pH adjustment and
the possibility of silicate precipitation below saturation conditions, antiscalants are often used to
control silicate fouling.

Antiscalants disrupt one or more of the stages of scale formation by (1) increasing the
concentration of ions needed for clustering, (2) disrupting nuclei ordering or crystal structure, (3)
repelling ions from crystal surfaces to prevent growth, or chelating dissolved ions (Greenlee et
al., 2009). The CFPUA uses SpectraGuard™, produced by Professional Water Technologies™,
which is supposed to control silica fouling. Although we were unable to test alternative
antiscalants or dosing due to challenges recreating fouling in the laboratory (see Sections 3.5 and
4.8), we did see an increase in the presence of silicon in fouling layers when an antiscalant was
not added in the laboratory (Figure 27). While we cannot categorically say that the antiscalant
used by the treatment facility reduced silicate fouling, we observed significantly high silica
concentrations in fouling layers generated in the laboratory when the antiscalant was not added.

4.4, Comparison of Dead-End and Cross-Flow Systems for Testing
Membrane Performance and Cleaning Efficiency

4.4.1. Membrane Performance

Membrane water permeability and salt rejection were measured in both dead-end and cross-flow
cells. Figure 13 in Section 3.3 shows the results for water permeability tests performed on fouled
membranes using the two setups. These results demonstrate that the dead-end and cross-flow
cells yield statistically equal values of water permeability, and therefore that water permeability
measurements in dead-end configuration are representative of corresponding measurements in
cross-flow configuration.

Figure 15 in Section 3.3 shows chloride rejection by fouled membranes using the dead-end and
cross-flow configurations. Chloride rejections obtained with both configurations wre statistically
equal for Castle Hayne fouled membranes. By contrast, dead-end chloride rejections were lower
than cross-flow chloride rejections for the Peedee fouled membranes by 8 percentage points and
29 percentage points for first stage membranes and second stage membranes, respectively. As
discussed in Section 3.3, however, the membranes from the Peedee second stage were damaged
and had a relatively high variability of performance properties with respect to membrane
sampling location in the membrane element. Nevertheless, the chloride rejection difference of 8
percentage points obtained for the fouled membranes collected form the Peedee first stage
indicate that dead-end chloride rejection may not be representative of cross-flow rejection. For
treating freshwaters where the primary constituents of concern are iron and manganese,
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differences in chloride rejection of a few percentage points between the two setups may not be as
important as these differences would be for e.g. seawater applications.

4.4.2. Cleaning Efficiency

Water permeability was also tested after cleaning fouled membranes in the dead-end and cross-
flow configurations to determine if the two cleaning procedures were similarly effective at
recovering membrane performance. Figure 30 in Section 3.6 shows that water permeability
measurements obtained after cleaning with STPP+EDTA in dead-end and cross-flow
configurations were statistically equal. Figure 31 in Section 3.6 compares dead-end and cross-
flow cleaning with citric acid. Citric acid cleanings were only performed once in the cross-flow
system, but if we assume a standard error equal to that of STPP+EDTA cleaning for the Peedee
second stage element (see Figure 30), then the two cleaning setups yield statistically equal
permeability. The comparison of water permeability results between membranes cleaned in dead-
end configuration and membranes cleaned in cross-flow configuration demonstrate that water
permeability measurements in dead-end configuration are representative of corresponding
measurements in cross-flow configuration.

While in principle cross-flow cleaning and performance testing is preferred over dead-end
cleaning and testing because the cross-flow configuration better represents the fluid dynamics
conditions existing in treatment plants, our results above indicate that the results obtained for
cleaning efficiency and water permeability in dead-end configuration are representative of those
obtained in cross-flow configuration. As a result, we conclude that — for fresh water applications
— the dead-end configuration can be used to satisfactorily obtain performance properties of
membrane samples and cleaning efficiency of cleaning solutions. Dead-end tests have the added
benefit that they are less resource-intensive than cross-flow tests.

4.5. Evaluating Membrane Cleaning Solutions

To determine the effectiveness of membrane cleaning solutions, three factors were considered:
foulant removal (Section 3.7), performance recovery (Section 3.8), and long-term effects on
membrane longevity (Section 3.9). Performance recovery, specifically improving membrane
water permeability while maintaining integrity to reject salts, is the objective of membrane
cleaning. However, foulant removal and performance recovery must be considered in concert.
For example, given the spatial variability of membrane performance and the uncertainty in
cleaned element permeability, flux measurements alone may not fully explain cleaning behavior.
Similarly, if flux increases but a portion of the fouling layer remains, fouling may occur more
rapidly upon system startup after cleaning. Conversely, the presence of foulants may not severely
decrease membrane performance, as was observed in the Castle Hayne and Peedee first stage
elements. Longevity tests can then be used to determine the long-term effects of cleaning on
membrane integrity.
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In general, basic cleaners were found to remove foulants and recover flux better than acidic
cleaning agents (Section 3.7 and 3.8). Specifically, Lavasol 7 and STPP+EDTA were found to be
the most effective basic solutions from the perspective of foulant removal and flux recovery. For
example, cleanings of the Castle Hayne second stage fouled element with Lavasol 7 at pH=11
and STPP+ EDTA increased permeability by 507% and 560%, respectively, compared to citric
acid cleaning which increased permeability by 265% (Figure 43 in Section 3.8). Both Lavasol 7
and STPP+EDTA contain EDTA, a chelating agent which sequesters metal ions such as calcium
and iron, reducing their interaction with the membrane surface and organic matter. EDTA
removes free ions, and ions complexed with organic matter by ligand exchange reactions (Hong
and Elimelech, 1997) which reduces intermolecular adhesion forces between organic molecules
(Ang et al., 2006) and causes organic molecules to become charged and repel each other. This
mechanism of EDTA action is relevant to the fouling layers of membranes treating Castle Hayne
and Peedee waters as our results indicate that they contain organic matter and polyvalent cations
such as calcium, aluminum and iron.

OptiClean F, which does not contain EDTA, was chosen to replace Lavasol 7 at the treatment
plant given operational challenges and hazards to personnel from handling Lavasol 7.

OptiClean F was shown to be less effective at removing foulants (Figures 40 and 41 in

Section 3.7.6) and recovering membrane performance (Figures 43 and 45 in Section 3.8) than
Lavasol 7. Lavasol 7 at pH=11 increased the water flux of Castle Hayne second stage and Peedee
second stage fouled membranes by 507% and 48%, respectively, while OptiClean F at pH 11.0
increased fluxed by 283 and 18%, respectively. STPP+EDTA increased flux by 560% and 84%
for the second stage elements of the Castle Hayne system and Peedee system, respectively, and
could be considered as an alternative cleaning solution.

Membrane longevity tests shown in Section 3.9 demonstrate that prolonged exposure to cleaning
solutions at a pH greater than 11.0 (Lavasol 7 and OptiClean F) increases membrane water
permeability and decrease chloride rejection relative to cleaning agents with pH values lower
than 11.0 (STPP+EDTA). After 14-16 hours of exposure to Lavasol 7 and OptiClean F,
normalized water permeability increased by 17% and 12%, respectively, which were 34 and 19
percentage points higher than the deionized water control (see Figure 48). Chloride rejection
decreased by 3.6 and 2.5 percentage points after 41-47 hours of exposure to Lavasol 7 and
OptiClean F, respectively. These results indicate that cleaning solutions should be neutralized to
11.0 before cleaning to preserve long-term membrane performance. Longevity tests did not
include physical cross-flow turbulence, which may influence the extent of damage from high pH
solutions.

4.6. Optimizing Cleaning Frequency

Annual energy costs at the treatment facility were approximately $1,300 per day during June and
July of 2012, or an estimated annual cost of $468,000 (see Section 3.10). Energy consumption
increases as membranes foul due to increases in feed pressure required to maintain constant flux.
Cleaning costs and modeled reductions in energy use following cleaning were compared for full-
scale cleaning. Labor and chemical costs meant that frequent cleaning with either Lavasol 7 or
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OptiClean F was more expensive than the corresponding savings in electricity costs (see
Table 6). The only scenario where more frequent cleaning resulted in net cost savings was the
cleaning of the Peedee treatment trains using OptiClean F after feed pressure was increased by
30% (Table 6), and this was assuming OptiClean F was similarly effective at performance
recovery as Lavasol 7, which was shown not to be the case for Peedee second stage elements
(Figure 45, Section 3.8).

Despite the fact that cleaning reduces energy consumption for the membrane feed pump by
14.8% for the Castle Hayne cleaning and by 21.9-29.4% for the Peedee cleanings, the total
energy cost savings were relatively minor compared to the overall energy cost. One reason for
the modest reductions in energy cost is that a large portion of the energy consumption is
relatively fixed (i.e., it is not be impacted by membrane performance). As discussed in Section
3.10.2, pumping water to the treatment plant at a pressure of 45 psi accounts for 33% of overall
electricity expenditures. Further, an average of 35% of the remaining 67% of energy costs were
consumed by the laboratory and maintenance facilities in June/July of 2012. As a result, only
45% of the overall electricity demand occurs in the nanofiltration facility. Daily energy
consumption at the nanofiltration facility is monitored by treatment plant personnel.

To improve the economic benefits of cleaning, less expensive basic cleaning solutions containing
EDTA (see Section 4.5) might be found; however, increasing the frequency of cleanings does not
seem to hold much potential for financial savings. Given the risks of membrane damage through
greater exposure to cleaning chemicals (see Section 4.5), increasing cleaning frequency should
be avoided unless cleaning solution pH is adjusted prior to cleaning.

4.7. Determining the Applicability of XPS and RBS for the Identification of
Membrane Foulants

XPS is a technique commonly used in the characterization of unfouled membranes and RBS has
been recently introduced for the same purpose. The use of XPS for characterization of fouling
layers has been limited in the literature and RBS has not been used for fouling studies. Searching
the database Web of Science in March 2013 with the keywords ‘XPS, FOULING,
NANOFILTRATION, CHARACTERIZATION?’ yielded eight results, only two of which
included characterization of fouled membranes (Song et al., 2004; Mondal and Wickramasinghe,
2008). Of these two publications, one involved the filtration of produced waters generated during
oil and gas production (Mondal and Wickramasinghe, 2008), and the other only measured
carbon, oxygen, nitrogen and calcium, with calcium concentration being always below 1% (Song
et al., 2004). A search for the keywords ‘RBS, FOULING, MEMBRANE’ yielded zero results.

Unfouled NF and RO membranes consist of a polyamide active layer 20-200 nm in thickness, a
polysulfone support approximately 30-50 um thick, and a polyester backing that is
approximately 200 um thick. XPS can only penetrate a few nanometers (Shafer et al., 2006), and
thus will only provide information about the active layer. If a membrane fouling layer is more
than a few nanometers thick, XPS will only characterize the surface of the fouling layer. If the
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fouling layer is thinner than the depth of XPS penetration, XPS results will represent the
combined signal coming from both the fouling layer and membrane active layer. EDX penetrates
1,000 times deeper than XPS, a few microns (Greenlee et al., 2009), characterizing the active
layer and the polysulfone support in an unfouled membrane. For very thick fouling layers (i.e.,
tens of microns or more), EDX characterizes only the fouling layer. For fouling layers less than a
few microns thick, EDX will characterize the fouling layer, the active layer, and the polysulfone
support.

Although the concentrations of foulants obtained by XPS are much higher than those obtained by
EDX (see Figures 20 and 21 in Sections 3.4.2 and 3.4.3), the two techniques yielded consistent
information about the relative abundance of each element in fouled membranes (see Section 4.1).
The observed difference in absolute foulant concentrations between the two techniques, coupled
with higher concentrations of sulfur measured by EDX, suggests that the fouling layers are
thinner than the depth of EDX penetration, i.e., less than a few microns.

While EDX appears to be a suitable characterization technique for thick fouling layers like that
in the Castle Hayne first stage, XPS gives greater sensitivity to analyze thinner fouling layers,
such as those from the Castle Hayne second stage and both Peedee stages. If EDX alone was
used, we would conclude that the Castle Hayne first stage fouling layer included calcium and
small concentrations of iron, the only significant inorganic foulant in the Peedee first and second
stage was calcium (see Figure 21). By contrast, XPS (see Figure 20) shows that all four
membrane foulant layers contain iron, calcium, silicon, aluminum, and sulfur, a much more
diverse group of foulants than determined by EDX.

RBS is a technique recently introduced for the characterization of membranes (Mi et al., 2006)
which has not previously been applied to fouled samples. RBS combines the relatively large
analysis depth of EDX (i.e., into the polysulfone support) with sensitivity to low foulant
concentrations similar to XPS, particularly for atoms with higher atomic weight. For example,
Figure 24 (Section 3.4.5) contains the RBS spectra for the Peedee first stage fouled element.
Both the sulfur plateau from the polysulfone support and the calcium foulant, which was barely
detected by EDX analysis (see Figure 21), are evident in the fouled membrane spectrum,
demonstrating simultaneous characterization of the inner membrane and a thin foulant layer. The
presence of elemental signals, as peaks instead of as plateaus, also enables the identification of
relatively thin fouling layers or sublayers within thick fouling layers as described in Section
3.4.5. Since the analysis depth of RBS is =2 um, then RBS is also well suited for
characterization of thick fouling layers. RBS showed also utility for identifying elements that
remained on the membrane surface after cleaning procedures (see Section 3.7.5) and that were
not observed by XPS.

XPS and RBS allow for the characterization of thin foulingt layers, which is important because
the thickness of the fouling layer is not necessarily correlated with flux reduction. Consider the
Castle Hayne first and second stage fouled elements. We established above that the first stage
had a thicker fouling layer than the second stage. Normalized permeability in the first stage
fouled element was 10-30% below the average normalized permeability of a new unfouled
element (see Figure 42). The thinner second stage foulant had a normalized flux 80% below the
normalized average permeability of a new unfouled element (Figure 43). Therefore, it is
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important to characterize thin fouling layers, and XPS and RBS show more utility in the
characterization of thin fouling layers than EDX.

4.8. Challenges in Replicating Full-Scale Fouling in Laboratory Cross-Flow
Systems

As was shown in Section 3.5, attempts to recreate full-scale fouling in the laboratory resulted in a
foulant layer unrepresentative of full-scale conditions. Laboratory fouling resulted in a foulant
layer containing higher concentrations of silicon and lower concentrations of all other inorganic
species than the full-scale fouled element (Figure 27). Reduction in the amount of iron present
can be explained by the visible precipitation of iron following exposure to the atmosphere which
resulted in a three orders of magnitude reduction in dissolved iron.

However, this finding does not explain the reductions in calcium, aluminum, or sulfur fouling.
Reductions in calcium fouling could have been due to a reduction in the concentration of
carbonate, as calcium carbonate is a common membrane foulant. The CFPUA plant adds sulfuric
acid to reduce iron fouling and the formation of other inorganic precipitates. This acid addition
influences carbonate speciation, protonating carbonate ions (CO3?) to bicarbonate (HCO3), and
bicarbonate further to carbonic acid (H,COj3) which seeks equilibrium with dissolved carbon
dioxide (COy) (Benjamin, 2002). Anoxic waters, such as the Castle Hayne and Peedee aquifers,
have poor gas exchange with the atmosphere and may be supersaturated with carbon dioxide
prior to extraction and subsequent acid addition. When samples were exposed to the atmosphere,
carbon dioxide volatilized from solution, thus decreasing the total carbonate content in solution.
The same process may have repeated when acid was added in the cross-flow system to maintain
a constant pH, forcing carbonates out of the system, and potentially reducing calcium carbonate
fouling.

It is unclear what the reasons are for the differences observed in fouling by other constituents,
though the lack of antiscalant addition during laboratory cross-flow fouling tests most likely
influenced the fouling layer properties. Antiscalants decay over time, and thus are added at a
constant rate in once-through, full-scale systems. In recirculating laboratory systems, it is
impractical to dose antiscalants to achieve a consistent concentration, and therefore antiscalants
are not employed in laboratory fouling studies. Achieving consistent antiscalant concentrations
would require an antiscalant dosing system controlled by online real-time monitoring of the
antiscalant concentration. However, the continuous addition of antiscalant in a typical closed-
loop laboratory membrane filtration system would result in the buildup of antiscalant degradation
products in the feed water which is inconsistent with full-scale conditions.

Regardless of the explanation for differences in foulant layer composition, fouling experiments
conducted in the laboratory were not representative of full-scale fouling. The fouling layer
generated in the laboratory bench-scale system had a distinctly different elemental composition
than the fouling layer in membranes fouled at the treatment plant. Additionally, bench-scale
fouling was irreversible as opposed to full-scale fouling which was reversible. Accordingly,
caution should be used when studying the fouling propensity of ground waters (e.g., Castle
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Hayne and Peedee waters) in laboratory settings as laboratory tests may not recreate conditions
encountered in full-scale systems.

4.9. Fluorescence Characterization of Organic Matter in Source Waters,
Membrane Permeate Water, and Membrane Fouling Layers

DOC, UVA, and EEMs, as well as subsequently calculated fluorescence indicators (SUVA, Sr,
and FI) were used to characterize organic matter in source waters, membrane permeate water,
and membrane fouling layers. Water from the Castle Hayne aquifer contains almost twice the
DOC and three times the SUVA of water from the Peedee aquifer (see Table 2). In addition to a
higher SUVA, the Castle Hayne water also has a lower slope ratio than the Peedee water,
indicating more hydrophobic, higher molecular weight organics that have a higher potential for
organic fouling (see Table 2). However, organic matter extracted from the membrane fouling
layers had lower SUVA and higher slope ratio than organics in the source waters. Her et al.
(2010) also observed similar SUVA tendencies between organics in feed waters and fouling
layers. The results thus indicate that fouling layers preferentially contain lower molecular weight,
more hydrophilic organic matter. These findings are consistent with fouling layers comprised of
organic matter organic matter stabilized by calcium, which cleaning solutions containing EDTA
are particularly effective at reversing, as explained in Section 4.5.

Rejection of DOC, UV absorbent organic matter (UVA), and fluorescent organic matter were
99% or greater for both stages of the Castle Hayne treatment train when operated at full scale
(see Table 4). Rejection of organics was lower in the Peedee aquifer (58-99%) (Table 4). The
lower rejection of organics by the membranes in the Peedee stages, and the higher slope ratio for
organics in the Peedee source water than for organics in the Castle Hayne feed water (Table 2),
indicate that organic matter from the Peedee water is smaller in size than organic matter from the
Castle Hayne aquifer, and thus more membrane permeable.
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5. Summary

Membrane foulants were identified for membranes treating water from the Castle Hayne and
Peedee aquifers. Castle Hayne foulants include calcium, silicon, aluminum, and iron, while
Peedee foulants contain primarily silicon, calcium, and aluminum. Castle Hayne fouling layers
contained more organic matter than Peedee fouling layers. Prefiltrations were performed to
simulate sand filtration, microfiltration, and ultrafiltration. All prefiltration methods tested
removed particulate matter, which did not appear to contribute to membrane fouling, but were
ineffective at removing dissolved constituents that contributed to fouling.

The Castle Hayne second stage element had the lowest flux of any of the membranes sampled,
and thus was the most severely fouled. Membrane cleaning and performance testing was
performed in dead-end and cross-flow setups, both of which yielded similar results. Although
many cleaning solutions were tested, basic cleaning agents containing EDTA, specifically
Lavasol 7 and STPP+EDTA, were the most effective at reversing membrane fouling.
STPP+EDTA was shown to cause less long-term change in membrane performance than Lavasol
7, as determined by water permeability and chloride rejection. Lavasol 7 and OptiClean F were
shown to increase membrane permeability and decrease salt rejection after prolonged exposure to
cleaning solutions at pH values more basic than the limits recommended by the manufacturer.

Our results showed that characterization techniques commonly used to characterize membrane
foulants, ATR-FTIR and EDX, had limitations when characterizing membrane fouling layers
composed of multiple foulants and thin fouling layers, respectively. We showed that XPS can be
used to characterize thin fouling layers and RBS has utility for identifying depth heterogeneous
fouling layers. EDX lacks the depth resolution that XPS provides to characterize thin fouling
layers; the depth of analysis of RBS allows for the characterization of foulant layers more than a
few nanometers thick, which is not possible with XPS.

Laboratory bench-scale fouling tests using feed waters resulted in fouling layers vastly different
in composition and susceptibility to cleaning than corresponding full-scale fouling layers. These
results indicate that recreating full-scale fouling for academic or design purposes using
recirculating systems may not be appropriate for ground waters such as the coastal North
Carolina waters tested in this study. We also determined that laboratory fouling tests in the
absence of an antiscalant produced irreversible silicate fouling. To prevent fouling, decreasing
pH by addition of sulfuric acid may reduce precipitate fouling caused by calcium, iron, and
silicates. The use of different antiscalants may also minimize fouling; however, we were unable
to test the effect of antiscalant addition in the laboratory.
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6. Conclusions

Based on the experimental results in Section 3 and the discussion in Section 4, we were able to
conclude the following:

1)

2)

3)

4)

5)

6)

7)

8)

9)

Prefiltrations simulating sand filtration, microfiltration, and ultrafiltration were
ineffective at removing source water constituents that contribute to fouling.

Basic cleaning agents containing EDTA, specifically Lavasol 7 and STPP+EDTA, were
the most effective at reversing membrane fouling.

Prolonged exposure to chemical cleaning solutions with a pH higher than the
manufacturer’s cleaning guidelines results in increased water permeability and decreased
chloride rejection.

XPS provides greater sensitivity for thin fouling layers than EDX, and RBS allows for
the characterization of depth heterogeneous fouling layers.

Dead-end membrane performance testing and cleaning was representative of cross-flow
testing and cleaning for the fouled membranes tested here.

The most severe fouling from the perspective of flux decrease was observed in elements
collected from the Castle Hayne second stage.

The main foulants in the Castle Hayne aquifer are calcium, silicon, aluminum, and iron.
The Peedee foulants contain primarily silicon, calcium, and aluminum. Organic matter
was detected in foulants form all membranes, but concentrations were higher in the
Castle Hayne fouling layers than in the Peedee fouling layers.

Attempts to recreate full-scale fouling in the laboratory produced fouling layers vastly
different in composition and susceptibility to cleaning than full-scale fouling layers.
Similar challenges might be faced by others in the field trying to test the fouling
propensity of the Castle Hayne and Peedee waters (or other ground waters) for academic
or design purposes.

Laboratory fouling experiments conducted in the absence of an antiscalant produced
irreversible fouling.
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7. Recommendations

Based on the experiments and analysis contained within this report, we recommend:

1)

2)

3)

4)

5)

6)

7)

Further pH reduction by increased sulfuric acid addition to membrane feed waters may be
considered to reduce calcium, iron, and silicate fouling; however, analysis of the potential
for precipitation of sulfates (e.g., barium sulfate) must be performed.

Basic cleaning solutions containing EDTA, such as Lavasol 7 or STPP+EDTA should be
used for membrane cleaning.

The pH of cleaning solutions should be adjusted to or below the maximum pH
recommended by the membrane manufacturer to minimize membrane deterioration.

Scientists and engineers looking to test a wide range of cleaning solutions should
determine if dead-end cleanings are representative of cross-flow cleanings for the specific
foulant layers of concern. (For this study, both configurations proved to produced similar
results)

An antiscalant effective at preventing silica fouling should be used when treating waters
from the Castle Hayne and Peedee aquifers by nanofiltration or reverse osmosis.

The analysis of the elemental composition of fouling layers on membrane samples should
be performed with XPS and/or RBS (as opposed to EDX) when one desires to maximize
the accuracy in the identification of the elements that constitute the fouling layer,
particularly when fouling layers are thin.

Caution should be used when extrapolating bench-scale fouling results to full-scale
system performance. Bench-scale fouling experiments can result in fouling layers that are
dissimilar in composition and susceptibility to cleaning from fouling layers in full-scale
fouled membranes.
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Appendix 1: Abbreviations and Units

uS/cm — Microsiemens per centimeter: Unit of resistance used in measuring conductivity
(i.e., higher resistance, lower conductivity).

um — Micrometers
ATR-FTIR — Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
CFPUA — Cape Fear Public Utility Authority

CHS1 — Castle Hayne Stage 1, referring to the lead element collected from the first stage of the
Castle Hayne system

CHS2 — Castle Hayne Stage 2, referring to the tail element collected from the first stage of the
Castle Hayne system

PDS1 — Peedee Stage 1, referring to the lead element collected from the first stage of the
Peedee system

PDS2 — Peedee Stage 2, referring to the tail element collected from the first stage of the
Peedee system

DC — Direct current

DOC — Dissolved organic carbon: Mass concentration of organic carbon that passes a 0.45 um
filter (see TOC).

EDTA — Ethylene diaminetetraaceticacid

EDX — Energy-Dispersive X-Ray Spectroscopy

EEMs — Excitation-emission matrices

FI — Fluorescence index

GPM - Gallons per minute

HP — Horsepower

ICP-MS — Inductively coupled plasma mass spectroscopy

kDa — Kilodalton. A unit of molecular weight, one Dalton is the average mass of one proton or
neutron.

KOH — Potassium hydroxide
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kV — Kilovolt (1,000 volts)
kW — Kilowatt; one thousand watts; a standard unit of power

kWh — Kilowatt hour; power consumption of one thousand watts for a period of one hour;
a standard unit of energy

mg/L — Milligrams per liter (parts per million, by mass)

nA — Nanoampere (one one-billionth of an ampere)

NaOH — Sodium hydroxide

NOM - Natural organic matter

NTU — Nephelometric turbidity unit: a measure of light-scattering particles in a sample.
psi — Pounds per square inch

RPM — Revolutions per minute

SCADA - Supervisory control and data acquisition

SDI - Silt density index

SDS - Sodium dodecyl sulfate

SEM — Scanning Electron Microscopy

STPP — Sodium tripolyphosphate

SUVA - Specific Ultraviolet Absorbance: ultraviolet absorbance (see UVA) divided by DOC.
TDH — Total dynamic head, expressed as height or pressure

TOC - Total organic carbon: Mass concentration of organic (i.e., cannot be removed by
pH adjustment) combustible carbon.

TUNL - Triangle Universities Nuclear Laboratory, located on the Duke University campus.
UVA — Ultraviolet absorbance: absorbance of ultraviolet light with a wavelength of 254 nm.

XPS — X-Ray Photoelectron Spectroscopy
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Appendix 2: Publications, Patents, Technology Transfer and Others

A2.1. Publications and Presentations

This research will become the Master’s Technical Report of the graduate research assistant who
completed the project, and will be submitted to scholarly journals for publication.

A portion of these results have been presented at the 2012 and 2013 North Carolina WRRI
Annual Conference and NCWRA symposium as cited below. These results will have also been
submitted to the 2013 American Water Works Association Water Quality and Technology
Conference.

Gorzalski, A.; Coronell, O. Identification of membrane foulants for NF and RO membranes
treating groundwaters from the Castle Hayne and Peedee Aquifers. Presented at the 2012 WRRI
Annual Conference and NCWRA Symposium, North Carolina State University, March 28, 2012.

Gorzalski, A.; Coronell, O. Identification of Foulants and Optimum Cleaning Strategies for
Nanofiltration and Reverse Osmosis Membranes Treating Groundwaters of Coastal North
Carolina. Presented at the 2013 WRRI Annual Conference and NCWRA Symposium, North
Carolina State University, March 20, 2013.

A2.2. Patents, Data Sets, or Web Sites

No patents, data sets, or web sites to date.

A2.3. Technology Transfer

As a result of the execution of this project, there is ongoing communication with the supervisor
and operator of the groundwater nanofiltration CFPUA treatment plant. Results and
recommendations will also be shared with the plant personnel.

The graduate research assistant who completed the project received an Impact Award from the
University of North Carolina’s Graduate Education Advancement Board, which recognizes
outstanding graduate research of particular benefit to the citizens of North Carolina. The

graduate research assistant will showcase his research to state legislators and the campus
community at the Graduate School’s Student Recognition Celebration on April 10, 2013.
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Appendix 3: Particle Size Distributions

Figures A3-1 and A3-2 show particle size distributions for filtered water samples form the Castle
Hayne and Peedee waters, respectively. From these figures, it is evident that 1.2 um filters have
limited effect on the average particle size, indicating that most of the particulate matter entering
the plant is less than 1.2 um in diameter. Filters with 0.1 um nominal diameter decreased the
average particle size noticeably, and 100 kDa filtration reduced average particle diameter below
the lower detection limit (i.e., a few nanometers) of the instrument.
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Figure A3-1. Particle size distributions for unfiltered and filtered water samples collected from the Castle
Hayne aquifer.
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Figure A3-1. Particle size distributions for unfiltered and filtered water samples collected from the Peedee
aquifer.
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Appendix 4: Effect of Dissolved Iron on Fluorescence Measurements

To determine the influence of dissolved iron on fluorescence parameters, dissolved iron
concentrations in unfiltered Castle Hayne and Peedee waters were doubled with a concentrated
ferric chloride solution. Procedures for stock solution preparation and addition was similar to
Pullin et al. (2007). Dissolved iron concentrations in samples collected on February 10, 2012
were 5.53 and 0.23 mg/L in the Castle Hayne and Peedee unfiltered waters, respectively. Iron
concentrations were then increased to 11.06 mg/L in the Castle Hayne water and 0.46 mg/L in
the Peedee water. Organic parameters, with the exception of DOC, were then measured and
summarized in Table A4-1.

Table A4-1. Fluorescence parameters for unfiltered water from the Castle Hayne and Peedee waters with and
without iron addition.

Castle Hayne -  Castle Hayne - Peedee - Peedee -

no iron added iron doubled no iron added iron doubled
uvas54

14.7 16.5 14.1 15.1

(1/m)
Slope ratio 0.90 0.84 0.82 0.80
Fluorescence
] 1.574 1.604 1.548 1.546
index
Peak C2:C1 0.098 0.089 0.113 0.110
Peak C3:C1 0.345 0.299 0.333 0.330

Table A4-1 shows that dissolved iron increases UV absorbance, and that this effect was stronger
in Castle Hayne water which had a significantly higher iron concentration.Since UV absorbance
at 254 nm increased but the DOC remained constant (i.e., no organic matter was added), then
SUVA values also increased. Dissolved iron had a greater effect on fluorescence parameters in
the Castle Hayne water than in the Peedee water. Both C2:C1 and C3:C1 peak ratios decreased,
and the fluorescence intensity of peaks C1, C2, and C3 decreased by 19.3%, 8.7%, and 13.3%,
respectively, in the Castle Hayne sample. This demonstrates that the impact of iron on
fluorescence is non-uniform across the excitation-emission spectrum tested. Therefore, effects of
dissolved iron on UV absorbance and fluorescence will be noted; however, attempts to decouple
the influence of iron on measured parameters will be avoided.

lonic strength and pH strongly influence UV absorbance and NOM fluorescence. Sample pH was
measured before and after iron addition, and iron addition was found to have a negligible effect
on pH. To prevent sample contamination via sorption/desorption of organic matter on the pH
probe, samples used to measure pH were prepared in duplicate and used solely for that purpose.
Given the high concentration of dissolved salts in both samples, iron addition increased ionic
strength by 1.1%. Therefore, we can infer that changes in fluorescence were due to dissolved
iron, and not potential changes in pH or ionic strength. Although not considered here, the
addition of antiscalants can also affect UV absorption spectrum of iron (Kavita et al., 2011).
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Appendix 5. Performance of Elements Collected from the Peedee
Second Stage Cleaned with STPP+EDTA

Significant differences in permeability and conductivity rejection were observed between Peedee
stage 2 elements cleaned in the dead-end apparatus and elements cleaned in the cross-flow
system. Elements cleaned in the cross-flow system were then cut and retested in the dead-end
apparatus. Results of these measurements are shown in Figure A5-1. Permeability results were
very similar when tested in the dead-end cell. However, measurements of chloride rejection were
reduced in the dead-end apparatus compared with the cross-flow system, yet significantly higher
than measurements of dead-end cleaned samples. This demonstrates that a large portion of the
discrepancy between Peedee stage 2 dead-end and cross-flow chloride rejection can be attributed
to sample differences rather than differences in the two setups. These results support
observations shown in Section 3.3 that both setups are comparable for measuring permeability,
but that chloride rejection may be underestimated by the dead-end apparatus.

A  Peedee stage 2 permeability B Peedee stage 2 rejection
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Figure A5-1. (A) Specific permeability and (B) chloride rejection of Peedee Stage 2 elements cleaned with
STPP+EDTA. ‘Cross-flow cleaned’ and ‘cross-flow cleaned, dead-end tested’ measurements were taken from
the same sample.
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Appendix 6: Additional SEM Images of Fouled Membranes

While Figures 16-20 in Section 3.4.1 show SEM images taken perpendicular to the active layer
surface, Figure A6-1 shows images taken from a grazing angle with respect to the membrane
surface. Panel A shows a cross-section of an unfouled TFC-ULP membrane, including the
polyester backing (at right), dense polysulfone support (center/left), and the active layer is the
thin white edge of the image, which can be seen in higher resolution in Panel B. Panels C-F
further demonstrate that each of the four fouling layers are unique in morphology.
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Figure A6-1. SEM images of an unfouled TFC-ULP membrane (A and B) and fouled (C) Castle Hayne
stage 1, (D) Peedee stage 1, (E) Castle Hayne stage 2, and (F) Peedee stage 2 fouled membranes.
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Appendix 7: Comparing EDX Results for Two Regions of the Same
Sample

Figure A7-1 shows EDX results for two different regions of the fouling layer shown by SEM in
Figure 20 (Section 3.4.1). The two fouling layers have different EDX spectra (Panels B and D),
from which considerably different elemental composition was calculated (Panels E and F). The
precipitate region indicated in Panel A is composed primarily of calcium and oxygen, while the
region indicated in Panel C had a spectrum more similar to that of an unfouled membrane (see
Figure 23 in Section 3.4.3). The elemental compositions determined by EDX for both fouled
regions were significantly different from the compositions determined by XPS. XPS detected
silicon, aluminum, and iron whereas EDX did not. This suggests that the fouled region in Panel
C may be thin, and that XPS can characterize thin fouling layers better than EDX.
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Figure A7-1. SEM images with regions of EDX analysis and corresponding EDX spectra for (A-B) a raised
textured precipitate and (C-D) a relatively flat fouling region covering the surface of a fouled membrane from
the Peedee second stage. EDX spectra were used to calculate atomic concentrations for comparison to XPS
results for (E) organic and (F) inorganic foulants. Although sodium, chloride, copper, and magnesium appear
in one or both spectra (B and D), these elements were removed from analysis and the other elemental
concentrations recalculated for consistency with XPS results.
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Appendix 8: Choosing a Clean Membrane Baseline — Comparison
of TFC-ULP and TFC-S Elements

TFC-S membranes were unavailable from the manufacturer, and therefore characterization data
for unfouled TFC-S membrane was obtained from unpublished data previously obtained by the
PI. Figure A8-1 shows a comparison between the ATR-FTIR spectra obtained in this study for
the TFC-ULP membrane and from previously obtained unpublished data for the TFC-S
membrane. As shown in the figure, ATR-FTIR data for the TFC-S membrane were gathered for
a more limited range of wavenumbers than for the TFC-ULP membrane. This limited range
excluded the most prominent peak in the TFC-ULP membrane. However, the rest of the spectra
matched closely. For this reason, ATR-FTIR spectra from TFC-ULP membranes were used as a
clean membrane baseline for all fouled membranes tested. Similarly, RBS spectra for TFC-ULP
and TFC-S membranes were collected using separate instruments (see Figure A8-2) with
different energy resolutions; however, the general shape and height of the peaks corresponding to
the main constituent elements (i.e., carbon, nitrogen, oxygen and sulfur) were similar. As a
result, TFC-ULP membranes were used as the clean membrane baseline in the analyses of RBS
results.
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Figure A8-1. ATF-FTIR spectra for TFC-ULP membranes analyzed during this project, and for TFC-S
membranes available from previously obtained unpublished data.
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Figure A8-2. RBS spectra for TFC-ULP membranes analyzed during this project, and for TFC-S membranes
available from previously obtained unpublished data.
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Appendix 9: Individual RBS Spectra

Individual RBS spectra for unfouled TFC-ULP and TFC-S membranes are shown in Figures A9-
1 and A9-2, respectively. Carbon, nitrogen, and oxygen peaks, as well as the characteristic sulfur
plateau resulting from the polysulfone support layer, can be seen. RBS spectra for the four fouled
membranes are shown in Figures A9-3 to A9-6. The location of aluminum, silicon, calcium, and
iron peaks have been highlighted in these figures. While the results in this appendix show results
for individual spectra for a single sample, the results in Sections 3.4.5. and 3.7.5. are composites
of multiple spectra collected from multiple samples.
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Figure A9-1. RBS spectrum for an unfouled TFC-ULP membrane.
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Figure A9-2. RBS spectrum for an unfouled TFC-S membrane.
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Figure A9-3. RBS spectrum for a fouled membrane from the Castle Hayne first stage.
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Figure A9-4. RBS spectrum for a fouled membrane from the Castle Hayne second stage.
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Figure A9-5. RBS spectrum for a fouled membrane from the Peedee first stage.
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Figure A9-6. RBS spectrum for a fouled membrane from the Peedee second stage.
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Appendix 10: Eluted Concentrations of Membrane Foulants Using
Two Cleaning Solutions

Concentrations of inorganic elements present in cleaning solutions following cleaning were
determined by ICP-MS and are shown in Table A10-1. Cleaning solutions that contained EDTA
(STPP+EDTA and Lavasol 7) were more effective at removing inorganic foulants than an
increase in pH alone. Given the high pH of cleaning solutions tested, there was the potential for
precipitates to be filtered, as ICP-MS requires 0.2 um filtration of samples prior to analysis.

Table A10-1. Concentration of membrane foulants eluted by cleaning with NaOH (pH=11) compared to
cleanings with two effective cleaning solutions: STPP+EDTA (pH = 10.5) for the Castle Hayne elements and
Lavasol 7 (pH=12.5) for the Peedee elements. Sample abbreviations are as follows: Castle Hayne first stage
(CHS1), Castle Hayne second stage (CHS2), Peedee first stage (PDS1), and Peedee second stage (PDS?2).

Eluted concentration (mg/m?)

Mg Al Si Mn Fe Ca
CHS1 NaOH 2.58 2.27 58.9 0.08 9.30 30.7
CHS2 NaOH 3.11 2.07 58.6 0.27 37.4 30.8
PDS1 NaOH 2.75 2.43 65.3 0.02 1.27 34.0
PDS2 NaOH 2.40 2.17 65.0 0.04 0.51 33.7
CHS1 STPP w EDTA 121.4 64.7 1724 2.56 161.7 922.7
CHS2 STPP w EDTA 79.7 7.2 1031 2.32 205.9 555.1
PDS1 Lavasol 7 133.3 125.6 3630 0.97 26.3 1881.5
PDS2 Lavasol 7 127.9 118.5 3459 2.31 22.9 1793.6
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Appendix 11: SEM Images of Cleaned Membranes

Figures A11-1 through A11-4 show SEM images of fouled membranes before and after cleaning
with various solutions. Figures A11-1 and A11-2 (Panels D and F) show that acid cleaners were
not effective at fully removing foulants on both elements from the Castle Hayne treatment train.
From Figure A11-2 Panel E, it was evident that NaOH+SDS was not as effective at removing the
fouling layer as the other basic cleaners tested. The Peedee first stage (see Figure A11-3) was
returned to the original membrane state with all of the cleaning solutions tested. For the Peedee
second stage, acidic cleaners and basic cleaners containing EDTA (STPP+EDTA and Lavasol 7)
were found to be effective, with Lavasol 7 being the most effective. Basic cleaners without
EDTA (NaOH+SDS and OptiClean F) were shown in Figure A11-4 to leave portions of the
fouling layer remaining on the membrane.
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Figure A11-1. SEM images of a (A) fouled Castle Hayne first stage membrane and membranes cleaned by (B)
sponge scrubbing with deionized water, (C) STPP+EDTA, (D) citric acid, (E) NaOH+SDS, (F) HCI, (G)
Lavasol 7, and (H) OptiClean F at 50 pm scale.
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Figure A11-2. SEM images of a (A) fouled Castle Hayne second stage membrane and membranes cleaned by
(B) sponge scrubbing with deionized water, (C) STPP+EDTA, (D) citric acid, (E) NaOH+SDS, (F) HCI, (G)
Lavasol 7, and (H) OptiClean F at 50 pm scale.
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Figure A11-3. SEM images of a (A) fouled Peedee first stage membrane and membranes cleaned by (B)
sponge scrubbing with deionized water, (C) STPP+EDTA, (D) citric acid, (E) NaOH+SDS, (F) HCI, (G)
Lavasol 7, and (H) OptiClean F at 50 pm scale.
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Figure A11-4. SEM images of a (A) fouled Peedee second stage membrane and membranes cleaned by (B)
sponge scrubbing with deionized water, (C) STPP+EDTA, (D) citric acid, (E) NaOH+SDS, (F) HCI, (G)
Lavasol 7, and (H) OptiClean F at 50 pm scale.
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Appendix 12: XPS Results for Cleaned Membranes

Figures A12-1 through A12-4 show XPS results for membranes before and after cleaning with
various cleaning solutions tested. For the Castle Hayne first stage, all basic cleaners tested were
more effective at returning the membrane to its original composition than citric acid. The Castle
Hayne second stage was best cleaned by basic solutions containing EDTA (STPP+EDTA and
Lavasol 7). All solutions tested on the Peedee first stage were effective. For the Peedee second
stage, both acids and bases containing EDTA were effective.
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Figure A12-1. XPS results for fouled and cleaned elements from the Castle Hayne first stage. Only the
unfouled reference (TFC-ULP) and the fouled sample were run in triplicate, and therefore the other
measurements do not have error bars. Samples cleaned with NaOH+SDS and HCI cleaning solutions were not
tested by XPS because other characterization methods showed that the membrane samples cleaned with less
harsh cleaning solutions (STPP+EDTA and citric acid) were found to be more effectively cleaned.
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Figure A12-2. XPS results for fouled and cleaned elements from the Castle Hayne second stage. Only the

S

unfouled reference (TFC-S) and the fouled sample were run in triplicate, and therefore the other
measurements do not have error bars. Samples scrubbed with deionized water were not tested by XPS

because no visible removal of the foulant was observed.
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Figure A12-3. XPS results for fouled and cleaned elements from the Peedee first stage. Only the unfouled
reference (TFC-S) and the fouled sample were run in triplicate, and therefore the other measurements do not
have error bars. Samples cleaned with NaOH+SDS and HCI cleaning solutions were not tested by XPS
because other characterization methods showed that the membrane samples cleaned with less harsh cleaning
solutions (STPP+EDTA and citric acid) were found to be more effectively cleaned.
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Figure A12-4. XPS results for fouled and cleaned elements from the Peedee second stage. Only the unfouled
reference (TFC-S) and the fouled sample were run in triplicate, and therefore the other measurements do not
have error bars. Samples scrubbed with deionized water were not tested by XPS because no visible removal
of the foulant was observed.
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Appendix 13: EDX Results for Cleaned Membranes

Figures A13-1 through A13-4 contain EDX results for various cleaning solutions. Most cleaning
solutions appeared effective for all elements tested when the cleaned samples were analyzed by

EDX, with the exception of the Peedee second stage cleaned by NaOH+SDS. EDX is less

sensitive than XPS to thin fouling layers, and therefore EDX underestimates the concentration of

inorganic foulants due to the sulfur signal from the polysulfone support layer.
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Figure A13-1. EDX results for fouled and cleaned elements from the Castle Hayne first stage.
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Figure A13-2. EDX results for fouled and cleaned elements from the Castle Hayne second stage. TFC-ULP
was used as the clean element baseline because TFC-S was not available from the manufacturer at the time of
analysis.
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Figure A13-3. EDX results for fouled and cleaned elements from the Peedee first stage. TFC-ULP was used
as the clean element baseline because TFC-S was not available from the manufacturer at the time of analysis.
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Figure A13-4. EDX results for fouled and cleaned elements from the Peedee second stage. TFC-ULP was
used as the clean element baseline because TFC-S was not available from the manufacturer at the time of

analysis.
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Appendix 14: ATR-FTIR Results for Cleaned Membranes

ATR-FTIR was used to characterize membranes cleaned with every cleaning solution tested.
Figures Al14-1 through A14-8 along with Figure 37 (Section 3.7.4) contain ATR-FTIR spectra
for all membranes after cleaning, which can be compared to fouled elements in Figure 24
(Section 3.4.4). Two cleaning solutions, STPP+EDTA and Lavasol 7, were the most effective at
returning membranes to their original composition as determined by ATR-FTIR. Both of these
cleaning solutions are basic and contain EDTA.
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Figure A14-1. ATR-FTIR spectra for membranes cleaned with citric acid.
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Figure A14-2. ATR-FTIR spectra for membranes cleaned with HCI.
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Figure A14-3. ATR-FTIR spectra for membranes cleaned with NaOH+SDS.
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Figure Al14-4. ATR-FTIR spectra for membranes cleaned with Lavasol 7 (pH =12.5).
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Figure A14-5. ATR-FTIR spectra for membranes cleaned with OptiClean F (pH =12.0).
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Figure A14-6. ATR-FTIR spectra for membranes cleaned with NaOH at a solution pH of 11.
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Figure A14-7. ATR-FTIR spectra for membranes cleaned with Lavasol 7 with the pH adjusted to 11 using

HCI.
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Figure A14-8. ATR-FTIR spectra for membranes cleaned with OptiClean F with the pH adjusted to 11 using

HCI.
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Appendix 15:

Membrane perform

Chloride Rejection by Cleaned Elements

ance was determined before and after cleaning, including water permeability

(see Section 3.8) and chloride rejection. Chloride rejection following cleaning with various
cleaning solutions is shown in Figures A15-1 to A15-4 for all four fouled membranes sampled.
Cleaning did not significantly change chloride rejection in elements collected from the Castle
Hayne first stage, Castle Hayne seconds stage, or Peedee first stage. Due to the variability in the

performance of Pee
rejection values for

dee second stage membranes due to membrane damage, different chloride
different cleaning solutions should not be attributed to the effectiveness of

the solutions (see note in the caption of Figure A15-4).
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Figure A15-1. Chlorid
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e rejection of Castle Hayne first stage elements cleaned with various cleaning solutions.

The red and black dashed lines represent the manufacturer’s published chloride rejection and the observed
chloride rejection of fouled elements, respectively.
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Figure A15-2. Chloride rejection of Castle Hayne second stage elements cleaned with various cleaning

solutions. The red and
observed chloride reje

black dashed lines represent the manufacturer’s published chloride rejection and the
ction of fouled elements, respectively.
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Figure A15-3. Chloride rejection of Peedee first stage elements cleaned with various cleaning solutions. The
red and black dashed lines represent the manufacturer’s published chloride rejection and the observed
chloride rejection of fouled elements, respectively.
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Figure A15-4. Chloride rejection of Peedee second stage elements cleaned with various cleaning solutions. The
red and black dashed lines represent the manufacturer’s published chloride rejection and the observed
chloride rejection of fouled elements, respectively. Note: Peedee second stage membranes were damaged as
evidenced by high flow rate and low chloride rejection, thus caution should be used when interpreting results
for these membranes.

122



