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ABSTRACT

In this study we evaluated the performance of forward osmosis (FO) at the pilot scale to achieve
simultaneous seawater desalination and wastewater reclamation. The investigation was performed with
a commercial spiral wound FO membrane element for approximately 1300 h of continuous operation,
processing 900,000 L of wastewater effluent and producing 10,000 L of purified water through a hybrid
FO-RO process. Water and solute fluxes were monitored during the study. Reversible and irreversible
membrane fouling was observed; however, water flux was maintained at a relatively constant rate of
5.7+0.2Lm™2 h™! with MBR permeate feed and seawater draw solution. Subsequent increase of total
suspended solids (TSS) concentration in the FO feed (secondary treated effluent with 5 to 16 mg L™! TSS)
resulted in incremental flux decline; however, the membrane typically achieved stable water flux after
the initial exposure to foulants. Additional analysis focused on bi-directional transport of inorganic
species and a detailed evaluation of dissolved organic matter permeation through the membranes in the
hybrid process. Evaluation of sample fluorescence revealed that the FO membrane and the hybrid process
provide a strong barrier to protein-like fluorophores associated with wastewater effluent. Results also
demonstrated the robust nature of dual barrier membrane systems to achieve greater than 99.9%
removal of orthophosphate and dissolved organic carbon and more than 96% rejection of nitrate. Upon
completion of the study a comprehensive membrane autopsy was performed on the FO and RO
membranes. Organic fouling on the FO membrane was observed to have low adhesion to the membrane

surface, but did result in some modification to membrane active layer properties.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Novel water treatment technologies and new process config-
urations can facilitate more effective treatment of unconventional
water sources and expand the reuse of reclaimed water, ultimately
achieving direct potable reuse [1,2]. One emerging class of water
treatment technologies is osmotically driven membrane processes
(ODMPs). These technologies rely on osmotic pressure difference
across a semipermeable membranes, induced by a hypertonic
draw solution (DS) rather than by hydraulic pressure or thermal
evaporation, to achieve separation of dissolved constituents from a
feed stream [3]. Many previous studies focused on forward
osmosis (FO) (e.g., closed-loop reconcentration of the draw

Abbreviations: DOC, Dissolved organic carbon; DS, Draw solution; EDS, Energy
dispersive spectroscopy; EEM, Excitation—emission matrix; FO, Forward osmosis;
MBR, Membrane bioreactor; ODN, Osmotic dilution; RO, Reverse osmosis; SBMBR,
sequencing batch membrane bioreactor; SUVA, Specific ultraviolet absorbance;
TDS, Total dissolved solids; TOC, Total organic carbon; TSS, Total suspended solids.
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solution) and were conducted at the bench-scale [4]. These studies
highlighted the apparent benefits of the FO process to treat highly
impaired water without incurring substantial irreversible mem-
brane fouling. While a few studies [5-8] explored the capability of
FO systems to achieve separations of dissolved constituents with
reduced energy demand in specific treatment scenarios, others [9]
observed that the FO process may not be energy efficient in
general applications because the energy required to reconcentrate
a draw solution in a closed-loop process with reverse osmosis (RO)
is too high.

Like FO, osmotic dilution (ODN) is an ODMP that can be used to
simultaneously facilitate water reclamation [10-12] and waste-
water concentration [13]; yet, ODN is also capable of simulta-
neously reducing the energy consumption during desalination
while providing additional process intensification [10,11,14]. The
ODN process employs seawater or other readily available brines as
DS to extract water from a co-located source of impaired water.
When the DS (e.g., seawater) is diluted, and its osmotic pressure
declines, it can lower the hydraulic pressure required during
desalination and production of purified water with RO. Recent
bench-scale studies [10,11,14-16] of ODN evaluated the different
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aspects of synergistically performing water reclamation and sea-
water desalination.

Bench-scale investigation during our recent study [10] revealed
that water flux during ODN was minimally affected by variable
feed water quality (i.e., deionized water, secondary and tertiary
treated effluent, and surface water impacted by effluent). Specific
reverse salt flux (i.e., the ratio of DS solute (sea salts) flux into the
feed and water flux into the DS [17]) varied between 400 and
650 mg TDS per liter of water recovered from the feed. It was also
demonstrated that membrane fouling under specific flow condi-
tions could be substantially reduced and constant water flux could
be maintained. Results from the investigation illustrated that
water flux decline due to membrane fouling was partially rever-
sible with physical cleaning of the FO membrane, and that
moderate chemical cleaning was able to fully recover water flux.
Other recent studies [11,18,19] confirmed this observation, and
two previous studies [10,11] also identified favorable economic
return on investment and indicated cost efficiency of the ODN
process compared to conventional high pressure seawater
desalination.

A recent life cycle assessment study [14] also compared ODN to
several established desalination and wastewater reclamation
technologies from an environmental impact and energy efficiency
perspective. This study identified several currently achievable
modifications to FO membranes, their packaging, and system
design and operation that can achieve favorable reductions in
environmental impact relative to other established technologies
for desalination and water reclamation. Yet, limitations associated
with non-standard membrane components, site logistics, control
system sophistication, and organic and trace organic compound
analytical methods during our initial study [10] presented several
opportunities to further explore the performance and efficiency of
the ODN process. An additional limitation of recent studies [10,11]
is that the FO membrane cells employed were not optimized for
commercial applications.

The main objectives of this study were to investigate, at a pilot
scale, the performance of future ODN process in a dual barrier FO—
RO configuration and the robustness of a commercial spiral wound
FO membrane. Long-term water flux, fouling resistance and flux
recovery, and permeation of dissolved organic matter and inor-
ganic compounds were evaluated during more than 1200 h of
continuous operation with municipal wastewater feed of varying
quality. A comprehensive membrane autopsy was performed at
the conclusion of the study. Simultaneously, we have investigated
transport of trace organic compounds (TOrCs) through the dual
barrier process, also at the pilot scale [16]. These results, in
addition to other recent complimentary studies [20-22], provide
confirmation of the efficacy of FO hybrid processes for treatment
of TOrCs. To achieve these objectives, the spiral wound FO
membrane element was integrated with an RO pilot system to
form an FO-RO hybrid process that simulates the envisioned ODN
process.

2. Material and methods
2.1. Pilot-scale system design

The pilot scale FO-RO hybrid system was deployed at the Mines
Park wastewater treatment research facility located on the campus
of the Colorado School of Mines student-housing complex. 7200
gallons of municipal wastewater are treated at the facility every
day by a demonstration scale sequencing batch membrane bior-
eactor (SBMBR) system [23].

Although ODN was the focus of this investigation, experiments
were conducted in FO mode (i.e., closed loop DS configuration)

because a continuous supply of seawater was not available at the
testing site; therefore, the term FO is used throughout this manu-
script. Under these conditions, accumulation of constituents that
diffuse from the feed into the closed loop DS is inevitable and
imposes a greater challenge to the hybrid process. The dual barrier
characteristics of the hybrid process will be further enhanced in
coastal settings where a seawater DS flows in a once-through
pattern.

A flow diagram of the pilot-scale hybrid process is illustrated in
Fig. 1. A high-pressure, variable speed, positive displacement
pump (HydraCell M03, Wanner Engineering Inc., Minneapolis,
MN) was utilized to pressurize the diluted DS into a 1-1-1 array
of three RO membrane elements. Permeate from the first RO
membrane was collected in the product water tank while the
combined permeate from the second and third membranes were
returned to the RO feed tank. The concentrate from the third RO
membrane was used as the DS for the FO process.

The spiral wound FO membrane element was installed verti-
cally on the frame of the RO subsystem. In the spiral wound FO
element, DS from the RO subsystem is pumped into the DS inlet at
the bottom of the element using residual pressure from the RO
concentrate. The DS then flows into the core tube where it is
diverted into the membrane envelope as shown in previous
publications [16,24,25]. Diluted DS exits the membrane from the
core tube outlet located at the top of the FO membrane element
and flows back to the RO feed tank. Installing the element
vertically and allowing the DS to flow upwards ensured venting
of entrained air from the membrane envelope.

A constant speed rotary vane pump (Procon, Murfreesboro, TN)
supplies a continuous flow of impaired feed water to the feed inlet
at the top of the FO membrane element. The feed stream flows
down through the element, tangential to the active layer of the FO
membrane, and exits the membrane through an outlet at the
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Fig. 1. Schematic of the hybrid FO-RO process for simultaneous wastewater
reclamation and seawater desalination.
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bottom of the element. This flow configuration allows easy and
continuous flushing of suspended solids out of the membrane
element.

2.2. Membranes

Three commercial seawater RO spiral wound membranes
(SW30 2540, DOW Filmtec, Edina, MN) were used in the RO pilot
system. A spiral wound (standard size 4 in. diameter/40 in. long)
FO membrane element was acquired from Hydration Technology
Innovations (HTI) (Albany, OR). The membrane is thought to
incorporate a cellulose triacetate (CTA) active layer cast directly
onto a woven polyester mesh [26].

The novel spiral wound FO element was made of a single
membrane envelope with an active area of 1.58 m? and it was
installed inside a conventional 4040 pressure vessel. This spiral
wound membrane element uses a more open feed spacer than
those commonly employed in spiral wound RO membranes. The
corrugated feed spacer provides larger and more continuous
channels for fluid flow to accommodate suspended solids and
other debris that might be present in impaired feed water.

Water permeance and NaCl rejection for the virgin CTA
membrane were measured during experiments conducted in RO
mode with a SEPA-CF membrane test cell (Sterlitech Corporation,
Kent, WA) [27]. Feed at a constant temperature of 25 °C was either
deionized water for permeance tests or a 2000 mgL™' NaCl
solution for rejection tests. Tests were conducted with feed
pressures of 6.9 and 10.3 bar (100 and 150 psig). Water permeance
and NaCl rejection for the SW30 membrane were obtained from
the manufacturers technical specifications data sheet [28]. Both FO
and RO membrane parameters are summarized in Table 1.

2.3. System PLC development and capabilities

System control and data recording were managed by a pro-
grammable logic control (PLC) system specifically designed for this
study. The electronic transmitters and analog gages used in the
system are also illustrated in Fig. 1. Active controls were pro-
grammed to maintain constant and predetermined DS concentra-
tion, drain the RO product water tank, dose acid solution (0.1 M
HCI) into the DS to maintain a pH of 6, and facilitate emergency
shutdown of the system in case operating parameters indicate a
system malfunction. All transmitters were connected to a LabJack
data acquisition card (UE9-Pro, LabJack Corporation, Lakewood,
CO) that communicates with a system control program (LabVIEW
7.0, National Instruments. Austin, TX).

The RO system was designed to produce constant DS concen-
tration while removing water from the DS at approximately the
same rate that water permeated through the FO membrane into
the DS. However, due to loss of DS solute through both the FO and
RO membranes, calculation of water flux through the FO mem-
brane had to take into account both RO permeate flowrate and the
slow decline in brine volume in the RO feed tank (overproduction
of RO permeate due to loss of salt from the closed loop DS). Thus,
FO water flux was calculated by subtracting DS volume loss rate

Table 1
Water permeance and NaCl rejection for the FO and RO membranes used in
this study.

Membrane Water permeance L m~2h~! bar~! NaCl rejection %
CTA [26] 0.78 + 0.02 9324 09"
SW30 [27] 131 99.4

* Value based on flat sheet coupon performance.

from the RO permeate flow rate and dividing by the FO
membrane area.

2.4. Pilot-scale system operation

2.4.1. Solution chemistries

Synthetic sea salt (Instant Ocean, Mentor, OH) was used to
prepare the DS. The mass fraction of each inorganic constituent in
1 g of synthetic sea salt is summarized in Table 2. SBMBR permeate
was the feed to the FO and was continuously pumped into the feed
side of the FO spiral wound membrane element at a rate of 12 L/min.
The quality of the FO feed water (SBMBR effluent with or without
dosing of mixed liquor solids) was subject to change because of the
decentralized nature of the SBMBR facility. Average SBMBR perme-
ate water quality based on 23 samples taken over a 38 day period is
summarized in Table 3.

Table 2
Mass fraction of inorganic constituents in the synthetic sea salt used in this study.

Constituent Mass fraction % Constituent Mass fraction %
Bicarbonate 0.57 Nitrate 0.02
Boron 0.02 O-phosphate 0.01
Barium <0.001 Potassium 1.15
Bromide 0.22 Silica 0.001
Calcium 1.26 Sodium 305
Chloride 54.8 Strontium 0.03
Magnesium 3.54 Sulfate 8.02
Table 3

Average concentrations of major constituents and water quality parameters
measured in the SBMBR permeate.

Constituent Concentration, Constituent Concentration,
mgL™! mgL™!
Bicarbonate 54.3+ 1.7 O-phosphate 123 +25
Boron 0.08 + 0.04 Potassium 11.7+17
Barium 0.06 + 0.02 pH 71+0.1
Bromide 0.06 +0.01 Silica 10.6 + 1.1
Calcium 36.1+3.6 Sodium 545+ 3.6
Chloride 72.0+5.6 Strontium 0.20 +0.02
DOC 39+0.7 Sulfate 79.8+5.4
Magnesium 10.3+ 1.0 SUVA, 24+0.1
Lmg ' m™!
Nitrate 373+154 TDS 325.0 +22.7
Table 4

Summary of operating conditions during the pilot study. Letter indices represent
unique intervals during the operation of the pilot system.

Hours of DS conc. DS flow rate Feed TSS conc. FO feed
operation mgL™! Lmin! mgL™! pressure
psig

0-350 (A) 30,000+ 600 1.6+0.3 0 0
350-500 (B)* 54,490 + 1340 2.0+ 0.3 0 0
530-650 (C)* 27,550+300 2.3+0.2 0 0
650-740 (D) 29,520+350 2.2+0.1 53+1.6 0
740-890 (D)* 28,660 + 1240 2.4 + 0.3 159+20 0
890-940 (E)® 29,590 + 1340 2.3 + 0.1 50.2+6.3 0
940-1180 (F) 29,590 + 1340 2.3 + 0.1 164 +2.8 0
1200-1250 (G) 29,590 + 1340 2.3 + 0.1 164 +28 10
1270-1320 (G) 29,590 + 1340 1.9+ 0.2 164 +2.8 20

¢ Chemical cleaning of the RO subsystem performed between intervals B and C.
b Feed flow reversal performed on FO spiral wound membrane for one hour
prior to increasing TSS concentration during interval E.
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2.4.2. Operating conditions

Operating conditions during the study are listed in Table 4. The
pilot-scale system was initially tested for 27 days with SBMBR
permeate. Thereafter, the FO feed was constantly dosed with
biosolids from the SBMBR mixed liquor to simulate secondary
effluent by targeting different concentrations of total suspended
solids (TSS) in the feed stream to the FO membrane. TSS concen-
tration was measured after screening through a 50-mesh strainer.
The concentration of DS was increased in interval B to investigate
process response to high water flux events, and in interval G
pressure was added to the feed side of the FO spiral wound
membrane to simulate hydraulic conditions within a multi-
element pressure vessel. Water flux restoration by physical and
chemical cleaning of the membrane was also evaluated. Physical
cleaning was achieved with reversal of the feed water flow
direction through the membrane element for 1 h. Chemical clean-
ing was performed by recirculating a liquid acid cleaner and
detergent solution (Citranox, Alconox, White Plains, NY) diluted
in 100 L of RO permeate to a pH of 4.5 for 15 min.

2.5. Analytical methods

2.5.1. Analytical methods for inorganic constituents

Anion analysis was conducted using an ion chromatograph (IC)
(DC80, Dionex, Sunnyvale, CA) according to Standard Method 4110
B [29]. DS and permeate samples were diluted as necessary to
bring chloride concentration to below 300mglL™', and feed
samples were filtered through a 0.45 pm polymeric filters to
remove suspended solids prior to analysis.

Cation analysis was conducted using inductively coupled
plasma atomic emission spectroscopy (ICP-AES) (Optima 3000,
Perkin Elmer, Norwalk, CT) according to Standard Method 3120 B
[29]. DS and permeate samples were diluted as necessary to bring
their sodium concentration below 500 mg L™'. ICP samples were
acidified with HNOs to a pH of less than 2. Feed samples were
filtered prior to analysis with 0.45 um polymeric filters to remove
suspended solids.

2.5.2. Analytical methods for organic constituents

Several analytical techniques were used to evaluate the char-
acter and permeation of organic matter through the two dense
membrane barriers. Transport of organic matter through the
hybrid process was evaluated and qualified using total dissolved
organic carbon (DOC) analysis, spectrum ultraviolet absorbance
between 240 and 600 nm, and fluorescence spectroscopy.

TSS was measured according to Standard Method 2540 D [29]
using a 1.2 pm filter. DOC analysis was conducted using a
catalytically-aided platinum combustion TOC analyzer (TOC-
5000A, Shimadzu Scientific Instruments, Columbia, MD) on sam-
ples that were filtered with a 0.45 um filter. Additional character-
ization of DOC was performed with full spectrum UV absorbance
(wavelength range between 240 and 600 nm) using a bench-top
spectrophotometer (DU 800, Beckman Coulter, Brea, CA) according
to Standard Method 5910 B [29]. Full wavelength UVA measure-
ments were used during the processing of fluorescence micro-
scopy data (discussed below). Additionally, the ratio of sample
UVA at 254 nm to the DOC concentration (called the specific UVA
(SUVA)) was calculated and is used as an indicator of the
molecular weight distribution of DOC in a sample [30].

Fluorescence intensity of samples at 20 °C was measured for
excitation wavelengths between 240 and 450 nm and emission
wavelengths between 290 and 580 nm (in 10 nm increments) with
a 3-dimensional spectrofluorometer (FluorMax-4, HORIBA Jobin
Yvon Inc.,, Edison, NJ). Samples were prepared and analyzed
according to Cory [31] and Ohno [32]. Fluorophores detected in

specific areas of optical space within an excitation-emission-
intensity matrix (EEM) are related to specific fractions of DOC
based on information gathered from previous studies [33-36].
Fluorophores were classified in previous studies as peak A (humic
acid- and fulvic acid-like material (Aexjem=237-270/400-500 nm)),
peak C (humic acid-like (1exjem=300-370/400-500 nm)), and peak
T; (tryptophan and protein-like material related to biological
activity (dexjem=275-290/340-360 nm)). Peak A and peak C are
associated with humic and fulvic acids occurring in natural organic
matter derived from plant material [34]. Peak T; is frequently
observed in wastewater samples because sewage-derived DOC
contains organic matter originating from microbial activity (i.e.,
soluble microbial products and extracellular biological organic
matter [33,35]). Select EEMs was normalized by the corresponding
sample DOC concentration to improve DOC differentiation.

2.5.3. Membrane autopsy and characterization methods

The FO and all three RO membranes were removed from the
pilot system after 55 days of continuous operation and membrane
autopsies were conducted to characterize the fouling and scaling
on membranes. Membrane coupons were obtained from the
center of the feed and concentrate ends of each RO membrane.
Four membrane coupons were obtained from the FO membrane,
two from the inlet (one near the central collection tube and one
near the outer edge of the membrane envelope) and two from
similar locations at the membrane outlet.

Five methods were employed to characterize the active layer of
virgin and fouled FO and RO membranes as well as the DS side of
the FO membrane. Field emission scanning electron microscopy
(FESEM) (JSM-7000F, JEOL, Tokyo, Japan) was used to observe the
surface and cross-section of FO and RO membrane. Energy
dispersive X-ray spectroscopy (EDS) (EDAX Genesis, JEOL, Tokyo,
Japan) was employed during FESEM imaging to provide elemental
analysis of deposits identified on membrane surfaces. Surface
functional groups of FO and RO membranes were analyzed with
a Fourier transform infrared (FTIR) spectrometer (Nicolet 4700
FT-IR, Thermo Electron Corporation, Madison, WI) using the
attenuated total reflection (ATR) method. Contact angle measure-
ments were obtained with a goniometer (Model 200-00, Rame-
Hart Instrument Company, Netcong, NJ). Measurements were
performed at multiple locations on each sample using the captive
bubble method [37]. Surface charge (zeta potential) measurements
were obtained with an electrokinetic analyzer (SurPass, Anton
Paar, Graz, Austria) using an adjustable gap cell. Zeta potential was
calculated using the Helmholtz-Smoluchowski evaluation method.
Membrane surface charge was characterized using a 2 mM KCI
electrolyte solution at a pH range between 4 and 9. Additional
membrane biofouling characterization was performed with a
fluorescence microscope (Motorized Widefield DMRXA, Leica,
Bannockburn, IL) using the SYBR Green staining method.

3. Results and discussion
3.1. Water productivity

3.1.1. Water flux

Wiater flux was continually monitored during the study. Water
flux as a function of operation time is presented in Fig. 2. Letter
indices represent operation intervals enumerated in Table 4. Dur-
ing 1300 h (55 days) of continuous operation the hybrid FO-RO
process produced approximately 10,000 L of purified water and
processed more than 900,000 L of wastewater effluent (FO feed).

During interval A, the system was operated for approximately
250 h with MBR permeate before reaching a steady-state water
flux of 5.5+02L m2h7". It is likely that a layer of organic
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Fig. 2. Compiled water flux data from upgraded pilot-scale system. Letters marked on graph indicate intervals of interest during the pilot study and are defined in Table 4.
Sub-plots provide enhanced views of water flux during each operation interval and have the same axis values as the central plot.

foulants accumulated on the membrane surface and reached a
terminal thickness. The fouling layer can affect rejection of feed
constituents [38,39] but will also increase resistance to water
transfer through the membrane [39,40].

Once steady-state water flux was observed, the DS concentra-
tion was doubled at the beginning of interval B. Although the
driving force for the FO process (i.e., the osmotic pressure of the
DS) was doubled during interval B, water flux did not increase
proportionally. This phenomenon is attributed to internal concen-
tration polarization (ICP) phenomenon [41-43]. During 100 h of
operation in interval B, water flux exhibited a marginal decrease
from an average of 7.8 to an average of 7.5 L m 2 h™!. The small flux
decline observed during this period indicates that after the initial
fouling layer accumulated on the FO membrane (interval A), the
membrane achieves remarkably consistent water productivity
even when increasing its throughput. The system also achieved
this stable performance despite a noticeable build up of mineral
precipitates within the RO subsystem (observed in the DS rota-
meter of the RO subsystem).

Sample analysis indicated that two sparingly soluble salts,
SrSO4 and CaSO4-2H,0, were most likely the cause of mineral
scaling within the RO subsystem. Calculation of the initial percent
saturation (OLI Analyzer v3.0, OLI Systems Incorporated, Morris
Plains, NJ) of SrSO4 was 52% and CaSO,4 - 2H,0 was 38% in a fresh
55,000 mg L™! sea salt. DS constituent concentrations measured in

the first sample taken from the RO subsystem revealed that these
two mineral salts were supersaturated; yet, mineral scaling did not
reduce water productivity of the hybrid process. A gradual
increase in pressure drop (4.1 to 5.5 psig) through the DS channel
of the FO membrane element indicated that precipitation of salts
occurred on the DS spacer; however, the FO support layer surface
is protected from mineral scaling by the continuous dilution of DS
at the bulk DS—membrane interface with water diffusing through
the membrane from the feed into the DS. Chemical cleaning of the
RO subsystem was performed between interval B and C to remove
mineral scale. The operating pressure required by the RO sub-
system to maintain the DS concentration was reduced by approxi-
mately 13% after the cleaning.

During interval C, DS concentration was reduced to approxi-
mately 30,000 mgL™! sea salt. Results indicate that the hybrid
process rapidly achieved the same steady-state water flux perfor-
mance observed at the end of interval A (5.7 +02Lm™2 h™),
despite a substantial increase in water flux through the FO
membrane during interval B. No change in pressure drop between
either feed or DS inlets and outlets was detected throughout
interval C (data not shown), indicating that foulants and debris
were not accumulating in the membrane feed channels, and
scaling was not occurring in the DS channels.

During the first 100h of interval D the FO feed stream
contained approximately 5mgL™" TSS, and after 100 h it was
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increased to approximately 16 mg L™! TSS. In both cases the feed
TSS concentration was measured before the FO membrane ele-
ment, after screening with a 50-mesh strainer. Minimal flux
decline was observed during treatment of 5mgL™' TSS feed;
however, flux decreased from 5.3 to 4.6 Lm™2 h™! after feed TSS
concentration increased to 16 mg L™!. Pressure drop across the
feed channel of the FO element did not increase during treatment
of 5mgL™! TSS feed, thus the membrane element appears to be
suitable for treatment of municipal treated wastewater effluents
with TSS concentrations of 5 mg L™! or lower. During treatment of
16 mgL™! TSS the pressure drop across the feed channels
increased at a rate of 0.25 psig per day and stabilized after 115 h
of operation following the increase in TSS concentration. Thus,
steady-state operation of the system treating a feed with three
times higher TSS concentration and with only 24% decrease in
water flux expands the operating envelop of the hybrid process for
many types of secondary effluent [44]. It is likely that operation
with higher feed flow rate would have reduced feed channel
blockage and improve process performance [13,18,45,46].

Immediately following interval D, the direction of feed flow
within the FO membrane element was reversed for one hour in an
attempt to remove settled suspended solids from the feed chan-
nels of the membrane element. Subsequently, normal operation
conditions were resumed (feed flowing downward) and the initial
water flux improved by approximately 15% to 5.3 L m™ h™'. The
hybrid process operated for 24 h before water flux returned to the
value observed prior to flow reversal. Operating the system with a
daily (likely automated) feed flow reversal may substantially
increase water productivity of the FO membrane and may reduce
the total number of FO elements required for sustained treatment
of secondary treated wastewater effluents or similar streams.

The dosing rate of activated sludge was increased to a max-
imum of 50 mgL™! TSS after interval D. The dosing scheme
consisted of 50 mg L™! TSS for 18 h followed by 6 h of 15 mgL™!
TSS. This was necessary to reduce sludge buildup and eventual
plugging of the 50-mesh feed screen during overnight operation.
Despite the variability of TSS concentration in the feed, water flux
exhibited only minor variation throughout this interval. Mem-
brane fouling did occur and water flux declined by 0.7 Lm™2h™!
over a 34 h period; however, water flux rebounded after the 34 h
of operation. Sloughing of activated sludge from the membrane
surface and flushing out of the FO membrane element may have
caused the sudden increase in water flux after 34 h from the
beginning of interval E. Following this event, water flux declined
more rapidly but reached a steady-state value after 9 h. A second
water flux increase was observed after 60 h of operation in interval
E, which may also correspond to an activated sludge deposit
sloughing off the membrane. This hypothesis is further supported
by a corresponding pressure drop decrease across the FO mem-
brane element feed channel of 20% during both water flux increase
events. As the activated sludge layer sloughs off the membrane it
may open flow channels for the feed solution and therefore
decrease the hydraulic resistance of flow through the membrane
element.

During interval F the hybrid process operated with minimal
interruption for 225 h while treating SBMBR permeate dosed with
activated sludge to achieve approximately 16 mg L™! TSS in the FO
feed stream. Water flux decreased by less than 5% during this
interval from 4.1 to 3.9Lm™2 h™'. Despite considerable TSS
loading during interval E and continued loading of TSS throughout
interval F the system was able to maintain water productivity for a
sustained period of time with minimal operator oversight and no
chemical or physical cleaning of any kind.

Lastly, FO feed pressure was increased during interval G to
simulate operation of a lead element in a multi-element pressure
vessel. Feed inlet pressure was increased sequentially from 10 to

20 psig after 20 and 60 h of operation, respectively. Backpressure
on the FO element feed line was relieved after 112 h of operation.
Higher hydraulic pressure increased the permeation of water
across the FO membrane and may have also increased the rate
that foulants deposit on the membrane surface [30]. Water flux
initially increased and then quickly decreased when 10 psig of
hydraulic pressure was applied to the feed side of the membrane.
In addition to an increased loading of membrane foulants from
convective transport, increased hydraulic pressure may also com-
pact the activated sludge layer on the membrane surface. The
compacted sludge layer will increase mass transfer resistance
through the membrane [40] and therefore decrease water flux.
Water flux initially increased when 20 psig of hydraulic pressure
was applied to the feed side of the membrane. Decline in water
flux was observed for the first 10 h of operation with the higher
applied feed pressure. Following the initial decline in water
productivity, water flux was stable for the next 40 h of operation.
The water flux decreased when the backpressure was removed
from the FO element, and the element returned to the same water
flux measured at the beginning of interval G. This result may
indicate that the foulant layer was not irreversibly compacted and
the fouling layer was able to rebound to the less-compact
structure typically associated with organic fouling on FO mem-
branes [18].

3.1.2. Fouling recovery

Previously we described flux recovery between interval D and E by
performing a brief reversal of the direction feed flow through the
element. A more thorough investigation of membrane fouling rever-
sibility was also conducted. A second spiral wound element from the
same membrane cast treated feed water with characteristics identical
to those defined in interval C (Table 4). A plot of water flux achieved
by the hybrid process as a function of time during the membrane
fouling recovery study is shown in Fig. 3. Similar to the performance
of the first FO spiral wound membrane, water flux was observed to
decrease sharply in the early stage of the experiment before stabiliz-
ing at approximately 4.5 L m 2 h™! after 50 h. Stable water flux was
likely achieved more rapidly in this case compared to the previous
experiment (Fig. 2) because the FO membrane was immediately
exposed to a feed stream (SBMBR effluent) dosed with activated
sludge. Water flux continued to decrease at a slower rate until
approximately 240 h of operation when a sequence of physical and
chemical cleaning cycles were performed on the FO membrane. After
cleaning, water flux immediately improved by approximately 46% to
48+01Lm>2h™". A second cleaning event was performed after
additional 115 h (hour 355), but this time only marginal recovery of
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Fig. 3. Water flux as a function of time for membrane cleaning study.
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flux was observed. It is likely that more channels in the corrugated
feed spacer became plugged with solids and were not able to be
cleaned under the tested conditions.

3.2. Solute transport through the membrane

3.2.1. Diffusion of DS solutes through RO and FO membranes

Typical first stage RO membrane recovery in the system was
4-6% and water flux was 3.9-8.1 Lm 2 h™!, depending on operat-
ing conditions. The membrane manufacturer reports 99.4% rejec-
tion of NaCl at 8% element recovery and 38.7Lm™2h™! [28];
however, when operating at lower water recovery, less water
permeates through the membrane to dilute co-diffusing solutes,
and thus salt rejection is lower. During this study, first stage RO
permeate rejection of NaCl was between 95 and 97%. Greater loss
of DS solutes is expected from their reverse diffusion through the
FO membrane.

DS solute fluxes through the FO membrane (reverse flux) and
through the first stage RO membrane during intervals B, C, and D
are summarized in Table 5. Both monovalent and divalent ions are
able to permeate through the FO membrane faster than through
the RO membrane as implied from membrane characteristics
reported in Table 1. Yet an additional observation from this data
set is that the reduced solvent/solute selectivity does not result in
a uniform increase in monovalent and divalent ion permeation.
Instead, divalent ions are observed to permeate through the FO
membrane at an even greater relative rate than monovalent ions
when compared to their same relative rates of permeation through
the RO membrane. Additionally, with only the first stage mem-
brane permeate being removed from the system, the lower
concentration gradient of solutes on the first element generally
also reduces solute loss compared to the FO element. Specific
reverse flux of DS solutes during interval B was 2063 + 196 mg L™!
TDS, and electroneutrality of diffusing solutes was maintained
within acceptable measurement error [47] for solutes diffusing
through the FO membrane and RO membrane (3.8 meq/L and
-1.8 meq/L, respectively). And lastly, it is possible that cake-
enhanced concentration polarization [48] on the FO membrane
feed side during interval D was the reason for lower reverse solute
flux through the FO membrane (Table 5).

The specific reverse solute flux measured during this study
through the FO membrane (approximately 2200 mgL™!) was
substantially greater than that measured in previous bench-scale
experiments (approximately 475 mg L™!) with a synthetic sea salt
DS and secondary treated wastewater effluent feed [10]; however,
similar results were reported in another bench-scale study that
used similar membrane, a 1.5 M NaCl DS, and activated sludge
from an MBR as feed [49]. One possible explanation for the high
specific reverse diffusion observed in our pilot study is that
uneven flow in the DS channels inside the FO membrane envelop
created localized dead-zones where poor mixing of the DS

Table 5

reduced local water flux and increased reverse diffusion of DS
solutes. Another possibility for the high specific reverse diffusion
observed in our study is that the membrane employed consists of
a much larger surface area compared to bench-scale studies and is
comprised of material from a single, continuous cast. Being a
prototype membrane, this may lend itself to more frequent
material aberrations in the form of pinholes or other micro-
defects that are unable to selectively permeate water instead of
solutes. By removing the barrier that inhibits permeation of these
solutes they will tend to diffuse at their uninhibited natural rate. It
is probable that the occurrence of membrane defects is less likely
in the hand-selected membranes typically employed for bench-
scale testing. However, in this study the FO feed stream was
maintained at a higher pressure than the DS to reduce strain on
the glue seams of the membrane; thus, the net permeation of DS
solutes would be less than their natural rate of diffusion due to
convective drag forces imposed by the solvent (water).

Membrane fouling may also affect reverse solute permeation
rate through the membrane, especially if reverse diffusing solutes
become trapped in the fouling cake layer on the feed side of the
membrane [48,50]. A higher concentration of DS solutes at the
feed-membrane interface may reduce the driving force for reverse
solute diffusion. While cake enhanced osmotic pressure on the
feed solution side may have reduced water flux, it is also possible
that the observed, relatively open structure of the fouling layer
does not substantially inhibit reverse permeating draw solutes
from reaching the bulk feed solution. In this case, the lower
retention of draw solutes by the membrane may itself be the
cause of reduced water flux. Reverse solute flux was calculated
from measured solute concentration in samples drawn after 120 h
of operation during interval D. Prior to the exposure of the
membrane to mixed liquor solids, all solutes, except strontium,
had substantially greater reverse solute flux. Reverse solute flux
for five of the eight solutes during interval D was reduced by
similar percentages (16.8 + 4.0%) compared to equivalent values in
interval C. Water flux decreased by a similar percentage (13.4%)
during the same time interval. A specific reverse solute flux of
2211 + 205 mg L™! was calculated for data shown in Table 5 for
interval D. The higher permeation rate of divalent ions through the
FO membrane compared to the RO membrane may be explained in
terms of traditional solute/solvent selectivity and solution-
diffusion permeation models [51,52].

3.2.2. Rejection of nutrients by the hybrid FO-RO process
Orthophosphate and nitrate concentrations in the feed are
summarized in Table 3. Rejection of these constituents by the FO
and RO membranes individually and the total rejection by the
hybrid FO-RO process during intervals B through E are shown in
Fig. 4a for orthophosphate and Fig. 4b for nitrate. Average
orthophosphate rejection for data presented in Fig. 4a was 99.6,
99.6, and > 99.99% for the FO membrane, RO membrane, and total

DS reverse solute flux through the FO membrane and DS solute leakage through the first stage RO membrane during intervals B, C, and D.

Constituent Interval B solute flux mg m~2 h~! Interval C solute flux mg m2h! Interval D solute flux mgm2h~!
FO RO FO RO FO RO
Boron 6.5+ 14 N.D. - - - -
Calcium 425 + 51 16.7 +0.1 160 + 5.0 82+24 160 +9.0 120+ 10
Magnesium 875+70 62.0 + 11.0 430 + 50 213+64 370 +£50 340+3.0
Potassium 269 + 68 540+ 1.0 180 + 6.0 30.0+5.6 157 +4.0 33.0+5.0
Sodium 4162 + 395 1700 + 50 4110 + 210 860 + 160 3550 + 310 940 + 170
Strontium 10.5+2.9 04+0.1 29+13 0.1 +0.0 3.0+04 02+0.0
Bromide 53.4+4+10.6 9.7+0.2 106 + 91 58+0.7 39.0+3.0 6.0+ 1.0
Chloride 8480 + 810 2830+ 120 7410 + 440 1414 + 250 6210 + 80 1540 + 280
Sulfate 1890 + 180 160 + 30 990 + 150 50 + 14 750 +70 79.0+ 8.0
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Fig. 4. Rejection of (a) ortho-phosphate, (b) nitrate, and (c) DOC by the FO and RO
membranes and total rejection by the hybrid FO-RO process beginning 100 hours
into interval B and lasting into interval E.

hybrid process rejection, respectively. High rejection of orthopho-
sphate affirms previous observations [53,54].

Average nitrate rejection for data presented in Fig. 4b was 76.7,
83.2, and 95.8% for the FO membrane, RO membrane, and total
hybrid process rejection, respectively. Moderate nitrate rejection
of both the FO and RO membrane is expected based on previous
studies [10,17,30,55-58]; however, the relatively high total rejec-
tion of nitrate by the hybrid process produces product water
quality between five to ten times lower than the United States
Environmental Protection Agency Maximum Contaminant Level
(MCL) for nitrate in drinking water (10 mg-N L) [59].

3.2.3. Transport of organic matter

TSS concentrations of the feed, DS, and product water indicate
that TSS was completely rejected by the FO membrane and no
additional removal was achieved with the RO membrane. This
result is expected because both the FO and RO membranes are
dense, non-porous barriers [26,30].

DOC concentration in the feed stream is reported in Table 3 and
DOC rejection by the hybrid process and the individual membrane

processes during intervals B through E is shown in Fig. 4c. Average
rejection of DOC by the FO and RO membranes was high
(98.6 +2.0 and 99.8 + 0.4%, respectively) for intervals B through
E, and the total rejection of DOC by the hybrid process was greater
than 99.9% for all samples analyzed. DOC concentration in the RO
product water was at or below the detection limit for the TOC
analyzer. These results demonstrate the robustness and reliability
of the hybrid FO-RO process to protect product water from DOC
present in impaired feed streams.

Mass flux of DOC through the FO membrane varied depending
on system operating conditions. The highest mass flux of DOC
through the FO membrane was observed during interval B
(0.65+0.10 mg m™2 h™!). Enhanced external concentrative con-
centration polarization of constituents at the membrane—feed
interface resulting from increased water flux (relative to intervals
C through E) may account for the elevated DOC flux observed
during interval B. Average DOC flux through the FO membrane
during interval C decreased by 53% compared to interval B
(0.30+0.11 mgm™2h™'). Reduced water flux through the FO
membrane may account for the reduction in DOC flux through
the membrane as less DOC is accumulated at the membrane
surface. DOC flux was reduced by an additional 15% during
intervals D and E relative to interval C (0.26 +0.12mgm™2h™1).
Activated sludge from the SBMBR likely produced an organic cake
layer on the membrane surface that enhanced rejection of DOC.
This concept is supported by a previous study [60], which
observed that accumulation of organic matter on the surface of
nanofiltration membranes will enhance the rejection of DOC.
Complexation of calcium with the DOC at the membrane-feed
interface may also bind DOC, and in the absence of hydraulic
pressure it will form loose layers of a conglomerated organic mass
that does not strongly associate with the membrane [19]. If the
DOC is not compacted against the active layer, but instead held in
suspension above it, then its ability to partition and permeate
through the membrane may be reduced.

SUVA measurements of feed and DS samples provided addi-
tional insight into DOC removal by the FO membrane. Waters with
a high humic acid fraction have SUVAs between 3 and
5Lmg ' m™!, while waters with a low humic acid fraction are
generally less than 2 L mg™! m™! [30]. SUVA of the FO feed water
was 2.37+0.11 Lmg ! m™! for samples drawn from the system
between interval B and D. SUVA of DS samples drawn simulta-
neously from the system were on average 0.25 +0.12Lmg™! m™!
lower than corresponding feed samples. This may indicate that
proportionally less of the humic acid fraction of DOC present in the
feed diffuses through the FO membrane. Enhanced rejection of
humic acids over other DOC fractions (i.e., fulvic acid or low
molecular weight acids) is expected because the molecular weight
of humic acid ranges up to 200,000 g mol™! compared to fulvic
acid that varies between 200 and 1000 g mol™! [47].

A recent study by Yangali-Quintanilla et al. [11] evaluated
similar factors to our previous study [10] and confirmed several
claims related to membrane fouling resistance at the bench scale
and efficacy of the dual barrier process for contaminant removal.
Yangali-Quintanilla et al. used a liquid chromatography organic
carbon analyzer to verify that a batch-operated bench-scale FO
membrane cell achieves high apparent rejection of biopolymers,
humic substances, building blocks, and low molecular weight
acids; however, accumulation of DOC (most likely from low
molecular weight neutrally charged organic compounds) in the
DS was still observed.

In the current study we also evaluate the characteristics of feed
water DOC that was able to diffuse through the FO membrane by
measuring fluorescence and reporting EEMs of FO feed, DS, and RO
permeate. A sequence of feed and DS EEMs normalized by sample
DOC concentration and representative of specific operation
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intervals with and without dosing of activated sludge (i.e., interval
B through C and interval D through E, respectively) is shown in
Fig. 5. Dosing activated sludge from the SBMBR during intervals D
and E enhanced peak T; signature (left bottom corner) in feed
EEMs (left column in Fig. 5). Feed EEMs from intervals D and E
indicate that adding activated sludge into the SBMBR permeate
increased the mass loading of protein-like DOC onto the FO
membrane. DS EEMs (middle column in Fig. 5) indicate that
fluorophore response peaks previously identified in feed EEMs
are still present. This suggests that a fraction of the DOC that was
able to diffuse through the FO membrane is similar to DOC in the
feed; however, the differential EEMs (right column in Fig. 5
produced by subtracting a corresponding DS EEM from feed
EEM) indicate that a broad class of fluorophores is partially
removed by the FO membrane. During intervals B and C these
fluorophores are predominantly associated with humic acid- and
fulvic acid-like constituents. Enhanced removal of protein-like
fluorophores (peak T;) during intervals D and E compared to
intervals B and C is observed. High molecular weight proteins
introduced during dosing of activated sludge into the feed were
likely well rejected by the FO membrane, while low molecular
weight protein-like fluorophores (e.g., tryptophan or other types
of amino acids with phenyl groups) were poorly rejected by the FO
membrane.

FO feed, DS, and RO permeate EEMs collected over a continuous
week of operation during interval C are illustrated in Fig. 6. Unlike
in Fig. 5, EEMs shown in Fig. 6 are not normalized by sample DOC
concentration. The signature of DOC in feed sample EEMs (left
column) were relatively consistent during this period. The DS
hydraulic system was drained, rinsed, and refilled with fresh DS at
the beginning of interval C (day 1). DS EEM at day 1 indicates that
the commercial synthetic sea salt does not contain a significant
concentration of fluorophores in correlation with its relatively low
DOC concentration (0.9 mg L™"). Accumulation of fluorophores in
the DS can be observed in the middle column of EEMs. During the
one-week interval a gradual increase in the intensity of all three
fluorescence peaks is observed. The intensities of peaks A and T,

FO Feed

Draw Solution

(representative of fulvic- and protein-like DOC, respectively)
appear to increase at a slightly faster rate than peak C (humic-
like DOC) in agreement with a size exclusion DOC rejection
mechanism and assuming that the protein-like peak is mostly
composed of low molecular weight amino acids. RO permeate
EEMs are presented with half the intensity scale of corresponding
feed and DS EEMs. There are no discernable fluorescence signa-
tures in permeate samples, and DOC concentration in the product
water was below detection limit for the analytical method
employed.

3.3. Membrane autopsy

Membrane autopsy was performed after 1300 consecutive
hours (55 days) of operation. Visual inspection revealed few
continuous activated sludge deposits on the active layer of the
FO membrane. Visual inspection of RO membranes observed small,
dispersed inorganic crystals on membrane surfaces.

3.3.1. FO membrane fouling and its effect on membrane surface
properties

FO membrane samples extracted from the membrane leaf were
gently rinsed with deionized water prior to analysis. SEM micro-
graphs of the support side of the FO membrane did not show any
bacteria or organic matter (micrograph not shown). Mineral
deposits were also not detected on the support surface, which
provides further evidence that the dilution effect of DS at the
support layer-DS interface mitigates mineral scale formation at
this interface.

Substantial portion of the activated sludge deposited on the FO
membrane was removed during the rinsing process, indicating
that the fouling layer was not strongly adhered to the membrane
surface. A sequence of FESEM micrographs of the boundary region
between an activated sludge cake layer on the FO membrane and
the exposed active layer of the FO membrane is shown in Fig. 7.
The last micrograph in the sequence shows that only small
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Fig. 6. Comparison of feed (left column), DS (middle column), and RO product water (right column) EEMs during intervals B through E of this study. All EEMs intensities are
in Raman units, feed and DS samples are normalized by DOC concentration. Product water EEMs intensity is half the range of DS and feed samples.

particles remain on the membrane surface after mild washing,
indicating that the sludge layer is loosely bound to the membrane
surface. FTIR-ATR spectra also confirmed that the fouling layer on
the active surface of the FO membrane does not produce measur-
able infrared absorbance and is therefore exceedingly thin (data
not shown).

Fluorescence microscopy was also employed to investigate
biofouling on the membrane. The fluorescence micrograph of the
membrane active layer (Fig. 8a) indicates deposition of soluble
microbial products and extracellular biological organic matter on
the surface of the membrane. Linear features observed on the
support layer of the membrane (Fig. 8b) are the woven support
mesh. Faint circular features are likely pores that extend to the
active layer of the membrane. There were no signatures of bacteria
or microbial byproducts on the support side of the membrane.

Although the fouling layer on the active side of the membrane was
easily removed by rinsing, surface properties of FO membranes were
changed as a result of fouling. The FO membrane is observed to
become more hydrophilic when fouled by activated sludge from the
SBMBR system, with contact angle decreasing from 73.7 +2.0° for
virgin membrane to between 64.3 + 1.7° (inlet center) and 60.7 + 4.8°
(inlet outer edge) of used membranes. The hydrophobicity differences
between the different membranes samples was found to be statisti-
cally insignificant. This indicates that the organic foulants affected the
surface hydrophobicity similarly despite likely variations in the local
DS concentration and flow distribution.

Zeta potential measurements were conducted to quantify the
surface charge of the membranes and investigate the result of
fouling on membrane surface charge (Fig. 9). FO membranes
exposed to domestic wastewater effluent became more negatively
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Fig. 7. FESEM micrographs of FO membrane active layer.

charged than the virgin FO membrane. These results corroborate
findings from contact angle measurements of the FO membrane.
Recent research on the effect of membrane surface charge and
solute permeation behavior indicates that the increasing negative
charge could affect the type of coupled solute diffusion observed
[61]. Namely, increasing negative surface charge appears to favor
sodium ion permeation and may partially account for relatively
high reverse salt flux observed during operation.

3.3.2. Evaluation of FO membrane integrity

NaCl salt rejection was measured for two FO membrane samples
extracted from both inlet locations (near the central collection/
distribution tube and at the outer edge of the membrane leaf), and
for new FO membrane. NaCl rejections by the virgin membrane,

fouled membrane removed from near the core tube at the feed inlet,
and fouled membrane removed from the outer edge of the leaf were
93.24+0.9%, 92.3 +0.2%, and 914 + 1.0%, respectively. A statistically
insignificant difference was found between NaCl rejection values for
all membrane samples.

The rejection of NaCl for all FO membrane samples is similar to
values reported for tight NF membranes (e.g., greater than 90
percent sodium rejection and molecular weight cut-off (MWCO)
less than 200 Da [62]); yet, sample fluorescence measurements
indicate that DOC with molecular weights exceeding 200 Da (e.g.,
fulvic and humic acids) was able to accumulate in the DS. FESEM
was employed to examine the active layer of the FO membrane
samples for any surface defects that may help to explain the
transport of higher molecular weight DOC fractions and the
relatively high reverse solute flux reported previously. An FESEM
micrograph of the FO membrane active layer is shown in Fig. 10.
White circles indicate possible membrane defects that may pro-
vide a path for larger molecular weight compounds to transport
through the membrane. Both features are approximately 100 nm
in width and may provide a conduit for DOC with characteristic
lengths less than 100 nm (e.g., fulvic and amino acids) to permeate
through the membrane. White deposits on the membrane surface
are associated with bacteria and colloids from the feed.

3.3.3. Autopsy of RO membranes

Review of scanning electron micrographs did not reveal appre-
ciable differences between the feed inlet and the concentrate
outlet for any of the RO elements. Small, dispersed mineral crystals
were infrequently observed on the membrane surface (micro-
graphs not shown) and EDS analysis was performed on the
individual particles observed on the RO membranes. Particles
detected on the surface of the first stage RO membrane were
primarily composed of calcium and sulfate, which were likely
formed by minerals from the DS. Interestingly, different deposits
with calcium, sulfate, and silica signatures were observed in the
third stage element. It is possible that silica colloids were cata-
lyzed by the increasing concentration of calcium ions in the final
RO element [63]. These results provide visual indications that the
RO membranes were minimally affected by organic foulants from
the SBMBR feed stream and only negligible precipitation of DS
salts occurred. Furthermore, the RO membranes fully recovered
from the mineral scale event observed during operation interval B.

Contact angle measurement using the sessile drop method indi-
cated that the RO membrane became more hydrophobic with contact
angle increasing from 38 + 1.9° to 57 + 3.4° (feed end) and 66 + 4.7°
(concentrate end). There is no difference in hydrophobicity between
the first and third RO element, but the feed end is consistently more
hydrophobic than the concentrate end. This may be caused by the
diffusion and adsorption of hydrophobic organic matter from the FO
permeate onto the RO membrane, or it may also be understood from
the prospective of the development of a inorganic scaling layer on the
membrane. The adsorption of negatively charged matter on RO
membranes is confirmed by the streaming potential measurement
(Fig. 11). After 55 days of operation, the SW30 membranes became
more negatively charged, and the degree of surface charge is similar
between the first stage and third stage.

4. Conclusions

In the current study a hybrid, dual barrier, FO-RO process was
investigated at the pilot scale. The FO membrane employed in this
study was capable of maintaining acceptable water flux despite
high loading of dissolved and suspended materials typically
avoided in RO applications. The concentrations of all constituents
found in the feed water were reduced by the dual barrier process
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Fig. 8. Fluorescence micrographs of the (a) the active layer and (b) the support layer of the FO membrane stained with SYBR green dye.
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Fig. 10. An FESEM micrograph of FO membrane active layer showing possible
defects in the active layer.

to levels lower than the EPA primary drinking water standards—
making the RO permeate water drinkable and the process capable
of treating impaired water for direct potable reuse. Unlike opera-
tion in a closed DS loop in which feed constituents will slowly

O Virgin Membrane
[] Feed Inlet Inner Edge
+ & Feed Inlet Outer Edge

Zeta Potential, mV

pH

Fig. 11. Streaming potential of SW30 membrane samples.

accumulate in DS, when operated in osmotic dilution mode
[10,11,16,64] the product water (RO permeate) will be even more
purified due to lower concentration of feed constituents in the DS.

Although membrane fouling occurred in the feed channels of
the spiral wound FO element, fouling was mostly reversible. In this
study feed TSS concentration was exceptionally high and not
representative of most feed streams. It is very likely that with
higher FO feed flow rate and reasonable TSS concentration
(<5mgL™!) spiral wiound membranes with corrugated feed
spacers will be suitable for sustainable treatment of effluents from
most wastewater treatment plants.
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