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ABSTRACT

In an attempt to better understand and control seawater reverse osmosis (RO) membrane fouling,
low-pressure (LPFD) and high-pressure fouling detectors (HPFD) were employed in an ex situ, side-
stream configuration at a full-scale seawater desalination plant. These fouling detectors contained
flat-sheet membrane and spacer materials extracted from the membrane modules installed at the
plant. The high-pressure fouling detectors reasonably replicated full-scale plant permeate quality,
permeate flux, and differential pressure, whereas low-pressure fouling detectors could only simu-
late differential pressure. When evaluating different pre-treatments, it was observed that activated
carbon and chlorine dioxide (after chlorination, microfiltration and dechlorination) to be effective
at preventing RO membrane fouling, whereas chlorination, microfiltration and dechlorination and
the same sequence followed by ultraviolet irradiation were less effective. Accelerated fouling was
found when dosing both colloidal and dissolved nutrients, but the colloidal nutrient caused more
severe fouling through a combination of colloidal cake layer formation in addition to biofilm for-
mation and growth. In some cases, differential pressure may be an adequate early warning foul-
ing indicator, but in this study, the high-pressure fouling detector more accurately captured plant
fouling impacts. Finally, full-scale seawater RO plant fouling impacts were sufficiently captured
while monitoring only pressure, flow and electrical conductivity; therefore, the added cost and com-
plexity of employing more sophisticated optical, electrical, ultrasonic or other methods in ex situ,
side stream fouling detectors may not be justified.
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1. Introduction can pass through media and membrane filtration pretreat-
ment units and induce rapid bacterial growth and biofoul-
ing of RO membranes, which increases operating pressure
as well as process downtime, chemical costs and membrane
degradation related to cleaning; in extreme cases, algae
blooms can cause plant shutdowns [3,4]. At seawater RO

Algae blooms are a particular concern for seawater
desalination plants due to the high concentration of algal
biomass and dissolved organics present in feed water [1,2].
In particular, dissolved organics produced by algae blooms
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plants, a range of influent water quality parameters have
been monitored as indicators of an algae bloom (e.g., phy-
toplankton count, chlorophyll, phycoerythrin, dissolved
oxygen, and turbidity) and those that might trigger bacte-
rial biogrowth and biofouling (temperature, nitrate, nitrite,
ammonium, phosphorous, and silica) [5]; some studies are
beginning to explore the use of remote satellite imagery in
combination with influent water quality parameters like
chlorophyll-a [5]. Regardless, influent water quality and
remote imaging can only indicate that an algae bloom is
happening or, for another reason, a change in water qual-
ity has occurred, but these measures give no indication of
the RO plant’s response to their presence. Hence, some form
of in situ or ex situ early warning fouling detection would
be extremely helpful to plant operators for making appro-
priate operational adjustments.

Fouling detection in full-scale NF and RO membrane
plants remains predominantly monitored using plant-
scale key performance indicators (KPIs) such as permeate
conductivity, permeate flux, feed pressure, normalized
flux (=permeate flux/feed pressure), and feed-to-brine dif-
ferential pressure (=feed pressure — brine pressure). While
these are the KPIs of the whole plant performance, they
are often slow to change and give no early warning of the
onset of biofouling. One approach to achieve early warn-
ing detection was implemented by Tharamapalan et al.
[6] and Tharamapalan & Duranceau [7] who installed 4 in
diameter by 40-inch long (“4040”) spiral wound elements in
a side stream configuration to operate as the RO analog of
the proverbial “canary in a coal mine” and termed a canary
unit. Concentrate from the second stage of a full-scale RO
process train served as the feed stream to the canary unit,
thereby allowing the unit to provide an earlier indication of
scaling so operators could intervene to protect the RO plant
from loss of membrane productivity resulting from scal-
ing. It is worth noting that the 4040 canary units monitored
the same KPIs as the whole plant sensors, but at a local-
ized scale, thus, isolating the impacts of scaling by directly
processing the exiting concentrate stream.

Going a step further than monitoring basic RO plant
KPIs, numerous laboratory scale devices for studying
fouling have utilized direct (microscopic) observation
through the membrane (DOTM) of colloidal fouling of
microfiltration (MF) membranes [8], ultrasonic time-do-
main reflectometry (UTDR) to study scaling and fouling
of RO membranes [9], and direct microscopic observation
(DMO) to study microbial cell fouling of microfiltration
membranes [10]. Since these early studies yielded new
fundamental insights into membrane fouling and scaling,
others have extended and adapted these (and other) tools
into field-deployable ex situ, side-stream fouling detectors
with some ability to provide early warning detection of
the onset of fouling events.

Vrouwenvelder et al. [11] developed and patented an
ex situ fouling detector known as the “Membrane Fouling
Simulator” (MFS, Wetsus Water Institute, The Netherlands),
which measures differential pressure through a mesh feed
spacer filled flow channel [12]. In an early study, the MFS
showed: (i) similar differential pressure drop as spiral wound
membrane modules, (ii) reproducible performance, and (iii)
efficacy as an early warning sensor of biological fouling.

Through various related studies the authors suggest that
fouling is a “spacer problem” and that flux has no impact
on biological fouling in NF and RO systems with extensive
pretreatment employed [13]. A recent study using the MFS
units for comparing two RO systems operated in parallel
employing different water types showed that biofouling
trends in the MFS are similar to those as the spiral wound
elements (SWEs) in the RO system [14], signifying the capa-
bility of the MFS unit as a biofouling indicator. Later, opti-
cal coherence tomography, a relatively new and advanced
monitoring technique, was incorporated into the MFS to
characterize the biomass in situ and non-destructively for
NF [15] and RO [16] membranes. However, since the MFS
operates at a low pressure and usually without perme-
ation, it gives no indication of biofouling impacts on perme-
ate flux, transmembrane pressure or permeate quality nor
does it capture the effects of permeation and concentration
polarization (CP) on biofilm formation and growth [17].

Along a similar time-frame, Uchymiak et al. [18] extended
a laboratory-scale optical membrane module into a novel,
ex situ scaling observation detector (EXSOD). Subsequently,
they used their EXSOD system to optimize a brackish water
RO pilot plant where mineral scaling was the primary per-
formance limiting factor [19]. Over time, this laboratory
research tool was further developed for lab and pilot scale
research [20], patented [21], and ultimately, into a commer-
cial side-stream fouling detector Imbrogno and Schéfer
[22]. The EXSOD may be combined with feed-flow-rever-
sal (FFR) to achieve RO recovery well above saturation for
various mineral scales, while another commercial version
of — high recovery RO using FFR, employs UTDR instead of
optical detection [23].

Similarly, Sim et al. [17], developed a plate and frame
“canary cell” fouling monitor designed to simulate the flow
in a typical RO SWE. The canary cell mimics SWE feed chan-
nel dimensions, can accept mesh feed spacers, offers con-
trollable cross-flow and flux, and was used in a series of
membrane fouling studies over several years. Further, this
canary cell has been coupled with complementary non-in-
vasive detection methods such as ultrasonic time domain
reflectometry, electrical impedance spectrometry, and the
salt-pulse technique [17], which can offer additional real-
time insights into membrane fouling and cleaning. It is
not known if any of these canary cell iterations has been
developed into a commercial fouling detector product.

Wang et al. [24] and Kang et al. [25] began develop-
ing lab-scale DMO tools for studying microbe and par-
ticle deposition and removal in low-pressure membrane
filtration. Over the course of a decade, they extended the
range of DMO systems from MF up to low-pressure NF/
RO [26-28] and, eventually, to seawater RO [29]. Moreover,
they developed experimental methods and predictive
models to elucidate physical-chemical mechanisms gov-
erning attachment and removal of colloidal particles and
microbial cells from membranes in open and mesh-spacer
filled cross-flow channels [25,30]. From these studies, it
was concluded that optical cells could provide exquisitely
detailed information helpful in scientific studies, but opti-
cal images still needed to be coupled with conventional
plant KPIs (i.e., flux, rejection, pressure) to know when per-
formance decline begins at a local scale. Therefore, it was
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hypothesized that an ex sifu, side-stream canary cell capable
of monitoring flux, rejection and pressure should be ade-
quate to serve as a low-cost, early warning fouling detector
with membranes easily removed for autopsy.

Herein, the performance of a low-pressure fouling detec-
tor (LPFD) and a high-pressure fouling detector (HPFD) was
evaluated in an ex situ side-stream flow configuration at a
~1.1 ML/d (300,000 gal/d) seawater desalination demonstra-
tion plant. In addition, the fouling detectors were employed
to directly assess the efficacy of various pre-treatment
sequences Over the course of a 3-y demonstration study, a
moderate amount of fouling was experienced by the plant,
but an algae bloom was never encountered. To simulate an
algae bloom, two different nutrients were dosed into the
pretreated waters ahead of the LPFD and HPFD devices,
and their responses were recorded.

2. Materials and methods
2.1. High-pressure fouling detector (HPFD)

The high-pressure fouling detector was made of 316
stainless steel material and composed of two pieces:
(1) a top plate providing feed and concentrate ports and the
cross-flow channel, and (2) a bottom plate containing the
permeate channel and ports (Fig. 1). On the top plate, the
feed port was parallel to the concentrate port each located
on the opposite ends of the length of the plate. Two grooves
were machined into the plate to hold the rubber o-ring gas-
kets that prevent leaking. The permeate port on the bot-
tom plate is located at the center of the plate. A membrane
coupon was placed between the two plates with active
side facing towards the top plate. Feed spacer was placed
in between the active side of the membrane and the top
plate, and permeate spacer was placed in between the back
side of the membrane and the bottom plate. The two plates
were bolted together with 18 stainless steel screws on the
edges. All of the wetted parts were made from 316 stain-
less steel material. Two concentric rubber o-ring gaskets
sealed the flow channel. The flow channel was designed
254 mm long and 50.8 mm wide with a feed channel height
of 0.7 mm, which matched the thickness of Pass 1 seawa-
ter NF membrane feed spacers from the full-scale (NF90,
Dow Water Solutions, Midland, MI).

a)

Fig. 1. Schematic of HPFD for (a) feed side and (b) permeate side.

2.2. Low-pressure fouling detector (LPFD)

The low-pressure fouling detector was made of PVC
material and composed of two pieces: (1) a top plate pro-
viding feed and concentrate ports, the cross-flow channel,
and an optically clear view window, and (2) a smooth bot-
tom plate piece. On the top plate, the feed port was paral-
lel to the concentrate port each located on the opposite ends
of the length of the plate. Two grooves were machined into
the plate to hold the rubber o-ring gaskets that prevent leak-
ing. The smooth bottom plate held the membrane to the top
plate. A membrane coupon was placed between the two
plates with active side facing towards the view window.
Feed spacer was placed in between the active side of the
membrane and the top plate. The LPFD did not have perme-
ation, so the backside of the membrane was placed directly
against the impermeable bottom plate. The two plates were
bolted together with 6 stainless steel screws on the edges.
All of the wetted parts were made of PVC. A single rubber
o-ring gasket sealed the flow channel. The LPFD is shown in
Fig. 2. The flow channel was designed to be 254 mm long and
50.8 mm wide with a feed channel height of 0.7 mm, which
matched the thickness of the pass 1 SWNF membrane feed
spacer.

2.3. Experimental set-up

The LPFD and HPFD units were installed in the field
at the LBWD prototype desalination plant. The source
water underwent several pretreatment processes before the
desalination membranes, including trash racks at the chan-
nel intake to screen out coarse materials, 300 um self-back-
washing strainers prior to chlorination with sodium hypo-
chlorite, and filtering through 0.1 um microfiltration (MF)
membranes (Pall Microza, East Hills, NY) (Fig. 3). Water
exiting the MF filtrate tank was de-chlorinated using sodium
bisulfate to achieve a chlorine residual of <0.1 mg/L. After
dechlorination, the feed water passed through cartridge fil-
ters (CFs) before feeding into the membrane vessels. No
anti-scalants or acid have been dosed to the NF feed water.
The cartridge filters (Claris, PALL Corporation, East Hills,
NY) were polypropylene with a nominal 5 um pore size.
The cartridge filters were replaced when the differential
pressure across the filters reached 15 psi.

b)
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Fig. 2. Schematic of LPFD for (a) feed side and (b) permeate side.

b)

South Train — MF+CF y—m

drain
_
catridge
filter
Feed
MF storage
Pretreatment tank
- No
catridge
filter

Fig. 3. Schematic of fouling detectors installing locations.

The full-scale SWNF installation consisted of 1 stage of
10 parallel pressure vessels, each pressure vessel containing
5 spiral wound membrane elements of 8 in diameter and 40
in length. The NF plant recovery was 36%. The LPFD was
designed to operate at low pressure and detect membrane
fouling through changes in the differential pressure (Fig. 4).
Feed water from the full-scale plant entered a pressure reduc-
ing valve (Plast-O-Matic, Cedar Grove, NJ) that kept the pres-
sure constant at 41.4 kPa (6 psi). Flexible tubing was used
to connect the inlet and outlet of the detectors to a differ-
ential pressure transducer. The flow rate was controlled by
a needle valve at the outlet of the detectors and monitored
using a rotameter. The flow rate of the experiment was cal-
culated so that it simulated the same Reynold’s number of
the prototype plant. The viewing windows of the detectors
were covered with black plastic sheets to protect the mem-
branes from exposure to sunlight.

The HPFD was operated at high-pressure, and thus, did
not have a transparent viewing window (Fig. 5). Since the
feed water from the MF feed tank was not at high pressure,
an additional feed tank and high-pressure pump (Hydracell,

Wanner Engineering, Minneapolis, NY) were needed to
match the full-scale plant operating pressure. A backpres-
sure regulator (Swagelok, Camarillo, CA) and needle valve
(Swagelok, Camarillo, CA) controlled flow rate and feed
pressure for each detector. Feed flowrate was measured by a
hydraulic flow meter (King Instrument, Garden Grove, CA).
The retentate referred to the stream after passing through
either LPFD or HPFD. The permeate flow was monitored
by a digital flow meter (Tovatech, South Orange, NJ).

2.4. Matching full-scale plant hydraulics in the fouling detectors

To operate the fouling detectors to simulate the full-scale
plant, the Reynolds’ number of the plant cross-flow was
matched. Using full-size plant feed flow and number of ele-
ments, leafs per elements, and spacer thickness and porosity
as inputs, the feed flow per membrane feed channel was cal-
culated. Number of leaves per element was obtained from the
autopsy described in previously submitted work [31]. This
feed flow rate was the full-size plant influent split between the
2 trains, divided among the parallel spiral wound elements
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Fig. 4. Schematic of LPFD experimental set-up.
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Fig. 5. Schematic of HPFD experimental set-up.

in each stack, and then, divided by the number of leaves per  Total active area, channel length, and channel width of
SWE. The operating parameters are shown in Table 1. the membrane were measured as previously described.

Channel height was defined from the total spacer The actual membrane length and width minus the glue
thickness obtained from previously submitted work [31]. line width was taken into account. The membrane length
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and width were the manufacturer’s specification minus
~0.5-inches of glue line from three sides. Total active area
was the actual length multiplied by the actual width.
The feed spacer used in this study is non-woven geome-
try [32], shown in Fig. 6 and dimensions given in Table 2,
with spacer porosity having a margin of error at 0.01.

Average porosity of the feed spacer was measured as
follows. Several feed spacer samples of different areas were
cut and each submerged in DI water in a graduated cylin-
der. The difference in DI water volume with and without
feed spacer inside was the solid volume of the feed spacer.
The void volume was the total volume of feed spacer
(area x thickness) minus the solid volume. The porosity was
the void volume divided by the total volume [33]. Cross
sectional area of the channel, Af was:

A, = channel width / channel heidht / porosity (1)

Cross-flow velocity of the channel in a full-scale plant
was:

u, ==L )

Specific surface area of spacer was calculated from

4
= ®)
channel height
hydraulic diameter was [34]:
4e
4)

= 2 s(1e)

Table 1
Simulator characteristics and operating conditions

Here, Reynolds number (Re), Sherwood number (Sh),
and mass transfer coefficient (k) were calculated from [34]:

u.d
Re = fv " (5)
Sh = 0.065 Re*¥* 5% (6)
ShD
k= = ()

h

Active area of membrane in the fouling detectors was
the length of the channel multiply by the width. Cross sec-
tional area of the channel was:

A, = width / height / porosity (8)

Specific surface area, S and hydraulic diameter, d, of
the laboratory scale channel was the same Egs. (3) and (4)
for the full-scale but using laboratory scale dimensions.

All fouling detectors were operated at the same Reynolds
number as the full-size plant’s Reynolds number at the
inlet side of the lead module. To calculate the necessary
parameters, the following steps were taken [34]:

® Set the fouling detectors’ Reynolds number to be the
same as the full-size plant’s lead module Reynolds
number.

e Use Egs. (6) and (7) to find Sherwood number, and
mass transfer coefficient, respectively.

* Rearrange Eq. (5) to find cross-flow velocity.

e Use Eq. (2) to find the feed flow rate for the fouling
detectors using channel area from Eq. (8).

Parameters Feed flow Crossflow Permeation velocity Re Membrane Feed spacer
(m®Mh) velocity (m/s) (mm/s) type thickness
0
Simulation model 0.0114 0.089 4.0 96 NF 0.7
8.0
Prototype (lead module) 0.1535 0.102 3.8 96 NF 0.7
HPFD 0.0114 0.102 6.8 96 NF 0.7
LPFD 0.0114 0.102 96 NF 0.7

spacer thickness h,

Fig. 6. Feed spacer geometry.

filament diameter d;

Iy
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2.5. Evaluation of alternate pretreatments

In all cases, the influent source water underwent the
pretreatment sequence described above. After dechlorina-
tion, the feed water was split into two feed tanks where
each tank fed the north train and the south train. Various
additional pre-treatments were explored: ultraviolet (UV)
irradiation, chlorine dioxide and granular activated carbon.
Ultraviolet (UV) radiation (TrojanUV, Ontario, Canada)
was operated to disinfect the feed water into the north
train from November 19th, 2009 until January 18th, 2010
(60 operating days). The UV radiation was operated at
intensity of 31mJ/cm?

From October 27th, 2009 until January 18th, 2010
(54 operating days), chlorine dioxide was injected into south
train. The chlorine was generated using the acid—chlorite
method.

5NaClO, +4HCl — 4ClO, (g) +5NaCl +2H,0 )

The chlorine dioxide generator was built and installed
by Prominent (Pittsburg, PA, USA). “Chlorine-free” chlo-
rine dioxide (ClO,) was expected from this method accord-
ing to the manufacturer. The chlorine dioxide was added
into the trains at a residual concentration of 0.5 mg/L.

After the ClO, addition on south train and UV radiation
on north train, the feed water passed through cartridge fil-
ters (CFs) before feeding into the membrane vessels. The
cartridge filters (Claris, PALL Corporation, East Hills, NY)
was polypropylene material with a nominal 5 um pore size.
The cartridge filters were replaced when the differential
pressure across the filters reached 15 psi.

On one of the fouling detectors, a granular activated
carbon filter (GAC, PHP Micro-Carbon II, Pall Corporation,
East Hills, NY) was used as an additional pretreat-
ment in attempt to remove hydrophobic, fouling-prone

Table 2
Feed spacer geometry specifications

Parameter (units) Value

Spacer thickness, i_(um)* 650

Filament, df (um)* 325

Configuration Diamond

[, (mm)* 3.0

I, (mm)* 3.0

b (°)* 90

a(°)* 90

Porosity 0.886 + 0.010
Table 3

Nutrient content for different types of feed water sources

organics from feed water for the bench scale experiment.
Water samples were collected after each pre-treatment
were collected (Table 3), and it was observed that the
nutrient content of the feed water from all pretreatment
yield similar nutrient content.

2.6. Simulated algae blooms

The colloidal nutrient (N1) was a combination of pep-
tone and yeast, which were selected because they are the
major nutrient components of bacterial marine media [35].
Feed water was dose with a continuous concentration of
0.25 g/L peptone (Fisher Scientificc, Hampton, NH) and
0.05 g/L of yeast extract (Fisher Scientific, Hampton, NH).
To prepare the nutrient broth for seeding, a stock solution
was mixed with DI water to contain 25 g/L peptone and
5 g/L yeast. The stock solution was sterilized by autoclav-
ing. The stock solution was fed at 1:100 ratio with the feed
water. Since the feed water was at 0.05 gpm (189 mL/min)
to match the prototype’s Reynold’s number, the stock solu-
tion was fed at 0.0005 gpm (1.9 mL/min) so as not to signifi-
cantly alter the feed flow rate into the fouling detectors.

The dissolved nutrient (N2) was a combination of sodium
acetate (Fisher Scientific, Pittsburgh, PA), sodium nitrate
(Fisher Scientific, Pittsburgh, PA), and sodium phosphate
(Fisher Scientific, Pittsburgh, PA). The dissolved nutrient
was assumed to be a representation of the dissolved nutri-
ents in seawater. The nutrient was mixed so that the C:N:P
ratio of the nutrient was 100:20:10. The nutrient solution
was dosed into the feed line at 0.5 mL/min.

2.7. SEM sample preparation

Membrane samples were also imaged by scanning elec-
tron microscopy (SEM, Hitachi S5-4700, Pleasanton, CA)
to measure the thickness of fouling material contributed
by the nutrients. Prior to the SEM analysis, dried sam-
ples were sputter-coated with a mixture of gold and pal-
ladium. Magnifications used were varied from 10,000X to
16,000X. Cross section of the membrane were cut to show
the fouling thickness on the membrane surface.

2.8. Solids and ICP analyses

Membranes in fouling detectors were taken out at the
end of the test for examination of solids and for ICP analy-
ses [31]. Measurements of total and combustible solids were
carried out based on Standard Method 2540D [36]. In this
procedure, a section of membrane area was scraped using
a sterile blade. The area of scraped membrane was mea-
sured and recorded to enable calculation of mass per unit

Raw seawater MF permeate MF+CF MF+GAC MF+CF+UV MF+CF+CIO,
TKN (mg/L) 0.267 0.236 0.238 0.270 0.248 0.282
Total P (mg/L) 0.07 0.07 0.07 0.073 0.058 0.064
TOC (mg/L) 1.069 1.018 1.488 1.675 1.408 1.668
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area. The solids removed from the surface of the membrane
by the blade were rinsed into ceramic dishes. The samples
were then dried in the oven for 24 h at 105°C, cooled and
weighed. Ceramic dishes were then placed in a furnace at
550°C for 1 h, cooled, and reweighed. The dry weight (after
oven drying) gave the total solids. Total solids minus the
mass of solids remaining after the furnace (non-volatile
solids) gave the volatile solids.

Digested samples of extracted solids were analyzed by
inductively coupled plasma optimal emission spectrome-
try, ICP-OES, (Model TJA Radial IRIS 1000 ICP OES, Perkin
Elmer; Waltham, MA, USA) following acid digestion using
HNO,/HCI (Standard Method 3030F-Recoverable) [36]. In
preparing ICP analysis, the solids were scraped from the
surface of the membrane and rinsed into a 100 mL beaker.
Inside the beaker, 2 mL (1:1 HNO,) and 10 mL (1:1 HCI)
were added to the suspension. The suspension was heated
on a hot plate until sample was reduced to ~40 mL, mak-
ing certain the water did not boil. The sample was cooled,
filtered (0.45 um membrane), and transferred to a volu-
metric flask where the volume was adjusted to 50 mL with
deionized water. The “Multielement Standard US EPA (23
elements)” (GFS Chemicals, Powell, OH, USA) with mul-
tiple dilution (1, 5, 10, and 20 mg/L) was used to provide
standards for the ICP analysis.

2.9. Biofilm density and thickness

Biofilm thickness and bacterial density on membrane
surface were examined on small sections of membrane
from the detectors. After drying, the stained membranes
were examined under Laser Scanning Confocal Microscope
(Zeiss LSM 510 META) using two excitation/emission wave-
length settings, at 488/500 nm for SYTO 9 and 510/635 nm
for propidium iodide. Images were captured under each
excitation/emission setting. The Z sectioning method was
used to determine the thickness of the biofilm. Bacterial den-
sity was evaluated by visually counting the number of cells
attached to the membranes surface, and was determined
by the average count number of 3 images for each sample.

3. Results
3.1. Fouling detector baseline performance

When the HPFD was operated in parallel with the
full-scale plant, both permeate fluxes were calculated
and compared to each other (Fig. 7a). The data show that
the permeate flux for both the detector and the full-scale
plant follow a similar pattern. Discrepancies in flux data
were due to multiple system shutdowns in the month of
March. When the experiment was restarted, the permeate
flux stabilized to the same level as before. In addition, the
HPFD was also capable of generating product water quality
data (Fig. 7b). The permeate conductivity from the detec-
tor was compared to the south train, it became apparent
that both data followed similar trends. The HPFD had
slightly lower permeate conductivity than the south train
since it only represented the first 10 inches of the full-
scale plant where cross-flow velocity and permeate flux
were highest, and hence, permeate conductivity was the
lowest due to the “dilution effect”.

In Fig. 7c, the differential pressures between inlet and
outlet were recorded from the LPFD and HPFD simulators.
A linear regression was employed to estimate the slope of
the differential pressure gradients of all the pressure detec-
tors and the full-scale plant. The data suggest that the HPFD
most similarly reproduced the differential pressure gradient
of the full-scale plant (0.0092 psi/d HPFD vs. 0.0141 psi/d
plant). While the LPFD does not represent a full-scale plant
accurately (0.0338 psi/d), it might function well as an early
fouling device since it fouls sooner and more quickly than
the plant, but the HPFD appears most informative as it
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reproduced four local KPIs related to flux, rejection, feed
pressure and differential pressure.

3.2. Alternate pretreatment evaluation

Both south and north trains were operated in paral-
lel with the HPFDs and the LPFDs. Since the LPFDs were
without permeation, only permeate flux and permeate con-
ductivity for HPFDs were available for comparison with
plant data. Fig. 8 compares performance data from all the
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Fig. 8. Data performance vs. time for different pretreatments for
(a) permeate flux, (b) permeate conductivity, and (c) differential
pressure.

fouling detectors with the full-scale plant. Note, the initial
permeate conductivity (Fig. 8a) for the two full-scale trains
were different due to different membrane configurations
inside the vessels.

3.3. Performance comparison

The permeate conductivity for HPFD MF+CF+CIO, fluc-
tuated about the plant values until a sudden increase after
a prolonged system shut down due to mechanical mal-
function. During this unexpected shutdown, feed water
containing ClO, remained stagnant in the fouling detec-
tors, but was flushed out of the full-scale plant. Hence, the
degradation in permeate water quality was only observed
in the HPFD and not in the plant. The permeate conductiv-
ity for both UV and GAC pretreated feed water remained
stable and similar, but slightly better than the plant.

Both full-scale trains’ performance was steady until
around 12/19 when the plant was shut down to change the
membrane configuration for both trains. Then, the trains
were restarted on 12/28. The changes in membrane config-
uration increased the flux, but it was steady until the end
of run time. The permeate flux for HPFD MF+CF+CIO,
declined steadily until the plant shutdown (Fig. 8b), but
jumped up dramatically about the same time the permeate
conductivity increased (Fig. 8a). The increase in permeate
flux further supports membrane degradation in the HPFD.
However, the same membrane degradation characteris-
tics were not observed in the full-scale plant. The permeate
flux for HPFD MF+CF+UV decreased the fastest and most,
while the permeate flux for HPFD MF+CF+GAC declined
similarly as HPFD MF+CF+ClO,. The water quality data
reported in Table 3 also indicated that there was no sig-
nificant difference in the TOC content of the water after
any of the pre-treatments, so it is not clear why there were
such noticeable differences in flux decline for the different
pre-treatments. However, it is possible that GAC selec-
tively removed the more fouling-prone, hydrophobic DOC
fraction and ClO, hydrophilized DOC compounds, but all
pre-treatments failed to eliminate fouling. This explained the
flux decline shown for the GAC pretreated water. Overall,
Fig. 8b shows that the HPFD is very sensitive to membrane
degradation, which highlights the potential early warn-
ing function of this detector and also the possibility of false
indications.

Fig. 8c shows the differential pressure performances
for the plant, HPFD, and LPFD. The differential pressure
for north train and south train was different due to differ-
ent membrane configurations. However, the pattern for
both trains was very similar. A slight increase in differ-
ential pressure was observed on LPFD, but there was no
drastic increase observed for all pretreatment methods. No
signs of membrane degradation or fouling were detected
here based on the differential pressure.

3.4. Physical inspection

Fig. 9 shows the photographs for LPFD with (a) a clean
membrane, (b) membrane with chlorine dioxide pretreated
feed water, (c) membrane with UV radiation pretreated feed
water, and (d) membrane with GAC pretreated feed water.
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The membrane shown in Fig. 9a was a clean new sheet of
membrane. Membranes from Fig. 9a-c were extracted after
the 60 d of run time. Membranes from Fig. 9a, b and d looked
the same after being extracted out of the LPFDs. The ClO,
and GAC pre-treatments possibly oxidized or removed col-
ored (typ., conjugated aromatic structures) DOC leaving
only transparent extracellular polymeric (TEP) compounds
commonly observed in seawater [28]. Another possibility
to explain the orange color of UV pre-treated membrane
is iron not being affected by UV, but being oxidized and
filtered after ClO, and retained with charged hydropho-
bic organics by GAC - see Solids Analysis below for more
details. The difference in brightness of Fig. 9b was not
because the chlorine dioxide bleached the membrane, but
rather it was due to a different level of light present when
the photos were taken. While the UV pre-treated membrane
in did not show significant increase in differential pressure,
it appeared to accumulate more colored organics (Fig. 9c),
which may explain the faster rate of flux decline (Fig. 9b).

3.5. Solids analysis

Solids analysis on membrane samples extracted from
the LPFD in (Fig. 10) confirm membrane exposed to UV
pretreatment contained significantly more solids than
the membrane exposed to GAC and CIO, pretreatments.
Moreover, the membrane exposed to ClO, had less than
half of the solids than the membrane exposed to GAC
pre-treatment; both having <20% of the solid mass of
the UV pre-treated membrane. However, the potential
for membrane degradation by ClO, should be taken into
consideration in selection of pre-treatments. ICP analysis
indicated that all fouling material on the membrane sur-
face have similar combination of elements for the three
pretreatments (Fig. 11). However, the feed water that has
been exposed to UV radiation additionally contained

"
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Fig. 9. Photographs of before and after use for (a) clean new
membrane at day 1, (b) LPFD MF+CF+ClO, at final day, (c) LPFD
MF+CF+UV at day 60, and (d) LPFD MF+GAC at day 60.

chromium and iron. This confirms the results of the solids
analysis, which showed higher concentration of inorganic
solids (non-volatilized) than the organic solids.

3.6. Simulated algae bloom results
3.6.1. LPFD differential pressure data

Fig. 12 shows differential pressure vs. time for the col-
loidal (N1) and dissolved (N2). The differential pressure
for the low-pressure detectors exposed to the two nutrients
increased faster than the low-pressure detectors without
nutrient addition, which suggests fouling was stimulated
by nutrient addition. The fouling detectors with nutrients
added reached a differential pressure of 6 psi in 7-10 d,
whereas the fouling detectors without nutrient addition
took 40 d to reach 6 psi differential pressure. The colloidal
nutrient stimulated fouling faster than the dissolved nutri-
ent. It is possible that the colloidal nutrient accumulated
on or around the feed spacers leading to abiotic increase
in differential pressure (i.e., “spacer clogging”). Full-scale
data in Fig. 12 a suggest about 2 psi increase in differential
pressure over the same time period (no artificial nutrients
were added to the plant feed). The 6 and 2 psi increase in
the LPFD and full-scale plant differential pressures were
1.1% and 0.36%, respectively, of the initial applied pressure
(550 psi). This suggests that nearly 99% of the feed pressure
increase observed in the plant was due to foulant accumu-
lation on the membrane and increased trans-membrane
(hydraulic and/or osmotic) pressure.

The HPFDs did not show a significant change in dif-
ferential pressure (Fig. 12b). Therefore, the low-pressure
detectors might have responded to a type of fouling that
did not occur as fast (or at all) when there was flux through
the membrane (i.e., in both the HPFDs and the full-scale
plant). The HPFD MF+CF+N2 experiment was allowed to
run longer than the fouled LPFD to evaluate if the differ-
ential pressure would increase, but after 25 d no increase
was observed. One should not conclude universally that sea-
water RO membrane fouling is only influenced by biofilm
formation directly on the membranes. In a different water
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Fig. 10. Solids analyses from LPFD for different types of pre-
treatments.
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Fig. 11. ICP analysis for different types of pretreatments.
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source with different bacteria, nutrients, membranes and
spacers, it is entirely possible that an increase in differen-
tial pressure due to spacer clogging could be a significant
source of flux decline.

3.6.2. HPFD performance data

In the HPFD’s, salt rejection and permeate flux data
was available continuously over the course of the nutri-
ent dosing experiment. The south train of the full-scale
plant experienced very little flux decline and stable rejec-
tion, while the HPFDs with and without nutrients exhib-
ited significant, but varied extents of flux decline and
some changes in rejection over the same period (Fig. 13).
The HPFD operating without artificial nutrient addition
experienced a much faster rate of flux decline than the
full-scale plant because the actual flux through the HPFD
membrane was 50% higher than the average flux of the
full-scale plant. Highly permeable NF/RO membranes may
not exhibit system wide flux decline even when fouling is
ongoing for several months [37]. As fouling progresses,
more water permeates elements further down the system
and the high permeability allows the system average flux
(and overall recovery) to appear constant [38]. However,
in the HPFD there is only a small amount of membrane
area operating at a relatively high flux. In fact, the HPFD
was designed to simulate the first 10-12-inch of the full-
scale system where flux and fouling are expected to be
most severe and the HPFD appears to operate as designed
serving well as an early warning indicator of the onset of
fouling.

The colloidal nutrient produced 80% flux decline and
the rejection decreased from ~90% to ~80% in only ~7 d in
the HPFDs (Fig. 13). According to the solution diffusion
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theory, a 10% and 20% decrease in flux should decrease
the salt rejection from the initial value of 83% to 81.5% and
79.6%, respectively. However, since the rejection did not
decline, it is surmised that the fouling layer accumulating
on the membrane surface plugged up microscopic mem-
brane defects and enhanced the intrinsic rejection by the
membrane [39]. Also, since salt rejection is not a particu-
larly sensitive parameter, it may not be a good indicator
of fouling.

Flux decline was much steeper in the HPFD dosed with
colloidal nutrients than in the HPFD dosed with dissolved
nutrients. Based on the full-scale data, 20% flux decline
was observed within 3 months of operation (without arti-
ficial nutrient addition). Of this 20% flux decline, 0.4% was
due to the increase in differential pressure; hence, the bulk
of flux decline was caused by foulant accumulation directly
on the membrane surface rather than clogging of the feed
spacers.

3.6.3. Solids and elemental analyses

Solids accumulated on the membrane and the feed
spacer during colloidal and dissolved nutrient addition
experiments reveal additional insights about potential
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Fig. 14. Solids analysis for nutrient 1 and nutrient 2 addition.
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Fig. 15. ICP analysis for (a) nutrient 1 addition and (b) nutrient
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mechanisms of fouling. More total solids were found on
the spacer than the membrane surface for both low-pres-
sure detectors as shown in Fig. 14. However, more solids
were observed on the membrane surface in the high-pres-
sure detectors. In an actual spiral wound element, two
membrane surfaces share a spacer and a spacer channel,
thus there could be a greater distribution of foulant mass
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on the membrane surface rather than on the spacers.
Overall, the HPFDs mimicked the full-scale plant behavior
more completely and more accurately than the LPFDs.

The ICP analyses, Fig. 15, confirmed that the chemi-
cal composition of solids found on the membrane surfaces
were consistent for both colloidal and dissolved nutrients.
This means that both nutrients gave rise to fouling layers
of similar chemical compositions despite differences in the
physical-chemical properties of the nutrients themselves.
Higher concentrations of iron were found in HPFDs than
in LPFDs. It’s possible that the 316 stainless steel materials
and/or fittings used to construct the HPFDs were corroded
by seawater over the course of the experiments. Rust parti-
cles could have leached into the feed water and deposited
onto the membrane surface.

3.6.4. Biofilm analyses

Electron microscopy was performed on membrane cou-
pons extracted from the fouling detectors (Fig. 16). A dehy-
drated biofouling layer ~5 um thick was observed in the
membrane coupon extracted from the LPFD that had been

exposed to N1. A dehydrated biofouling layer with sim-
ilar thickness was observed from HPFD exposed to NI1.
However, the fouling layer on membrane surface from
the LPFD exhibited a more uniform shape than the foul-
ing layer on membrane surface from the HPFD. The foul-
ing layer on the surface of the membrane from the HPFD
seemed to be morphologically diverse. A possible explana-
tion is that at low pressure, certain species of bacteria may
dominate the surface. For membrane coupon exposed to
N2, a thinner dehydrated biofouling layer, ~2.5 um, was
formed. Moreover, no uniform cell shape was observed,
suggesting that the type of nutrient impacted the amount
and type of biomass that accumulated on the membrane.
Fig. 17 shows the live and dead staining analyses done
on the membrane surfaces extracted from the LPFDs and
HPFDs for the colloidal nutrient and dissolved nutrient
additions. The biofilm thickness found on the membrane
surface in the LPFD exposed to colloidal nutrient (LPFD
MF+CF+N1) was 60 um, in the HPFD exposed to colloidal
nutrient (HPFD MF+CF+N1) was 50 um, and in the LPFD
exposed to dissolved nutrient (LPFD MF+CF+N2) was
60 um. The fouling thickness reported in the SEM analysis

Fig. 16. SEM analysis for (a) HPFD MF+CF+N1, (b) LPFD MF+CF+N1, and (c) LPFD MF+CF+N2.
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Fig. 17. Live (left), dead (middle) and combined (right) fluorescence microscopy images for membranes from (a) HPFD MF+CF+N1,

(b) LPFD MF+CF+N1, and (c) LPFD MF+CF+N2.

was an order of magnitude less than the hydrated biofilm
thicknesses measured by confocal laser microscopy. This is
mainly due to dehydration, but SEM sample preparation,
which involved dehydrating samples followed by sputter
coating, could also have modified the visual appearance of
biofilms. The results of cell staining analyses suggest sim-
ilar amounts of live and dead bacteria on all membrane
samples.

4. Discussion

In this study, the baseline performance of custom-built
LPFDs (cross-flow without permeation) and HPFDs (cross-
flow with permeation) was evaluated, operating in par-
allel on pre-treated feedwater at a full-scale seawater RO
desalination plant. The baseline pre-treatment included
chlorination, 0.1 pm microfiltration, dichlorination and
1 pm cartridge filter. The LPFD was capable of monitoring
feed-to-brine differential pressure. The LPFD differential
pressure rose faster than the full-scale plant. The main dif-
ference was the channel height and mesh spacer employed;
spacer clogging occurred more quickly in the LPFD with its
slightly lower channel height and thinner mesh feed spacer.
Since the LPFD differential pressure was more sensitive
than the full-scale plant, it could serve as an early warning

detector of membrane fouling. The HPFD data reproduced
the permeate conductivity and differential pressure of
the full-scale plant quite reasonably, while permeate flux
declined ~3X faster than the full-scale plant; hence, the HPFD
could serve as an early warning fouling detector through
permeate flux monitoring as well as a means of evaluating
membrane integrity (e.g., via chlorine or cleaning chemical
degradation) by monitoring permeate conductivity.

Next, using the LPFDs and HPFDs, four different
pre-treatment sequences were assessed, including the
baseline and the baseline plus UV, ClO, or GAC. Based on
acquired performance data, physical inspection and solids
analyses, ClO, and GAC pre-treatments were most effec-
tive at fouling control while UV added no value over the
baseline. The LPFD did not give any indication of fouling
through monitoring differential pressure; however, its opti-
cally transparent viewing window enabled visual verifica-
tion (in real-time) that fouling occurred on membrane and
spacer surfaces. An additional benefit of the high-pressure
fouling detectors was that they were sensitive enough to
detect both membrane fouling (flux decline) and membrane
degradation (flux increase, rejection decline). Membrane
degradation could be observed faster in the HPFD compared
to the full-scale plant. Therefore, again the HPFD served as
an early warning indicator of both membrane damage and
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membrane fouling. While ClO, worked well in this study,
autopsied membranes did show signs of chlorine damage
and slight degradation. Possible causes of membrane dam-
age include prolonged exposure to stagnant CIO, dosed
feedwater during plant shutdowns, excess free chlorine
in the potable water feeding into the chlorine dioxide gen-
erator, or components of seawater (e.g., Cl5, Br, etc.) that
could be oxidized and damage the membranes.

Last, the impacts of colloidal (N1) and dissolved (N2)
nutrients on flux, rejection, and differential pressure were
evaluated using the HPFDs and LPFDs. In LPFDs, both
nutrients produced rapid increase in differential pres-
sure within 24-48 h. In HPFDs, the nutrients produced
60%-80% flux decline within 10 to 20 d, but there was no
noticeable change in salt rejection or differential pressure.
These results suggest LPFDs experience foulant mass accu-
mulation in the feed spacers, while HPFDs experience
more fouling mass accumulated on the membrane sur-
face, which may be more representative of what happens
in the full-scale plant. Electron and confocal microscopy
analyses confirmed that more fouling mass was found on
membrane surfaces exposed to colloidal nutrients than the
dissolved nutrients, suggesting colloidal nutrients may
have fouled the membranes directly by convective depo-
sition as well as indirectly by stimulating bio-growth and
biofilm formation. Nutrient addition was done for a very
specific concentration and ratio. For future research, it
would be beneficial to research the impacts of difference
in nutrient concentrations and ratios on biofilm formation
and biofouling related performance decline.
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