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A B S T R A C T

The Tampa Bay Water seawater reverse osmosis (SWRO) facility is the first large-capacity seawater desalination
plant in the United States. The feedwater source for the facility is an estuarine system that is biologically very
productive and contains naturally-occurring high concentrations of algae, marine bacteria, total organic carbon
(mostly dissolved), transparent exopolymer particles (TEP), the biopolymer fraction of natural organic matter,
and phosphate. The high-organic composition of the feedwater places stress on the conventional sand pre-
treatment system utilized at the facility resulting in high organic passage into the membrane process and flow
through into the permeate. In particular, the direct passage of particulate TEP (p-TEP) into the membranes has a
major impact on the biofouling rate. Based on the data collected, the pretreatment is ineffective at removing key
organic components that impact the rate of membrane biofouling, particularly bacteria and p-TEP. Perhaps the
pretreatment could be re-designed to use a dissolved air floatation system (DAF) followed by ultrafiltration as a
remedy that would likely move the biofouling problem to the ultrafiltration process, which has an easier
cleaning process. Consideration could be given to using a groundwater source of feedwater as a permanent
remedy to the operational issues.

1. Introduction

Shortages of freshwater throughout the world have driven the de-
velopment of cost-effective desalination technologies [1,2]. Desalina-
tion was performed in the past using mostly thermal distillation pro-
cesses until the commercialization of seawater reverse osmosis (SWRO)
membranes in the late 1950s [3]. Today, reverse osmosis (RO) is the
most economic desalination technique for producing freshwater from
seawater [3–5]. Despite the SWRO process being the most energy-effi-
cient desalination process, it is plagued by the issue of membrane
biofouling [6–11]. Extensive use of engineered pretreatment or use of
subsurface intake systems have been used to reduce the rate of bio-
fouling, but cannot eliminate it [12,13].

A wide variety of pretreatment schemes arranged in different
manners have been used to reduce the rate of membrane biofouling,
including debris removal, coarse and fine sand filtration, sand filtration
with added coagulation and flocculation, dissolved air flotation (DAF),
membrane filtration, and ultrafiltration (UF) [14,15]. Despite the use of

various pretreatment processes, Negati et al. [12] reported that 70% of
SWRO facilities in the Middle East have had biofouling problems that
have impacted operations and treatment costs.

The process of SWRO membrane biofouling is quite complex and
involves both the biochemistry of the raw feedwater [11], nutrient
concentrations [16–17], water temperature [18], and the SWRO plant
design and perhaps operation methods [19,20]. One measure of the
general biochemistry of the feedwater is the concentration of total or-
ganic carbon (TOC). A comparison of the TOC concentrations to the
number of annual cleanings of membranes required in SWRO facilities
is given in Table 1.

The data show that in the SWRO facilities using open-ocean intakes,
there is a general relationship between the concentration of TOC and
the required frequency of membrane cleanings, which is a proxy for the
rate of biofouling. It is understood that not only the TOC is a factor, but
the various forms of organic matter in the feedwater also influence the
rate of biofouling [11]. The very high rate of cleanings required in the
Arabian Gulf plant may be due to a combination of relatively high TOC
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values and high water temperatures [16–18]. The highest TOC values
were found at the Tampa Bay Water facility, which has experienced
difficulties from the onset of operation [21].

In 1998, Tampa Bay Water awarded a contract to Stone and Webster
and Poseidon Resources Corporation for the design and construction of
an SWRO plant. However, by 2000, Stone and Webster went bankrupt
and Poseidon took over full ownership of the project and partnered
with Covanta Tampa Construction. In December 2001, Covanta failed
in their financial obligations and Tampa Bay Water resumed ownership
of the project in March 2002, when the plant was only 50% complete
[23,24]. Covanta then failed to meet two construction-related mile-
stones, and litigation ensued wherein Covanta, which declared bank-
ruptcy in 2003, agreed to a settlement transferring the rights to operate
the plant to Tampa Bay Water. The plant experienced problems during
the initial startup where membranes lasted months instead of years and
cartridge filters that should last months lasted only weeks [23–25]. In
2003, the plant encountered severe difficulties with the pretreatment
system wherein the membranes began to foul excessively and rapidly.
Many changes were made to the plant with the expectation that the life
of the RO membranes would be extended, including coating filters with
diatomaceous earth, so that fine size particles were extracted by the
sand filters [24]. However, the plant was still unable to properly op-
erate at full capacity due to membrane fouling and expense issues [26].
In 2004, Tampa Bay Water contracted with American Water-Acciona
Agua to resolve the design and construction deficiencies and complete a
redesign for the plant in 2007 [27].

The redesign included modifying the plant to improve pretreatment
efficiency by correcting inadequate screening and changing the filtra-
tion design. Changes were also made in the post-treatment process to
meet the capacity goal of 94,697 m3/day (25 MGD) of drinking water in
2010 [26,28]. Specifically, precoat filtration was installed to augment
the existing sand filters, removing particles too fine to be extracted by
the sand filters, which then extended the life of the RO membranes. The
plant initially had two-stage sand filtration, which was then converted
to a single-stage upward-flow system, thereby doubling the number of
first stage sand filters so that individual filters could operate at lower
feed rates and have greater efficiency. New piping and controls for the
influent water to be dispersed evenly were also implemented. For the
intake pumps, variable-frequency drives were added to help maintain a
constant water temperature and stabilize water chemistry. Improved
screening and chemical feed systems were then added to the intake
pipeline to inhibit biological growth. The SWRO membrane system was
redesigned with added pipes, pumps, and electrical systems to allow for
an easier cleaning process that was more reliable. Lastly, lime from a
new stem to stabilize the treated water was added to provide additional
protection to the distribution pipelines [24].

While considerable improvements have been made to increase the
productivity of the Tampa Bay Water SWRO plant, there are still on-
going operational challenges. The plant is operated intermittently to
meet seasonal peak demands within the overall Tampa Bay Water
service area. In the 2019 water year, it operated from December 2018
to May 2019. In the 2020 water year, it will operate from December to
mid-July. However, the SWRO membranes must be cleaned every two
months, which affects the plant availability, membrane lifetime, as well
as costs and environmental issues. The environmental issue of concern
is the disposal of a greater amount of turbid water that must be treated
before discharge.

It is the purpose of this research to make a comprehensive assess-
ment of the organic carbon passing from the feedwater through each
process within the plant in time, including RO permeate, to assess the
causes of membrane biofouling and to make comparisons to the op-
eration to other SWRO facilities. Water samples were collected during
each month of operation during the 2019 dry season. This is a parti-
cularly important investigation because this plant uses feedwater that is
exceptionally high in organic carbon concentrations compared to other
global facilities of high capacity. An important question is why theTa
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Tampa Bay Water SWRO facility has had exceptional rates of biofilm
formation compared to other comparable facilities in different regions.
This research was conducted to determine if the issues are related to
solely raw water quality or are design and operational issues also
contributing to the problems. Suggested remediation based on our re-
sults is also reported in this study.

2. Materials and methods

2.1. Description of Tampa Bay Water Desalination Plant

The Tampa Bay Water Seawater Desalination Plant is located at
13041 Wyandotte Road in Gibsonton, Florida on the eastern side of
Tampa Bay, adjacent to the Teco Big Bend Power Station, a coal and
natural gas burning power plant (Fig. 1). The desalination plant pro-
vides up to 94,697 m3/day (25 MGD) of drinking water, which is about
10% of the service area demand [29]. Seawater is taken from Hills-
borough Bay, an estuarine system, via the cooling discharge of the

Fig. 1. Map of Tampa and surrounding counties (Florida, USA) with blue lines indicating the water supply transport routes from the Tampa Bay Water Desalination
Plant.
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power plant and treated through a variety of processes to make potable
water that meets all safe drinking water standards [30]. The seawater
goes through a variety of pretreatment screens, sand filters, and car-
tridge filters before reaching the valuable RO membranes, which have
dissolved chloride rejections near 98.6% and are the leading technology
for new desalination installations.

A full process diagram for the current Tampa Bay SWRO plant is
shown in Fig. 2. The inflow line from the power plant discharge is
periodically cleaned using chlorine dioxide. Ferric chloride is used to
coagulate suspended sediments and organics with downstream floccu-
lation into the sand filtration system. The water flows to the diato-
maceous earth precoat filter after sand filtration and into the cartridge
filter system before entering the primary membrane desalination pro-
cess. The cartridge filters were changed about 8 months prior to the
beginning of the 5-month sampling period. The plant was not operating
during most of the 8 month period.

2.2. Water sampling through the treatment system

Water samples were collected at the plant once a month from
January 2019 to May 2019; the span of time during which the plant
runs each year for supplemental water supply during the dry season for
the Tampa area. Samples were collected in 60.6 L (16-gallon) con-
tainers as well as 1-liter amber glass bottles with no headspace and
placed in ice to minimize biological activity during transport back to
the laboratory the same day. Samples were stored at 4 °C in the la-
boratory before analysis and were quickly analyzed.

The sampling sites (Fig. 2) at the plant include one of the raw water
before pretreatment screening as a reference (S1). The second sample
(S2) was taken after the upflow sand filters and the third (S3) was taken
after the water has passed through all pretreatment filters. The fourth
sample (S4) was taken after the cartridge filters and before the RO
process and the fifth sample (S5) was taken after the second pass

through the RO membranes and was treated process water (finished
water). Lastly, the sixth sample (S6) was from the concentrate stream.

2.3. Water quality measurements

2.3.1. Water quality parameters
Water quality parameters including dissolved oxygen (DO), tur-

bidity, pH, salinity, conductivity, and water temperature were mea-
sured using a ProDSS YSI probe for each sample site in the field in
triplicate.

2.3.2. Microorganism quantification
Flow cytometry has become a popular method to determine mi-

crobial cell numbers in lieu of conventional fluorescence microscopy
because it can quickly analyze the number, size, viability, and the
physiology of cells with a combination of various fluorescent dyes [31].
SYBR Green nucleic acid stain is the predominant staining solution for
use with the flow cytometer to analyze bacteria cell concentrations in
water samples and has been done with samples from Saudi Arabia and
other global locations [13,32]. Similar methods have been used to
quantify bacterial counts in samples from Lake Zurich, Switzerland [33]
and the Chungcheong province in Korea [34].

Water samples used for microbial cell counts were put into 50 mL
centrifuge tubes with 2% volume of 30% formaldehyde solution and
placed at −80 °C until analysis. Bacterial and algal cells were measured
using an Accuri C6 plus flow cytometer. Lasers were used to excite
unstained autofluorescent cells of phototrophs (mainly picocyano-
bacteria) and stained bacterial cells. Laser wavelengths were set at
488 nm for blue, green emission collected in the FL1 channel
(533 ± 30 nm) and red fluorescence in the FL3 channel (> 670 nm)
[35,36]. The flow cytometer was calibrated using 2 drops of BD™ CS&T
RUO Beads (beads consist of equal quantities of 3-μm bright, 3-μm mid,
and 2-μm dim polystyrene beads in phosphate buffered saline (PBS)

Fig. 2. Process diagram of the Tampa Desalination Facility with location numbers indicating water sampling/collection sites.
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with bovine serum albumin (BSA) and 0.1% sodium azide) in 500 μL of
ultrapure water. The frozen water samples were thawed in a beaker of
warm water for approximately 10 min before performing the analyses.
For the bacterial counts, 50 mL of each water sample was pipetted into
10 mL tubes and placed in 35 °C water to incubate for 10 min. The
samples were then stained with 5 μL of SYBR Green II RNA gel staining
solution, vortexed, and placed back into the 35 °C water to incubate for
another 10 min [35,36]. After the second incubation, each sample was
vortexed and measured on the flow cytometer individually. The system
settings used were as follows: the run limit was set to 50 μL, fluidics on
medium (35 μL/min, core size 16 um), and the threshold was set to 600
in the FL1 channel for the total bacterial cell counts [36]. For unstained
autofluorescent counting of autotrophs, 500 μL of from each sample
was pipetted into a 10 mL tube and incubated for 10 min at 35o C and
then processed with a run limit set to 50 μL, fluidics was set on
‘medium’ (35uL/min, core size 16 μm) and a threshold of 900 for red
fluorescence in the FL3 channel was used [36]. Each time three vials
were analyzed as triplicates.

2.3.3. Total organic carbon and organic fraction concentrations
TOC measurement involves the oxidation of carbon and the detec-

tion of carbon dioxide. It is another used method to quantify organics
passing through the treatment processes of a desalination facility. Since
pretreatment for RO membranes excludes most organic particulates,
when measuring TOC within the stages of a desalination plant, TOC is
close to that of the dissolved organic carbon (DOC) [36]. TOC mea-
surements are reported to be more sensitive than particle counting, so it
has been used in coordination with other methods such as flow cyto-
metry and UV absorbance [13,32,37,38]. Measurements made using a
Liquid Chromatography Organic Carbon Detector (LC-OCD) give fur-
ther details on the dissolved organic carbon fractions of natural organic
matter (NOM) in seawater [13,32]. Molecular masses of humics were
also studied in these reports as well as Domany et al. [38]. In order to
measure organic matter as well as keep the integrity of the study by
providing TOC measurements in addition to particle counts, the sam-
ples from the Tampa Bay Water seawater desalination plant were also
run for TOC and LC-OCD.

TOC was measured using a Shimadzu TOC-L analyzer. A volume of
20 mL from each sample was pipetted into individual tubes to allow
room for CO2 gas bubbles to be released. A 2.1% NaCl saltwater stan-
dard solution as well as three dilutions using a carbon standard were
made (10 mg/L, 50 mg/L, and 100 mg/L) ahead of time using volu-
metric flasks and stored at 4 °C until use. Sulfuric acid (9 N H2SO4) on a
9-minute sparge time was used instead of hydrochloric acid (HCl),
which is typically used for freshwater samples, as a stronger acid is
needed for sparging seawater samples. A calibration curve was created
using the mean area (mg/L) of the standards.

The main fractions and composition of the DOC can be assessed
using a LC-OCD. The Protocols and methods by Huber et al. [39] were
followed to measure the organic fractions using a LC-OCD (LC-OCD-
OND Model 8, DOC-Labor, Germany). The samples for the LC-OCD were
prefiltered using a 0.45 μm syringe filter to exclude non-dissolved or-
ganics and a system cleaning was done by injecting 4 mL of 0.1 mol/L
NaOH through the column for 260 min. Following the cleaning steps,
2 mL of the sample was injected for analysis with 180 min of retention
time and a flow rate of 1.5 mL/min. A mobile phase of phosphate buffer
with STD 28 mmol and a pH of 6.58 was used to carry the sample
through the system. The analysis result is a chromatogram showing a
plot of signal response of different organic fractions to retention time.
Manual integration of the data was then performed to determine the
concentration of the different organic fractions based on five size
classifications that include biopolymers, humic substances, building
blocks, low molecular weight acids and low molecular weight neutrals
[13]. A summary of the composition of the LC-OCD classifications by
Villacorte [40], is given in Table 2. Perhaps the most important clas-
sifications are the biopolymers and humic substances, which cause

membrane preconditioning, leading to biofilm formation [41–43].
Some of the low molecular weight substances may also be important
[11].

Water samples for LC-OCD analysis were shipped to the King
Abdullah University of Science and Technology (KAUST) in Saudi
Arabia within three days after collection. They were shipped on ice in a
cooler and received in Saudi Arabia for further processing within 48 h
after the package was received. LC-OCD samples were placed in 40 mL
amber glass bottles and secured tightly with parafilm, bubble wrap, and
Ziplock bags to avoid contamination and spillage.

2.3.4. TEP measurements
TEP is formed by the abiotic assembly of dissolved acidic poly-

saccharides and other organic material and/or from the extracellular
excretion by algae and bacteria [45]. TEP or components of TEP in the
colloidal size range (e.g., lectin-like humic substances) commonly at-
tach to the surface of the membrane, which causes preconditioning with
the ultimate attachment of bacteria and subsequent formation of bio-
film [11,46]. Particulate TEP is defined as having a size greater than
0.4 μm while colloidal TEP has a size range from 0.1–0.4 μm [11]. Both
particulate and colloidal TEP were measured based on the method
developed by Passow and Alldredge [47]. Villacorte et al. [48] have
suggested improvements to the original method for TEP measurement
described by Passow and Alldredge [47] and Villacorte et al. [42]. The
procedure consists of filtering water through various size membranes,
staining with Alcian Blue dye, soaking in sulfuric acid, and measured on
a UV spectrometer to gain the concentration through an initial cali-
bration using Xanthan Gum, a known polysaccharide [13]. Since TEP
cannot be measured directly, it is analyzed indirectly using a calibration
curve as explained in detail by Passow and Alldredge [47] and Villa-
corte [42]. The use of this method in analysis of TEP at SWRO facilities
is explained by Dehwah and Missimer [13].

First, an Alcian Blue dye staining solution was prepared using 0.02%
Alcian Blue 8GX in a 0.06% acetate acid buffer solution with a pH ~2.5
[35,42]. The solution was then filtered through a 0.2 μm pore size
polycarbonate membrane using a vacuum pump on a constant vacuum
before use. A second solution, XG Standard, was prepared by mixing
20 mg of Xanthan Gum in 200 mL of DI water [42].

To create the calibration curve, a portion of XG Standard Solution
was diluted by 10 to ensure the consistency of the solution was thin
enough for TOC measurement and device measurement range (10 mL
XG Standard Solution + 90 mL DI). The new diluted solution was se-
quentially filtered through 0.4 μm and 0.1 μm polycarbonate mem-
branes and processed in a TOC analyzer (Shimadzu). The TOC readings
were then converted from mg/L of TOC into mg of Xanthan Gum by
dividing by the elemental carbon in the chemical formula for Xanthan
Gum (C35H49O29).

Separately, using 0.4 μm and 0.01 μm polycarbonate filters, dif-
ferent volumes (0 mL, 0.5 mL, 1 mL, 2 mL, and 3 mL) of the original
Xanthan Gum Standard Solution were filtered through and stained with
1 mL of Alcian Blue Dye, washed with 10 mL of DI water on constant
vacuum using a volumetric flask with filtration pieces attached. After
the initial 10 mL of DI water was filtered through, the vacuum pump
was turned off and the dye was let to soak in for approximately 10 s
before turning back on and washing the filter with the final 10 mL of DI
water to remove any remaining dye residue. The filter was then re-
moved and placed in a 50 mL glass beaker and soaked in 6 mL of 80%
sulfuric acid for 2 h, stirring occasionally. After 2 h, the acid from each
beaker was pipetted into a cuvette and placed in the UV spectrometer
(Spectronic 200) at 752 nm and the absorbance was measured. The
absorbance readings were then multiplied by the volume of Xanthan
Gum added (0 mL, 0.5 mL, 1 mL, 2 mL, and 3 mL) to calculate the mass
of Xanthan Gum on the filters. The absorbance was plotted against the
Xanthan Gum mass on each filter to find the calibration curve and the
TEP concentration was calculated.

For each sample water, 250 mL of water was passed through a
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0.4 μm filter. A volume of 200 mL of the filtered water was put in a
beaker and placed aside. The 0.4 μm filter was then washed and stained
using the same procedure as described and placed in a 50 mL beaker.
The 200 mL of product water was then used for the 0.1 μm filter fol-
lowing the same procedure for every sample and at least one duplicate
of each. It should be noted that the filtration devices were continuously
cleaned after each filter staining to avoid contamination. A volume of
6 mL of the 80% sulfuric acid was then distributed to each beaker with
filters and covered with parafilm, stirred, and let soak for 2 h and then
measured at 752 nm on the UV spectrometer to determine the absor-
bances. TEP was then calculated using the calibration curve equation.

The measurements of p-TEP and c-TEP are performed with an in-
direct measurement based on calibration to the Xanthan Gum, and are
reported as concentration equivalents of Xanthan Gum in μg Xeq./L.
These measurements must be considered to be semi-quantitative. The
duplicate samples show that the replication is good with absorbance
measurement differences occurring between 0.002 nm and 0.08 nm for
p-TEP and 0.0007 nm and 0.28 nm for c-TEP (Fig. 3).

2.3.5. Nutrients
For initial testing, 50 mL of each sample was filtered using a syringe

with an attached GF/F filter for nitrate and phosphate testing.
Additionally, 20 mL of each sample was added with 2 mL of the oxidizer
solution and then digested using persulfate digestion for simultaneous
oxidation of nitrogen and phosphorus to measure concentrations of
total nitrogen and total phosphorous through a continuous flow ana-
lyzer (Seal Model AA-3) [49]. Sample 6 was diluted by 50% for pro-
cessing due to the high salinity of the original sample.

3. Results

3.1. Fundamental water quality parameters

The water temperature, DO, conductivity, salinity, pH, and turbidity
were measured at the six sites (Table 3). The data indicate that in-
coming seawater temperature (S1) was highest at approximately 35 °C
in May while pH for the incoming seawater was highest at 8.07 in
February. The salinity generally increased during the period of sam-
pling. Turbidity remained consistently low for all filtered samples. DO
was higher for S2-S5, which all are stationed within the plant. Con-
ductivities were highest in May while January and March have very
similar conductivity values. Since the desalination facility is adjacent to

the Teco Big Bend Power Station, which withdraws and discharges up
to 5.3 million m3/d (1.4 billion gpd) of seawater as cooling water for
the power plant, the Tampa Bay Seawater Desalination plant diverts up
to 166,667 m3/d (44 MGD) of that warm seawater into the SWRO plant
for treatment. Temperature of the feedwater is affected by the power
plant cooling function and the changes in operation at the power plant.
It should be noted that the turbidity increased from the precoat filters
(S3) through the cartridge filters on several occasions. The largest in-
creases occurred in January from 0 to 5.46 NTU and in April from 0.05
to 3.41 NTU.

3.2. Microorganism quantifications

3.2.1. Algae concentrations
High algae concentrations occurred in January with declines

through the dry season from February to April (S1) (Fig. 4). In May, the
algal concentrations were the highest in the entire sampling period.
Note that algae were still present in low concentrations after the first
filtration phase during the entire sampling period (S2). No algae were
present after the second filtration (S3). The small signals found in some
of the samples in S4 to S6 were likely non-biological fluorescent par-
ticles, despite the issue that none of these particles were found in the S3
sample. The concentrations were very low and not considered to be
problematic.

3.2.2. Bacteria concentrations
Bacterial concentrations in the raw feedwater varied considerably

with the highest values occurring in April and January (Fig. 5). Note
that these values are quite high and in all cases over 1 million cells/mL.
A diagram showing the effectiveness of the pretreatment stages to re-
move bacteria is shown in Fig. 6. The upward filtration (2) did not
reduce the concentration in January and did not function to remove
bacteria. In subsequent months the upward filtration more effectively
reduced cell numbers. The second filter (S3) further reduced the cells by
6 to 72% from the upward filtration (S2). The cartridge filters had some
impact on the reduction in bacteria except for January, where it was
close to the same as in the inflow water (S4). Note that in all cases,
bacteria occur in the permeate with the highest values in January (S5).
The concentrate contained high numbers of bacteria consistent with the
bacteria concentrations passing through the cartridge filters. Since the
sampling portal for the permeate was located after chlorination, the
particles in the permeate could be dead cells of marine

Table 2
Characteristics of organic compound classifications measured by the LC-OCD techniques (modified from Villacorte [40] as defined by Huber et al. [39]
and Batsch et al. [44]).

Organic matter fraction Size range (Da) Typical composition

Biopolymers > 20,000 Polysaccharides, proteins, amino sugars, polypeptides, TEP, EPS
Humic substances ~1000 Humic and fulvic acids
Building blocks 300–450 Weathering and oxidation products of humics
LMW neutrals < 350 Mono-oligosaccharides, alcohols, aldehydes, ketones, amino acids
LMW acids < 350 All monoprotic acids

Fig. 3. Calibration curves for xanthan gum used to calculate p-TEP and c-TEP.
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ultramicrobacteria bacteria, which are known to be chlorine resistant.
These bacteria are small enough to pass through the membranes. Some
bacterial regrowth could be occurring, but it is doubtful based on the
change from a seawater to freshwater environment. The chlorine con-
centration is, however, greater than 5 mg/L. There was no sampling
portal located before chlorination.

3.3. Total organic carbon (TOC) and organic fraction concentrations

3.3.1. TOC
During the first round of sampling in January, samples were ad-

ditionally filtered through 0.2 μm filters to determine if TOC and DOC
were different. It was concluded that TOC was equal to that of DOC for
all samples as all of the organic carbon in the samples was mainly
dissolved in the water with a 0.4 mg/L average difference between DOC
and TOC samples [37].

TOC measurements remained fairly stable between 4 and 5 mg/L for

Table 3
Water quality parameters taken on site at the plant from January 2019–May 2019. Sampling location information: S1 raw water, S2 after sand upflow filters, S3 after
all primary filtration, S4 after cartridge filters, S5 finished water, S6 concentrate.

Month Site Temp (°C) DO (%) DO (mg/L) Conductivity (μS/cm) Salinity (ppt) pH Turbidity (NTU)

January S1 26 95 6.80 35,001 21 7.70 1.64
S2 26 104 7.43 35,687 22 7.81 0.20
S3 26 105 7.47 35,715 22 7.88 0.00
S4 27 105 7.37 36,255 22 7.86 5.46
S5 27 97 7.69 410.77 0 8.38 0.22
S6 28 113 6.53 82,104 54 7.64 1.97

February S1 29 94 6.36 39,280 23 8.07 3.69
S2 28 104 7.10 38,763 23 7.98 0.16
S3 28 103 7.06 38,775 23 7.96 0.00
S4 29 104 6.99 39,558 23 7.97 0.15
S5 30 97 7.31 491.43 0 8.58 0.15
S6 30 109 6.14 84,175 53 7.75 0.00

March S1 23 91 6.77 35,041 23 7.83 2.11
S2 23 100 7.56 34,958 23 7.74 0.17
S3 23 100 7.55 34,907 23 7.71 0.00
S4 23 101 7.54 35,201 23 7.70 0.00
S5 24 94 7.96 375.60 0 7.73 0.13
S6 25 100 6.00 81,837 58 7.46 0.29

April S1 30 88 5.77 42,684 25 7.90 0.76
S2 30 101 6.68 42,405 24 7.75 0.25
S3 31 97 6.31 175,038 24 7.72 0.05
S4 31 101 6.58 42,904 24 7.70 3.41
S5 32 94 6.88 431.03 0 8.36 0.00
S6 32 106 5.57 97,669 61 7.41 0.00

May S1 35 87 5.29 47,298 25 7.94 2.46
S2 34 101 6.29 46,521 25 7.88 0.28
S3 34 101 6.23 46,978 25 7.74 0.03
S4 34 101 6.24 46,570 25 7.70 0.16
S5 35 94 6.48 493.43 0 8.66 0.01
S6 36 132 5.11 101,898 59 8.05 1.87

Fig. 4. Concentrations of algae (pico- and nanophytoplankton) for each sampling site from January to May 2019. Sampling location information: S1 raw water, S2
after sand upflow filters, S3 after all primary filtration, S4 after cartridge filters, S5 finished water, S6 concentrate.

N.J. Harvey, et al. Desalination 496 (2020) 114735

7



all five sampling months, with April and May having the lowest con-
centrations and January having the highest concentration for samples
S1 to S4 (Fig. 7). With the removal of the algae and bacteria during
filtration stages at the plant, dissolved organic carbon was considered
as the primary TOC source. There is little removal of TOC from the raw
feedwater via the two filtration processes S2 and S3. The cartridge fil-
ters have a minor impact on TOC concentrations as well (S4). Some of
the TOC passed through the SWRO membranes and occurred in the
potable water in concentrations ranging from 0.13 to 0.54 mg C/L (S5)
with an average percent difference of 0.58%. As expected, the TOC
concentrations were high in the concentrate (S6). The S6 data values
may be skewed as these samples have very high salinities that could
affect the quantification process of measuring TOC as it is possible that
the acid used to sparge the samples was not strong enough for a heavily
concentrated saltwater sample.

3.3.2. Organic fractions of the TOC (LC-OCD data)
The largest percentage of organic matter occurs as humic substances

and low molecular weight neutrals (Table 4). Large fractions of bio-
polymers were found in S5 for January as well as S2 for February.
Biopolymer fractions for March, April, and May showed more con-
sistent results, while May had the lowest biopolymer fraction percen-
tages. May also had the lowest humic substance percentages at less than
20% of the water sample composition. Overall, sites S1-S6 have similar
compositions except for S5, which has a greater amount of low mole-
cular weight neutrals and low molecular weight acids with no humic
substances, indicating that the processed water has no humic sub-
stances in it as it had been removed by the RO membranes.

A more detailed assessment of the biopolymer fraction is essential
because this fraction contains the p-TEP components and other sub-
stances that are large in diameter and potentially impact the rate of
biofouling. A comparison of the biopolymer fraction in the raw water
and through each process shows that the average change in con-
centration from the raw water after the upward filtration process pro-
duces an average reduction of 17%. The precoat filters remove an
average of 14% of the concentration in the inflow. The seawater passing

Fig. 5. Concentrations of bacteria for each sampling site from January to May 2019. Sampling location information: S1 raw water, S2 after sand upflow filters, S3
after all primary filtration, S4 after cartridge filters, S5 finished water, S6 concentrate.

Fig. 6. Effectiveness of bacteria removal by the pretreatment process.
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through the cartridge filters shows an average increase of 24.5% com-
pared to the inflow. There is a considerable change in the concentration
from month to month through the filter systems preceding the SWRO
process. Note that some biopolymers occur in the permeate in all
5 months of sampling. A considerable amount of the TOC passes
through the SWRO membranes into the permeate, including some of the
building blocks, high concentrations of low molecular weight neutrals,
and some low molecular weight acids.

3.4. TEP concentrations

Both p-TEP and c-TEP were found in high concentrations in the raw
feedwater in all five months tested (Fig. 8). The concentration of p-TEP
ranged from 200 to 556 μg Xeq./L and c-TEP from 352 to 631 μg Xeq./L
in the feedwater (S1). The c-TEP had an average concentration 32%

higher than the p-TEP in the feedwater.
The upflow filters, the Precoat filter, and the cartridge filters re-

duced the concentration of p-TEP on average by 26%, 25%, and 18%,
respectively, based on a comparison of the inflow concentration to the
outflow concentrations, respectively. In March, the concentration of p-
TEP actually increased across the cartridge filter. It is important to
observe that an average p-TEP concentration of 153 μg Xeq./L passed
through the cartridge filters into the primary membrane process.
Significant concentrations of p-TEP were measured in the product water
and high concentrations in the concentrate (S6).

The c-TEP changes through the filters were inconsistent, but the
overall reductions through the upflow filters, the Precoat filter, and the
cartridge filters were 40, 0, and 4%, respectively. The average con-
centration of c-TEP that passed through the cartridge filters into the
primary membrane process was 283 μg Xeq./L. The product water

Fig. 7. Total organic carbon measurements for each site at the desalination plant. Sampling location information: S1 raw water, S2 after sand upflow filters, S3 after
all primary filtration, S4 after cartridge filters, S5 finished water, S6 concentrate.

Table 4
Organic fraction concentrations for biopolymers, building blocks, low molecular weight acids, humic substances, and low molecular weight neutrals in ppb for each
month of sampling. n.q. = not quantifiable (< 1 ppb; signal-to-noise ratio).

Sample site Sampling month Biopolymers Humic substances Building blocks Low molecular weight neutrals Low molecular weight acids

μg/L-C μg/L-C μg/L-C μg/L-C μg/L-C

Intake seawater (S1) January 89 3305 1054 2547 n.q.
February 83 2791 433 4690 248
March 175 2935 523 1496 33
April 211 2835 429 1604 6
May 35 879 n.q. 5861 119

Post upward sand filter (S2) January 64 3222 934 3820 n.q.
February 102.5a 2818 414 4689 293
March 136 2607 458 1555 24
April 188 2547 366 1675 15
May 18.6a 686 152 6040 19

Post precoat filter (S3) January 82 3056 640 4259 n.q.
February 65 2232 525 4641 289
March 150 2613 432 1542 23
April 186 2420 450 1737 7
May 5 591 110 6129 22

Post cartridge filter (S4) January 133 2627 1162 4276 50
February 68 2173 556 4696 267
March 143 2626 461 1484 12
April 187 2440 446 1770 n.q.
May 8 586 132 5779 6

Chlorinated product water (S5) January 262 n.q. 122 2437 15
February 3 n.q. 63 2865 6
March 4 n.q. 33 316 17
April 20 n.q. 57 421 19
May 1 n.q. n.q. 2709 6

Concentrate/brine waste water (S6) January 195 8508 1393 12,108 n.q.
February 141 5747 918 10,908 754
March 276 7011 986 3497 29
April 450 6623 817 4223 42
May 288 1511 296 13,389 70

a Decimal error occurred in original data.

N.J. Harvey, et al. Desalination 496 (2020) 114735

9



contained significant concentrations of c-TEP and the concentrate
contained slightly elevated c-TEP concentrations.

3.5. Nutrients

Moderate concentrations of nutrients were measured in the raw
feedwater with the nitrogen analytes exceeding the phosphorus ana-
lytes (Fig. 9). The total nitrogen concentration showed a minor reduc-
tion in concentration passing through the three filtration processes with
some passing through the membranes into the permeate. The combined
nitrate and nitrite showed a similar pattern to total nitrogen with low
concentrations passing through the membrane process into the
permeate in 2 of the 5 months sampled. Total phosphorus was less than
100 μg-P/L in the raw feedwater and the phosphate as P was lower at
below 40 μg-P/L. Substantial percentages of total phosphorus and
phosphate were removed across the upflow filters. The ferric chloride
feed before the first filtration system likely impacted the reductions in
concentrations. Nearly insignificant changes in concentration of total
phosphorus and phosphate changed across the precoat and the car-
tridge filters. Some phosphorus passed through the membrane process
into the finished water.

4. Discussion

4.1. Raw feedwater quality

The feedwater for the Tampa Bay Water SWRO is exceptionally
difficult to treat. The water has a very high concentration of TOC
compared to most operating SWRO plants in the world (Table 1). Some
of the worst documented membrane biofouling issues have been
documented in the Arabian Gulf in the United Arab Emirates, Qatar,
and Saudi Arabia, where the TOC concentrations range from 0.5 to
3.9 mg/L [50,51]. Additional data on TOC in the Arabian Gulf in
coastal Saudi Arabia documented a range of 1.5 to 2.4 mg/L [51–53].
Most of the large capacity SWRO facilities on the Arabian Gulf have had
continuing issues with membrane biofouling. In the Red Sea, TOC va-
lues ranging from 0.83 to 2.95 have been reported [35,54,55]. How-
ever, membrane biofouling at lower TOC values has also been docu-
mented in the Red Sea [13,35]. In comparison, the Tampa Bay Water
feedwater has a TOC concentration consistently over 4 mg/L (Fig. 7).

In the Red Sea, there is a good database on bacteria concentrations,
which tends to range between 1.1 × 105 to 2.2 × 106 cells/mL with an
average of 5.3 × 105 cells/mL at SWRO intakes [35,55]. Saeed et al.
[53] reported Red Sea bacteria concentrations of 1.2 × 104 to
2.7 × 105 cells/mL and 1.3 × 104 to 3.3 × 105 cells/mL in the Arabian
Gulf. Rachman et al. [56] reported bacteria concentrations ranged

between 7.0 × 105 and 1.0 × 106 cells/mL in the Arabian Sea. They
also reported values of 7.0 × 105 cells/mL in the Caribbean Sea at
Providenciales, Turks and Caicos Islands, and 2.9 × 105 cells/mL in the
Mediterranean Sea at Alicante, Spain. In comparison, the bacteria
concentrations at the Tampa Bay Water intake peaked at about
3.5 × 106 cells/mL and the average was about 1.8 × 106 cells/mL,
which was quite high in comparison to the other locations.

TEP and the biopolymer fractions of organic matter are also major
factors in the cause of the rapid biofouling of membranes [51,57]. In
the Red Sea, p-TEP ranges in concentration from 53 to 347 μg Xeq./L
with an average of 191 μg Xeq./L, and c-TEP ranges in concentration
from 36 to 287 μg Xeq./L and averages 125 μg Xeq./L [54]. In com-
parison, Tampa Bay Water feed contains p-TEP at a concentration range
of 200 to 556 μg Xeq./L with an average of 336 μg Xeq./L. The bio-
polymer concentration at the Red Sea seawater intakes ranges from 28
to 164 μg/L and averages 62 μg/L. At Tampa Bay, the range in bio-
polymer concentrations ranges from 35 to 211 μg/L with an average of
119 μg/L.

The occurrence of phosphate in the raw seawater has been sug-
gested to have an impact on the rate of membrane biofouling [16,17].
Phosphate in the raw feedwater ranged between 11.8 and 39.8 μg-P/L
(Fig. 9). The range in phosphate data from the Arabian Gulf was 1.72 to
5.20 μg-P/L and from the Red Sea was 0.03 to 0.23 μg-P/L [54]. The
high values found in the Arabian Gulf are likely influenced by domestic
wastewater discharge and may not be comparable, especially with
consideration that the reported nitrate values are 1.49 to 4.99 μg-N/L
and ammonia concentrations range from 0.79 to 8.30 μg-N/L [58].

Biological productivity is also impacted by water temperature,
which may in turn, impacts the growth rate of a membrane biofilm
[18]. Temperature data from 2001 taken by the Environmental Pro-
tection Commission of Hillsborough County shows average sea surface
temperature to be 23.5 °C while in 2010 the average was 25.5 °C [59].
The data for May in this study shows higher temperatures at 34.7 °C on
average for surface water, respectively, as cooling water from the TECO
power plant is utilized, while the temperature taken in March was the
only sample month within the range of measurements taken from 2001
to 2010. The water temperature entering the system during the sam-
pling period ranged from 22.9 to 34.7 °C and averaged 28.7 °C. The
water temperature in the permeate ranges from 23.8 to 35.2 °C and
averages 29.6 °C. The temperature is higher through the primary pro-
cess where the biofilm occurs compared to the inflow temperature.

Based on all of the physical, chemical, and biological parameters
assessed, the feedwater quality into the Tampa Bay Water SWRO plant
is perhaps the worst or one of the worst in the world in terms of
treatment difficulty. While the rate of biofouling is not as great as some
other systems documented in the MiddleEast, it is still very high.

Fig. 8. Monthly changes in colloidal and particulate TEP concentrations. Sampling location information: S1 raw water, S2 after sand upflow filters, S3 after all
primary filtration, S4 after cartridge filters, S5 product water, S6 concentrate.
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Nevertheless, there is a need to implement a pretreatment system at
Tampa Bay that can effectively remove organic substances commonly
associated with biofouling.

4.2. Effectiveness of pretreatment system

The pretreatment systems used at the plant, the old one and the
replacement system (remedial), must be classified as conventional ap-
proaches to pretreatment involving coagulation and filtration before
the primary SWRO process [14,60]. In most regions of the world with
“typical” seawater having moderate to low TOC values and limited
concentrations of algae, bacteria, and extracellular organic substances,
this approach would be effective and yield sufficient improvement in
water quality as to limit the rate of membrane biofouling and required
cleaning frequency [61]. Based on the data collected, the pretreatment
at the Tampa Bay Water SWRO plant is not very effective.

To support this conclusion, the patterns of concentration changes
from the raw feedwater across each process show a consistent pattern.
The algae show a large reduction in concentration based on the coa-
gulation with ferric chloride and upflow sand filtration, but persist in
small concentrations to and through the cartridge filters (Fig. 4). Bac-
teria are removed to a large degree by the two primary filtration sys-
tems, but still pass through the cartridge filter at concentrations ranging

from 4.0 × 104 to 1.1 × 106 cells/mL (Fig. 5).
Perhaps the most important issue concerns TEP passage through the

pretreatment system. Particulate TEP is known to influence membrane
biofouling because it preconditions the surface to allow bacterial at-
tachment and growth [41,43,57,62]. In a recent paper, Winters et al.
[11] suggested that p-TEP may be less important in the biofouling
process because it is mostly removed during pretreatment and there-
fore, some other lower molecular weight substances, such as lectin-like
humic substances may be more important. However, at SWRO facilities
where p-TEP is not being effectively removed, it is a significant factor in
the biofouling process.

In the case of the Tampa Bay Water SWRO plant, the p-TEP is not
being effectively removed and is likely a major factor in the occurrence
of membrane biofouling. An average concentration of 153 μg Xeq./L
passed through the cartridge filters into the primary membrane process
and p-TEP has even been found in the permeate (Fig. 8). The p-TEP data
are confirmed by the concentrations of the biopolymer fraction of the
organic matter, which show a passage of 8 to 187 μg/L through the
cartridge filters into the primary process. It is not known whether c-TEP
also has some influence on biofouling. Furthermore, low molecular
weight organics (especially LMW neutrals), referred to as assimilable
organic carbon, can pass through most of the pretreatment processes
and contribute to biofouling. These low molecular weight organics will

Fig. 9. Monthly changes in nutrient concentrations after step of the water treatment. The concentrations are shown for total nitrogen as N, NOx (NO2 + NO3) as N.
The phosphate (orthophosphate) concentration is lower compared to the total phosphorus. Both are expressed as phosphorus. The TN and TP for January S1 sample
are unavailable as well as TP for May S5 sample. Sampling location information: S1 raw water, S2 after sand upflow filters, S3 after all primary filtration, S4 after
cartridge filters, S5 permeate, S6 concentrate.
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even pass through low-permeability nanofiltration membranes [63].
LC-OCD analysis showed that a large amount of LMW neutrals were
able to pass through the pretreatment process and reach the RO
membrane (Table 4), which would eventually contribute to the growth
of bacteria on the RO membrane.

Another observed issue is the increase in turbidity across the car-
tridge filters observed in 4 of the 5 months with two large increases in
January (0 to 5.46 NTU) and April (0.03 to 3.41 NTU) (Table 3). This
corresponds to high bacteria passage through the cartridge filters in
January (> I06 cells/mL) and April (4 × 105 cells/mL) (Fig. 5). The
biopolymer fraction of NOM also increased in January from 82 to
133 μg/L and in April showed no change from 186 to 187 μg/L. The
concentration of c-TEP increased across the cartridge filters in January
from 200 to 390 μg Xeq./L and showed little change in April going from
220 to 200 μg Xeq./L. The p-TEP also showed high passage rates in
January and April at about 140 and 160 μg Xeq./L. These data suggest
that there may be bacterial regrowth in the cartridge filters and some
turbidity passage, perhaps as aggregated particles sloughing off. The
increase or maintenance of the biopolymer fraction suggests biological
activity. In addition to these issues, it was observed that the dose of
ferric chloride in the system does periodically bypass the two filtration
processes and the color can be observed entering the cartridge filters.
This issue cannot be verified to influence the turbidity increase.

The pretreatment processes are also ineffective in the removal of
TOC and phosphate. The TOC passes into the membrane process at over
3.5 mg/L and the phosphate at 1.2 to 9.0 μg/L. Some substances within
the TOC (e.g., lectin-like substances) and the phosphate likely also have
some effect on the biofouling rate [64].

We observed that the total nitrogen in April increased from the raw
water across the two initial filtration processes and then declined
slightly across the cartridge filters (Fig. 9). However, the concentration
of NOx showed a decreasing trend in April across the initial filtration
steps. These results suggest the observed increase in total nitrogen is
most likely due to increased concentration of ammonia. Although the
exact reason for the observed increase in total nitrogen is unknown, it is
possible that the seawater characteristics (temperature, DO, and con-
ductivity) interfere with the microbial oxidation of ammonia [65].

4.3. Options for improving the pretreatment process

Based on the very poor quality of the feedwater, there are a few
options that could be considered to better protect the primary mem-
brane process. The conventional pretreatment design could be replaced
with a combination of dissolved air floatation (DAF) followed by ul-
trafiltration (UF).

The use of combined DAF and UF (Fig. 10) would likely provide
higher quality water into the SWRO membranes and provide a greater
degree of protection for the membrane process during harmful algal
blooms, which are occurring in this region at an increased frequency
[66, 67]. Investigations using different feed water quality showed that
DAF could effectively remove organic material. DAF combined with an
optimal dose of ferric chloride and pH of 5.5 significantly reduced the
biopolymers, humic substances, building blocks and LMW acids.

However, the removal of LMW neutrals was found to be nominal [68].
The addition of ferric chloride during the DAF process will facilitate the
removal of virtually all of the algae and some of the bacteria and larger
organic molecules. DAF process with built in filtration has been suc-
cessfully implemented in Singapore in locations with frequent occur-
rence of algal blooms [69].

Because of the high concentrations of bacteria and organic mole-
cules (especially TEP) found in the feedwater, the UF process should be
added as a second process for further polishing of DAF effluent.
Although UF membranes do not effectively remove all dissolved organic
carbon, the process will filter out most of the bacteria and suspended
solids, the p-TEP, and some of the large organic molecules [70–71].
Much of the c-TEP and the low molecular weight acids and neutrals will
not be removed by the UF [72]. However, the biofouling issue will be
transferred from the primary process to the UF. But, it is proven at a
commercial scale that UF fouling is better controlled through mem-
brane backwash with less chemical use [56]. Furthermore, advance-
ments in membrane technology have led to the production of mem-
branes that are comparatively more resistant to biofouling [73]. Using
such membranes would require less cleaning and reduce the plant
downtime during the cleaning procedure. However, the question re-
mains how easily and frequently UF membranes would require cleaning
under severe operating conditions though that it remains practical to
backwash with chlorinated water [74]. This would require further in-
vestigation using conventional and novel membrane cleaning methods
[75]. Tampa Bay Water is currently planning a major expansion of the
SWRO plant to 189,394 m3/d (50 MGD). UF pretreatment is being
considered as part of the pretreatment train and may be pilot tested.

4.4. Alternative supply of seawater: groundwater use potential

At a depth on about 320 m below the Tampa Bay Water site, a high
permeability source of saline water occurs that could be used as a
primary water source for the SWRO plant [75–77]. High-capacity wells
could be constructed into the Avon Park Formation high transmissivity
zone that occurs directly beneath the site. These wells should have a
capacity of up to 20,000 m3/d based on the very high transmissivity of
the production zone. The salinity of this aquifer is known to be very
close to normal seawater at about 36 g/L [75,76].

Use of the Avon Park Formation high transmissivity zone would be
feasible, but the TDS of water in this aquifer is close or slightly above
typical seawater. The efficiency of conversion could be lower compared
to the use of the surface water from Tampa Bay because it has an
average TDS of about 26 g/L compared to the aquifer water at 35 to
36 g/L [75,76]. However, the aquifer water would require minimal
pretreatment, perhaps only acidification. Feedwater from wells is
known to provide a lower operating cost when comparing similar TDS
concentrations [78]. The use of seawater from this aquifer was con-
sidered in the planning stage of the facility but was not used based on
overall regulatory restrictions that were in effect on the use of any
water from the Floridan Aquifer System. This issue is not relevant in the
pumping of the seawater from the lowest part of the aquifer, because it
will not impact the freshwater part of the aquifer system.

Fig. 10. Simplified schematic of dissolved air floatation
(DAF) followed by ultrafiltration (UF) process not showing
chemical injection, e.g., coagulants. Seawater enters into
the DAF system, which removes particles and large organics
including algae and some bacteria, and some large organic
molecules. The feedwater is further treated with UF mem-
brane that removes bacteria, TEP, and some of the other
organic molecules water before the water enters the car-
tridge filters and membranes.
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5. Conclusion

The Tampa Bay Water SWRO plant has experienced operation dif-
ficulties due to low feed water quality. The pretreatment design was
changed to help provide better quality water to the primary membrane
process. However, despite the change in the pretreatment design, the
quality of seawater continues to pose a challenge by requiring mem-
brane cleanings every eight weeks of run time.

Feedwater to the plant is taken from a biologically-productive es-
tuarine system via a power plant cooling water stream. This water has
high concentrations of TOC in the form of primarily DOC, and high
concentrations of bacteria, TEP, the biopolymer fraction of NOM, and
phosphate. The feedwater has a very high organic carbon concentration
compared to virtually all other large-capacity SWRO plants in the
world. This requires extreme pretreatment compared to other facilities.

The conventional approach to pretreatment at the facility does not
protect the primary membrane process from excessive membrane bio-
fouling. It is unlikely that any changes in operating protocol would
improve the feedwater to slow the biofouling rate. A change of the
pretreatment system to DAF followed by UF could reduce the influx of
p-TEP and other substances that accelerate biofouling. However, the UF
system would likely biofoul quickly and require frequent cleaning, but
its control remains practical through membrane backwash. Perhaps a
groundwater source should be considered as an alternative feedwater
source.
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