
 
 

Delft University of Technology

Effect of phosphate availability on biofilm formation in cooling towers

Pinel, Ingrid S.M.; Kim, Lan Hee; Proença Borges, Vitor R.; Farhat, Nadia M.; Witkamp, Geert Jan; van
Loosdrecht, Mark C.M.; Vrouwenvelder, Johannes S.
DOI
10.1080/08927014.2020.1815011
Publication date
2020
Document Version
Final published version
Published in
Biofouling

Citation (APA)
Pinel, I. S. M., Kim, L. H., Proença Borges, V. R., Farhat, N. M., Witkamp, G. J., van Loosdrecht, M. C. M., &
Vrouwenvelder, J. S. (2020). Effect of phosphate availability on biofilm formation in cooling towers.
Biofouling, 36(7), 800-815. https://doi.org/10.1080/08927014.2020.1815011

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1080/08927014.2020.1815011
https://doi.org/10.1080/08927014.2020.1815011


Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=gbif20

Biofouling
The Journal of Bioadhesion and Biofilm Research

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/gbif20

Effect of phosphate availability on biofilm
formation in cooling towers

Ingrid S. M. Pinel , Lan Hee Kim , Vitor R. Proença Borges , Nadia M.
Farhat , Geert-Jan Witkamp , Mark C. M. van Loosdrecht & Johannes S.
Vrouwenvelder

To cite this article: Ingrid S. M. Pinel , Lan Hee Kim , Vitor R. Proença Borges , Nadia M.
Farhat , Geert-Jan Witkamp , Mark C. M. van Loosdrecht & Johannes S. Vrouwenvelder
(2020): Effect of phosphate availability on biofilm formation in cooling towers, Biofouling, DOI:
10.1080/08927014.2020.1815011

To link to this article:  https://doi.org/10.1080/08927014.2020.1815011

© 2020 Informa UK Limited, trading as
Taylor & Francis Group

View supplementary material 

Published online: 04 Sep 2020. Submit your article to this journal 

Article views: 502 View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=gbif20
https://www.tandfonline.com/loi/gbif20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/08927014.2020.1815011
https://doi.org/10.1080/08927014.2020.1815011
https://www.tandfonline.com/doi/suppl/10.1080/08927014.2020.1815011
https://www.tandfonline.com/doi/suppl/10.1080/08927014.2020.1815011
https://www.tandfonline.com/action/authorSubmission?journalCode=gbif20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=gbif20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/08927014.2020.1815011
https://www.tandfonline.com/doi/mlt/10.1080/08927014.2020.1815011
http://crossmark.crossref.org/dialog/?doi=10.1080/08927014.2020.1815011&domain=pdf&date_stamp=2020-09-04
http://crossmark.crossref.org/dialog/?doi=10.1080/08927014.2020.1815011&domain=pdf&date_stamp=2020-09-04


Effect of phosphate availability on biofilm formation in cooling towers
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aDepartment of Biotechnology, Faculty of Applied Sciences, Delft University of Technology, Delft, The Netherlands; bDivision of
Biological and Environmental Science and Engineering (BESE), Water Desalination and Reuse Center (WDRC), King Abdullah
University of Science and Technology (KAUST), Thuwal, Saudi Arabia

ABSTRACT
Phosphate limitation has been suggested as a preventive method against biofilms. P-limited
feed water was studied as a preventive strategy against biofouling in cooling towers (CTs).
Three pilot-scale open recirculating CTs were operated in parallel for five weeks. RO permeate
was fed to the CTs (1) without supplementation (reference), (2) with supplementation by bio-
degradable carbon (P-limited) and (3) with supplementation of all nutrients (non-P-limited). The
P-limited water contained �10mg PO4 l�1. Investigating the CT-basins and coupons showed
that P-limited water (1) did not prevent biofilm formation and (2) resulted in a higher volume of
organic matter per unit of active biomass compared with the other CTs. Exposure to external
conditions and cycle of concentration were likely factors that allowed a P concentration suffi-
cient to cause extensive biofouling despite being the limiting compound. In conclusion, phos-
phate limitation in cooling water is not a suitable strategy for CT biofouling control.
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Introduction

Tackling biofouling is a major challenge in the oper-
ation of open recirculating cooling towers (CTs).
Biofilms forming on the inner surfaces of heat
exchangers, pipes and basin increase heat transfer
resistance and provide a protective environment for
microbial communities particularly involved in micro-
biologically induced corrosion (MIC) of metal surfa-
ces or disease outbreaks (T€uretgen and Cotuk 2007;
Rao et al. 2009). The generated loss in cooling effi-
ciency, occasional pipe clogging and material deterior-
ation lead to early replacement of process parts,
intense cleanings and increased chemical dosages,
therefore resulting in high capital and operating costs
for the industry (Melo et al. 2010).

The standard biofouling control methods consist of
dosage of biocides such as sodium hypochlorite,
chlorine dioxide or bromine in the cooling systems
(Al-Bloushi et al. 2018; Pinel et al. 2020). Although,
these chemicals considerably slow down the build-up
of biofilms by deactivating planktonic bacterial cells,
they cannot completely prevent biofilm formation and
have little curative action. Studies have shown that
biocide efficiencies strongly depend on transport limi-
tations arising from reaction-diffusion phenomena
within a biofilm (De Beer et al. 1994; Chen and
Stewart 1996; Xu et al. 2000). Extracellular polymeric
substances (EPS) are essential compounds that form
the biofilm matrix and react with these chemicals,
limiting the deactivation of the embedded active cells
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(Xue et al. 2013). In addition, a high concentration of
oxidative biocides is known to induce corrosion of
metal surfaces such as plumbing parts and heat
exchangers (Edwards and Dudi 2004).

Previous studies have suggested that the removal of
essential nutrients can constitute a preventive measure
against biofilm formation in industrial processes such
as membrane filtration systems (Vrouwenvelder et al.
2010) and CTs (Meesters et al. 2003). As organic car-
bon is generally the limiting compound for microbial
growth in freshwater, removal of assimilable organic
carbon (AOC) is often applied to inhibit the build-up
of biofilm (Daamen et al. 2000; Visvanathan et al.
2003). Different AOC thresholds have been proposed
to prevent issues linked to bacterial regrowth in
unchlorinated systems: 50 mg l�1, similar to the
groundwater concentration (Bradford et al. 1994),
10 mg l�1 in drinking water systems (van der Kooij
et al. 1989) or even 1 mg l�1 against biofouling of spi-
ral wound membranes (Hijnen et al. 2009). Reducing
the AOC to such low levels is very challenging with
conventional techniques such as biological filtration
or activated carbon adsorption (van der Kooij et al.
1989; Nguyen et al. 2012). Importantly, microbial
growth also depends on the availability of phosphorus
in water (Miettinen et al. 1997; Lehtola et al. 2002).
Phosphate (P)-limitation has been shown to control
biofouling in reverse osmosis (RO) membrane sys-
tems in the presence of high organic concentration
(Vrouwenvelder et al. 2010; Kim et al. 2014) suggest-
ing P-removal as a suitable pre-treatment for indus-
trial water processes. No literature is, however,
available on the effectiveness of P-limitation in con-
trolling biofouling in cooling water systems. A few
studies have investigated the microbiome of biofilms
from CTs (Balamurugan et al. 2011; Wang et al. 2013;
Di Gregorio et al. 2017; Tsao et al. 2019), mainly
focusing on MIC and the impact of disinfection, but
the effect of nutrient limitations and sample location
remains unexplored. In general, further investigation
on the effect of nutrient limitations in cooling water
would be highly valuable to the industrial field as it
guides the selection of feed water, pre-treatment and
chemical dosage strategies.

The choice of the feed water used in CTs depends
mostly on the water sources available at the geo-
graphic locations. In Europe, most CTs are operated
with freshwater (e.g. ground or surface water), caus-
ing less damage to the process than seawater, which is
frequently used, for example, in the Middle-East (Al-
Bloushi et al. 2018). In this study, seawater reverse
osmosis (SWRO) permeate was selected as a reference

feed water for three parallel pilot-scale CTs due to its
ultra-low content of the elements and nutrients
required for microbial growth: RO permeate water
has one of the highest water qualities achievable. The
pilot set-up used in this study was located on an
industrial site and allowed to work under field condi-
tions in terms of operational parameters, process
design, climate (e.g. humidity, temperature, wind), air
quality and the presence of particles. Unlike a labora-
tory-controlled experiment, a pilot study evaluates the
efficacy of biofouling control strategies with more
representativeness. For five weeks the three pilot-scale
CTs were monitored and subjected to SWRO perme-
ate supplemented with different nutrient dosages to
(1) investigate the impact of limiting nutrients (C and
P) on biofilm formation, (2) evaluate the changes in
biofilm composition throughout the system and (3)
assess the potential of low-nutrient content feed water
against CT biofouling.

Materials and methods

Pilot set-up

System operation
The pilot facility is located at the central utility plant of
King Abdullah University of Science and Technology
(KAUST) in Saudi Arabia. It consists of three identical
parallel counter flow induced draft CT systems. The
systems are shown in Figure 1, and the detailed infor-
mation was described in a previous study (Al-Bloushi
et al. 2017). In short, each CT unit has a total volume of
62 l, and a cooling capacity of 15 kW. SWRO permeate
produced at the desalination plant in KAUST (Belila
et al. 2016) was used as the feed water. The SWRO per-
meate was carried through a 40m long plastic pipe to a
buffer tank of 7m3. Three connected pipelines at the
bottom of the buffer tank allowed the distribution of
feed water to the three pilot CTs. Feed water valves
were triggered when the water levels in the basin
dropped, resulting in average flows between 25 and 35 l
h�1 depending on the external temperature and humid-
ity. Continuous blowdown water flows were set at 5 l
h�1, and maintained a cycle of concentration (COC)
between 5 and 7. Temperature differences along the
heat exchangers were kept between 6 �C and 10 �C with
a cold temperature between 27 �C and 30 �C in the
basin and a hot temperature between 32 �C and 37 �C
after the heat exchanger. The operation of the pilot was
controlled automatically with an online system moni-
toring the following parameters: flow rate, temperature
and pH. In addition, the pH and conductivity of the
collected water samples were measured manually using
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a pH meter (Cyberscan pH6000, Eutech) and a con-
ductivity meter (ProfiLine Cond3310, WTW). The pH
values remained between 8.0 and 8.3, and conductivity
values varied between 6 and 8mS cm�1 in all CTs along
the experiment. Cleaning of the systems was performed
prior to the experiment as follows: (1) recirculation of
sodium hydroxide solution (0.1M) for 2 h; (2) flushing
with SWRO permeate; (3) recirculation of hydrochloric
acid solution at pH 2 for 2 h; (4) flushing with
SWRO permeate.

Nutrient dosages
Nutrients were added to the CT basins to avoid bac-
terial growth inside the feed water pipelines. The fol-
lowing conditions were applied: (1) reference: without

the addition of nutrient; (2) C-supplied: with a con-
centration of organic carbon of 500 mg l�1

feed water; (3)
nutrients-supplied: with concentrations of carbon,
nitrogen and phosphorus (C, N, P) of 500, 100 and
50 mg l�1

feed water, respectively, and trace metals
(composition described in Supporting Information
Table S1). The following sources were used for the C,
N, P nutrients: sodium acetate trihydrate
(CH3COONa�3H2O; for a ‘C’ source), sodium nitrate
(NaNO3; for a ‘N’ source) and sodium phosphate
monobasic monohydrate (NaH2PO4�H2O; for a ‘P’
source), all purchased in analytical grade from Sigma
Aldrich. Table 1 and Supporting Information Table
S1 summarize the compositions and dosing amounts
of the nutrient solutions in each CT unit. All the

Table 1. Nutrient dosages applied in the cooling towers.
Dosage Reference P-limited Non-P-limited

Main elements – C C, N, P
Compounds – Acetate Acetate, nitrate, phosphate
Concentration in feed (mg l-1) – 500 500, 100, 50
Trace metals No No Yes (see Supporting Information Table S1)

Figure 1. Scheme of the pilot installation. Seawater reverse osmosis (SWRO) permeate was used as source water. Acetate (C) was
dosed in the C-supplied cooling tower and nitrate, phosphate and acetate (N, P, C) were dosed in the Nutrients-supplied cooling
tower. In addition to the cooling tower samples, the water from locations 1 to 4 was collected for a water quality test.
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nutrient solutions were adjusted to pH 11 with the
addition of NaOH prior to dosage, and the solutions
were refreshed every two days to avoid bacterial
growth in the nutrient solution containers.

Water quality analyses

Total phosphorus was analysed by inductively coupled
plasma atomic emission spectroscopy (ICP-OES,
Varian 720-ES). A standard curve was made with a
phosphorus standard solution. 10 mL of water sam-
ples and standard solutions (20–500 ppb) which were
made using a phosphorus standard solution
(Inorganic Ventures) were prepared by adding 1% (v
v�1, final concentration) nitric acid. The total phos-
phorus concentration was calculated based on the
standard curve. Orthophosphate concentration was
measured with a low detection auto analyser using a
colorimetric based method (SEAL AutoAnalyser 3HR,
Seal Analytical) following the proposed protocol by
Murphy and Riley (1962). Total organic carbon
(TOC; Table 2) was analysed using a TOC analyser
(TOC-L CSH, Shimadzu Corporation) after filtration
through a 0.45 mm pore size sterile PVDF syringe fil-
ters. Chemical oxygen demand (COD) was measured
using a Hach TNT plus COD test kit and measured
with a Hach spectrophotometer (DR 3900, Hach).
Trace metal concentrations were analysed by induct-
ively coupled plasma mass spectrometry (ICP-MS;
Agilent 7500CX, Agilent).

Bacterial growth potential

Identification of limiting nutrient in cooling waters
The methodology applied for determining the limiting
nutrient was derived from Prest et al. (2016).
Bacterial growth potential tests were performed in
sterile containers. Recirculating water samples from
the three CTs were collected onsite and immediately
filtered through a 0.45 mm pore-size sterile nylon syr-
inge filter (Sartorius) to avoid predation by higher
organisms such as protozoa. Each sample was split
into ten aliquots of 30ml. The same nutrient com-
pounds as dosed in the CTs were added to the ali-
quots as follows: no addition (‘Blank’), 1mg-Nþ trace

elements (‘NþM’), 1mg-P (‘P’), 2mg-C (‘C’), 2mg-
Cþ 1mg-Nþ 1mg-Pþ trace elements (‘All’). The test
was performed in duplicate (n¼ 2). The aliquots were
incubated at 37 �C in the dark with no shaking.
Bacterial growth was monitored daily using a BD
AccuriTM C6 flow cytometry (BD Biosciences) by
staining with SYBR Green I (10,000 �; Invitrogen).
The final concentration of SYBR Green I in the sam-
ples was 1.96 mM. The staining protocol and flow
cytometry analysis are described in the literature
(Hammes et al. 2008; Prest et al. 2016). The incuba-
tion period was five days, after which the stationary
phase was reached in all aliquots. The net growth was
calculated by subtracting the cell count on day 0 from
the cell count on day 5 for each growth test.

Growth potential of the feed water
The glass vessels used in this incubation test were
soaked overnight in 0.2M HCl solution, rinsed with
deionized water and placed in an oven at 450 �C for
4 h to remove AOC residues. Samples of 100ml from
the sampling locations 1 to 4 shown in Figure 1 (1:
SWRO permeate, 2: buffer tank inlet, 3: buffer tank
outlet, 4: CT feed) were collected and incubated in
the dark at 37 �C for five days. Total cell numbers
were monitored using a BD AccuriTM C6 flow cytom-
etry (BD Biosciences). The staining protocol with
SYBR Green I (10,000 �; Invitrogen) and flow cytom-
etry analyses were as described in previous papers
(Hammes et al. 2008; Prest et al. 2016).

Collection of deposit samples

Deposits consisting of biofilm and sediment accumu-
lation were collected from the recirculation line and
basin of each CT unit (Figure 1) at the end of the
experiment after the water was drained from the sys-
tem. Pieces of deposit (4 cm � 4 cm) from each basin
floor were collected for quantification of dry-ash,
ATP and chlorophyll, EPS extractions and 16S/18S
rRNA gene amplicon sequencing. To sample each
recirculation line, three stainless steel mesh coupons
(Imotron) were inserted in a corrosion rack prior to
the start of the experiment. The corrosion racks were
located after the heat exchangers, in the heated water
stream of each CT. The coupons were collected after
the 5-week experiment to analyse the accumulated
material in terms of wet weight, ATP quantification
and 16S/18S rRNA gene amplicon sequencing.

Table 2. Analyses of water parameters.

Parameter Unit
Concentrations in feed

water before nutrient dosages

Total phosphorus mg l-1 <20
Orthophosphate mg l-1 <10
TOC mg l-1 <0.3
COD mg l-1 <2
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Biofilm analytical methods

Dry-ash
The wet weight of fresh deposit samples was meas-
ured using a high precision analytical balance. For the
dry mass, basin deposit samples were spread over a
disposable aluminium foil cup to allow optimal con-
tact with air. The samples were heated at 80 �C until
no further water loss was measured. Dried samples
were then transferred to crucibles, and the ash-free
dry weight for the accumulated organic content was
obtained after dry ashing at 500 �C for 4 h. The meas-
urements were performed in triplicate.

ATP measurements
For each CT, one mesh coupon and one piece of
fresh basin deposit (4 cm � 4 cm) were collected in
50ml sterile centrifuge tubes (Greiner) containing
30ml of NaCl 0.85%. The tubes were vortexed at
maximal speed for 5min and sonicated using an
ultrasonic homogenizer (Qsonica sonicators) for
1min with the following settings: output power 15W
and frequency 20 kHz. The homogenized solutions
were subsequently filtered through a 0.45 mm pore-
size sterile filter (Sartorius). ATP measurements were
performed in duplicate with an ATP analyser
(AdvanceTM, Celsis) according to the manufac-
turer’s protocols.

Extraction of extracellular polymeric substances
Triplicate deposit samples from the CT basins were
frozen at �80 �C and lyophilized (Alpha 1-4 LDplus,
Martin Christ) prior to the extraction. EPS were
extracted at high temperature in alkaline conditions,
following a method adapted from (Felz et al. 2016).
In brief, 0.5 g of freeze-dried samples were stirred in
50ml of 0.1mol l�1 NaOH at 80 �C for 30min. The
containers were placed in ice water for 3min to stop
the extraction. Cooled mixtures were centrifuged at
3,300� g at 4 �C for 30min. The supernatants were
dialyzed overnight (SnakeSkin 3.5 K MW, Thermo
Fisher Scientific), frozen at �80 �C and lyophilized.

Quantification of phosphorus in EPS
For phosphorus quantification, 3mg of lyophilized
EPS were solubilized in 5ml of ultrapure water. The
total phosphorus content was determined with a
HACH spectrophotometer (DR3900, Hach Lange)
using the Hach Lange LCK 349 cuvette test
kit (HACH).

Functional groups of EPS
The Fourier transform infra-red (FTIR) spectrum of
the lyophilized EPS was performed on a FTIR
Spectrophotometer (Perkin-Elmer) at room tempera-
ture, with a wavenumber range from 500 cm�1 to
4,000 cm�1. A resolution of 4 cm�1 and an accumula-
tion of eight scans were applied on each sample.

Chlorophyll measurements
Quantification of chlorophyll a and b (chlorophyll
aþ b) was conducted following the proposed protocol
from Caesar et al. (2018). In brief, each basin biofilm
sample was dried at 60 �C for 24 h before analysis.
One gram dry weight of sample was placed in a 15ml
screw-cap glass vial, followed by a spatula tip of
CaCO3 and 6ml of dimethyl sulfoxide (DMSO)
(Sigma Aldrich). The vial was placed in a water bath
at 65 �C for 90min. After the first extraction cycle,
the supernatant was transferred to a new vial.
Another 6ml of DMSO were added to the initial vial
containing the biofilm and a second extraction was
performed at 65 �C for 90min. The supernatants from
the first and second extractions were combined and
centrifuged for 10min at 3,000� g. The absorbance
was measured using a UV–Vis spectrophotometer
(Lambda 45, Perkin-Elmer) at 648, 665 and 700 nm.
The equations for the calculation of the amount of
chlorophyll a and b are described elsewhere (Caesar
et al. 2018).

Microbial communities in the water and
deposit samples

Cooling water samples of 2.4 l were collected and fil-
tered on 0.2 mm pore sized mixed cellulose esters
membrane (GSWP04700; Millipore). Deposits from
one mesh coupon and from the basin floor of each
CT were collected and frozen at �20 �C until DNA
extraction. Genomic DNA was extracted using a
DNeasy PowerWater kit (Qiagen) according to the
manufacturer’s instructions. As an additional step,
samples in the lysis buffer were heated at 65 �C for
10min. The DNA concentration was quantified using
a Qubit dsDNA high sensitivity (HS) or Qubit broad
range (BR) assay kit (Life Technologies). The
extracted DNA was stored at �80 �C until further
analysis. Eukaryotic communities were analysed by
DNASense ApS in Aalborg with 18S rRNA gene
amplicon sequencing targeting the eukaryotic variable
region V4 (position 571–980). The following forward
and reverse tailed primers were used: [571F] 50-
GCCGCGGTAATTCCAGCTC-30 and [980R] 50-
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CYTTCGYYCTTGATTRA-30. Bacterial communities
were analysed by DNASense ApS with amplicon
sequencing of the 16S rRNA gene targeting the vari-
able region V4 (position 515-806). The following
forward and reverse tailed primers were used: [515F]
50-GTGYCAGCMGCCGCGGTAA-30 and [806R] 50-
GGACTACNVGGGTWTCTAAT-30. Samples were
paired-end sequenced (2� 300 bp) on an Illumina
MiSeq instrument using the MiSeq Reagent kit v3
(Illumina). >10% PhiX Control v3 Library was added
as a spike-in to overcome low nucleotide diversity.
The reads were trimmed for quality, clustered and
operational taxonomic unit (OTU) were generated
based on 97% similarities using USEARCH.
Taxonomy was assigned using QIIME, with a confi-
dence of 0.8, and the SILVA database. Biological
duplicates of the basin deposit and cooling water of
each CT were analysed. The DOI of the raw sequenc-
ing data is indicated in Supplementary materials. The
bacterial and eukaryotic communities are described in
Figure 5 and Supporting Information Figures S5 and
S6 and Tables S2 and S3. Principal component analy-
ses (PCA) comparing bacterial community structures
and eukaryotic community structures were performed
on the OTUs generated and their abundance with the
Bray-Curtis matrix using the software Mothur
v.1.40.5. PCA charts displayed in Figure 6 and
Supporting Information Figure S8 indicate a high
similarity in community structures of the samples
clustering together.

Results

Determination of the limiting nutrient in the
cooling tower waters

Growth potential tests were used to identify the bac-
terial growth limiting compound in each CT (Figure
2). A similar approach has been applied for deter-
mining the limiting nutrients in drinking water dis-
tribution networks (Prest et al. 2016). In the
reference CT and CT supplied with carbon (Figure
2a and b), higher net bacterial growth occurred with
the addition of phosphorus (P) to the water aliquots
(5.9 ± 0.4� 106 cells ml�1 and 8.1 ± 0.4� 106 cells
ml�1, respectively). In contrast, the addition of
nitrogen with trace metals (NþM) and carbon (C)
did not promote bacterial growth. The growth of
microorganisms in the reference and the carbon
supplied CTs was, therefore, primarily limited by
phosphorus. In the CT enriched with all nutrients
(Figure 2c), the high initial concentration of C, N
and P supplied with the feed water caused a signifi-
cant net cell growth in the blank aliquots
(5.7 ± 0.7� 106 cells ml�1). Further addition of
NþM and P had a negligible impact on cell growth
compared with the addition of a C source
(21.2 ± 1.8� 106 cells ml�1), indicating that organic
carbon was the primary limiting compound. CTs
were, therefore, operated with different limiting
compounds, either carbon or phosphorus. These dif-
ferences could affect the selection and metabolism of

Figure 2. Determination of the limiting nutrient in the three cooling tower systems supplied with (a) RO permeate only, denoted
as ‘Reference’; (b) RO permeate enriched in carbon source, denoted as ‘P-limited’; and (c) RO permeate enriched in all nutrients,
denoted as ‘Non P-limited’. Elements were added in cooling water samples as follows: no addition (Blank), nitrogenþ trace metals
addition (NþM), phosphorus (P), carbon (C), all nutrients (All). The error bars indicate the error on duplicate samples for each
condition. The red arrows indicate the limiting nutrient in the corresponding cooling tower: phosphorus in (a) and (b) and carbon
in (c).
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the microorganisms, and thereby the biofouling
potential in the processes.

In the remaining part of the manuscript, the CT
(1) not supplied with nutrient, is denoted as
‘Reference’; (2) supplied with carbon only, is denoted
as ‘P-limited’; and (3) enriched in all nutrients, is
denoted as ‘Non-P-limited’.

Deposit formation in the cooling towers

Macroscopic description
Deposits were collected from the basin floor, and the
mesh coupons were retrieved from the recirculation
line after operation for five weeks. The visual appear-
ance of the accumulated material in the basin
(Supporting Information Figure S1) varied markedly
between the three CTs. The reference CT displayed
limited growth, mostly an accumulation of sediment
forming a sludge-like layer. In the P-limited CT, fed
with carbon enriched feed water, an extensive deposit
layer of 3 to 5mm thick was formed with high struc-
tural integrity, homogeneously spread and covering
the entire floor of the basin. Unlike the others, the P-
limited layer could be removed from the surface as
one piece when manually taken out. The non-P-lim-
ited CT showed extensive and non-homogeneous
deposit on the bottom surface with visible growth of
phototrophic organisms. Results from the dry-ashing
showed that the deposits from all basins contained
between 40 and 60mg cm�2 of sediment, mainly sil-
ica from sand particles carried by the wind or sand-
storms, and other inorganic compounds.

The mesh coupons collected from the recirculation
lines had a similar appearance, with brown deposits
suggesting a combination of biofilm and sediment
(Supporting Information Figure S2). Accumulated
matter on the mesh coupons from the P-limited and
non-P-limited CTs was considerably higher than on
the reference CT coupon. Even so, the presence of
accumulated material in the reference CT was unex-
pected since RO permeate was used as feed water
with no additional dosage.

Overall, the changes in nutrient dosages caused dif-
ferent morphologies and varied thicknesses of biofilm
layers in the CT basins. The presence of sediments
confirmed the high sensitivity of the CT systems to
the accumulation of materials introduced by the
air flow.

Compositions of basin biofilms
In the reference CT, 3.22 ± 0.69mg cm�2 of organic
matter (Figure 3a) had accumulated on the basin

floor. In the CT operated with carbon enriched feed
water, P-limited, the amount of accumulated organic
matter was 7.30 ± 0.38mg cm�2 while the nutrient
containing feed water, non-P-limited, resulted in an
accumulation of 6.14 ± 1.49mg cm�2. P-limited and
non-P-limited CTs showed significantly higher
organic matter accumulation than the reference (p-
values < .01 based on Z-score values). However, the
difference between P-limited and non-P-limited was
not significant (p-value > .05). The larger standard
deviation illustrates the uneven biofilm layer of the
non-P-limited CT basin.

ATP quantification indicated a very low active
biomass concentration in the reference and P-limited
biofilms (< 10 ng g�1 organic matter) compared
with the non-P-limited samples (2.6 ± 0.1� 103 ng
g�1 organic matter) (Figure 3b). The results suggest
that under phosphate limitation, microbial growth
was indeed limited, but the abundant accumulation
of organic matter still occurred in the presence of
easily assimilable carbon. The percentage of
extracted EPS in the different samples, however,
were all very similar to values ranging between 20
and 30% (w w�1) of the organic matter (Figure 3c).
A relatively higher phosphorus content (Figure 3d)
was observed in the EPS of the non-P-limited CT
(0.62 ± 0.02% compared with 0.37 ± 0.06% and
0.35 ± 0.01% in the reference and P-limited). The
FTIR spectra (Supporting Information Figure S3) of
the extracted EPS display the characteristic carbohy-
drate band at 940–1,200 cm�1 (Zhu et al. 2012;
Boleij et al. 2019) and protein band at
1,500–1,700 cm�1 with amide I and amide II corre-
sponding peaks (Barth 2007). The ratio of the inten-
sity of the protein band compared with the
carbohydrate band is lower in the reference and P-
limited samples than in the non-P-limited sample,
indicating a preference for carbohydrate production
rather than protein when phosphorus is limited. In
addition, chlorophyll a and b measurements
(Supporting Information Figure S4) correlate with
visual observation with a considerably higher con-
centration in the non-P-limited conditions than in
the reference and P-limited conditions (respectively
40, 3 and 19 mg g�1 basin deposit).

Compositions of deposit layers on the
mesh coupons
Deposit mass and ATP were also quantified from the
mesh coupons placed in the recirculation pipe
(Figure 4). The mesh coupon from the reference sys-
tem reached only 28 ± 3mg cm�2 of accumulated
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material, significantly less than on the coupons from
the P-limited and non-P-limited CTs (p-values <

.0001), which had accumulated 50 ± 5mg cm�2 and
49 ± 4mg cm�2, respectively. The mesh coupon
deposit from the non-P-limited CT contained a

significantly higher active biomass concentration
(43 ng ATP g�1 wet deposit) than deposits from the
reference and P-limited CTs (5 and 2 ng ATP g�1 wet
deposit). The results for biomass growth in the CT
basin and on the coupons in the recirculation pipe

Figure 3. Amounts of organic matter (a), ATP concentrations (b), EPS concentrations (c) and phosphorus content in the EPS (d) in
the basin deposits.
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are congruent, suggesting that biofouling occured
consistently along the process, i.e. basin and recircula-
tion pipe.

Changes in microbial community structures

Bacterial community and diversity analyses (Figures 5
and 6) provided more in-depth details on the col-
lected biomass and allowed visualization of the
changes depending on location in the system and
nutrient availability. The bacterial community com-
position at the phylum level (Figure 5) showed simi-
larity based on the locations of the samples.
Cyanobacteria had relatively high abundances in the
basin deposits (23, 36 and 43% of 16S rRNA gene
reads in the reference, P-limited and non-P-limited
CTs respectively) due to the exposure to sunlight dur-
ing daytime. They were in lower abundances in the
water samples (4, 7 and 15%) and negligible in the
mesh deposits located in the dark (<2%).
Proteobacteria was clearly the main water sample
phylum with 66, 69 and 60% while Bacteroidetes,
Planctomycetes and Proteobacteria were more evenly
represented in the mesh deposits. The most abundant
bacterial genera and a bar chart of the community
composition at the family level in each sample are
given in Supporting Information (Figure S5 and
Table S2).

Principal component analysis (Figure 6) displays
the similarity in bacterial community structures of
samples based on the generated OTUs and their

abundances. The principal components PC1 and PC2
showed 29.3 and 19.5% of the variation, respectively.
In each CT, the water, mesh and basin biofilm sam-
ples diverge from each other, confirming that a bac-
terial selection occurred within the biofilms due to
the local environmental conditions (e.g. exposure to
sunlight and temperature), resulting in a distinct
microbiome from the water phase. Interestingly, the
limitation in phosphate seems to have caused an add-
itional distinction. The plot shows clustering between
the reference and non-P-limited CT samples but
divergence of the P-limited CT samples. P-limitation
caused a switch in bacterial community structure
while the enrichment in all nutrients (C, N and P)
promoted bacterial growth but did not seem to
strongly affect the community structure when com-
pared with the reference.

Deterioration in water quality along the feed
water line

Due to the observation of biofilm accumulation in the
reference CT operated with SWRO permeate, it was
decided to investigate the stability of the feed water
quality along the line between RO installation and
CTs. Measured water quality parameters, viz. total
organic carbon (TOC), chemical oxygen demand
(COD) and total phosphorus concentrations, were all
below the quantification limit (Table 2). A bacterial
incubation test was performed to determine the

Figure 4. Deposit wet weights (a) and ATP concentrations (b) on the mesh coupons located in the recirculation line, after the
heat exchanger.
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potential impact of the pipes and buffer tank on the
feed water quality before supply to the CTs.

Samples from the feed water line were collected at
four locations according to the numbering in Figure

1: SWRO permeate, buffer tank inlet, buffer tank out-
let and CT feed. Each sample was incubated in the
laboratory, and the total bacterial cell count was
monitored over five incubation days. As shown in
Figure 7, samples already displayed higher cell counts
on collection day (day 0) in the buffer tank outlet and
in the CT feed (61.9 ± 0.7� 103 and 90.3 ± 0.6� 103

cells ml�1) compared with the buffer tank inlet
(3.2 ± 0.1� 103 cells ml�1). The difference in total cell
numbers between the inlet and outlet of the buffer
tank can be attributed to the retention time of around
one day of the RO permeate in the tank. After incu-
bation of the samples for five days, a higher cell count
was reached in the last sampling location, CT feed
(2.7� 105 cell ml�1). The daily total cell counts are
shown in Supporting Information Figure S8. These
results indicate that the pipe and buffer tank of the
feed water line contributed to cell growth through
organic carbon leaching from the surface materials to
the water phase. Even though the tank and pipes were
extensively cleaned before the start of the experi-
ments, the high-quality SWRO permeate was deterio-
rated substantially by the installation and surrounding
environments (e.g. temperature, wind and sunlight).
As a result, no conclusion can be drawn on the effi-
ciency of the SWRO permeate as feed water for CTs
due to quality deterioration. However, the study

Figure 6. Principal component analysis (PCA) comparing the
bacterial community structure of the waters, mesh biofilms
and basin biofilms. The circles indicate that the P-limited cool-
ing tower samples diverged from the reference and non-P-lim-
ited cooling towers. Additionally, the three sampling locations
diverged from each other. The waters and basin biofilms were
analysed in duplicate.

Figure 5. Relative abundance of bacterial communities at the phylum level in the cooling water and deposit samples (in percent-
age of 16S rRNA gene reads). The abundance of Cyanobacteria constitutes the main difference between the basin and mesh bio-
films, while cooling waters were dominated by the phylum Proteobacteria. ‘Others’ contains bacterial phyla of <1% abundance in
all samples.
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illustrates the difficulty of maintaining clean installa-
tions at an industrial scale to avoid any
contamination.

Discussion

P-limitation restricts microorganism growth but
not biofilm formation in cooling tower systems

A goal of this study was to investigate the efficiency
of phosphate limitation as a preventive method for
biofouling control in CTs. The applied short-term
approach, based on nutrient dosages in the feed
water, has been shown to be suitable for prediction of
long-term biofouling (Sanawar et al. 2017) and has
been used to study membrane filtration systems
(Siddiqui et al. 2017; Sanawar et al. 2018). The pilot-
scale experiment showed that: (1) active biomass
growth in the CT was strongly inhibited under P-lim-
ited conditions compared with conditions with add-
itional phosphate supplied (Figures 3 and 4); (2) the
overall accumulation of organic matter was similar
when all nutrients were supplied or under P-limited
conditions with only organic carbon supplied (Figure
3); (3) P-limitation caused a shift in bacterial commu-
nity structure (Figure 6) and seemed to promote the
production of carbohydrates over proteins by the
microorganisms in the extracellular matrix and to
result in a more homogeneous biofilm (Supporting
Information Figures S1 and S3).

Phosphorus limitation in the cooling water affected
microbial growth and the composition of the EPS but
was not efficient against biofouling in the presence of
high AOC. The availability in carbon was, therefore, the
main factor determining the extent of biofilm growth.

The necessity of phosphorus for microbial growth
has been extensively described in the literature
(Holtan et al. 1988; Smith and Prairie 2004; He et al.
2018). The molar ratio between C:N:P in microbial
biomass has been approximated to 100:20:1.7
(Tchobanoglous and Burton 1991). At a low enough
concentration, phosphorus can then become a limit-
ing nutrient for cell growth. According to mixed and
pure culture studies, phosphate limitation has been
shown to cause selection of microbial communities
(Kein€anen et al. 2002; Samaddar et al. 2019) and to
induce changes in cell physiology, such as degradation
of polyphosphate or exchange of phosphorus-free
membrane lipids, by affecting their metabolism
(Romano et al. 2015).

There are, however, diverging opinions regarding
the impact of low phosphorus on biofilm formation.
Some authors report strongly inhibited biofilm

formation under P-limited conditions (Vrouwenvelder
et al. 2010; Kim et al. 2014). Other authors indicate
higher EPS production by cells resulting in a low
population but an extensive and homogeneous biofilm
with a gel-like structure (Hoa et al. 2003; Fang et al.
2009; Li et al. 2016; Desmond et al. 2018). In the
studies on phosphate quantification, the concentra-
tions in the P-limited conditions were reported to be
below the detection limit of the method applied, the
lowest being 0.01mg P l�1. It is, therefore, a possibil-
ity that the phosphate concentrations in the studies
from Vrouwenvelder et al. (2010) and Kim et al.
(2014) were lower than in the studies where abundant
biofilms were produced, although absolute values are
lacking. The present results support previous observa-
tions that P-limitation inhibits cell growth but causes
higher accumulated organic matter per active biomass
unit. In other words, reaching P-limited conditions is
not enough to avoid biofouling when there is still
AOC in the system. Essentially, a complete absence of
phosphate would be needed for biofouling prevention,
which is difficult to achieve in open systems exposed
to external conditions as is the case with CTs.

Under P-limitation, the transition to a more carbohy-
drate-dominated EPS structure was observed, compared
with non-P-limited conditions (Supporting Information
Figure S3). Native biofilm, i.e. during initial and irrevers-
ible attachment, is likely based on a high fraction of pro-
teins due to the essential role of cell surface proteins in
the attachment to the substratum, motility and surface
colonization (Fong and Yildiz 2015). Nonetheless, when
P is the primary limited compound, a shift in carbon
metabolism can occur during biofilm maturation, and
polysaccharide synthesis can be seen as an overflow
metabolism induced by growth limitation (Russell and
Cook 1995; Hessen and Anderson 2008). Similar obser-
vations have been made in studies of drinking water and
wastewater bacterial biofilms (Hoa et al. 2003; Fang et al.
2009) and in diatoms (Brembu et al. 2017). When cell
division becomes hindered, the synthesis of proteins and
membrane lipids is strongly reduced as cells promote
the production of extracellular polysaccharides over the
synthesis of cell components and energy production.

Regarding the yield of extracted EPS, a higher EPS
content in the accumulated organic matter in the P-
limited sample would be expected compared with the
non-P-limited sample since active biomass was
strongly inhibited. It is important to note that limita-
tions remain regarding the efficiency of the EPS
extraction method. The choice was made to use an
alkaline extraction at high temperature to improve the
solubilisation of the structural EPS matrix and collect
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a substantial fraction of the extracellular polymers
(Felz et al. 2016). However, such extreme conditions
can also cause loss of cell integrity and release of
intracellular compounds (Seviour et al. 2019) while
not extracting the matrix components totally. The
higher phosphorus content in the non-P-limited
extracted EPS might be caused by a higher extracellu-
lar DNA concentration and also the possible release
of intracellular DNA occurring with cell lysis. The
presence of intracellular material and the integrity of
the cells with this EPS extraction method should be
further investigated.

Comparison of biofilm microbial composition
along the cooling tower system

Biofilms from full-scale CTs are generally collected
from the wall of the CT basins, which is the most
accessible location of the system and does not require
interruption of operation (Di Gregorio et al. 2017).
The present pilot study is the first describing analyses
of microbial communities from different locations in
the recirculation line of a nondisinfected CT.

The results from basin and mesh biofilms for each
of the conditions tested were congruent regarding the
extent of accumulated organic matter per active bio-
mass (Figures 3 and 4). Yet, these results showed: (1)
a divergence of bacterial communities compared with
the water sample (Figure 6) and (2) variations in
terms of the phototrophic organisms’ content and the
structure of the deposit (Supporting Information
Figures S1 and S4).

Previous investigations of full-scale water processes
and distribution networks have shown divergences in
planktonic bacterial communities with sessile commun-
ities and indicated a higher richness in biofilm species
(Kein€anen et al. 2002; Wang et al. 2013; Di Gregorio
et al. 2017). Changes are usually attributed to the
attachment abilities of the microorganisms during the
colonization phase. Indeed, bacteria able to produce
adhesion proteins and pili or containing lipopolysac-
charides on the outer layers would be favoured and ini-
tiate biofilm formation (Walker et al. 2004; Hori and
Matsumoto 2010; Conrad 2012). Planktonic microor-
ganisms, therefore, play the role of inoculant from
which bacteria selectively attach to the substratum. The
attached bacterial community further evolves inde-
pendently from the water microbiome. The principal
component analysis supports this assumption with the
biofilm community structures from two locations in
the system (basin and recirculation line after heat
exchanger) deviating from the water community

structure. As described in other reports, the water com-
munity was majorly constituted of Proteobacteria
(Wang et al. 2013; Tsao et al. 2019), while bacterial
phyla were more evenly represented in biofilm com-
munities. In addition, the divergence between the com-
munity structures of the basin and mesh biofilms for
each condition suggests that the biofilm communities
vary along the system and that samples from the basin
biofilm only are not representative of other locations,
e.g. heat exchangers in the CT. The deviation is par-
tially driven by the presence of phototrophic organisms
(Figure 5 and Supporting Information Figure S4) in the
basin following intense light exposure (Di Gregorio
et al. 2017) and can be amplified by additional factors
such as the difference in temperature and substratum
(Hancock et al. 2011). The presence of phototrophs
may worsen biofilm development through fixation of
CO2 from the atmosphere contributing to the accumu-
lation of organic matter (Roeselers et al. 2008; Rossi
and De Philippis 2015). Phototrophic mats have been
largely described as multilayer ecosystems (Ward et al.
1998; Guerrero et al. 2002; Roeselers et al. 2007). Such
structures were observed in the basins of the CTs, espe-
cially under P-limited condition, with a homogeneous
surface layer and non-P-limited condition with a more
disparate biofilm arrangement (Supporting
Information Figure S1). These findings point to the
importance of sampling location when studying the CT
biofilm microbiome.

Implications of the study for industrial cooling
tower systems

As described previously, phosphorus removal from
the feed water could have an undesirable effect and
aggravate biofilm formation if the remaining concen-
tration is not low enough. Its limitation has been
shown to induce greater EPS production by the cells
and to result in a homogenous structural deposit, det-
rimental for full-scale processes. Total removal of
phosphorus from a water source is hardly achievable,
and phosphorus-based corrosion inhibitors would
have to be replaced by phosphorus-free products for
the protection of the heat exchangers (Sandu et al.
2016; Wang et al. 2016). The intensive contact
between water, ambient air and particles in the CT as
well as evaporation are all factors that can also raise
the element concentration in the system (Mahowald
et al. 2008; Katra et al. 2016). Following the outcome
of this study, removal of AOC seems to be a better
approach than phosphorus removal to delay the for-
mation of biofilm.
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A growth potential measurement of the feed water
was carried out to evaluate the SWRO permeate quality
along the line. This approach has been previously
applied to evaluate the biological stability of waters
(Prest et al. 2016; Farhat et al. 2018a, 2018b). The
results showed a leaching of nutrient along the pipes
and reservoir, resulting in higher bacterial cell growth
(Figure 7), and therefore, compromising the assessment
of the SWRO permeate as CT feed water. This study
was exposed to some difficulties related to the indus-
trial scale of the set-up that are not usually considered
during laboratory scale experiments, that is to say the
impact of the onsite distribution system and effect of
external conditions. Therefore, a conclusion could not
be made on the suitability of the SWRO permeate as
cooling water, but advice and suggestions for future
work on industrial CTs can be drawn from the results
obtained. The data illustrate the low feasibility of main-
taining a sufficiently high feed water quality against
biofouling in industrial cooling systems. As CTs are
long-established systems, their feed water lines impact
the quality of the water. For use as feed water, the RO
installation should be located directly next to the cool-
ing water system to have negligible contact time with
the pipe surfaces, or the feed water line should be
replaced prior to the change of water supply and made
of non-leaching materials.

Conclusions

This pilot-scale study on the impact of nutrient availabil-
ity on biofilm formation combined with an efficiency
assessment of seawater reverse osmosis permeate as feed

water in open recirculating cooling towers (CTs) showed
that P-limitation restricts the growth of microorganisms
but not biofilm formation in CT systems. The study
underlines the significant risks of (1) water quality
deterioration by the feed water line and (2) contamin-
ation from the environment of cooling water in open
recirculating CTs. A higher C:P ratio was shown to affect
the bacterial community structure and seemed to pro-
mote the production of carbohydrates over proteins. In
each CT, biofilms from the basin and coupons in the
recirculation pipe diverged from each other and from
the water phase in terms of bacterial community struc-
ture. The biofilm microbiome, therefore, develops inde-
pendently from the planktonic microbiome and adapts
to local conditions.

These research outcomes provide a basis for under-
standing biofilm growth factors in open recirculating
CTs and contribute to the industrial field in the selec-
tion of feed water type and pre-treatments for CTs.
Evaluation of the RO permeate as feed water to avoid
biofouling requires further investigation and may be
addressed in future studies.
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