J O U RN A L OF E N V I RO N M EN TA L S CI EN CE S 82 (2 0 1 9 ) 2 1 3–2 2 4

Available online at www.sciencedirect.com

ScienceDirect
www.elsevier.com/locate/jes

Silica-quaternary ammonium “Fixed-Quat” nanofilm coated
fiberglass mesh for water disinfection and harmful algal
blooms control
Daniela Diaz1 , Jared Church1 , Mikaeel Young2,3 , Keug Tae Kim4 , Jungsu Park5 ,
Yun Bin Hwang4 , Swadeshmukul Santra2,3,6,7 , Woo Hyoung Lee1,⁎
1. Department of Civil, Environmental, and Construction Engineering, University of Central Florida, 12800 Pegasus Drive, Orlando, FL 32816,
USA. E-mail: daniela.diaz94@Knights.ucf.edu
2. NanoScience Technology Center, University of Central Florida, 12424 Research Parkway, Orlando, FL 32826, USA
3. Burnett School of Biomedical Sciences, University of Central Florida, 6850 Lake Nona Blvd, Orlando, FL 32827, USA
4. Department of Environmental & Energy Engineering, Suwon University, 17 Wauan-gil, Bongdam-eup, Hwaseong-si, Gyeonggi-do 445-743,
Republic of Korea
5. K-water Institute, Korea Water Resources Corporation, 200 Sintanjin-Ro, Daedeok-Gu, Daejeon 34350, Republic of Korea
6. Department of Material Science and Engineering, 4000 Central Florida Blvd, University of Central Florida, Orlando, FL 32816, USA
7. Department of Chemistry, 4111 Libra Drive, University of Central Florida, Orlando, FL 32816, USA

AR TIC LE I N FO

ABS TR ACT

Article history:

Intensification of pollution loading worldwide has promoted an escalation of different

Received 22 January 2019

types of disease-causing microorganisms, such as harmful algal blooms (HABs), instigating

Revised 14 March 2019

detrimental impacts on the quality of receiving surface waters. Formation of unwanted

Accepted 14 March 2019

disinfection by-products (DBPs) resulting from conventional disinfection technologies

Available online 27 March 2019

reveals the need for the development of new sustainable alternatives. Quaternary
Ammonium Compounds (QACs) are cationic surfactants widely known for their effective
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to a fiberglass mesh as an active surface via sol–gel technique. The synthesized Fixed-Quat
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ful control of Microcystis aeruginosa with more than 99% inactivation after 10 hr of exposure.
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collected in a water body experiencing HABs, obtaining a 97% removal efficiency. Overall,
the silica-functionalized Fixed-Quat nanocoating showed promising antimicrobial properties for water disinfection and HABs control, while decreasing concerns related to DBPs
formation and the possible release of toxic nanomaterials into the environment.
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Introduction
The increasing demand of water resources for human
activities, nutrient input from runoff, and the lack of
appropriate wastewater treatment have contributed to the
intensification of pollution loading into recreational and
drinking water bodies worldwide. According to the United
Nations (UN) World Water Assessment Programme (WWAP),
by 2017 over 80% of all wastewater is discharged without
treatment, and still 2.4 billion people do not have access to
improved sanitation (Connor et al., 2017). The direct release of
wastewater into the environment has been closely related to
detrimental impacts on the health and productivity of
ecosystems, as well as in the quality of freshwater sources
(Connor et al., 2017; Ellis et al., 1989). Sewage and animal
wastes, groundwater inflow, fertilizer runoff, and industrial
effluents have been identified as main sources of nutrient
pollution of receiving surface waters (Anderson et al., 2002;
Glibert et al., 2005).
Nutrient overloading has potentially stimulated the development and proliferation of different types of unfavorable
microorganisms, such us harmful algal blooms (HABs), across
many water bodies around the world. HABs incidences span
from the largest U.S mainland estuary (i.e., Chesapeake Bay)
to the Inland Sea in Japan (Almanza et al., 2016; Anderson
et al., 2002; Glibert et al., 2005; Noges et al., 2010). HABs are
typically considered harmful due to their production of toxins,
contribution to eutrophication, and alteration of food web
dynamics (Glibert et al., 2005). Among the toxic blue-green
algae, blooms of Microcystis aeruginosa are the most commonly
observed in highly eutrophic water bodies and are responsible
for microcystin (MCs) production, a harmful toxin, dangerous
to animal and human health (Almanza et al., 2016; Jin et al.,
2017). Although chemical disinfectants (e.g., free chlorine,
chloramines, and ozone) have demonstrated effective control
of microbial pathogens, the undesired formation of harmful
disinfection by-products (DBPs) and the growing demand for
sustainable and socially acceptable point-of-use water treatments (Elena and Miri, 2018; Oyanedel-Craver and Smith,

2007), have revealed an urgent need to reevaluate and
innovate conventional chlorine-based treatment methods
(Boorman, 1999; Li et al., 2008).
A variety of natural and engineered nanomaterials (NMs)
have demonstrated potential properties for microbial control (Li et al., 2008). Particularly, silver nanoparticles (AgNPs)
(Bao et al., 2011; Lin et al., 2013), inorganic photocatalytic
nanomaterials (e.g., TiO2 and MoS2) (Islam et al., 2017; Xie et
al., 2018; Zhang et al., 2010), carbon nanotubes (Kang et al.,
2007; Nepal et al., 2008), and chitosan (Jin et al., 2017; Zheng
and Zhu, 2003), among others, have shown to exhibit
antimicrobial activity against a wide variety of microorganisms (Hossain et al., 2014). In addition, hybrid nanosheets
of zinc modified graphene oxide (GO) (Li et al., 2018),
hybrid polydopamine (PDA)/Ag3PO4/GO (Xie et al., 2018),
and black phosphorus nanosheets (BPSs) and poly (4pyridonemethylstyrene) endoperoxide (PPMS-EPO) film
(Tan et al., 2018a) showed recent development of antimicrobial films for biomedical applications to prevent biofilm
formation. However, recently the use of organic surfactants
such as quaternary ammonium compounds (QACs) have
become an interesting alternative to inorganic nanomaterials which have been linked to possible toxicity and
negative soil impacts. (Church et al., 2017; Nel et al., 2006).
Because of its antimicrobial properties (Moriarty et al., 2012),
QACs applications range within industrial and pharmaceutical purposes, to water and antifungal treatments (Hegstad
et al., 2010; Jadhav et al., 2017). It is reported that the
bactericidal properties of QACs are primarily related to the
cationic charge in their structure, which produces electrostatic interactions between the surfactants and negatively
charged lipid membrane of microorganism (Jadhav et al.,
2017). These interactions are followed by the penetration of
the alkyl chains present in the QACs structure through the
cell wall of microorganisms (i.e., contact killing mechanism),
causing cells disruption by destabilization of the cytoplasmatic membrane (Fig. 1) (Hegstad et al., 2010; Jadhav et al.,
2017). Although QACs represent a suitable alternative for
antimicrobial control, their indiscriminate release could

Fig. 1 – A schematic of contact killing mechanism using the Fixed-Quat coated fiberglass mesh for E. Coli disinfection and M.
aeruginosa mitigation.
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result in increased risk of antimicrobial resistance and
toxicity. The synthesis of active surfaces impregnated with
QACs offers a feasible alternative to utilize the biocidal
properties of QACs without directly releasing them into the
environment; thus providing a safe and effective method for
water treatment and other antimicrobial applications (Elena
and Miri, 2018; Song et al., 2011).
In this study, a novel silica-functionalized QAC (FixedQuat) was developed and applied to a fiberglass mesh as a
sustainable antimicrobial surface. Fiberglass was selected due
to its low cost, flexibility, ease-of-use, and corrosion resistance (Ramı́rez-Ortiz et al., 2001). It was hypothesized that the
covalent attachment between the silica in the FixedQuat and the hydrophilic fiberglass (alumino-borosilicate)
substrate would create a firm antimicrobial film on the
fiberglass. Escherichia coli (as surrogate indicator organism in
drinking water) and M. aeruginosa (as representative HABs
cyanobacteria) inhibition were tested for evaluating antimicrobial properties and coating stability of the Fixed-Quat
nanocoated fiberglass mesh aiming its potential application
in water disinfection and mitigation of HABs. Finally, the
Fixed-Quat nanocoated fiberglass mesh was evaluated with
unknown algal samples collected from a lake experiencing
severe algal blooms.

1. Materials and methods
1.1. Fixed-Quat preparation
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1.2. Fixed-Quat coating process on fiberglass mesh
Fiberglass is a common type of fiber-reinforced plastic using
glass fiber (Thomason et al., 2016). The antimicrobial active
surface was fabricated via sol–gel technique by the condensation of a composite of Si-QAC (Fixed-Quat) on a fiberglass
mesh (FibaTape, Saint-Gobain ADFORS, FDW86665-U, USA)
(Saif et al., 2008). The coated material was formed by covalent
attachments (i.e., siloxane bonding) between the Fixed-Quat
silica and the silica in the fiberglass substrate (Li et al., 2008).
Prior to the submersion in Fixed-Quat, fiberglass mesh
samples were rinsed with DI water and left to dry at room
temperature (22°C). Cleaned samples were individually kept
in 500 mL beakers. Two sizes of fiberglass mesh were tested:
2.8 × 2 in (7 × 5 cm) for E. coli tests and 2.8 × 7.9 in (7 × 20 cm)
for M. aeruginosa tests. The thickness of the mesh was 0.0039
in (0.01 cm) (Appendix A Fig. S1). The Fixed-Quat coating
procedure of fiberglass mesh surfaces was illustrated in Fig. 2.
The 2.8 × 2 in sample was immersed in 100 mL of Fixed-Quat
solution (13,500 mg/L) and left to mix in a platform shaker
(Innova 2000 m Mfg. No M1190-000, NJ, USA) at 120 r/min for
20 hr. Subsequently, samples were carefully taken out and
oven-dried (Isotemp oven Model 615f, Fisher Scientific, US) for
20 hr at 50°C. Same coating procedure was used for the
2.8 × 7.9 in sample, increasing the Fixed-Quat solution to a
total volume of 300 mL due to the increase in fiberglass
surface. Uncoated fiberglass mesh with the same size was
used as a control.

1.3. Surface characterization of Fixed-Quat coated fiberglass
mesh

A silica gel modified with QAC (Fixed-Quat) coating agent
was prepared to a final concentration of 13,500 ppm (w/v).
The preparation process consisted of combining 60 mL of
37% sodium silicate (Cat# S25566A, Fisher Scientific, USA)
and 910 mL of deionized (DI) water and left to stir at 150 r/
min for 6 hr at 25°C, using an overhead machine stirrer
(Electric Stirrer 6000, Arrow Engineering, NJ, USA). Subsequently, 30 mL of a 50% didecyldimethylammonium chloride solution (50% DDAC solution, Cat# 814364 EMD
Millipore, USA) was added drop wise, and the mixture was
left to stir for 24 hr (Church et al., 2017; Young et al., 2018).

To evaluate changes in the morphology of the active surfaces
before and after Fixed-Quat coating, two samples of pristine
and coated fiberglass were examined using surface analytical
techniques. The samples were individually gold-coated in
vacuum using a sputter coater (Emitech K550) at 20 mA for
3 min. Subsequently, a scanning electron microscope (SEM,
Zeiss Ultra 55) equipped with X-Ray energy-dispersive spectrometer (EDS) was used to obtain information about the
topography and chemical composition of each sample using a
magnification of 1.5 KX at 5 kV.

Fig. 2 – Fixed-Quat coating procedure of fiberglass mesh surfaces.
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1.4. Targeted microorganisms
The antimicrobial properties of the Fixed-Quat coated fiberglass mesh were evaluated using the gram-negative coliform
bacterium, E. coli (ATCC 11229) as an indicator organism for
pathogens, and the cyanobacteria M. aeruginosa (UTEX 2385)
commonly found in water sheds experiencing HABs (Park et al.,
2017; Rajasekhar et al., 2012). Prior to testing, the suspension
culture of E. coli was prepared by using a soybean-casein digest
medium (Tryptic Soy Agar, Sparks, MD). 3 g of medium were
diluted in 100 mL of DI water, subsequently autoclaved at
121°C for 15 min, and left to cool at room temperature. In a
biosafety cabinet, 300 μL of overnight E. coli were transferred
to a centrifuge tube containing 30 mL of the previously
autoclaved medium. The tube was sealed and incubated
overnight at 35°C for 18 hr for inhibition experiments.
Microcystis aeruginosa culture was cultivated using a highly
enriched Bold's basal medium (BBM) commonly used for
cultivating green algae (Munshi et al., 2018). The cyanobacteria
medium was left to grow in a 2 L photobioreactor at 28°C with
continuous aeration and fluorescent light exposure (1600 lx)
(AH lighting, 120 V 60 Hz, USA). For the HABs mitigation
experiment, exponentially growing M. aeruginosa was diluted
in BBM to achieve the required algal density.

1.5. Fixed-Quat coating stability
Prior to the antimicrobial test, Fixed-Quat coated fiberglass
samples were rinsed several times with DI water to avoid the
release of residual solids into suspension, and to ensure that
the biocidal properties of the coated material were related to
the Fixed-Quat coating only, not to the leaching of Si-QACs.
The wash process was conducted by the individual immersion
of the Fixed-Quat coated fiberglass samples in a beaker with
300 mL of DI water, and gently swaging them in a platform
shaker for 10 min at 100 r/min. After each wash, water
samples were collected and used to investigate whether the
wash water had Si-QACs in suspension which could inactivate
E. coli. This process was repeated until evident colony growth
was observed in the bulk solution in the same order with the
inoculation, indicating that there is no Si-QACs in suspension.
Bacterial growth was analyzed using a plate-counting method
in Tryptic soy agar (Church et al., 2017). 10 mL samples from
each wash were individually inoculated with 0.1 mL of E. coli in
nutrient broth (tryptic soy agar, Sparks, MD) to an initial
concentration of 2.5 × 106 cells/mL. The inoculated samples
were placed in an incubator at 35°C for 4 hr. Samples were then
diluted with phosphate-buffered saline solution (PBS) (pH 7.2),
plated and incubated at 35°C for 24 hr. After incubation, an
inspection of colony morphology and a viable cell count was
used to determine E. coli cell density. Microbial testing was
conducted in a biosafety cabinet with all materials and
chemicals autoclaved at 121°C for 15 min. Uncoated fiberglass
mesh with the same size was used as a control.

1.6. Escherichia colidisinfection using a Fixed-Quat coated
fiberglass mesh
The E. coli disinfection tests were conducted at room temperature (22°C) using pre-treated (washed) fiberglass mesh samples.

Both, Fixed-Quat coated and uncoated fiberglass mesh samples
(2.8 × 2 in) were individually placed in 250 mL flasks containing
100 mL of 0.01 mol/L PBS solution at pH 7.2. In a biosafety
cabinet, flasks were inoculated with 0.1 mL of E. coli suspension
in nutrient broth to an initial cell density of 1.3 × 106 cells/mL.
The concentration of E. coli in the order of 106 cells/mL was
selected for the inhibition test because it corresponds to a
medium indicator of the bacterial densities commonly found in
raw sewage samples from stormwater settling tanks (Campos
et al., 2013; Edberg et al., 2000). The E. coli samples were then
mixed in a platform shaker (Innova 2000, Mfg. No M1190-000, NJ,
US) at 130 r/min for 4 hr. Heterotopic plate count (HPC) was used
to measure the presence of E. coli in solutions previously treated
using the Fixed-Quat coated fiberglass mesh. HPC is considered
a useful tool for the assessing and monitoring of bacterial
populations changes over time (Allen et al., 2004). For this,
samples were removed at specific time intervals (0, 0.5, 1, 1.5, 2,
3, and 4 hr), diluted in a sterilized PBS (pH 7.2), spread on
nutrient agar plates (tryptic soy agar, Sparks, MD) and incubated
at 35°C for 24 hr for viable cell count.

1.7. Mitigation tests ofM. aeruginosausing a Fixed-Quat
coated fiberglass mesh
For M. aeruginosa growth inhibition tests, both Fixed-Quat
coated and uncoated fiberglass mesh samples (2.8 × 7.9 in)
were individually placed in 1 L flasks. Subsequently, flasks
were colonized with exponentially growing M. aeruginosa in
BBM to an initial algal density of 3.8 × 106 cells/mL (chlorophyll-a (Chl-a)150 mg/m3). This concentration was selected as
a representative cyanobacterial cell density commonly found
in worldwide surface waters affected by HABs, such as Lo
Galindo urban lake, Chile (~3.3 × 106 cells/mL) (Almanza et al.,
2016), Lake Taihu, China (103–106 cells/mL) (Pan et al., 2006;
Qin et al., 2010), and Florida's Indian River Lagoon, USA
(4.0 × 106 cells/mL, Chl-a 196 mg/m3) (Gobler et al., 2013).
To ensure algal photosynthesis and enable phototaxis (Hu
et al., 2008), the photobioreactors containing M. aeruginosa
were subjected to continuous light conditions of 1600 lx using
a fluorescent lamp (AH lighting, 120 V 60 Hz, USA) and were
mixed at 170 r/min for 10 hr. 20 mL samples were collected
from each reactor (i.e., experiment and control) at specific
time intervals (0, 2, 4, 7, 9, and 10 hr) to monitor M. aeruginosa
growthr. All tests were conducted at room temperature (22°C).
As the main photosynthetic pigment produced by algae, the
determination of Chl-a concentration was used as an indicator of cyanobacterial growth (Cui et al., 2013).
Chl-a density was calculated using standard methods (19th
Edition, 1995) and the samples were maintained under
moderate light exposure to avoid degradation. A vacuum
pump was used to concentrate the 20 mL samples by filtering
them using a glass microfiber filter (A4700, Sterlitech Co.,
USA). Subsequently, each filter was placed in a beaker
containing 10 mL of an aqueous acetone solution. The
solution consisted of 90 mL of acetone (A18-500, Fisher
Scientific, USA) and 10 mL of saturated magnesium carbonate
(1.0 g MgCO3 in 100 mL DI water) with a 9:1 ratio (V/V). The
extraction was achieved by macerating the sample using an
ultrasonic probe (Model 505 sonic dismembrator, Fisher
Scientific, USA) for 2 min (frequency 20 kHz; amplitude at
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50%). The resulting sample was transferred to a screw-cap
centrifuge tube (14-375-150, Fisher Scientific, USA) and stored
at 4°C for 24 hr. Extracts were clarified by centrifuging in
closed tubes for 20 min at 500g (225a, Fisher Scientific, USA).
Chl-a concentration was determined using a portable spectrophotometer (DR 1900, Hach). Individually, 10 mL of extracted sample were transferred to a glass cuvette, placed in
the spectrophotometer and optical density was read at 750
and 664 nm. Each extract was acidified using 0.1 mL of
0.1 mol/L HCl and gently agitated. After 90 sec, optical density
was read at 750 and 665 nm. Time and volumes were kept
consistent for accurate results. Using the single wavelengths
reading, Chl-a concentration (mg/m3) was calculated as
follows by Eq. (1) (Eaton et al., 2005):
Chl−a ¼ ½26:7  ð664b −665a Þ  V1 =ðV2  LÞ

ð1Þ
3

where, V1 (L) is the volume of extract, V2 (m ) is the volume of
sample, L (cm) is the width of the cuvette, and 664b, and 665a
represent the optical densities of the extract before and
after acidification. 664b, and 665a values were obtained by
subtracting the 750-nm OD value from the readings of OD 664
and OD 665 nm, respectively.
To confirm the reliability of the Fixed-Quat coated fiberglass
mesh for HABs control, the M. aeruginosa culture previously
inactivated with Fixed-Quat was exposed to optimal growth
conditions (enriched BBM and continuous light) to evaluate
algal regrowth. The reactor for algal recovery (1 L) was continuously stirred at 250 r/min using a magnetic stirrer (HI 190M)
under fluorescent light conditions of 1600 lx and kept at room
temperature (27°C) until evident cyanobacterial growth was
evidenced. BBM was periodically added to the photobioreactor
to provide sufficient nutrients required for cell growth.

1.8. Field sample application for HABs mitigation
1.8.1. Field algal sample collection and cultivation
For the feasibility test in field applications, microalgal samples
were collected from the Daechung reservoir in Daejeon city,
South Korea, during the summer of 2018 (Appendix A Fig. S2).
First, algal species were classified under an optical microscope
(Olympus BX-51). Then, 500 mL of microalgae (5.0 × 107 cells/mL)
were distributed into two 1 L conical flasks containing 250 mL
BG-11 Media (A1379901, Thermo Fisher Scientific, Waltham, MA
USA) (Rippka et al., 1979). For each flask, the final concentration of
microalgae was 2.5 × 107 cells/mL (500 mL total volume: 250 mL
microalgae [5.0 × 107 cells/mL] + 250 mL BG11 medium). The first
flask was used to test the Fixed-Quat coated fiberglass mesh and
the second flask was used as a control (no fixed-Quat coated
mesh neither sonication). For all flasks, microalgal cultures were
illuminated with 1600 lx using a Philips TLD 36 W/840 fluorescent lamp. After the completion of the HABs mitigation test, the
microalgal suspension in both conical flasks were filtered using a
glass fiber (Whatman GF/C 0.45 μm) and subsequently a nylon
membrane filter (0.2 μm pore size, Whatman PLC, UK) for
cyanotoxins analysis.

1.8.2. Cyanotoxins analysis
From filtrates, cyanotoxins were quantified using a ultra-high
performance liquid chromatography (UHPLC) Orbitrap mass
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spectrometry (Almanza et al., 2016). Briefly, the standard
solutions containing the cyanotoxins such as microcystin-LR,
-RR, and -YR (AccuStandard, USA), anatoxin (ENZO, USA), and
nodularin (Cyano-biotech, Germany) were diluted into six
different concentrations within the range of 0.05–1.0 μg/L. An
external standard method was used for calibration curve
construction and sample analysis. Online preconcentration
using column switching was applied to minimize sample pretreatment and shorten analysis time. A Thermo Scientific™
EQuan MAX™ online sample concentration UHPLC–MS system equipped with a Thermo Scientific™ Hypersil GOLD aQ™
preconcentration column (20 × 2.1 mm, 12 μm particle size)
and a Thermo Scientific™ Hypersil GOLD™ analytical column
(50 × 2.1 mm, 1.9 μm particle size) was used for detecting
cyanotoxins. The standard material for the calibration curve
and all the samples used in the analysis were filtered through
a 0.45 μm glass fiber (GF) membrane syringe filter. A Thermo
Scientific™ Exactive™ Orbitrap mass spectrometer was operated in a full-scan mode (Appendix A Table S1).

2. Results and discussion
2.1. Characterization of Fixed-Quat coated fiberglass mesh
In a previous study using Fixed-Quat (Church et al., 2017),
Fourier infrared spectroscopy (FTIR) was used to understand
the structural changes from a chemical attachment standpoint, the nature of adherence between the Fixed-Quat and a
Si substrate (recycled concrete aggregates (RCA) in previous
study). In this study, SEM and EDS were primarily used to
show the increase in specific element compositions such as N,
Si, and Cl, indicating the successful coating of the surface.
Fig. 3 shows the surface topography of uncoated (control) and
Fixed-Quat coated fiberglass mesh using SEM. The new
(uncoated) fiberglass presented a plain and homogeneous
surface compared to the Fixed-Quat coated sample with an
amorphous and saturated surface topology. Notable changes
observed in the surface characteristics of the two different
fiberglass mesh samples indicated the surface alteration by
the Fixed-Quat coating. The EDS analysis (Fig. 4 and Table 1)
showed an increase in Si concentrations of 2.5 weight% in the
coated fiberglass, confirming the successful attachment of the
Fixed-Quat to the surface. Along with Si, oxygen (O) was also
increased from the formation of the siloxane bonding (Si–O–
Si) between the Si-QACs and the fiberglass substrate, indicating the stable antimicrobial film formation on the fiberglass
mesh. Additionally, an increase in nitrogen (N) concentration
was observed due to the QACs coating deposited on the
fiberglass mesh surface (Andresen et al., 2007). Peaks from an
uncoated fiberglass mesh were similar with peaks which can
be found from the typical fiberglass surfaces (Liu et al., 2013;
Vallittu, 1998).

2.2. Coating stability of the Fixed-Quat coated fiberglass mesh
Coating stability was evaluated to ensure that the microbial
inhibition was related to the Fixed-Quat coated surface
by contact killing mechanism, not to QAC in suspension.
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Fig. 3 – SEM images of fiberglass mesh (1.50 KX magnification at 5 kV). (a) Uncoated fiberglass mesh sample and (b) Fixed-Quat
coated fiberglass mesh sample.

The Fixed-Quat coated mesh was subjected to repetitive
washes until the growth of E. coli was observed in the same
magnitude as the inoculated concentration (2.6 × 106 cells/
mL). For the first three washes, no evident growth of E. coli was
observed after 4 hr of contact time, indicating the inactivation
of the bacteria by slowly released (unbounded) Quat
suspended in the bulk (Fig. 5). After the fifth rinse, a bacterial
count in the same order of magnitude as the inoculation
concentration was obtained. Further washes confirmed a
stable E. coli growth, suggesting the adequate removal of
unbounded surfactant after fifth wash. Uncoated fiberglass
washes (control) maintained a consistent E. coli concentration,
showing that the fiberglass mesh has no biocidal properties
(Fig. 5).
In addition, Quat released from coated fiberglass was
measured using a disulfine blue (DSB) assay (Tezel et al.,
2006) (Appendix A Fig. S3). Briefly, the method involved a
solvent extraction of ion-pair formed between the anionic
disulfine blue dye and the cationic Quat (DDAC).
The experiment was carried out in conical tubes (25 mL)

by adding 5 mL of acetate buffer, 2 mL of dye solution and
2 mL of the sample. Addition of 10 mL of methylene
chloride to the test tube created a biphasic solution that
was shaken for 24 hr to completely transfer the dye–Quat
ion pair into the solvent phase. The bottom organic layer
was then pipetted into a 2 mL clear quartz cuvette and the
absorbance was measured using a spectrophotometer at
628 nm. The Quat concentration was quantified based on
sample absorbance at the characteristic maximum wavelength of 628 nm and a calibration curve of known
concentrations ranging 0–30 mg/L. Methylene chloride
was used as the blank for all spectrophotometric analyses. It was found that from the third wash onwards, the
Quat in the wash solution was < 1.0 mg/L (Appendix A
Fig. S3). Given that bacterial inhibition by Fixed-Quat
was achieved when concentrations were greater than
2.53 mg/L (Santra et al., 2014), although there was a
possible leaching of QACs into solution over time, the
contact killing mechanism would be the primary mechanism of microbial inactivation.

Fig. 4 – Element characterization of fiberglass mesh using EDS. (a) Uncoated fiberglass sample, (b) Fixed-Quat coated fiberglass
sample. Note that a different y-axis scale was used for each sample.
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Table 1 – Element analysis of fiberglass samples using
EDS.
Element

C
N
O
Al
Si
Cl
Ca
Au

Uncoated
sample

Fixed-Quat
coated
sample

Fixed-Quat
coated
sample after
E. coli test

wt%

at. %

wt%

at. %

wt%

at%

63.3
3.3
14.3
2.1
7.6
0.0
5.8
3.4

79.4
3.5
12.9
1.1
3.9
0.0
2.1
0.3

50.0
5.1
23.8
1.5
10.1
0.1
5.1
4.4

63.2
5.5
22.6
0.9
5.5
0.0
1.9
0.3

48.5
4.2
23.4
2.8
10.1
0.0
7.0
3.7

62.4
4.6
22.6
1.6
5.6
0.0
2.7
0.3

Fig. 6 – Escherichia coli inactivation using uncoated and FixedQuat coated fiberglass mesh.

2.3. Antimicrobial activity of Fixed-Quat coated fiberglass for
E. coli and M. aeruginosa
For E. coli tests, the fiberglass surfaces coated with Fixed-Quat
were found to be effective for the inactivation of E. coli in
sterilized PBS at pH 7.2 (Fig. 6). After 1 hr of exposure, the
count for viable colonies sharply decreased. A reduction in
more than 99% of the initial strain was observed within 1.5 hr
of treatment, indicating the biocidal effectiveness of the
coated fiberglass. The control test with the uncoated fiberglass surface showed no inactivation of E. coli by the pristine
material. From Fig. 6, an exponential curve characteristic of
the bacterial dead phase caused by Fixed-Quat was obtained,
represented as follows (Eq. (2)):
dN=dt ¼ −k  N

ð2Þ

where, N represents the concentration of viable cells at time t,
and k is the disinfection rate (Dalrymple et al., 2010). The
antimicrobial mechanism of the Fixed-Quat coated fiberglass

Fig. 5 – Escherichia coli growth in washes from uncoated
fiberglass mesh and Fixed-Quat coated fiberglass mesh
samples.

mesh was found to have a specific death rate (i.e., disinfection
kinetic parameter) of 4.1 log reduction/hr. The active surface
area was approximated by adding the area and thickness of
each strand (Appendix A Fig. S1). With the active surface area
(54 cm2) of the mesh (7 × 5 cm), the rate of inactivation for the
Fixed-Quat coated fiberglass mesh was determined to be
1.3 × 10−3 log cell reduction/cm2/min. This is comparable to
other disinfection kinetics obtained from emerging antimicrobial surfaces. For examples, QAC-hybrid glass surfaces,
antimicrobial cellulose membranes, and Si-QAC recycled
concrete aggregates (RCA) presented disinfection rates of
0.13 log cell reduction/hr (Saif et al., 2008), 0.5 log cell
reduction/hr (Meng et al., 2015), and 2.0 × 10−3 log cell
reduction/cm2/min (Church et al., 2017), respectively. The
effective biocidal properties of the Fixed-Quat coated fiberglass mesh were related to the continuous mixing of the
solution and high antimicrobial surface area. These characteristics contributed to a favorable contact killing mechanism
(Fig. 1), thereby resulting in penetration of the alkyl chains
into the cytoplasmatic membranes of E. coli causing faster cell
destabilization (Li et al., 2017; Moriarty et al., 2012).
For M. aeruginosa growth inhibition tests, Fixed-Quat
coated fiberglass also showed antibacterial activity to mitigate
the growth of gram-negative M. aeruginosa in a relatively short
term (Fig. 7). While the uncoated fiberglass (as a control)
exhibited no algaestatic properties, the Fixed-Quat coated
fiberglass mesh showed an 84% reduction of Chl-a contents in
9 hr (Fig. 8). It should be noted that the test reactor contained
sufficient nutrient at the initial time (0 hr) and was kept under
continuous light condition (1600 lx) at 22°C. Complete algal
removal was achieved after 10 hr of treatment (Fig. 8).
After the observation of complete algal removal (10 hr),
the inactivated M. aeruginosa culture was then moved to a
separate photobioreactor to investigate whether the treated
algae could recover their photosynthetic ability. For
12 weeks, the photobioreactor was kept under optimal
growth conditions at 22°C with highly enriched BBM which
was periodically added. During the period, the reactor
containing the treated sample showed no evident growth
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Fig. 7 – Images of M. aeruginosa in BBM exposed to (a) Fixed-Quat coated and (b) uncoated fiberglass mesh.

of M. aeruginosa, confirming the reliability of the Fixed-Quat
coated surface as a potential HABs control and mitigation
(Appendix A Fig. S4).

2.4. Lifetime of Fixed-Quat coated fiberglass mesh
The lifetime of the antimicrobial Fixed-Quat coated fiberglass
mesh was evaluated by repeating M. aeruginosa inhibition tests
using one mesh until no biocidal effect was observed. First, a
Fixed-Quat coated fiberglass mesh sample was applied to an
algal solution with an initial Chl-a density of 150 mg/m3. After
the completion of the maximum Chl-a removal (less than
1 mg/m3), a new algal solution with the same Chl-a density
was then added and the Chl-a removal was monitored over
time. For the first two inhibition tests, more than 99% removal
of the cyanobacterial density was achieved within 10 hr of
treatment. However, for the third use of the coated material a
longer exposure time was needed and only 50% of the Chl-a
reduction was observed within the same contact time (10 hr).
Further uses of the nanocoated mesh showed no considerable
mitigation of M. aeruginosa growth within 48 hr. It seems that
the lifetime of the Fixed-Quat coated fiberglass mesh would be
related to the solubility of sodium silicate in water which can
contribute to decrease slowly the stability of the antimicrobial
nanofilm, thereby resulting in the reduction of the biocidal
properties over use.

Fig. 8 – Changes in Chl-a concentrations between Fixed-Quat
coated and uncoated fiberglass mesh.

2.5. Biocidal effect of the Fixed-Quat fiberglass mesh on the
wild-type microalgaet
To investigate the effect of Fixed-Quat on natural algal species
found in HABs events, wild-type microalgae were collected
from a reservoir near Daechung Dam experiencing a severe
HAB incidence during the summer of 2018 (Appendix A Fig.
S2). The concentration of Chl-a for the wild type microalgae
solution was 1359.6 ± 5.1 mg/m3. From microscopic observation, M. aeruginosa and Oscillatoria limosa were found to be
predominant algal species in the collected samples (Fig. 9).
When the wild-type microalgal sample was exposed to the
Fixed-Quat coated mesh, approximately 97.3% of Chl-a was
removed from 1359.6 ± 5.1 to 36.1 ± 7.3 mg/m3 after 53 hr of
contact time, while the control sample showed an increase in
Chl-a concentrations to 2972.4 ± 10.8 mg/m3 within the same
exposure time. These results demonstrated that the FixedQuat coated fiberglass mesh can successfully inhibit a wide
variety of algal species found in HABs.

3. Discussion
QACs are a class of positively charged surfactants and are widely
used in many household and commercial applications as lowcost detergents, fabric softeners, flocculants, disinfectants, and
for personal-care products. However, concerns related to possible microbial resistance and environmental toxicity have limited
its use on the large scale as antimicrobial surfactants. The
objectives of this study were to interlink QACs into a new
composite material containing a silica gel embedded and apply it
to a silica containing substrate (e.g., fiberglass in this study) for
water disinfection and HABs mitigation. It was hypothesized that
the electrostatic interaction between negatively charged cell
membrane and the alkyl chains in OACs cause the disruption of
the cytoplasmatic membrane by contact killing mechanism,
resulting in microbial inactivation. The developed Fixed-Quat
coated fiberglass demonstrated effective antimicrobial performance with a relatively high disinfection kinetic of 1.3 × 10−3 log
cell reduction/cm2 min, compared to others QAC-antimicrobial
surfaces. Additionally, successful growth inhibition of M.
aeruginosa demonstrated the reliability of the Fixed-Quat coated
material for HABs remediation. The Fixed-Quat used in this study
was initially applied to recycled concrete aggregates (RCA) and its
effectiveness was evaluated for E. coli inhibition (Church et al.,
2017) and M. aeruginosa mitigation (Ezeodurukwe et al., 2018).
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Fig. 9 – Microalgal species found in field samples. (a) M. aeruginosa and (b) O. limosa.

Although Fixed-Quat coated RCA demonstrated promising
antimicrobial results on water disinfection and HABs mitigation,
it was determined that lighter and easy-to-manage materials are
more favorable for field applications. This work was performed
as an extension of the previous finding using RCA as active
surface into a more suitable material such as a low-density
fiberglass mesh. In an engineered design such as pack towers,
fiberglass would allow higher antimicrobial surface thereby
resulting in a better antimicrobial performance.
In this study, the formation of a weak siloxane bonding
between the fiberglass mesh and Fixed-Quat seems to result
in the slow leaching of the QAC over time. Thus, the proper
selection of the silicate substrate with more favorable surface
characteristics would be required to improve the siloxane
bonding. Additionally, it is suggested the use of extra
characterizations to deeply demonstrate and evaluate the
proper formation of the covalent attachment between the
silanol, present in the Si-QACs, and the hydroxyl groups
present in the active surface. These include Fourier infrared
spectroscopy (FT-IR), Raman spectroscopy, wide-scan X-ray
photoelectron spectroscopy (XPS), and UV–vis-near infrared
(NIR) spectrum to characterize the antimicrobial surface (Feng
et al., 2018). Further understanding on the interfacial reaction
at the antimicrobial film under various water systems (e.g.
flow, temperature, salinity) is required in order to improve the
lifetime of the biocidal properties on silica surfaces and
optimize the Fixed-Quat coating process.
While results of this study indicate a lifetime of 3 days for
the Fixed-Quat coated fiberglass, other studies have demonstrated that silica modified composites of QACs can display
strong electrostatic interactions and persist attached on
silica-based surfaces for longer periods of time (Esumi et al.,
1996). If the Fixed-Quat is removed from the fiberglass mesh
surface, it is expected that the Fixed-Quat would show limited
mobility in the environment due to the protective silica layer
which presents strong interactions with soil components. A
previous U.S. EPA study found that QACs have limited
mobility in the soil and degrade over time (U.S. EPA, 2006;
Zhang et al., 2015). The mobility of Fixed-Quat is expected to
be even lower than DDAC only surfactants and will have a
lower environmental impact.

For the field sample tests, microcystins concentrations were
analyzed at the end of each test for investigating the biocidal
mechanism of Fixed-Quat. It was hypothesized that intracellular
microcystins would be released into the waterbody when
the cell-wall was disrupted due to the Fixed-Quat contact
killing mechanism. Interestingly, a previous laboratory test
using M. aeruginosa (UTEX 2385) showed no cyanotoxins production during the Fixed-Quat treatment. However, unlike a
commercial algal strain, the natural cyanobacteria produced
cyanotoxins by the reaction with Fixed-Quat. After 53 hr
of contact time with Fixed-Quat, the concentration of
microcystins from the wild-type algal species was 1525.71 ±
17.66 μg/L which is 15.6 times higher than the control (97.34 ±
4.04 μg/L). Therefore, considering the known contact killing
mechanism of cell disruption by QACs, these results demonstrated that microalgal membrane distortion could lead to the
subsequent release of cellular constituents (Cabral, 1992; Huang
and Kim, 2013). Therefore, for field applications, the prevention of
HABs rather than post-treatment would be a better strategy for
operating the Fixed-Quat system, or additional treatment
operations for microcystins removal could be required.
Overall, this study verified the applicability of QACs as a
feasible fixed-film platform (i.e., Fixed-Quat) in the mitigation
of HABs and water disinfection, and thus improve the safety of
drinking water supply systems. There are several areas of
study suggested as future works to extend the practical
applicability of Fixed-Quat in field reservoirs and streams.
First, research about the proper amount of Fixed-Quat considering the scale of individual target waterbody would be useful
before field application of the technique. In practice, once a
target site is determined, pre-applicability test for estimating
proper amounts of Fixed-Quat may be necessary before the
actual application. Second, the effect of Fixed-Quat on algal
bloom mitigation can be reduced in field streams with flow as
the contact time between Fixed-Quat and target microorganisms is limited. Thus, a study on determining optimal amounts
or spreading areas of Fixed-Quat to obtain enough contact time
between Fixed-Quat and target microorganisms is expected to
improve the practical applicability of Fixed-Quat in field
streams. Additionally, further analysis of bacterial morphology, live/dead staining, and the possible cytotoxicity of the
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Fixed-Quat coated fiberglass is suggested to be evaluated for
assessing the functionality and metabolic activity of cell
cultures subjected to the antimicrobial nanofilm in natural
environments (Mao et al., 2017; Tan et al., 2018b). We will report
further development of Fixed-Quat nanofilm technology with
analysis of bacterial morphology and LIVE/DEAD BacLight
staining (Lee et al., 2018; Lee et al., 2011; Li et al., 2017;
Mao et al., 2018), and cytotoxicity assessments in future
publications.

4. Conclusion
In this study, fiberglass mesh surfaces coated with a composite
nanofilm of silica-QAC (Fixed-Quat) were successfully fabricated and applied as sustainable and manageable alternatives
to conventional chlorine-based disinfection methods. The
antimicrobial properties of the Fixed-Quat coated fiberglass
were evaluated using two representative microorganisms: E.
coli and M. aeruginosa. Fiberglass mesh coated with Fixed-Quat
nanofilm presented an effective inactivation of E. coli with a
rate of 1.3 × 10−3 log cell reduction/cm2/min. Likewise, reduction of more than 99% of Chl-a contents was achieved after
10 hr of treatment, demonstrating the algaestatic properties of
the coated material. Overall, the formation of safe and effective
antimicrobial fiberglass nanocoated surfaces, offers a doable,
effective, and feasible point-of-use alternative for water
disinfection and cyanobacteria control, while eliminating the
formation of regulated DBPs.
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