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Abstract 

New buildings are being constructed and existing buildings retrofitted to 
be more energy efficient to meet increasingly stringent Department of De-
fense (DoD) energy standards. Although these standards save energy and 
lower operational costs, they also limit fresh air within a structure and can 
cause a buildup of harmful substances in indoor environments. Of particu-
lar concern are molds, which can put building occupants at risk and dam-
age infrastructure. One possible solution to this increasing Army problem 
is to coat building materials with photocatalytic paints, which have the 
ability to both destroy microorganisms as well as the toxic byproducts they 
produce. This work compared two next-generation photocatalytic coatings 
against three more traditional antimicrobial-infused coatings for their 
ability to resist fungal contamination using three accelerated test condi-
tions. Under each test condition the photocatalytic coatings were found to 
perform poorly compared to the antimicrobial-infused coatings. Moreover, 
the control coating, which contained no active antimicrobial (standard la-
tex paint), performed as well as or better than all the antimicrobial coat-
ings tested. This suggested that there may be little benefit to using antimi-
crobial coatings to inhibit fungal colonization over a standard latex paint; 
however, further testing is required to confirm this perception. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

After the oil embargo of the 1970s, which caused energy processes to spike, 
buildings were designed or retrofitted with tighter, more efficient enve-
lopes. As a result, the average ventilation standards decreased from 15 cu-
bic feet per minute (CFM) of outside air per building occupant to 5 CFM. 
Although these changes increased the energy efficiency of the structures, 
the resulting lack of outdoor air and continued recirculation of interior air 
led to a significant decrease in indoor air quality according to the U.S. En-
vironmental Protection Agency (USEPA) (1991). Poor indoor air quality 
can contribute to a phenomenon known as “sick building syndrome,” 
which refers to a situation in which the occupants of a specific building ex-
perience acute health- or comfort-related effects that seem to be linked di-
rectly to the time spent in the building. Signs of sick building syndrome in-
clude headache, irritation of the eyes, nose and throat, fatigue, and lack of 
concentration (Ghaffarianhoseini et al. 2018, Joshi 2008). Mold is a major 
contributor to sick building syndrome, partly as a result of the spores they 
produce but also due to the volatile organic compounds (VOCs) they emit 
(Straus 2009, 2011). For example, 1-octen-3-ol is a ubiquitous fungal VOC 
responsible for the musty odor associated with mold contaminated envi-
ronments. In the volatile phase, 1-octen-3-ol has been shown to be 80 
times more toxic than toluene (Bennet and Inamdar 2015). In fact, indoor 
air can be up to 100 times more polluted than outdoor air due in part to 
microbial contamination and VOC production (USEPA 1991). 

Mold is found in almost all indoor environments and because of the severe 
adverse health effects it can cause, the fungus is quickly becoming consid-
ered “the asbestos of the 21st century.” Mold can proliferate on nearly any 
substrate and in addition to contributing significantly to poor indoor air 
quality, it can cause unsightly defacement and costly infrastructure damage 
(Arumala 2007). In fact, the USEPA (1991) estimates that up to 50% of all 
illnesses are related to indoor air pollution. Sick building syndrome results 
in losses of over $70 billion annually in the form of decreased productivity, 
increased healthcare cost, and increased sick leave (Srecec et al. 2005).  

This problem is not restricted to the private sector but has also become a 
major issue on Army installations. Studies have revealed extensive mold 
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contamination in Army barracks buildings, most notably in and around 
heating and cooling vents, shower stalls, and closets (Stephenson et al. 
2011). Furthermore, the DoD Inspector General has stated that there is a 
significant presence of mold on DoD facilities around the world, which 
places unnecessary risks on both the warfighter and their families (DoD 
OIG 2016). More recently, testimony on military housing at the Senate 
Armed Services Committee revealed widespread mold contamination on ba-
ses across the country (C-Span 2019). Additionally, mold proliferation can 
be especially problematic in the often austere conditions of contingency bas-
ing; this can increase health risks to Soldiers and compromise readiness and 
ultimately the mission. One possible solution to this growing Army problem 
is to use novel coating formulations that have both antimicrobial and pollu-
tant destroying properties. Such coating have great potential to reduce facil-
ity maintenance costs while simultaneously increasing the quality of life on 
Army installations and in contingency basing environments. 

Numerous biocide-based coatings have been marketed over recent years to 
combat mold proliferation. However, most commercially available antimi-
crobial paints are infused with poisonous chemicals that have the potential 
to harm humans, wildlife, and the environment (Perkins+Will 2017). Ad-
ditionally, reactivity and overall biocidal effectiveness tend to be tempo-
rally limited. To address these issues, a new class of advanced catalytic 
coatings has been developed and introduced, mainly in foreign markets 
(Nanocoatings 2014). These next-generation coatings are formulated with 
catalytic titanium dioxide (TiO2) that are nontoxic, environmentally 
friendly, easy to apply, and have the potential to remain active indefinitely 
in the presence of light in common indoor environments. 

In the presence of water vapor and oxygen from the atmosphere, and light 
(315 – 400 nm) from natural or artificial sources, surfaces coated with cat-
alytic TiO2 can form strong oxidants (Figure 1). The radicals formed by the 
reaction are primarily hydroxyl (•OH) and superoxide (•O2-), which can 
both effectively destroy organic contaminants, including microorganisms 
and VOCs (Byrne et al. 2015, Desai and Kowshik 2009, Huang et al. 2016). 
The oxidation process mineralizes contaminants to harmless water and 
carbon dioxide to effectively decontaminate and sterilize the coated sur-
face and the surrounding air. The TiO2 catalyst is stable; therefore, the re-
action can be can proceed indefinitely in the presence of near ultraviolet A 
(UV-A) light and atmospheric oxygen and water vapor. Coating formula-
tions that have such photocatalytic activity therefore possess great poten-
tial to serve as fungal inhibitors for Army use.  
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Figure 1.  Titanium dioxide mediated photocatalytic oxidation-reduction of pollutants via the 
production of hydroxyl and superoxide radicals from water and oxygen in the presence of light. 

Organic pollutants are mineralized to water and carbon dioxide. 

 

Although catalytic TiO2 has been shown to exhibit antimicrobial and pollu-
tant destroying capabilities, its effectiveness within coatings has not been 
sufficiently evaluated to validate many manufacture’s claims (Yadav et al. 
2016, Truffier-Boutry et al. 2017). This work was undertaken to evaluate 
two next-generation photocatalytic coatings by comparing them against 
three more traditional antimicrobial-infused coatings for their ability to re-
sist fungal contamination under three accelerated test conditions. 

1.2 Objectives 

The immediate objective of this study was to compare the antifungal efficien-
cies of two photocatalytic coatings against three chemically infused coatings 
in an effort to better determine their suitability for possible Army applica-
tions using a combination of two American Society for Testing and Materials 
(ASTM) and two International Organization for Standardization (ISO) test 
methods. A long-term objective of this work was to provide results that can 
help shape future guidance that will increase the quality of life and lower op-
erational burdens on Army installations and contingency bases. 
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1.3 Approach 

This study tested two commercially available photocatalytic and three an-
timicrobial-infused coatings and compared them for their ability to resist 
surface fungal colonization on wood, gypsum, and concrete substrates us-
ing ASTM D3273, Standard Test Method for Resistance to Growth of 
Mold on the Surface of Interior Coatings in an Environmental Chamber 
(ASTM 2016). To further evaluate each coating, ASTM 5590, Standard 
Test Method for Determining the Resistance of Paint Films and Related 
Coatings to Fungal Defacement by Accelerated Four-Week Agar Plate As-
say (ASTM 2017) was used to determine each coating’s resistance to fun-
gal colonization. Coatings that contained catalytic TiO2 were further tested 
to determine activity against mold spores and their ability to reduce meth-
ylene blue using ISO-13125, Test Method for Antifungal Activity of Semi-
conducting Photocatalytic Materials (ISO 2013) and ISO-10678:2010, De-
termination of Photocatalytic Activity of Surfaces in an Aqueous Medium 
by Degradation of Methylene Blue (ISO 2010), respectively. Effectiveness 
of each of the photocatalytic TiO2 infused coatings were compared to three 
commercially available coatings infused with antimicrobial compounds 
and a standard latex paint with no antimicrobials to determine their suita-
bility to control or eliminate fungal defacement. 

1.4 Mode of technology transfer 

The results of this work will directly support U.S. Army Strategy for the Envi-
ronment in providing sustainability across the Army that will enhance human 
health, safety, and wellbeing, and also reduce cost and minimize impacts. This 
work also meets the requirements stated in Army Regulation (AR) 420-1, 
Army Facilities Management, Chapter 3, “Housing Management” (HQDA 
2012), which requires a risk assessment, controls, and abatement of any 
health hazards to occupants to ensure safety. 
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2 Materials and Methods 

2.1 Coatings used in this study 

Two photocatalytic and three antimicrobial-infused coatings were evalu-
ated for their ability to resist fungal contamination. The two photocatalytic 
coatings tested were Ecoreflex and Ecosil-ME. Ecoreflex is an interior/ex-
terior, self-cleaning, water-based acrylic, photocatalytic coating manufac-
tured by Diasen (Sassoferrato, Italy). The manufacture claims that, in the 
presence of artificial or natural UV-A, the coating can safely degrade sev-
eral classes of nitrogen and sulfur-based pollutants as well as break down 
VOCs and inhibit bacteria and viruses on and above the coating surface. 
Additionally, Ecoreflex possesses reflective properties that can reduce so-
lar heat absorption resulting in a net reduction in energy cooling costs, 
which could add operational benefits for military use. Ecosil-ME is a self-
cleaning, interior, silicate coating manufactured by KEIM (Charlotte, NC). 
The manufacture claims that the coating creates a highly vapor permeable 
microporous coating that can destroy air pollutants and pathogens that 
come into contact the coating surface, ultimately purifying and disinfect-
ing the surface to help maintain a healthy indoor environment. 

Antimicrobial-infused coatings tested were Aftershock, Zinsser Mold-Killing 
Primer, and Sporicidin. AfterShock is a fungicidal acrylic sealant produced 
by Fiberlock Technologies (Andover, MA). The coating is designed to kill 
surface mold and inhibit future growth and spread in both residential and 
industrial applications. The coating is infused with both chlorothalonil and 
methylchloroisothiazolinone, which give the coating its antibacterial and 
antifungal properties. Zinsser Mold-Killing Primer is manufactured by the 
Rust-Oleum® Corporation (Vernon Hills, IL). The primer is intended for 
both interior and exterior use in residential, commercial, and industrial set-
tings. The coating is infused with 3-iodo-2-propynyl butylcarbamate, an an-
tifungal compound that has been used extensively as a preservative in per-
sonal care products for decades. The manufacture claims the primer can be 
used over existing mold and bacterial to inactivate it and control future pro-
liferation. Of all the coatings tested, Zinsser Mold-Killing Primer is the most 
readily available and can be purchased at most home improvement stores. 
Sporicidin is a mold resistant coating produced by Contec (Spartanburg, 
SC). The manufacture claims the coating prevents growth of mold on the 
coating film by forming a dehydration finish that prevents moisture pene-
tration and thus mold growth on the coating. In addition, the coating 
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contains a proprietary USEPA registered antimicrobial ingredient that is 
marketed to prevent mold and mildew growth on the film surface. 

Sherwin Williams SuperPaint (Cleveland, OH), an exterior latex paint that is 
neither photocatalytic nor antimicrobial-infused, served as the control coat-
ing for test methods ASTM D3273 and ASTM 5590. The manufacture claims 
that properly coated surfaces are resistant to dirt and stains. Table 1 lists and 
briefly describes coatings used in this study. Appendix A includes product 
Data Sheets and Safety Data Sheets for coatings used in this evaluation. 

Table 1.  Description of antimicrobial coatings evaluated. Product data sheets for each 
coating evaluated can be found in Appendix A. 

Coating 
(product #)* Description Manufacture Product claims 
Ecoreflex Interior/exterior 

photocatalytic infused 
elastomeric acrylic 

Diasen Air-purifying and deodorizing, 
antibacterial, antiviral, prevents 
biological growth 

Ecosil-ME Interior photocatalytic 

infused potassium 
silicate mineral  

KEIM Destroys air pollutants and 
pathogens coming into contact 
with the surface and purifies and 
disinfects surfaces 

AfterShock 
(8390) 

Interior antimicrobial-
infused acrylic sealant 

Fiberlock Kills residual mold and mildew and 
inhibits the future growth 

Zinsser Mold-
Killing Primer 
(276049) 

Interior/exterior 
antimicrobial-infused 
styrene acrylic 

Rust-Oleum USEPA registered antimicrobial 
that prevents the growth of fungal 
organisms 

Sporicidin 
(MRC-100) 

Interior/exterior 
antimicrobial-infused 
nano-sealant 

Contec USEPA registered antimicrobial 
that prevents the growth of mold 

SuperPaint 
(A89W1151) 

Exterior acrylic latex no 
antimicrobial 

Sherwin 
Williams 

Stain resistant, washable 

*Product number listed if available from the manufacture. 

2.2 Evaluation of coating resistance to mold colonization in an 
environmental chamber (ASTM D3273) 

ASTM D3273 was used to determine the relative resistance of the paint 
films to surface mold. Temperature-controlled environmental chambers 
were used to accelerate fungal growth conditions; this allowed the testing 
of all coatings on the three different substrates in approximately 3 months. 
Two custom environmental chambers were constructed with glass bodies 
and UV-A transmitting acrylic hoods (Figure 2). Polyvinyl chloride (PVC) 
trays with stainless steel grids and fiberglass mesh bottoms were fabri-
cated to hold 4 cm of commercially available greenhouse soil 4 cm above 
4 cm of diH2O. 
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Figure 2.  Schematic of custom environmental growth chambers, which were fabricated to 
test coatings on gypsum, wood, and concrete per ASTM D3273 standard test method. 

 

Test coupons were suspended from carbon fiber rods with zip-tie fasteners 
equally spaced 8 cm from the soil. The chambers were designed to hold a to-
tal of 31 coupons spaced 8 cm from one another. Cambers were maintained 
at 95 ± 3% relative humidity and 32.5 ± 1 °C using a 300W submergible 
heater. The exterior sides of the glass of the chamber to be irradiated with 
UV-A were wrapped with aluminum foil to increase reflectiveness and 
therefore light exposure on the coupons’ surfaces. Additionally, the sides 
and bottoms of both chambers were insulated with 1.27 cm foam board to 
maintain consistent temperature and relative humidity over the course of 
each experiment. Temperature and humidity were tracked continuously us-
ing a traceable hygrometer/thermometer throughout each experiment. 

Test panels measuring 1 cm thick by 8 x 10 cm were fabricated from pine, 
gypsum, and regular concrete. Uncoated panels of each substrate served as 
controls, as well as panels coated with standard exterior latex paint (Su-
perPaint), which did not contain antimicrobial or catalytic properties. Two 
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coats of each test material were applied with a low-nap roller to all sides of 
the clean panels. Panels were allowed to dry 48 hrs between coats and 
4 weeks before use. Each coating was tested in triplicate on each of the 
three substrates. All coatings were tested on one substrate simultaneously 
within the environmental chambers. Mold species used for testing were 
purchased from the American Type Culture Collection (ATCC, Manassas, 
VA). Each substrate was evaluated individually by hanging the panels over 
soil inoculated with Aureobasidium pullulans (ATTC #9348), Aspergillus 
niger (ATTC #9142), and Penicillium citrinum (ATTC #9849) spores per 
the ASTM D3273 test standard. After inoculation, each environmental 
chamber was allowed to equilibrate for 4 weeks, then five potato dextrose 
(PDA) plates were placed in each chamber approximately 30 cm from the 
soil surface for 1 hour then incubated at 32.5 °C for 7 days. After incuba-
tion, plates were evaluated for fungal contamination. Additionally, un-
coated gypsum coupons were introduced to the chambers, allowed to incu-
bate for 4 weeks, and were then assessed for fungal growth using ASTM 
D3274, Standard Test Method for Evaluating Degree of Surface Disfig-
urement of Paint Film by Fungal or Algal Growth, or Soil and Dirt Accu-
mulation, to ensure proper conditioning of the chamber before evaluating 
the coatings listed in Table 1. 

Each coating substrate combination was exposed to UV-A irradiation at 
1.0 mW/cm2 for 3 hours per day and compared to coupons left in the dark. 
A 20W, blacklight blue (BLB) lamp, with a peak wavelength of 365 nm was 
used for this test method. Light intensity was monitored with an Analytik 
Jena UVX radiometer with a UVX-36 probe (Analytik Jena U.S., Upland, 
CA). Front and back surfaces were imaged using a digital camera before 
introduction into the chambers and then at 1-week intervals thereafter. 
The susceptibility of the coated surfaces to fungal growth were evaluated 
using ASTM D3274 over a 4- to 6-week period. ImageJ software was used 
to semi-quantitate the percent disfigurement (Abramoff et al. 2004, Ras-
band 2018). Both sides of each of the three replicates were measured and 
averaged (n=6). The percentages obtained were used to rate defacement 
according to the ASTM scale of 0 to 10 where 10 represents no fungal 
growth and 0 represents complete coverage (Table 2). Comparisons be-
tween each of the coatings were made, then they were ranked for their 
ability to resist fungal contamination using this rating scale. 
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Table 2.  ASTM D3273 fungal defacement rating scale. 

ASTM Rating 
Coupon  

Defacement (%) 
10 0 
9 1 -10 
8 11 - 20 
7 21 - 30 
6 31 - 40 
5 41 - 50 
4 51 - 60 
3 61 - 70 
2 71 - 80 
1 81 - 90 
0 91 - 100 

2.3 Determination of coating resistance to fungal defacement by 
accelerated 4-week agar plate assay (ASTM D5590) 

ASTM 5590 was used to further evaluate coating resistance to fungal de-
facement. Both sides of round glass fiber filter paper coupons (grade 391, 
4 cm) were painted with two coats of each test coating listed in Table 1 us-
ing a fine bristle paint brush. Three replicated coupons were coated with 
each coating and uncoated coupons served as controls. Coupons were al-
lowed to dry 24 hours between coats and 1 week before use. Additionally, 
the coupons were weighed before and after being painted to ensure con-
sistent coverage. Coupons within one coating subsets that varied greater 
than ± 1.0 mg were deemed as unevenly coated and discarded. Fungal 
spore stocks of A. pullulans, A. niger and P. citrinum were prepared ac-
cording to the ASTM D5590 test method. Spores of A. niger and P. cit-
rinum were combined and a hemocytometer was used to calculate the 
number of spores in each of the two spore stocks. The spore stocks were 
diluted with sterile nutrient salts to a final concentration of 1.0 x 106 
spores mL-1. Coupons were placed in the center of 100 x 15 mm, UV-A 
transmissible, petri plates containing approximately 30 mL of PDA and 
overlaid with 500 µmL of each spore stock, either A. pullulans or the mix-
ture of A. niger and P. citrinum. Petri dishes were wrapped with surgical 
tape to allow air infiltration but to restrict spore release from the plates. 
Uncoated uninoculated plates served as negative controls and uncoated 
spore inoculated plates served as positive controls for the test method. All 
plates were incubated in a Cincinnati Sub-Zero Z-32 Plus (Weiss Technik, 
Cincinnati, OH) environmental test chamber (Figure 3). 
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Figure 3.  PDA agar plates containing coated and uncoated coupons overlaid with A. pullulans 
or a mixture of A. niger and P. citrinum prior to incubation in an environmental chamber; (a) 

UV-A irradiated (top half of chamber), (b) incubated in the dark (bottom half of chamber), and 
(c) Sub-Zero environmental chamber. 

   
a. b. c. 

The environmental chamber was separated in two halves were the top half 
received UV-A at 1.0 mW/cm2 for 6 hours day-1 and the bottom half re-
main dark. A 20W, BLB lamp, with a peak wavelength of 365 nm was used 
for this test method. Light intensity was monitored with an Analytik Jena 
UVX radiometer with a UVX-36 probe. A constant 28 °C and 86% relative 
humidity was maintained through the duration of the test. The position of 
the plates was rotated within the upper half of environmental chamber re-
ceiving UV-A irradiation biweekly to ensure an even light distribution on 
the plates. The susceptibility of the coated surfaces to fungal growth were 
evaluated every 7 days over a 4-week period. Plates were photographed 
with a digital camera and ImageJ was use as previously described to calcu-
late the percent of specimen defacement and to measure zones of inhibi-
tion if present. Each of the three coating replicates were averaged and the 
percentages obtained were used to rate disfigurement according to the 
ASTM scale of 0 to 4 where 0 represents no fungal growth and 4 repre-
sents complete coverage (Table 3). Tested coatings were compared, then 
ranked by their ability to resist fungal contamination. 

Table 3.  ASTM D5590 fungal defacement rating scale. 

Observed 
Growth 

Specimen 
Defacement (%) 

ASTM 
Rating 

None 0 0 
Trace 1 – 9 1 
Light 10 – 30 2 

Moderate 31 – 60 3 
Heavy 61 – 100 4 
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2.4 Assessment of photocatalytic antifungal activity of Ecoreflex 
and Ecosil-ME (ISO-13125) 

In addition to resisting fungal colonization, each of the photocatalytic coat-
ings were tested for antifungal activity as outlined in ISO-13125. Both pho-
tocatalytic coatings were evaluated for their abilities to limit or prevent ger-
mination of A. niger and P. citrinum spores. Coupons used for this assess-
ment measured 50 x 50 mm wide and 3 mm high and were fabricated out of 
poly(methyl methacrylate) (PMMA). To promote coating adhesion to the 
acrylic surface, one side of the coupon surface was lightly roughened with 
200 grit sandpaper. Before coating, the acrylic coupons were sterilized with 
90% ethanol and allowed to air dry before being coated. Aseptically as pos-
sible, coupons were coated three times with Ecosil-ME or Ecoreflex on the 
roughened side of the PMMA with a fine bristle paint brush. Coupons were 
allowed to dry 24 hours between coats and 1 week before use at room tem-
perature. Roughened, uncoated, acrylic coupons served as controls and each 
photocatalytic coating was simultaneously tested in triplicate. 

Aspergillus niger and P. citrinum were grown and spores were harvested 
as described in ISO 13125. Spores obtained from each species were com-
bined and the total spore concentration was determined microscopically 
using a hemocytometer. The resulting spore stock was diluted to a final 
concentration of 1.4 x 105 spores mL-1. One hundred µL of the spore stock 
was spotted on the surface of each test coupon resulting in approximately 
1.4 x 104 spores on each coupon surface. The test specimens were placed in 
a UV-A transmissible glass test vessels (100 x 20 mm) containing approxi-
mately 3 mL diH2O dispensed onto filter paper to prevent the inoculum 
from drying out during incubation (Figure 4).  

Figure 4.  Diagram of test vessel used to evaluate the photocatalytic antifungal 
activity of Ecoreflex and Ecosil-ME. 
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All components of the test vessels were sterilized by autoclaving at 120 °C 
for 20 minutes before use. Spores from one set of uncoated PMMA coupons 
were immediately recovered, which served as the baseline for spore extrac-
tion efficiency from the coupon surface and spore stock viability. The re-
maining test vessels were either incubated in the dark at 25 °C for 17 hours 
or irradiated with UV-A at 1.0 mW/cm2 for 17 hours at 25 °C. A 20W, BLB 
lamp, with a peak wavelength of 365 nm, was used for this test method. 
Light intensity was monitored with an Analytik Jena UVX radiometer with a 
UVX-36 probe. After incubation, the spores were recovered from the test 
coupons as described in ISO-13125 and viability was assessed by serially di-
luting the recovery solution and pour plating with PDA in triplicate. Colo-
nies were counted and the percent of viable spores recovered was calcu-
lated. Antifungal activity of the photocatalytic coating was estimated as a ra-
tio of surviving spores relative to controls of the non-coated surfaces. 

2.5 Determination of photocatalytic activity of Ecoreflex and Ecosil-
ME by degradation of methylene blue in aqueous solution (ISO-
10678:2010) 

ISO-10678:2010 was used to further test the photocatalytic activity of Eco-
reflex and Ecosil-ME. Acrylic coupons made of PMMA were prepared and 
coated with Ecoreflex or Ecosil-ME as described previously. Uncoated cou-
pons served as controls for the evaluation. All coupons were preconditioned 
by exposing them with UV-A for 48 hours at 1.5 mW/cm2. A solution of 
20 mM methylene blue (pH 5.5) was conditioned with UV-A for 24 hours at 
1.5 mW/cm2 then allowed to sit in the dark for 12 hours before use. Loss of 
absorbance at 665 nm of the methylene blue solution was monitored over 
this period and served as measurement of its stability. Coupons were placed 
into UV-A transmittable, glass test vessels and 30 mL of the stock meth-
ylene blue solution was poured over the test specimens to completely cover 
them in approximately 1 cm of liquid.  

The test vessels were either incubated in the dark at 25 °C or irradiated with 
UV-A at 1.5 mW/cm2 at 25 °C. A 20W, BLB lamp, with a peak wavelength of 
365 nm, was used for this test method. Light intensity was monitored with 
an Analytik Jena UVX radiometer with a UVX-36 probe. Each of the coat-
ings were evaluated over a 3-hour period and degradation of methylene blue 
was monitored by taking 2 mL samples every 20 minutes and reading the 
absorbance at 665 nm. All reaction vessels were briefly mixed before and af-
ter taking the absorbance readings and samples were poured back into the 
vessel to keep the reaction volumes consistent throughout the experiment. 
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3 Results/Discussion 

3.1 Evaluation of coating resistance to mold colonization in an 
environmental chamber (ASTM D3273) 

Proper conditioning of each environmental chamber was assessed by ex-
posing both PDA plates and uncoated gypsum coupons to the atmosphere 
within the chambers. After a 1-hour exposure period, all PDA plates were 
completely covered with mold growth (data not shown). Furthermore, af-
ter 4 weeks of exposure, the gypsum coupons in both environmental 
chambers were found to have moderate growth equivalent to an ASTM rat-
ing ranging from 5 to 6 disfigurement (Figure 5). These results indicated 
both chambers contained viable fungal spores and were properly condi-
tioned and ready to be used to evaluate the coatings for their ability to in-
hibit mold proliferation. 

Figure 5.  Sample images of an uncoated gypsum coupon after 4 weeks exposure in a spore 
inoculated environmental chambers; (a) front of gypsum coupon in UV-A environmental chamber, 
(b) back of gypsum coupon in UV-A environmental chamber, (c) front of gypsum coupon in control 

environmental chamber, and (d) back of gypsum coupon in control environmental chamber. 

  
a. b. 

  
c. d. 
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Gypsum was the first substrate to be evaluated with each of the coatings. 
Figure 6 shows the control chamber (no UV-A exposure) with the gypsum 
coupons after placing them in the chamber (0-week incubation). Fungal 
defacement was monitored weekly for 6 weeks and the percent defacement 
and the associated ASTM rating were calculated (Figure 7). The percent of 
fungal coverage on the coupons ranged from roughly 6% on the Super-
Paint coated coupons incubated under UV-A to nearly 62% covered on the 
uncoated coupons incubated in the dark. 

As expected, the uncoated gypsum coupons overall exhibited the greatest 
degree of defacement with ASTM ratings ranging from 3.5 ± 0.8 with cou-
pons incubated in the dark and 3.8 ± 1.2 with coupons exposed to UV-A for 
3 hours day-1. SuperPaint and Sporicidin were among the top performing 
coatings in this test under each incubation condition. SuperPaint incubated 
in the dark had an ASTM rating of 8.7 ± 0.5 and a rating of 8.8 ± 0.4 when 
incubated with UV-A light. Sporicidin incubated in the dark had a rating of 
8.8 ± 0.4 and a rating of 8.5 ± 0.8 when incubated with UV-A light. After-
shock was the third best overall performing coating with ratings of 8.2 ± 0.8 
when incubated in the dark and 8.5 ± 0.6 when incubated with UV-A light.  

However, no differences could be determined between these three coatings 
and the other coatings tested except Ecoreflex incubated under UV-A, 
which had a rating of 7.0 ± 0.0 and Zinsser incubated either incubation 
condition. Zinsser incubated in the dark had a rating of 5.3 ± 1.2 and a rat-
ing of 4.5 ± 1.9 when incubated with UV-A light, which clearly demon-
strated that Zinsser, a very commonly used primer for gypsum, was the 
most susceptible to fungal growth under these test conditions.  

Figure 6.  Control environmental chamber (no UV-A) with gypsum coupons. All coatings and 
uncoated controls were tested simultaneously; (a) view from the side, and (b) view from the 

top of the environmental chamber. Images show coupons at start of the experiment. 

  
a. b. 
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Figure 7.  Fungal growth on gypsum coupons after 6 weeks incubation in the environmental 
chambers; (a) percent defacement as determined by ImageJ, and (b) ASTM ratings based on 
percent defacement. Each bar represents the average mean percent fungal coverage (n=6). 

The error bars represent the standard deviation. 

 
a. 

 
b. 

Note that no significant differences in fungal defacement were observed 
between any of individual coatings tested whether the coupons were incu-
bated in the dark or in the presence of UV-A. This indicated that UV-A ex-
posure had little or no effect on fungal proliferation on the coated surfaces 
including the photocatalytic infused coatings. 
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Figure 8 shows examples of low and high fungal defacement on coupons 
exposed to UV-A light. Although coating the gypsum coupons with antimi-
crobials did reduce defacement, SuperPaint (latex control) performed as 
well and even better in the evaluation using ASTM D3273, which suggests 
that simply encapsulating the coupons, e.g., limiting moisture and nutri-
ents, may provide an adequate antifungal effect on gypsum. 

Figure 8.  Fungal defacement on gypsum after exposure to UV-A 3 hours day-1 for 6 weeks; (a) 
uncoated, (b) SuperPaint, and (c) Zinsser. 

   
a. b. c. 

Pine was the second substrate to be evaluated with each of the coatings 
under ASTM D3273 test conditions. Results observed were similar to those 
of the coated gypsum coupons in that the uncoated pine coupons exhibited 
the highest degree of fungal defacement having ASTM ratings of 2.7 ± 1.4 
and 1.2 ± 0.8 for coupons incubated in the dark and under UV-A 3 hours 
day-1, respectively (Figure 9). 

SuperPaint and Sporicidin were again among the top performing coatings 
followed by Aftershock. SuperPaint incubated in the dark had an ASTM 
rating of 8.5 ± 0.8 and a rating of 8.8 ± 0.4 when incubated with UV-A 
light. Sporicidin incubated in the dark had a rating of 8.7 ± 0.5 and a rat-
ing of 8.5 ± 0.6 when incubated with UV-A light. Aftershock had ratings 
when incubated in the dark and with UV-A exposure of 8.2 ± 0.4 and 
7.0 ± 1.1, respectively. Neither of the photocatalytic infused coating per-
formed as well as these three coatings. Ecosil-ME had rating for dark incu-
bation of 4.7 ± 0.5 and UV-A exposed of 4.8 ± 0.4. Ecoreflex was the least 
resistant to fungal colonization on the wood substrate having ratings of 
2.0 ± 1.7 and 2.0 ± 2.5 (dark and UV-A exposed, respectively).  
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Figure 9.  ASTM rating of pine coupon defacement as determined by ImageJ after 4 weeks 
incubation in the environmental chambers. Each bar represents the average mean percent 

fungal coverage (n=6). The error bars represent the standard deviation. 

 

As observed with the gypsum coupons, no statistical differences in fungal 
defacement could be made between all the coatings tested whether the 
coupons were incubated in the dark or in the presence of UV-A. These data 
indicated irradiation had no measurable effect on fungal resistance. Figure 
10 represents examples of low and high defacement on pine coupons all of 
which were UV-A exposed. 

Figure 10.  Fungal defacement on pine after exposure to UV-A 3 hours day-1 for 5 weeks; 
(a) uncoated, (b) SuperPaint, and (c) Ecoreflex. 

   
a. b. c. 
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Concrete was the third substrate to be evaluated using the ASTM D3273 
test method. Fungal defacement was far less pronounced on the concrete 
coupons compared to gypsum and wood substrates (Figure 11). Further-
more, the uncoated coupons were found to be the most resistant to fungal 
colonization having ASTM ratings of 10.0 ± 0.0 for both incubation condi-
tions. The ASTM ratings showed only light defacement for all the coating 
tested ranging from 9.0 (Sporicidin dark incubation) to 6.5 (Ecosil-ME 
dark incubation). No statistical variation could be distinguished between 
any of the coatings tested or UV-A exposure of any one individual coating. 

Figure 11.  ASTM rating of concrete coupon defacement as determined by ImageJ after 
4 weeks incubation in the environmental chambers. Each bar represents the average mean 

percent fungal coverage (n=6). The error bars represent the standard deviation. 

 

The increase in resistance to fungal contamination on the uncoated cou-
pons was likely due to surface pH. Concrete is a highly alkaline composite; 
the pH of newly formed concrete typically ranges from 11 to 13 (Kakade 
2014). Testing of untreated concrete panels with pH test strips revealed a 
pH of roughly 11 on the surfaces. While fungi can proliferate at acidic to 
moderately basic pH, very few can tolerate pH greater than 9 (Wheeler et 
al. 1991). Although surface pH was not monitored on the experimental 
coupons, it was believed that the coatings used formed a protective barrier 
from the alkaline surface, which allowed for light defacement on the sur-
faces. While exposure to the high pH on the uncoated panels prevented 
colonization. Figure 12 shows examples of typical defacement on concrete 
coupons, which were all UV-A exposed. Note that the white material on 
the uncoated coupon was determined to be crystalline in nature by micro-
scopic analysis; it was thus presumed to be mineral effervesces and was 
therefore excluded from ImageJ analysis. 
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Figure 12.  Fungal defacement on gypsum after exposure to UV-A 3 hours day-1 for 5 weeks; 
(a) uncoated, (b) SuperPaint, and (c) Ecosil-ME. 

   
a. b. c. 

Differentiation between coatings on a concrete substrate using standard 
conditions outlined in the ASTM D3273 test method were found to be in-
sufficient and no coating was observed to outperform another in the 
ASTM-recommended 4-week test period. Additionally, as with gypsum 
and wood substrates, no variation between coupons that received UV-A ir-
radiation or coupons incubated in the dark could be detected. This obser-
vation again suggested that UV-A exposure seemingly had no measurable 
effect on fungal colonization on the surface of concrete coupons whether 
the coating contained a photocatalyst or not. 

Of the substrates tested with ASTM D3273, the standard latex SuperPaint 
performed as well or better at resisting fungal defacement than any of the 
antimicrobial coatings tested. Sporicidin was overall the best antimicro-
bial-infused coating at preventing fungal colonization and performed simi-
lar to SuperPaint. On a gypsum substrate, all other coatings were found to 
be relatively equal at resisting defacement using the test method over ex-
cept Zinsser, which had ASTM ratings similar to uncoated coupons. The 
Ecosil-ME and Ecoreflex performed best on the gypsum substrate; how-
ever, no differentiation could be made between coupons exposed to UV-A 
or incubated in the dark. On pine, both photocatalytic coatings and Zinsser 
were found to perform poorly compared to SuperPaint, Sporicidin, and Af-
tershock and again no differentiation between coupons incubated in the 
dark or UV-A irradiated could be made.  

All coatings performed relatively the same on concrete, which was believed 
to be due to surface pH. Although the test was run for the ASTM recom-
mended 4-week period, it may be necessary to extend the incubation 
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several more weeks to better evaluate the coatings on the substrate. Also, 
the low organic content of the concrete likely contributed to the relatively 
slow growth. Overall irradiation with UV-A had no quantifiable effect on 
the susceptibility of any of the coated surfaces to fungal defacement in-
cluding the photocatalytic coatings. However, note that the coupons were 
irradiated for 3 hours day-1 hanging in a vertical position. The 3-hour day-1 
UV-A exposure was chosen as a practical time period for indoor applica-
tion purposes (e.g., irradiation with a BLB lamp). Although the environ-
ment chamber was exposed to roughly 1.0 mW/cm2 UV-A, which has been 
demonstrated to drive coating catalysis, the vertical position and the dera-
tion of irradiation period may have limited photocatalysis (Auvinen and 
Wirtanen 2008, Vučetić et al. 2014). Thus, each coating was reevaluated 
using ASTM 5590 test method where the UV-A exposure was increased in 
an effort to maximize possible photocatalytic activity. 

3.2 Determination of coating resistance to fungal defacement by 
accelerated 4-week agar plate assay (ASTM 5590) 

To determine if UV-A exposure was a limiting factor in photocatalytic coat-
ing activity, an accelerated agar plate assay was performed in which the 
coatings were incubated horizontal to the UV-A source. In addition, the irra-
diation period was increased to 6 hours day-1. From an indoor application 
perspective this exposure time was deemed to be the maximum for most 
practical applications where building occupants would be present. 

After the 4-week incubation period, the plates were rated using the ASTM 
standard; if zones of inhibition were present, they were measured. The 
plates containing uncoated test coupons, without inoculum (no spores), 
exhibited no fungal growth. Plates containing uncoated coupons and inoc-
ulum, either A. pullulans or the mixture of A. niger and P. citrinum 
spores, were completely covered with fungi (100%) and showed no zones 
of inhibition (Figure 13). Additionally, UV-A exposure had no apparent in-
fluence on the growth of A. pullulans or the mixture of A. niger and P. cit-
rinum. This established the viability of the spore stocks and indicated that 
no cross contamination within the environmental chamber occurred over 
the 4-week incubation period. Furthermore, the uncoated test coupons ex-
hibited no fungal inhibition. 
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Figure 13.  Fungal colonization on uncoated test coupons incubated in the dark or exposure 
to UV-A 6 hours day-1 for 4 weeks; (a) uninoculated, (b) uninoculated +UV-A, (c) inoculated 
with A. pullulans, (d) inoculated with A. pullulans +UV-A, (e) inoculated with A. niger and P. 

citrinum, and (f) inoculated A. niger and P. citrinum +UV-A. 

    
a. b. c. 

   
d. e. f. 

Under ASTM 5590 test conditions, Sporicidin was found to be the best 
performing coating based on the combination of both ASTM ratings and 
zones of inhibition (Figure 14). When the coating was overlaid with A. pul-
lulans, no growth (0%) was observed on any of the coupons tested and 
zones of inhibition ranged from 5 mm to greater than 10 mm. Interest-
ingly, all replicates irradiated with UV-A developed a zone of inhibition 
that extended to the edge of the test plate approximately half the circum-
ference around the test vessel (Figure 14b). This pattern of inhibition was 
not observed for any other coating or test condition. The exact cause of 
this phenomenon could not be explained and warrants further study as it 
was unclear if the combination of Sporicidin and UV-A had an effect on 
the growth of A. pullulans. The mixed spore overlays were found to be 
slightly less susceptible to inhibition but were still determined to be less 
than 1% covered, giving them an ASTM rating of 0. The mixed spore zones 
of inhibition ranged from 3 to 6 mm and 2 to 4 mm in the non-irradiated 
and UV-A exposed plates, respectively. Additionally, the zones of incuba-
tion were found to be less pronounced in the mixed spore overlaid test ves-
sels. Collectively, these observations suggested that Sporicidin was slightly 
less effective on the fungal mixture and that UV-A irradiation may have 
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affected the coatings antimicrobial efficiency. Again, the phenomenon il-
lustrated in Figure 14b needs further study (which was beyond the scope of 
this work) to determine the effect of UV-A under these test conditions. 

Figure 14.  Fungal colonization on test coupons coated with Sporicidin and incubated in the 
dark or exposure to UV-A 6 hours day-1 for 4 weeks; (a) inoculated with A. pullulans, (b) 
inoculated with A. pullulans +UV-A, (c) inoculated with A. niger and P. citrinum, and (d) 

inoculated A. niger and P. citrinum +UV-A. 

    
a. b. c. d. 

Similar to Sporicidin, SuperPaint was also determined to resist fungal 
growth almost completely under the ASTM test conditions (Figure 15). 
When coupons coated with SuperPaint were incubated under both dark 
and UV-A irradiated conditions, the percent A. pullulans and the mixture 
of A. niger and P. citrinum coverage was 0% and <1% respectively, result-
ing in ASTM ratings of 0 for each. Zones of inhibition were not observed 
on coupons overlaid with A. pullulans spores incubated either in the dark 
or under UV-A light. However, significant zones of inhibition were ob-
served on coupons overlaid with the spore mixture under both incubation 
conditions, which ranged from approximately 2 to 5 mm. This observation 
suggested the coating elicited a greater antifungal effect against A. niger 
and P. citrinum. Irradiation with UV-A had no apparent effect on the size 
of the inhibitory zone formed around the test coupons of the spore mix but 
did seemingly limit spore production with A. pullulans. 

Figure 15.  Fungal colonization on test coupons coated with SuperPaint and incubated in the 
dark or exposure to UV-A 6 hours day-1 for 4 weeks; (a) inoculated with A. pullulans, (b) 
inoculated with A. pullulans +UV-A, (c) inoculated with A. niger and P. citrinum, and (d) 

inoculated A. niger and P. citrinum +UV-A. 

    
a. b. c. d. 
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Aftershock coated coupons overlaid with A. pullulans were found to have 
very slight coverage (<1%) on the very outer edges of the coupons when in-
cubated in either the dark or when irradiated with UV-A, resulting in an 
ASTM ranking of 0 for both conditions (Figure 16). Coated coupons over-
laid with the spore mixture were found to have light coverage (17-18%) 
around the outer edge of the coupons when incubated under either light-
ing condition resulting in ASTM rankings of 1 for each. No zones of inhibi-
tion were observed under any of the conditions tested with Aftershock 
coated coupons and UV-A exposure had no apparent effect on the coat-
ing’s antimicrobial activity. These data suggested that the coating was 
somewhat more active against A. pullulans than the mixed inoculum. 

Figure 16.  Fungal colonization on test coupons coated with Aftershock and incubated in the 
dark or exposure to UV-A 6 hours day-1 for 4 weeks; (a) inoculated with A. pullulans, (b) 
inoculated with A. pullulans +UV-A, (c) inoculated with A. niger and P. citrinum, and (d) 

inoculated A. niger and P. citrinum +UV-A. 

    
a. b. c. d. 

Zinsser coated coupons overlaid with A. pullulans were found to have light 
coverage (24%) when incubated in the dark and moderate coverage (58%) 
when irradiated with UV-A resulting in an ASTM rankings of 2 and 3 re-
spectively (Figure 17). Zinsser coated coupons overlaid with the spore mix-
ture of A. niger and P. citrinum were found to have light coverage (16%) 
when incubated in the dark and trace coverage (9%) when irradiated with 
UV-A resulting in an ASTM rankings of 2 and 1, respectively. No zones of in-
hibition were observed under any condition tested with Zinsser coated cou-
pons. These data suggested that the coating was more active against the 
mixed inoculum than A. pullulans. Overall, UV-A exposure for 6 hours day-1 
may have exhibited a negative effect on coupons overlaid with A. pullulans 
and a marginally positive effect on plates overlaid with the spore mixture. 
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Figure 17.  Fungal colonization on test coupons coated with Zinsser and incubated in the dark 
or exposure to UV-A 6 hours day-1 for 4 weeks; (a) inoculated with A. pullulans, (b) inoculated 

with A. pullulans +UV-A, (c) inoculated with A. niger and P. citrinum, and (d) inoculated A. 
niger and P. citrinum +UV-A. 

    
a. b. c. d. 

Heavy to moderate coupon coverage was observed on the Ecosil-ME 
coated coupons inoculated with A. pullulans when incubated in the dark 
and with UV-A exposure, 70% and 60% respectively (Figure 18). The slight 
decrease in coupon coverage on the UV-A exposed test vessels was possi-
bly to be due to photocatalytic activity of the coating. However, very heavy 
growth was observed when the Ecosil-ME coated coupons were inoculated 
with the mixed spore inoculum under both dark and UV-A exposed incu-
bation conditions resulting in 100% coverage on both. No differences be-
tween mixed spore cultures incubated in the dark or exposed to UV-A were 
observed. Additionally, no zones of inhibition were present under any test 
condition. These data suggested that Ecosil-ME may have had weak photo-
catalytic activity against A. pullulans, but no activity was observed with the 
mixture of A. niger and P. citrinum. 

Figure 18.  Fungal colonization on test coupons coated with Ecosil-ME and incubated in the 
dark or exposure to UV-A 6 hours day-1 for 4 weeks; (a) inoculated with A. pullulans, (b) 
inoculated with A. pullulans +UV-A, (c) inoculated with A. niger and P. citrinum, and (d) 

inoculated A. niger and P. citrinum +UV-A. 

    
a. b. c. e. 

As with Ecosil-ME, Ecoreflex was seemingly able to reduce fungal coverage 
on A. pullulans overlaid coupons from approximately 93% coverage to 
64% coverage on the UV-A irradiated plates, which indicated possible pho-
tocatalytic activity of the coating (Figure 19). Similar to Ecosil-ME coated 
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coupons, very heavy growth was observed on Ecoreflex coated coupons 
overlaid with the spore mixture. Plates incubated in the dark and exposed 
to UV-A showed 100% fungal coverage for both incubation conditions. Ad-
ditionally, no zones of inhibition were observed under any test condition 
incubated with the single fungal species or the spore mix. These observa-
tions indicated that Ecoreflex may have had slight photocatalytic activity 
against A. pullulans but no effect on the mixed spore culture under the 
ASTM test conditions. 

Figure 19.  Fungal colonization on test coupons coated with Ecoreflex and incubated in the 
dark or exposure to UV-A 6 hours day-1 for 4 weeks; (a) inoculated with A. pullulans, (b) 
inoculated with A. pullulans +UV-A, (c) inoculated with A. niger and P. citrinum, and (d) 

inoculated A. niger and P. citrinum +UV-A. 

    
a. b. c. d. 

As observed with ASTM D3273, Sporicidin and SuperPaint were very effec-
tive at preventing fungal growth followed by Aftershock overall. Table 4 lists 
the coatings in descending order of performance based on the combination 
of ASTM ratings and zones of fungal inhibition. SuperPaint and Sporicidin 
were the only coatings that exhibited zones of inhibition using the test 
method. Based on these zones, Sporicidin was found to be very effective 
against all three fungal species tested. SuperPaint was less effective against 
A. pullulans but still performed very well at resisting fungal defacement. Af-
tershock also performed well against all three species with only trace fungal 
coverage on coupons inoculated with the mixed spore culture; however, no 
inhibition zones were observed. Both of the catalytic TiO2 infused coatings, 
Ecosil-ME and Ecoreflex, were found to perform poorly against the fungal 
growth for all the species tested. However, both did seem to show slight 
photocatalytic activity against A. pullulans but were still rated at moderate 
to heavy coverage. Even with the increased UV-A exposure, the photocata-
lytic coatings demonstrated very poor antifungal performance compared to 
the biocide-infused and standard latex coatings. 
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Table 4.  Coating resistance to fungal defacement as determined by ASTM 5590 after 
4 weeks incubation at 28 °C and 85% relative humidity. Values are the means three 

experimental replicates (n=3). 

Coating  

A. pullulans A. niger and P. citrinum 
Dark UV-A Dark UV-A 

ASTM Inhibition ASTM Inhibition ASTM Inhibition ASTM Inhibition 
Rating (mm) Rating (mm) Rating (mm) Rating (mm) 

- Control 0 0 0 0 0 0 0 0 
+ Control 4 0 4 0 4 0 4 0 
Sporicidin 0 5-10 0 >10 0 3-6 0 2-4 
SuperPaint 0 0 0 0 0 2-5 0 2-5 
Aftershock 0 0 0 0 2 0 2 0 
Zinsser 2 0 3 0 2 0 1 0 
Ecosil-ME 4 0 3 0 4 0 4 0 
Ecoreflex 4 0 4 0 4 0 4 0 

3.3 Assessment of photocatalytic coating antifungal activity (ISO-
13125) 

The ISO-13125 standard test method was used to better assess the antifun-
gal activity of the photocatalytic coatings. Acrylic coupons were coated 
with Ecosil-ME or Ecoreflex and spotted with a mixture of A. niger and P. 
citrinum spores, then irradiated with UV-A or incubated in the dark for 
17 hours (Figure 20). After the incubation period, the spores were recov-
ered from the surfaces of the coupon, pour plated in PDA, fungal colonies 
were counted, and spore survival was calculated (Figure 21). 

Figure 20.  Uncoated and photocatalyst coated coupons being irradiated with UV-A at 1.0 
mW/cm2 for 17 hours; (a) uncoated, (b) Ecosil-ME coated, (c) Ecoreflex coated, and (d) test 

specimens incubated in the dark under a black plastic bag. 
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Figure 21.  Fungal spore survival on uncoated acrylic coupons and coupons coated with 
Ecosil-ME and Ecoreflex incubated in the dark or irradiated with UV-A at 1.0 mW/cm2 for 

17 hours. The error bars represent the standard deviation (n = 3). 

 

Spore survival was assessed immediately after inoculation and was found 
to be 102 ± 8% based on the target number of spores spotted on the cou-
pons. This served as the baseline for spore recovery and viability for the 
experiment and was used to compare each photocatalytic coating. Spore 
survival on the uncoated coupons incubated in the dark was 94 ± 10% and 
coupons incubated under UV-A was 119 ± 20%, which demonstrated effi-
cient spore recovery and viability, and that UV-A exposure alone had no 
negative effect on spore viability.  

No significant differences were found when comparing spore survivability 
on coupons coated with Ecosil-ME incubated either in the dark or under 
UV-A. Spore survival when incubated in the dark was 102 ± 1%, and when 
incubated under UV-A was 96 ± 7%. The percent survival for each test 
conditions suggested that spores were both effectively recovered from the 
coated surface and the coating had no apparent antifungal activity under 
the test conditions used.  

Coupons coated with Ecoreflex however did demonstrate antifungal activ-
ity by either inhibiting germination or inactivating the fungal spores. Eco-
reflex coupons incubated in the dark had spore survival of 112 ± 5% and 
when incubated under UV-A had a survival of only 33 ± 15%. Coating cou-
pons with Ecoreflex resulted in nearly a 71% decrease in spore colonies 
when incubated under UV-A, which clearly demonstrated photocatalytic 
antifungal activity of the coating. 
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Although Ecoreflex did demonstrate effective antifungal activity, 17 hours 
of constant UV-A exposure at 1.0 mW/cm2 was required. This exposure 
period would make it impractical for most interior applications to control 
fungal proliferation. However, Ecoreflex is marketed for exterior use also 
where exposure to the sun could make it an effective coating for control-
ling fungal defacement, which is the focus of future studies. 

3.4 Determination of photocatalytic activity of Ecoreflex and Ecosil-
ME by degradation of methylene blue in aqueous solution (ISO-
10678:2010) 

Photocatalytic activity was further evaluated by monitoring the degrada-
tion of methylene blue in a reaction vessel with acrylic coupons coated 
with either Ecoreflex or Ecosil-ME and incubated in the dark or under 
continual UV-A irradiation at 1.5 mW/cm2 (Figures 22 and 23). Before 
starting the degradation experiments, the stability of the methylene stock 
solution was assessed by measuring the change in absorbance at 665 nm. 
No loss was observed over a 60-hour period, which confirmed that the so-
lution was stable (data not shown). Additionally, no loss of absorbance was 
measured in reaction vessels containing uncoated coupons irrespective of 
the incubation conditions, which again confirmed the stability of the meth-
ylene blue solution under UV-A irradiation.  

Figure 22.  Loss of absorbance at 665 nm in reaction vessels containing uncoated and 
Ecoreflex coated coupons incubated in the dark or irradiated with UV-A at 1.5 mW/cm2 over a 

3-hour incubation period. 
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Figure 23.  Loss of absorbance at 665 nm in reaction vessels containing uncoated and Ecosil-
ME coated coupons incubated in the dark or irradiated with UV-A at 1.5 mW/cm2 over a 

3-hour incubation period. 

 

Neither Ecosil-ME nor Ecoreflex coated coupons incubated in the pres-
ence of UV-A exhibited a loss of absorbance greater than the controls, 
which were incubated in the dark. When coupons coated with Ecoreflex 
were incubated in the dark or under UV-A light, a 66% decrease in absorb-
ance was measured over the course of the experiment. When coupons 
coated with Ecosil-ME were incubated in the dark or under UV-A light, a 
67% decrease in absorbance was measured. The uncoated control coupons 
decreased 7% to 8% over the 3-hour incubation period. This suggested 
very little or no photocatalytic degradation of methylene blue took place in 
the presence of either coating under these test conditions. 

The loss of absorbance for each coating under both incubation conditions 
was found to be primarily due to absorption onto the coating surfaces and 
not due to photocatalytic activity. To better and more accurately assess the 
catalytic activity of either coating, an alternative test method may be re-
quired. Note that, due to a limited number of coated acrylic coupons, no 
experimental replications were performed during this experiment. None-
theless, throughout this comparative study, Ecosil-ME and Ecoreflex con-
sistently performed poorly in comparison with the other coatings tested. 
With the test methods using limited UV-A exposure, little to no differenti-
ation in fungal growth could be determined between UV-A irradiated and 
non-irradiated cultures. Collectively, this observation suggested photo-
catalytic activity of Ecoreflex and Ecosil-ME was likely low under the test 
conditions used; similarly, degradation of methylene blue likely occurred 
only in a limited capacity if at all with either of the catalytic coatings. 
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4 Conclusions 

This study compared two next-generation photocatalytic coatings against 
three more traditional antimicrobial-infused coatings for their ability to re-
sist fungal defacement under three accelerated test conditions. With each 
method used, the photocatalytic coatings were generally found to perform 
poorly compared to the antimicrobial-infused coatings. Furthermore, the 
control coating, which contained no active antimicrobial, performed as well 
as or better than all the antimicrobial coatings tested. When the photocata-
lytic coatings were tested for antifungal activity directly on the substrate 
surface with increased UV-A exposure, only Ecoreflex exhibited activity. 
Ecoreflex is marketed for exterior use, and these tests suggested high levels 
of UV-A from sunlight may be required to achieve antimicrobial effective-
ness. Although photocatalytic coatings hold great potential to protect infra-
structure and building occupants from harmful mold, this study demon-
strated no benefit to using either of the photocatalytic coatings tested over 
the more traditional antimicrobial coatings or even a quality latex paint in 
an indoor setting (e.g., low UV-A exposure). However, note that, due to the 
short nature of the project, all test methods used to evaluate the coatings 
were accelerated in nature. Extended testing under real-world conditions 
may be needed to better assess the photocatalytic coatings for long-term re-
sistance to fungal contamination and appropriate Army applicability. 



ERDC/CERL TR-20-8 31 

References 
Abramoff, M., P. Magalhaes, and S. Ram. 2004. “Image Processing with ImageJ.” 

Biophotonics International 11(7):36-42. 

Arumala, J. 2007. “Mold and the Construction Industry.” International Journal of 
Construction Education and Research 2:75-89. 

ASTM (American Society for Testing and Materials). 2016. Standard Test Method for 
Resistance to Growth of Mold on the Surface of Interior Coatings in an 
Environmental Chamber. ASTM D3273. DOI: 10.1520/D3273-16. West 
Conshohocken, PA: ASTM International. 

———. 2017. Standard Test Method for Determining the Resistance of Paint Films and 
Related Coatings to Fungal Defacement by Accelerated Four-Week Agar Plate 
Assay/ ASTM D5590-17. DOI: 10.1520/D5590-17. West Conshohocken, PA: 
ASTM International. 

Auvinen, J., and L. Wirtanen. 2008. “The Influence of Photocatalytic Interior Paints on 
Indoor Air Quality.” Atmospheric Environment 42:4101-4112. 

Bennet, J., and A. Inamdar. 2015. “Are Some Fungal Volatile Organic Compounds (VOCs) 
Mycotoxins?” Toxins 7(9):3785-3804. 

Byrne, J., P. Dunlop, J. Hamilton, P. Fernández-Ibáñez, I. Polo-López, P. Sharma, and 
A. Vennard. 2015. “A Review of Heterogeneous Photocatalysis for Water and 
Surface Disinfection.” Molecules 20:5574-5615. 

C-Span. 2019. Privatized Military Housing Conditions. Web page. https://www.c-
span.org/video/?457890-1/senate-committees-briefed-conditions-privatized-military-housing. 

Desai, S., and M. Kowshik. 2009. “Antimicrobial Activity of Titanium Dioxide 
Nanoparticles Synthesized by Sol-Gel Technique.” Research Journal of 
Microbiology 4:97-103. 

DoD OIG (U.S. Department of Defense Office of the Inspector General). 2016. Summary 
Report – Inspections of DoD Facilities and Military Housing and Audits of Base 
Operations and Support Services Contracts. Report No. DODIG-2017-004. 
https://www.oversight.gov/sites/default/files/oig-reports/DODIG-2017-004.pdf. 

Ghaffarianhoseini, A., H. AlWaer, H. Omrany, A. Ghaffarianhoseini, C. Alalouch, 
D. Clements-Croome, and J. Tookey. 2018. “Sick Building Syndrome: Are We 
Doing Enough?” Architectural Science Review 61(3):99–121. 

Huang, Y., S. Ho, Y. Lu, R. Niu, L. Xu, J. Cao, and S. Lee. 2016. “Removal of Indoor 
Volatile Organic Compounds via Photocatalytic Oxidation: A Short Review and 
Prospect.” Molecules 21:56. 

HQDA (Headquarters, Department of the Army). 2012. Army Facilities Management. Army 
Regulation (AR) 420-1. Washington, DC: HQDA. 
https://armypubs.army.mil/epubs/DR_pubs/DR_a/pdf/web/ARN15517_R420_1_admin_FINAL.pdf  

ISO (International Organization for Standardization). 2010. Fine Ceramics (Advanced 
Ceramics, Advanced Technical Ceramics) — Determination of Photocatalytic 
Activity of Surfaces in an Aqueous Medium by Degradation of Methylene Blue. 
ISO-10678. Geneva, Switzerland: IOS. 

https://www.c-span.org/video/?457890-1/senate-committees-briefed-conditions-privatized-military-housing
https://www.c-span.org/video/?457890-1/senate-committees-briefed-conditions-privatized-military-housing
https://armypubs.army.mil/epubs/DR_pubs/DR_a/pdf/web/ARN15517_R420_1_admin_FINAL.pdf


ERDC/CERL TR-20-8 32 

———. 2013. Fine Ceramics (Advanced Ceramics, Advanced Technical Ceramics) — 
Test Method for Antifungal Activity of Semiconducting Photocatalytic 
Materials. ISO-13125. Geneva, Switzerland: IOS. 

Joshi, S. 2008. “The Sick Building Syndrome.” Indian Journal Occupational 
Environmental Medicine 12:61-64. 

Kakade, Ashok M. 2014. Measuring Concrete Surface pH – A Proposed Test Method. ICRI 
Concrete Repair Bulletin. St. Paul, MN: International Concrete Repair Institute. 
https://cdn.ymaws.com/www.icri.org/resource/resmgr/crb/2014marapr/CRBMarApr14_Kakade.pdf. 

Nanocoatings. 2014. “The Global Market: Forecast from 2010 to 2024.” Nanotech 
Magazine (7). 

Perkins+Will. 2017. Healthy Environments: Understanding Antimicrobial Ingredients 
in Building Materials. A Perkins+Will White Paper. 
http://assets.ctfassets.net/t0qcl9kymnlu/3JYr0nH8G4iU8QkEAQ8qoq/48c9b83efd49ccc28f66
790057679fc4/Antimicrobial_WhitePaper_PerkinsWill.pdf.  

Rasband, W. 2018. “ImageJ.” Bethesda, MD: U.S. National Institutes of Health. 
https://imagej.nih.gov/ij/. 

Srecec, D., and G. A. Wiesmüller.2005. Prevalence of Sick Building Syndrome Reported 
in Literature. Bielefeld, Germany: University of Bielefeld, Germany, Department 
of Environment and Health, School of Public Health/ 

Stephenson, L., J. Lattimore, and K. Torrey. 2011. Prevention of Toxic Molds in Army 
Facilities Using Surface-Applied Biocides. ERDC/CERL TR-11-22. Champaign, 
IL: Engineer Research and Development Center, Construction Engineering 
Research Laboratory (ERDC-CERL). 

Straus, D. 2009. “Molds, Mycotoxins, and Sick Building Syndrome.” Toxicology and 
Industrial Health: 25(9-10):617-635. 

Straus, D. 2011. “The Possible Role of Fungal Contamination in Sick Building Syndrome.” 
Frontiers in Bioscience 3:562-580. 

Truffier-Boutry, D., B. Fiorentino, V. Bartolomei, R. Soulas, O. Sicardy, A. Benayad, 
J.-F. Damlencourt, B. Pepin-Donat, C. Lombard, A. Gandolfo, H. Wortham, G. 
Brochard, A. Audemard, L. Porcar, G. Gebel, and S. Gligorovski. 2017. 
“Characterization of Photocatalytic Paints: A Relationship Between the 
Photocatalytic Properties - Release of Nanoparticles and Volatile Organic 
Compounds.” Environmental Science: Nano 4(10):1998-2009. 

USEPA (U.S. Environmental Protection Agency). 1991. EPA Indoor Air Facts No. 4 Sick 
Building Syndrome. https://www.epa.gov/sites/production/files/2014-
08/documents/sick_building_factsheet.pdf. 

Vučetić, S., O. Rudić, S. Markov, O. Bera, A. Vidaković, A. Skapin, and J. Ranogajec. 2014. 
“Antifungal Efficiency Assessment of the TiO2 Coating on Façade Paints.” 
Environmental Science and Pollution Research 21:11228-11237. 

Wheeler, K., B. Hurdman, and J. Pitt. 1991. “Influence of pH on the Growth of Some 
Toxigenic species of Aspergillus, Penicillium and Fusarium.” International 
Journal of Food Microbiology 12(2-3):141–149. 

Yadav, H., J.-K. Kim, and H. Pawar. 2016. “Developments in Photocatalytic Antibacterial 
Activity of Nano TiO2: A Review.” Korean Journal of Chemical Engineering 
33(7):1989-1998. 

http://assets.ctfassets.net/t0qcl9kymnlu/3JYr0nH8G4iU8QkEAQ8qoq/48c9b83efd49ccc28f66790057679fc4/Antimicrobial_WhitePaper_PerkinsWill.pdf
http://assets.ctfassets.net/t0qcl9kymnlu/3JYr0nH8G4iU8QkEAQ8qoq/48c9b83efd49ccc28f66790057679fc4/Antimicrobial_WhitePaper_PerkinsWill.pdf
https://www.epa.gov/sites/production/files/2014-08/documents/sick_building_factsheet.pdf
https://www.epa.gov/sites/production/files/2014-08/documents/sick_building_factsheet.pdf


ERDC/CERL TR-20-8 33 

Acronyms and Abbreviations 

Abbreviation Term 
ASTM American Society for Testing and Materials 
ATCC American Type Culture Collection 
BLB Blacklight Blue 
CFM Cubic Feet per Minute 
DoD Department of Defense 
ISO International Organization for Standardization  
PDA Potato Dextrose 
PVC Polyvinyl Chloride 
PMMA Polymethyl Methacrylate 
UV-A Ultraviolet A 
USEPA U.S. Environmental Protection Agency 
VOC Volatile Organic Compounds 
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Appendix A: Product Data Sheet and Safety 
Data Sheets for Coatings Used in this 
Evaluation 
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