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Abstract: This study evaluated the use of filtration and UV-A photocatalysis for the reduction of
particulate matter (PM) and airborne bacterial pathogens in swine barns. Two MERY filters (8 and 15)
were used to mitigate PM concentrations measured at the PM 1, PM 2.5, respirable PM, and PM
10 ranges. Filtration was also used to generate different levels of airborne pathogens to be treated
by UV-A. Results show that MERV 8 and 15 filters effectively reduced PM concentrations (96-98%)
in air exhausted from a swine barn (p ranged from <0.01 to 0.04). UV-A photocatalysis did not
mitigate PM concentrations. UV-A photocatalysis treatment reduced measured colony-forming
units (CFUs) by 15-95%. The CFU percent reduction was higher when airborne PM concentration
was low. The numeric results suggested a real mitigation effect despite p-values that did not meet
the usual statistical cut-off of <0.05 for significance due to the large variability of the CFU control
samples. Normalization of measured airborne pathogen concentrations by smaller PM size range
concentrations led to emerging significant treatment differences for CFUs. A significant decrease
(~51% reduction; p < 0.02) in the concentration of viable airborne bacteria was shown for all PM
below the 10 micron range.

Keywords: air pollution control; biosecurity; animal diseases; ultraviolet light; advanced oxidation;
filtration; environmental technology

1. Introduction

Bioaerosols composed of organic dust (proteins, complex carbohydrates), microorgan-
isms (viruses, bacteria, and fungi), and endotoxins are believed to contribute to respiratory
infections in workers and livestock [1-3]. Thus, human and animal health could benefit
from improved air quality and reduced exposure to airborne pathogens inside barns. Air
filtration can mitigate particulate matter (PM) and reduce airborne infectious pathogens,
and some swine operations use high-efficiency particulate air (HEPA) filters to remove
dust and infectious airborne from incoming ventilation air [4]. While inlet air filtration can
reduce exposure to airborne pathogens and PM [5,6], it is expensive to install and maintain
(e.g., the estimated maintenance cost for inlet air HEPA filters for a typical swine barn
is >$80,000 per year [4]).

Ultraviolet (UV) light can mitigate pathogens and gases, but the bactericidal effects
depend on the wavelength, dose, and other factors that challenge the techno-economic
considerations for farm-scale adoption [7]. The light within the UV portion of the spectrum
(wavelengths 100-400 nm) exhibits widely different effects, not only because of the four-
fold range of energy per photon but because of absorption probabilities that vary by orders
of magnitude for different materials and wavelengths.
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The 100-290 nm range (commonly referred to as “UV-C”) is the most energetic and
most universally absorbed, although even within that range, enormous differences in
effect among wavelengths are observed because of variation in absorption. In fact, the
range of 100-200 nm is often referred to as the Vacuum UV because these wavelengths are
strongly absorbed by the ordinary components of air (and thus can only be transmitted in
a vacuum), which means that for many applications, the practical UV-C range is roughly
200-290 nm. Nonetheless, even this range is considered bactericidal and most “bactericidal
lights” are usually 254 nm lamps. Unfortunately, even the more practical 200-290 nm range
sources (including the common 254 nm lamps) are more dangerous and toxic to humans
and animals than longer wavelengths.

Alternatively, UV-A (320-400 nm) has the longest wavelength in the UV spectrum
and is the least toxic. In broad terms, this is because it is absorbed by the fewest materials.
However, that selectivity can be used to advantage in some cases because only certain
things are affected. The 254 nm lamps are much more effective for use in cases where direct
irradiation is desired and human or animal exposure can be avoided. However, coupling
UV-A irradiation with a semiconductor photocatalyst that absorbs these wavelengths and
produces surface-bound oxidative intermediates has been proven effective in mitigating
air pollutants in animal agriculture. Costa et al. [8] and Guarino et al. [9] reported that
UV-A photocatalysis in swine farrowing and nursery rooms reduced PM (17%), NH3 (30%),
and selected greenhouse gases (GHGs) (CHy: ~27%, CO,: ~15%), while improving feed
conversion efficiency (12%). Follow-up research consistently reported the benefits of UV-A
photocatalysis to mitigate livestock odor and gaseous emissions [10-20].

To date, there are no farm-scale data on the performance of UV-A photocatalysis in
mitigating airborne pathogens in U.S.-based swine production facilities. Therefore, we
conducted an on-farm study on mitigating airborne bacterial pathogens emitted from swine
barn using PM filtration and UV-A photocatalysis. Two HEPA (high-efficiency particulate
air) filters (MERV 8 and MERV 15 efficiency) were used to mitigate PM concentrations
measured at the PM 1, PM 2.5, respirable PM, PM10, and total PM size ranges. To be clear,
there was no expectation for photocatalysis or direct irradiation to directly affect the non-
viable fraction of PM. The effect of UV-A photocatalysis on bacteria (sometimes referred to
as ‘viable PM’) was measured using filtration to control PM concentration and generate
specific concentrations of airborne bacterial pathogens, as measured in colony-forming
units (CFU). The concept of the experimental design is shown in Figure 1.
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Figure 1. Mitigation of particulate matter (PM) and airborne pathogens in swine barn emissions with filtration and UV-A

photocatalysis. Overview of experimental design and reporting of the mitigation effect. The UV-A treatment was performed
under three PM loads: the ‘best-case’ (MERV 8 and 15), ‘midpoint” (MERV 8), and “worst-case’ (no filtration).
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2. Results and Discussion
2.1. Treatment of PM by HEPA Filtration and UV-A Photocatalysis

The effect of HEPA filtration and UV-A photocatalysis on PM was investigated under
three conditions with increasingly higher PM concentrations. The ‘best-case’, ‘midpoint’,
and ‘worst-case’ scenarios (Figure 1) were achieved by air filtration before the UV treatment
(Tables 1-3). Table 1 reports the results when MERV 8 and 15 filters removed 96-98% of
incoming PM, and the treatment conditions reflect the low dust concentration, (i.e., the
‘best-case’ scenario). Table 2 reports the results when the MERV 8 was used to remove
77-86% of incoming PM (i.e., the ‘midpoint’ scenario). Finally, Table 3 reports the results
for unfiltered exhaust from the manure pit fan (i.e., the ‘worst-case’ scenario). Notably,
UV-A photocatalysis did not affect the PM concentration under any of the three scenarios.

Table 1. Particulate matter removal performance of the MERV 8 and 15 (Treatment I) and UV-A photocatalysis (Treatment
IT) in mitigating PM (the ‘best-case” scenario). Bold signifies statistical significance.

Total PM PM 10 Respirable PM PM 2.5 PM1
Conc % R Conc % R Conc % R Conc % R Conc % R
(mg-m) (p-Value) (mg-m-3)  (p-Value) (mg-m~3) (p-Value) (mg-m-3)  (p-Value) (mg-m~3) (p-Value)
(befocrgrf‘itli‘r’;ﬁon 0.224 ) 0.104 0.094 0.084 0.105
- ‘ +0.161 + 0.128 +0.108 + 0.084 =+ 0.067
sampling port 1)
Treatment I
(after MERV 8 and 0.0037 98.3 0.0033 96.8 0.0031 96.7 0.0031 96.3 0.0031 97.0
15 filtration, =+ 0.0008 (0.01) =+ 0.0005 (0.01) =+ 0.0004 (0.03) =+ 0.0004 (0.04) =+ 0.0004 (<0.01)
sampling port 2)
A 00037 0 0.0031 45 0.003 0 0.0030 48 0.0030 48
. / =+ 0.0008 (1.00) =+ 0.0004 (0.35) =+ 0.0004 (1.00) =+ 0.0000 (0.35) =+ 0.0000 (0.35)
sampling port 3)

Note: Conc = concentration, % R = percent reduction, UV-A dose = 5.3 mJ-cm~2; sampling port numbers and locations are illustrated
in Methods.

Table 2. Particulate matter removal performance of the MERV 8 (Treatment I) and UV-A photocatalysis (Treatment II) in
mitigating PM (the ‘midpoint” scenario).

Total PM PM 10 Respirable PM PM 2.5 PM1
Conc % R Conc % R Conc % R Conc % R Conc % R
(mg-m~—3) (p-Value) (mg-m~—3) (p-Value) (mg-m~—3) (p-Value) (mg-m~—3) (p-Value) (mg-m~—3) (p-Value)
(befo(isrflitll;?ition 0.267 i 0.205 i 0.153 i 0.146 i 0.143 i
. ‘ + 0.241 +0.185 +0.175 +0.174 +0.174
sampling port 1)
TRy 0.061 77.1 0.048 76.6 0.027 826 0022 847 0.020 863
. 4 +0.028 (0.055) +0.018 (0.056) =+ 0.009 (0.09) =+ 0.007 (0.10) =+ 0.006 (0.10)
sampling port 2)
Treatment II
(after UV-A, 0.061 0.7 0.050 —-3.2 0.029 -7.0 0.024 -71 0.023 —14.9
X ’ +0.016 (0.96) +0.011 (0.84) + 0.005 (0.61) + 0.005 (0.62) +0.005 (0.24)
sampling port 3)
Note: Conc = concentration, % R = percent reduction, UV-A dose = 5.3 mJ-cm~2; sampling port numbers and locations are illustrated
in Methods.

Table 3. Particulate matter removal performance of UV-A photocatalysis (Treatment II) in mitigating PM under no filtration

condition (the ‘worst-case’ scenario).

Total PM PM 10 Respirable PM PM 2.5 PM1
Conc % R Conc % R Conc % R Conc % R Conc % R
(mg-m-3) (p-Value) (mg-m~—3) (p-Value) (mg-m-3) (p-Value) (mg-m-3) (p-Value) (mg-m-3) (p-Value)
Control 0.203 } 0.122 } 0.070 } 0.063 } 0.061 )
(Sampling port 1) =+ 0.169 +0.116 + 0.075 + 0.075 =+ 0.075
Treatment I 0.201 0.6 0.124 —-14 0.064 9.4 0.057 10.5 0.054 11.9
(Sampling port 2) +0.09 (0.98) =+ 0.055 (0.97) +0.044 (0.85) +0.043 (0.85) +0.043 (0.84)
(Tar?tzf‘gyg 0.201 0.0 0.139 -10.7 0.081 —21.4 0.073 -21.9 0.067 -19.2
. / =+ 0.082 (0.99) + 0.077 0.72) £ 0.074 (0.64) + 0.075 (0.67) +0.077 (0.73)
sampling port 3)

Note: Conc = concentration, % R = percent reduction, UV-A dose = 5.3 mJ-cm™

in Methods.

2; sampling port numbers and locations are illustrated
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Sampled air

MERY filtration was effective in removing airborne PM, regardless of the inherent
variability in PM concentrations. As expected, it was verified that UV-A photocatalysis did
not reduce PM. Variation in the real-time measured PM under the ‘best-case’, ‘midpoint’,
and ‘worst-case’ scenarios for PM filtration prior to the UV treatment is illustrated in
Supplementary Material (Figures S1-53). The measured PM concentrations varied at ~4 x
the order of magnitude around the mean. Such variability is typical [21] (i.e., the PM
concentration in the manure pit headspace is instantaneously affected by barn ventilation,
ambient air wind velocity, and wind direction). Additionally, the PM ‘Control’ concentra-
tions, particulate size distribution, and composition vary with major diurnal and seasonal
trends. Thus, variability in PM is a consideration in data analysis.

2.2. Treatment of Airborne Pathogens with UV-A Photocatalysis

UV-A photocatalysis treatment reduced CFU by 15-95% (Table 4). The CFU percent
reduction was higher when airborne PM concentration was low (‘best-case’ > ‘worst-case’).
To be specific, the ‘best-case” PM filtering scenario resulted in the same-day reductions from
2930 to 133 CFUs and 1000 to 67 CFUs (i.e., 95% and 93% percent reduction). However,
CFU counts were lowered such that measurements produced Control and UV treatment
values outside of each other’s standard deviations (i.e., the variability meant that p-values
did not meet the usual <0.05 test for statistical significance).

Vacuum
pump

Manifold

Biosampler

Figure 2. Schematic of an airborne pathogen sampling system. Red arrow: Sampled air with the viable and non-viable
particulate matter emitted from the swine barn ventilation fan and trapped in biosample impingers; Blue arrow: Vacuum-

induced airflow.

Table 4. CFU removal performance of UV-A photocatalysis (Treatment II) in mitigating airborne pathogens. Comparison of
CFU before and after UV-A photocatalysis and resulting percent reduction.

Control UV Treatment
(Inlet to UV Mobile Lab, Location #2, Figure 2) (Outlet of UV Mobile Lab, Location #3, Figure 2)
Scenario a - p - - - % Reduction p-Value
(CFU) (CFU) (CFU) Mean + $.D. (CFU) (CFU) (CFuy ~ MeanSD.
© 5.0 x 10° 2.0 x 10? 3.6 x 10° 2930 + 2470 4.0 x 10? 0 0 133 + 231 95 0.17
E g2 6.0 x 10? 2.4 x 103 0 1000 £ 1250 2.0 x 10? 0 0 67 + 115 93 0.34
g
> B
) 68x10°  72x10°  98x10° 7930 & 1630 5.0 x 10° 50x10°  58x10° 5270+ 462 34 0.06
=5
c 1.3 x 10* 1.2 x 10* 1.1 x 10* 12,100 + 1410 9.6 x 10° 7.8 x 10° 13 x 10* 10,300 + 2860 15 0.52
Sy
;E E 6.4 x 10* 2.8 x 10* 1.6 x 10* 36,300 + 24,700 2.4 x 10* 2.6 x 10* 1.6 x 10* 21,900 + 5500 40 0.38




Catalysts 2021, 11, 1302

50f12

Despite p-values that did not meet the usual statistical cut-off of <0.05 for significance,
the large variability of the CFU control samples (Table 4), the numeric results suggest a real
effect. A normalization procedure that accounts for the wide variability of the control data
is discussed paragraphs below.

Normalization of the Data

Unlike experimental conditions, variability in PM (including viable PM) concentra-
tions and in laboratory-based CFU enumeration cannot be controlled in the field. Therefore,
the CFU and PM data were normalized (see Materials and Methods Equations (2) and (3))
prior to analysis. Statistical analysis of normalized data revealed that UV-A treatment had a
significant effect on the partial filtration case (% R for CFUp = 43%, p-value = 0.04, Table 5).

Table 5. CFU removal performance of UV-A photocatalysis (Treatment II) in mitigating airborne pathogens. Comparison
of CFUp (CFU-m~3) normalized by the total PM concentration (ug-m‘3) before and after UV-A photocatalysis (CFUpy,
CFU-ug ~') and resulting percent reduction. Bold signifies statistical significance.

Control UV Treatment
. % p-
Scenario c1 2 c3 T1 T2 T3 ;
Reduction Value
(CFUpy)  (CFUpy)  (CFUpy) M ESDo (CRupy)  (CFUp)  (CFUpy — Mean£SD-
1890 76 1361 1110 + 933 148 0 0 49 + 86 % 0.17
0
Z2%
g 28 965 241 0 402 + 502 57 0 0 19433 95 0.29
ge
wE
>3
= 302 320 435 352 £ 72 192 192 222 202 418 43 0.04
=5
£ 393 358 311 354 4 41 228 186 319 244 4 68 31 0.20
“é = 623 269 163 352 4+ 241 174 189 117 160 + 38 55 0.28

Additional data analyses were performed to deconvolute the effect of UV treatment
on airborne pathogens when normalized by measured PM concentrations at different sizes.
Thus, the average of CFUp), values was normalized by different PM sizes’ concentrations
under three different PM scenarios (‘best-case’, ‘midpoint’, and ‘worst-case’; Table S1) and
then compared the Control and Treatment (Table 6). The rationale was consistent with
the fact that the PM size of airborne bacteria and viruses favors their overall contribution
to the fine particulate (e.g., PM 2.5, PM 1). This had two practical implications; first, the
averaging reduced some of the previously observed variability. Second, it removed the
filtration effect altogether from the study (a filtration effect would affect both the Control
and UV treatment the same; thus, it cancels out when the difference is calculated).

Significant mitigation (49-51%) effect of UV-A photocatalysis on pathogen inactivation
was reported in this study when considered in the context of the PM load and PM size
ranges (Table 6), in particular for respirable, PM 2.5 and PM 1. Notably, normalization by
smaller PM size range concentrations leads to emerging significant differences, while total
and larger PM sizes (e.g., PM 10) did not indicate a statistically significant difference.

The results of this research support the anti-microbial effects of UV-A. UV-A is less
bactericidal than UV-C [4,22]. However, a bactericidal effect has been reported for UV-A
at sufficient dosage [23,24] under laboratory conditions. It is well recognized that it is
generally necessary to use the shorter wavelength for germicidal purposes because only at
shorter wavelengths to DNA and proteins efficiently absorb the light and thus are subject
to photoinduced damage. Gayan et al. (2013) [25] estimated that 100,000 times higher UV-A
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dose is needed than UV-C for the bacteria cells to form pyrimidine dimers (the primary
deleterious photochemical event for DNA), which interfere with DNA replication.

Table 6. CFU removal performance of UV-A photocatalysis (Treatment II) in mitigating airborne pathogens. Comparison
of CFUp (CFU-m~3) normalized by the different particle size (total, PM 10, PM respirable, PM 2.5, PM 1) concentrations
(ug-m_3 ) before and after UV-A photocatalysis (CFUpy;, CFU-pug -1). Bold signifies statistical significance.

Mean Test %
Scale Mean Control ~ Mean Treatment Difference Statistic Reduction p-Value
Raw CFU 12,000 7387 4613 1.80 38 0.147
CFUp (CFU-m~2) normalized
by Total PM 514 135 379 2.15 64 0.098
.m-3 i
CFUp (CFU-m ) normalized 637 247 389 1.83 61 0.078
by PM 10
CFUp (CFU-m3) normalized
by Respirable PM 1053 519 534 3.35 51 0.014
CFUp (CFU-m~3) normalized
by PM 25 1236 608 628 4.24 51 0.007
m-3 i
CEUp (CFUm %) normalized 1293 660 633 4.03 49 0.008
by PM 1

Note: The responses were averaged over the three replicates (C1, C2, C3 and T1, T2, T3 in Table 5), i.e., Cavg and Tayg, respectively. Then, the
percent reduction (% R) was estimated as the ratio of (Cavg—Tavg)/Cavg*100%. Test Statistic was estimated as the ratio of Mean Difference
and the standard deviation of the difference and was distributed as t-distribution. Mean Difference = Mean Control-Mean Treatment. Mean
Control and Mean Treatment = averages of normalized CFUp in Control and Treatment, respectively.

However, a handful of other biomolecules absorb out that far. Thus, a much higher
UV-A dose (compared with UV-C) may still be ‘germicidal’. For airborne bioaerosols
(containing E. coli), Wang et al. (2019) [26] showed that direct irradiation with UV-A is
effective, though much less so than UV-C (0.5 logjo vs. 2.2 logjg reduction under the same
dose of 370 J-m~3). Song et al. (2019) [27] also proposed that UV-A irradiation with a lower
dose can disturb bacteria cellular metabolism via photochemistry that produces reactive
oxygen species (ROS) balance, which can delay growth, damage cellular membrane, cause
protein oxidation and mutation, and decrease energy metabolism [28-32].

In contrast to direct irradiation, there is emerging evidence [33,34] that UVA-irradiated
TiO, (photocatalysis), can be responsible for a bactericidal effect. The primary physical
difference, of course, is that the TiO, is what absorbs the light and produces toxic ox-
idative species, rather than relying on direct absorption by the microbes. For example,
Kuhn et al. (2003) [24] reported that under TiO; photocatalysis, OH-radicals could be gen-
erated from water and oxygen, and they can directly destruct bacteria cell walls, with up to
6 log1o reduction in E. coli after a 60 min period. In the work reported here, we tested a
similar scenario (i.e., TiO, irradiated with UV-A) and presented the results. We have previ-
ously observed that UV-A (without TiO,) was not effective on the PRRS virus [4]. Thus, we
did not plan for “dark” exposure of the barn exhaust air to TiO, or for the control experi-
ment (against no TiO;) as there was no expectation for a significant mitigation of CFUs.
Further investigation of the potential UV-A photocatalysis treatment of airborne pathogens
is warranted, especially for indoor barn applications, where simultaneous mitigation of
gaseous emissions could be tested.

Several improvements can be proposed to the PM sampling protocols, including
selecting a fully mechanically ventilated barn and aiming for sampling periods of relative
low variability in PM (e.g., nighttime, when the ‘Control’ is expected less variable). Further
improvements could be made to optimize the airborne pathogen sampling to target specific
microorganisms besides the total load.

3. Materials and Methods
3.1. Viable Particulate Matter Sampling System

The sampling system was designed to simultaneously collect replicate (n = 3) airborne
PM samples (Figure 2; Figures 54 and S5). Three polytetrafluoroethylenes (PTFE) tubes
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were inserted into the treated air via the sampling ports (Figure S6), then connected to
impingers (Biosampler, SKC Inc., Eighty Four, PA, USA). The impingers captured airborne
PM using the culture medium (20 mL of brain heart infusion broth, BHI) and 0.1% (v/v)
antifoam A emulsion with a flow rate of 20 L-min~! (Figure S7). Impingers were placed
in a container filled with ice during sampling (Figure S7). Each impinger’s sampled
airflow rate was adjusted by a rotameter (Dwyer Instruments Inc., Michigan City, IN, USA)
(Figures S5, S8 and S9). The manifold system was made for the vacuum distribution and
simultaneous sample collection into three impingers. PVC adapter (ID = 89 mm, Lowes,
Ames, IA, USA) and screw caps (ID = 89 mm, Lowes, Ames, IA, USA) were used to
close both ends of manifolds (Figure S4). PVC primer and cement were used to seal
the gaps between these parts. A gauge (Grainger, Des Moines, 1A, USA) was installed
in the manifold to monitor the vacuum. A constant airflow through the manifold was
facilitated by a vacuum pump (Becker Pumps Corp., Cuyahoga Falls, OH, USA). The
vacuum pump was turned on first, reached 20 L-min~! airflow setpoint in each rotameter,
and was maintained during each experiment.

3.2. Mobile Lab Setup in the Swine Farm

The mobile laboratory had an adjustable airflow system (0.28-1.25 m3-s~!) for mit-
igating emissions with UV-A photocatalysis [18-20]. The mobile lab was connected to
the swine manure pit fan (Figure 3, Figure S10). The minimum treated airflow was used
(facilitating 52 s UV-A treatment time from inlet to outlet in the mobile laboratory) in
this experiment for maximizing the treatment time and the potential for mitigation effect.
Additionally, the highest UV-A intensity (0.41 mW-cm~2) was used (Figure S11) for the
same purpose. Detailed information on the UV-A dose, light intensity, treatment time,
airflow, and the testing farm was published in Lee et al., 2021 [20].

Figure 3. Schematic of particulate matter and airborne pathogens sampling ports (yellow) in the UV
mobile laboratory and filtration system. Three-dimensional ‘arrows’ represent free airflow. (1) Brown
‘arrow”: Exhaust air from swine barn fan; (2) Red ‘arrow’: Inlet air with reduced particle matter load
after MERYV filtration; (3) Blue ‘arrow”: Treated air with UV-A photocatalysis.

The rationale for using the filtration upstream of UV treatment was to control the
airborne PM concentrations and facilitate the separation of treatment effects between
the UV and filtration (Figures S5 and S12). A total of three PM concentration levels
(conditions) were generated for testing the UV treatment in the mobile laboratory by using
two HEPA filters (MERV 8 and 15, detailed information was shown in the previous research,
Lee et al., 2021 [18]).
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The ‘best-case” scenario—MERV 8 and 15 filters out most PM prior to UV treatment.
The ‘midpoint’ scenario—partial filtration and a moderate PM load in the treated air.
Only MERYV 8 filter removes a fraction of airborne PM prior to the UV treatment.

e  The ‘worst-case’ scenario—no PM filtration. Raw swine barn exhaust discharged from
the manure pit is treated by UV.

3.3. UV-A Dose

The maximum UV-A dose (5.3 mJ-cm~2) provided by the mobile lab was then used to
determine the mitigation effect of airborne pathogens. The UV-A dose was estimated as
the average of the irradiated UV doses on all surfaces coated with TiO, (nanostructured
TiO, anatase at 10 ug-cm’2 from PureTi, Cincinnati, OH, USA) of the mobile lab. Each
chamber inside the mobile laboratory was equipped with 5 UV-A LED lamps (0.04 mW-m ~2
intensity, 47.6 s treatment time). The treatment time represents a realistic residence time in
mechanically ventilated barns. An additional 100 UV-A lamps (0.41 mW-m~2, 9.5 s) were
installed on a removable rack in chambers #2—#3 to maximize UV dose. The UV-A LED
light used (T8 LED, Eildon Technology, Shenzhen, China) had 367 nm as the dominant
wavelength (Figure S11). Detailed information on the measurements of UV-A light intensity,
treatment time, photocatalyst, and UV lamps is published elsewhere [18].

3.4. Enumeration of Total Colony-forming Unit

The procedure for total plate count was performed according to Laird et al., 2004 [35],
with minor modifications. Briefly, air samples collected in 20 mL of brain heart infusion
broth (BHI) (Remel INC, San Diego, CA, USA) were centrifuged at 400G for 10 min, at
room temperature. Then, 15 mL was pipetted out of the tube, and the remaining 5 mL
were homogenized by vortexing. For CFU determination, serial ten-fold dilutions were
prepared by pipetting 0.1 mL of the sample into 0.9 mL of phosphate buffer. Next, 0.1 mL
of each dilution and the undiluted sample were inoculated onto the 5% sheep blood in
tryptic soy agar (Hardy Diagnostics, Chicago, IL, USA) plates. The liquid was spread into
the agar with a sterile loop, immobilizing the cells on the surface of the agar and allowing
the growth of distinct, non-overlapping colonies on the agar plates. The agar plates were
incubated for 48 h at 37 °C, and colony-forming units (CFU) were counted at that dilution
where 20-200 CFU were visible for counting (Figures 513 and S14). Impingers, air sampling
tubing, and connectors were autoclaved between trials (Figure S15).

3.5. Measurement of Non-Viable Particulate Matter Size and Concentrations

The PM concentration was measured using TSI DustTrak (Monitor 8533, Shoreview,
MN, USA). Real-time airborne PM concentrations were measured at five size ranges (PM 1,
PM 2.5, ‘respirable,’ PM 10, and total PM) for 1 h. The ‘respirable’ was defined as the 'PM 4
to PM 10’ range (Figures S1-513). The airborne pathogens were sampled simultaneously
with the PM real-time measurements for 1 h.

3.6. Photocatalyst (TiO,) Coating

The TiO, coating application was described in detail in previous studies [18-20].
Briefly, the application of the TiO, coating on the pre-cut FRP (fiberglass reinforced plas-
tic) panels for the UV reactor was carried out based on an application protocol provided
by catalyst manufacturer (PureTi, Cincinnati, OH, USA). In addition, training was pro-
vided by SATA (Spring Valley, MN, USA) for accurate catalyst spraying control. The
temperature (25 °C) and relative humidity (40-45%) were adjusted to prevent instant
evaporation of the sprayed TiO; solution (nanostructured anatase 10 pg~cm’2 TiO,, PureTi,
Cincinnati, OH, USA) before application. The TiO; solution was then sprayed after clean-
ing the surface of the panel. The spray pressure was 60 psi, and the distance between the
panel and the spray nozzle was maintained at ~0.15 m (6 in) and perpendicular to the
surface. Coated panels were dried at room temperature for 3 days. The SEM-EDS analyses
of the applied TiO; coating were described elsewhere [18].
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3.7. Data Analysis

The rotameter’s (Figure 1) reading of the airflow rate for each impinger was corrected
to the standard temperature and pressure using Equation (1) [36]:

Pob X Tst

Qse = Qob Pst X Top

)

where Qs = standard flow corrected for pressure and temperature (normal temperature and
pressure condition, 20 °C, and 14.5 psi, L'min_l), Qop = measured flowmeter reading from
rotameter (L-min~1), Py = standard pressure (1 atm, 14.7 psi), P, = measured absolute
pressure (psi): atmospheric pressure (14.7 psi) & gauge pressure (psi), Ts; = standard
temperature (293.15 K), and T,}, = measured temperature (273.15 + T °C).

The obtained CFU was divided by the airflow rate adjusted to normal temperature
and pressure (NTP, defined as 20 °C and 1 atm), the number of CFU per sampled air
volume for 1 h was estimated (Equation (2)).

F
CFUp = — ST o)
Vsampled air

where CFUp, = density of sampled total CFU under NTP condition (CFU-m~3), CFU = mea-
sured total CFU per sample, and Vgampled air = total sampled air volume by each impinger
for 1 h (m3) at NTP.

Additional data analyses were performed to deconvolute the effect of UV treatment of
airborne pathogens at different PM size ranges and when considered in the context of the
PM load. The evidence of the PM load as a potential carrier of pathogens is illustrated in
Figure S16. The value of CFUp was divided by the measured PM concentration to calculate
the CFUpy; (CFU per measured PM, Equation (3). These additional analyses aimed to
reduce the inherent variability in the real-time PM concentrations and associated with
the CFU enumeration. The detailed process of calculating the quantified CFUpy; using
Equations (1)-(3) was shown in Tables 52-54.

CFUp

CFUpM = 531

% 1000 3)
where CFUpp\ (CFU~ug’l) = the ratio of CFUp (CFU-m %) per PM concentration at a
specific PM size range (mg-m~3).

The mitigation effect was evaluated by the overall mean percent reduction (% R),
Equation (4).

Con — Treat
%R = —— x 100 4
Con X @

where Con and Treat are CFUpy; (CFU- ug’l) and PM concentration in Control and Treat-
ment, respectively.

3.8. Statistical Analyses

The R (version 3.6.2) was used to analyze the mitigation effect under UV-A photo-
catalysis treatment (reported in Tables 1-5). The control CFU value and treatment CFU
value were statistically analyzed using one-way ANOVA. The statistical difference was
confirmed by obtaining the p-value through the Paired Tukey test. A significant difference
was defined for a p-value <0.05.

An additional statistical model in R (version 4.0.6) was used to assess the effectiveness
of UV treatment then the raw CFU data were normalized by PM size (reported in Table 6).
A paired t-test was run over the averages of the three replicates.
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4. Conclusions

This proof-of-concept aimed to investigate whether particulate matter (PM) filtra-
tion (at MERV 8 and 15 range) and UV-A photocatalysis could reduce PM and airborne
pathogens discharged from swine barn. The following general conclusions were made:

e MERV 8 and15 effectively mitigated PM concentrations (96-98%, p ranged from

< 0.01 to 0.04) in swine barn exhaust.

UV-A photocatalysis does not affect PM concentrations in swine barn exhaust.

UV-A photocatalysis treatment reduced CFU by 15-95%. The CFU percent reduction
was higher when airborne PM concentration was low (‘best-case” > ‘worst-case’).
UV-A photocatalysis reduced the concentration of airborne pathogens (43% reduction,
p = 0.04) in moderate PM concentration conditions.

e  Despite p-values that did not meet the usual statistical cut-off of <0.05 for significance,
the large variability of the CFU control samples, the numeric results suggested a
real effect.

e Normalization of measured airborne pathogen concentrations by smaller PM size
range concentrations led to emerging significant treatment differences for CFUs. Sig-
nificant mitigation (49-51%, p ranged from 0.01 to 0.03) effect of UV-A photocatalysis
on pathogen inactivation was observed when considered in the context of the PM load
and PM size ranges in particular for the respirable, PM 2.5 and PM 1 (i.e., below the
10 micron range).

Additional improvements to the experimental approach for farm-scale testing were
proposed, and further investigation is warranted.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11111302/s1, Detailed PM and CFU data is presented in Figures S1-53 and Tables S1-54.
Detailed information about the experimental setup and methods used is illustrated in Figures 54-5S16.
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