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Environmental Significance

Light emitting diodes (LEDs) are emerging as a low-cost, low-energy usage nanotechnology
capable of emitting germicidal wavelengths capable for disinfection in air, water or on surfaces.
A challenge is how to deliver light from relatively small point-sources of emitted light from
LEDs into areas with unique geometries, such as piping or narrow channels. As an alternative
method for light delivery, side-emitting optical fibers (SEOFs) have been investigated in the
fields of photocatalysis, disinfection processes (e.g., using wavelengths from <250 nm to ~300
nm), and optical sensors. We previously showed these capable to inactivate bacteria in water and
control biofilm growth on surfaces. In SEOFs, UV light (e.g., from LEDs) enters one end of the
optical fiber and then is radially side-emitted in the air or water by silica nanoparticles (NPs) on
the fiber’s surface as light propagates along the fiber. Light radiating from a source is composed
of refracted light and electromagnetic radiation within optical fibers. In our prior work we
suspected that decreasing the separation distance would result in higher UV-C light scattering?
because particles near the surface use more evanescent wave energy. However, there is a paucity
of information about the function relationship between separation distance and light side
emission. Thus, herein we focus on filling this knowledge gap and hypothesize that controlling
the separation distance is an effective strategy to make distribution of side-emitted UV-C light
along a SEOF more uniform, and easier to design and integrate into systems where non-chemical
disinfection is required.
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Abstract
Silica nanoparticle coating on quartz optical fiber facilitates side-emission of germicidal
ultraviolet light (UV-C), which shows promise for disinfection of contaminated air, water, and
surfaces. However, the emitted light along the length of optical fibers decreases exponentially
with distance from the LED light source, which makes designing applications more challenging
and reduces overall useable length of optical fiber to disinfect water or surfaces. This work aims
to develop an understanding of light interactions with the silica nanoparticles to allow more
uniform side-emission of germicidal light along longer lengths of optical fibers. Two forms of
light energy (refracted light and evanescent waves) are transmitted through optical fibers. The
amount of side-emitted UV-C light is overwhelmingly controlled by the evanescent wave energy
interacting with nanoparticles at distances from < 2 to 100 nm from the surface of the optical
fiber. Varying the separation distance enables up to ten-fold (/0x) modulation in intensity of
side-emitted UV-C light, demonstrated 1) experimentally through ionic-strength modifications
during a manufacturing process, and 2) through first-principle models. These insights enabled
fabrication of side-emitting optical fibers (SEOFs) with more uniform light emission along their
entire length (>30 cm). The fundamental insights and experimental validation into light
interactions with nanoparticles on SEOF surfaces, in conjunction with prior bacterial inactivation
studies, enables use of UV-C light produced by light emitting diodes (LEDs) to mitigate biofilm
formation on confined surfaces commonly found in water treatment, premise plumbing, and

cooling systems.
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Introduction
Germicidal wavelengths from ultraviolet light emitting diodes (UV-C LEDs) is an emerging
technology for disinfection of water and air. UV-C LEDs have several benefits over traditional
low-pressure UV lamps or medium-pressure UV lamps: longer life span, mercury-free materials,
targeted wavelength band, and lower direct current (DC) power requirements.!- > However, LEDs
are limited by their relatively small irradiation area and high attenuation of UV light in air and
water, which reduces the area LEDs can disinfect microorganisms in air, water, or surface
biofilms.> 4 To overcome these problems, complicated networks containing dozens or more
LED:s are required to deliver germicidal light within reactors systems.> Additionally, many
biofilms form in small diameter pipes, tubing, basins, and unit processes such as spiral wound
membranes of water systems, and within biomedical (e.g., endoscopes) or other devices (e.g.,
washing machines) where conventional LED arrays cannot be easily installed. As such, a
strategy is needed to deliver and distribute light from LEDs within such applications to achieve

microbial disinfection and/or surface biofilm prevention.

As an alternative method for light delivery, side-emitting optical fibers (SEOFs) have been
investigated in the fields of photocatalysis,® 7 disinfection processes (e.g., using wavelengths
from <250 nm to ~300 nm),> 810 and optical sensors.'!> 12 Commercial SEOFs could be obtained
by micro-bending, fiber core doping or surface roughness.!3 14 However, these methods only
work well in visible spectrum due to the difficulty of silica material modification. We recently
fabricated UV-C SEOFs utilizing silica sphere nanoparticles (NPs).?> In UV-C SEOFs, UV light
(e.g., from LEDs) enters one end of the optical fiber and then is radially side-emitted in the air or

water by silica NPs on the fiber’s surface as light propagates along the fiber. The silica sphere
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NPs, when coated on optical fibers, act as scattering centers to promote side emission of
germicidal UV-C light for disinfection. Prior work showed that delivering at least 2 uW/cm? of
265 nm light from an optical fiber was sufficient to inhibit microbial activity on the UV-
irradiated surfaces.!> Compared with traditional UV light source configurations, SEOFs could
increase irradiated surface area by connecting a single light source for efficient light delivery.!¢
17 Moreover, optical fibers with diameters < 1 mm are highly flexible and enable light to be
delivered in small spaces. Key to achieving flexibility of these thin quartz fibers without
compromising UV-C transmittance is a durable UV-C transparent polymer coating or cladding.'®
Such a polymer coating or cladding over the NPs also prevents losing them to solution.3 1?
However, with all these benefits, when launching UV-C light from a LED into a SEOF, side-
emitted light decays exponentially, i.e., >90% of side-emitted light decays over 10-cm as light
propagates along an optical fiber.!> This limits the fabrication length of SEOFs. Shifting the
distribution of side-emitted light along the length of a SEOF from an exponential to a more

uniform distribution could enable longer fiber lengths that can deliver light to larger areas.

Light radiating from a source is composed of refracted light and electromagnetic radiation within
optical fibers.?° Solarized or high-OH quartz attenuates minimal UV-C light, with over 80% less
attenuation compared to standard optical fibers.?! When total internal reflection (TIR) occurs, an
evanescent wave (i.e., an electromagnetic wave generated at the side of the optically sparse
medium) forms within the fiber.?? This evanescent wave energy decays exponentially in a
direction perpendicular to the outer surface plane of the fiber (illustrated in Figure 1). The
separation distance (/) between NPs and the quartz fibers influences the amount of light energy

scattered from the fiber.?32* In our prior work we suspected that decreasing the separation
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distance would result in higher UV-C light scattering? because particles near the surface use
more evanescent wave energy. However, there is a paucity of information about the function
relationship between separation distance and light side emission. Thus, herein we focus on filling
this knowledge gap and hypothesize that controlling the separation distance is an effective

strategy to make distribution of side-emitted UV-C light along a SEOF more uniform.

This paper explores how separation distances of <5 to 100 nm between silica NPs and optical
fiber surfaces influence the amount of side-emitted UV-C light. First, experimental evidence
showed that incorporating an ionic strength synthesis process into the SEOF fabrication
compressed electric double layers, allowed tuning the electrostatic attachment distance between
NPs and optical fiber surfaces, and achieved variable side-emitted light intensity. Experimental
results were fitted to a single scattering efficiency (o) relationship. Second, a first-principle
MATLAB model showed the relationship between separation distance (NPs to optical fiber),
interactions with the evanescent wave energy in the optical fiber, and overall amount of side-
emitted light from the optical fiber. Shorter separation distances led to higher intensities of side-
emitted light. Third, we visually observed that increasing ionic strength treatments also led to
more “patchy” NP coatings on the fiber surface, and the model provided insight into this
phenomenon. Finally, the surface roughness and tuned separation distance accomplished by
varying ionic strengths were used to design and synthesize SEOFs with improved uniformity of
side-emitted light along the optical fiber length. The findings provide mechanistic insight into
how NPs can be used to manage light within optical fibers. This information will help design the

next generation of SEOFs for use in controlling biofilms in air and water treatment systems.
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Figure 1 Schematic of the experimental setup with a 265 nm LED launching light through a
SMA905 connector into a SEOF coated with silica nanoparticles and CyTop™ polymer along
the entire fiber length. Blue insert section shows light rays (blue lines) propagating along an
optical fiber from left (i.e., light source) to the right (terminal end of the fiber). Illustrated as grey
spheres, NPs attached near the fiber surface serve as scattering centers on the SEOF and interact

with evanescent wave energy to side-emit light.

Methods and Materials
Fabrication of side-emitting optical fiber
Figure 1 depicts the UV-LED-SEOF system used in this study. Briefly, multimode optical fibers
were purchased from Thorlabs (diameter of 1 mm, numerical aperture of 0.39, core refractive
index (R/) of 1.5; FT1000UMT, High-OH for 300-1200 nm, Thorlabs, Newton, NJ). This high-
OH fiber has >80% less attenuation compared to standard optical fibers. Figure SI.1 plots
attenuation of 265 nm light up through a 1 meter section of this fiber. While light is clearly
attenuated along the length of the fiber, there is still >20,000 pW/cm? of 265 nm energy available

even at a length of 1 meter from the LED.
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Protective cladding and coating materials on the as-received Thorlab fibers were first gently
removed by a razor, and then the remaining impurities were dissolved by 95% acetone for 1
hour. The fiber was then cut into 10 cm lengths, and the cut surface on both ends was polished
through 5 optical polish films (LF30D, LF5P, LF3P, LF1P, LFO3P, Thorlabs, Newton, NJ) to
obtain a smooth and clear surface. A fiber inspection scope (FS201, 200X, Thorlabs, Newton,
NJ) was used to determine the uniformity of creak and clarity of the polished end. Then fibers
were fixed to a 3 cm ferrule connector (SMOS5SMA, 1020 um, Thorlabs) using heat shrink wrap,
and heated air was used to shrink-wrap the assembly. A 60 mW 265 nm UV-C LED (KLARAN,
NY) was mounted to polished fibers using a butt-coupling method of direct contact. A lens tube
was used to decrease any potential light loss. To reduce the distance between the cut-end and

LED, 2.5 mm length of stripped fiber was applied outside the connector.

Aminated silica sphere NPs (suspended in 99.99% ethanol, 10 mg/mL, nanoComposix, San
Diego, CA) as scattering centers. As shown in Figure SI.2, high diameter NPs results in higher
scattering, and scattering benefits plateaued for NP diameters above 200 nm. Therefore, as with
prior work?® we used 200 nm aminated silica sphere NPs as scattering centers. Nanoparticles were
coated onto stripped optical fibers through electrostatic attractions. The fibers were dip-coated
into aminated silica sphere nanoparticle suspensions for 60 seconds and dried in the air for 5
mins. This procedure was repeated twice to increase NP coverage to over 0.80 pg/mm? for a
maximum side emission (Figure SI.3); additional layers (i.e., more dip-coating cycles) did not

further increase side-emission of 265 nm light.
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Transmission electron microscope (TEM; Philips CM 200) analysis was performed on the
aminated nanoparticles to confirm particle size the manufacturer reported measurements. Silica
nanoparticles dispersed in ethanol were added to a 200-mesh Au grid. 100 nanoparticles were
counted for our size analysis. Particle size distribution pattern is shown in Figure SI1.4. The range
and distribution of silica NPs used in this work is 199 + 5 nm, which confirmed the size and
uniformity as reported by the manufacturer. Since side scattering of 265 nm light is not highly
dependent (p< 0.05) upon NP diameters above 200 nm (e.g., Figure SI.2), the small variation in

silica NP diameter (199 + 5 nm) is unlikely to influence side scattering performance.

In order to manage the optical fiber scattering efficiency, the NP-coated optical fiber was
submerged into variable aqueous ionic strength solution for 10 seconds and then dried for 5 min.
A series of ionic strength concentrations (0.06 M, 0.15 M, 0.30 M, 0.45 M and 0.60 M) was
prepared by Na,SO, (Sigma-Aldrich, 244511). Note that this step could also be achieved by
other salts (e.g., phosphates) that could change the solution ionic strength.> Each concentration
was used separately to treat different optical fibers, and each concentration led to a different
scattering coefficient (o). A 30 cm optical fiber was treated with different sodium sulfate
concentrations every 6 cm to compare the uniformity to an untreated fiber. All figures report the

average of triplicate results with standard deviation.

A low UV-C absorbing polymer (CyTop™, BELLEX International Corp, Wilmington, DE) was
used to treat bare or NP-coated optical fibers. Fibers were dipped in the polymer solution and
dried in the air for 2h. Control experiments (Figure SI.5) confirmed previous research’ showing

that CyTop™ has negligible effects on attenuation, light scattering, and reflection.
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Light measurements
The light emitted from the LED and entering the optical fiber (/;,,,;) can be either absorbed (14ss),
scattered (/s), or transmitted (/7) and is described by the following equation:

Lpnpue= Ls+ Ip + Lypg (1)
Light was measured by a spectrophotoradiometer (Avantes, Louisville, CO, AvaSpec-2048L,
calibration: 200—1100 nm) at different lengths along the fiber (0, 2, 4, 6 and 8 cm) (Figure 1b).
The spectrophotoradiometer tip touched the optical fiber surface at each measurement location to

obtain the maximum flux (uW/cm?). All measurements were performed triplicates.

Data processing and statistical analysis
Side-emitted light scattering and uniformity of SEOF were represented by a scattering coefficient
(o) and uniformity coefficient (UC), respectively. Because the light distribution along the axial

direction shows an exponential decay, a was obtained using following equation®>:

Is) o ax

=e (2)

I input
where Ig(x) is the light intensity scattered at the length position x from the LED. From Eq. (2),
the ratio of the light intensity at different positions along the axial length remains a fixed value
and can be expressed as follow:

]S(XZ)

—In e
_ s{ X1
“= Vx 3

where Ax is the distance between different locations, and /g(x;) and Ig(x;) are the light intensity at

different locations (Figure 1).
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To develop a metric related to uniformity of light emission along the length of the fiber, a
Uniformity Coefficient (UC), defined as the ratio of measured scattered light at two distances

from the LED source, was calculated following this equation:

I, =o6Lp

UC=—— )

I, =o0aLy

where I | — 911,18 the scattered light at a length along the fiber equivalent to 10% of the total
fiber length (L7), and I | — 61,18 the scattered light at a length along the fiber equivalent to 60%

of the total fiber length. The values of 0.1 Ly and 0.6 Ly were selected based upon their use in the
water industry (e.g., Do and Dg ratios to represent gradation of sand particles in filters) and use
to statistically represent skewness of distributions. UC range from zero to unity, with values
closer to unity representing more uniformly distributed light along the fiber length. Our goal was

to achieve UC > 0.5.

Nanoparticle coating and surface roughness measurements

Atomic force microscopy (AFM) was performed in Bruker Multimode 8 (Bruker, Santa Barbara,
CA), and data were analyzed by a computer software (Nanoscope Analysis 1.9). The tip size was
4-10 nm, and all measurements were performed in a tapping mode with a 0.01-0.025 Ohm -cm
antimony (n) doped Si cantilever, resonance frequencies of 320 kHz, and spring constant of 42
N/m. Quartz substrates were cut by a ceramic blade to a 1.5 cmx1.5 cm square and submerged in
99.9% acetone for 1h to remove any impurities. The substrate samples were prepared similar to
SEOFs we used in this study. The clean quartz was dipped in 200 nm aminated silica sphere NP
suspensions for 10 s (reduced from 60 s with the fibers to avoid any noise during scanning) and

dried in the air for 5 min. Then half of the samples were treated with 0.2 M sodium sulfate for 10

10
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s. Only dispersed particle images were used to determine the height difference between

background and NP layers. All height measurements were performed in triplicate.

The surface roughness of uncoated and silica-coated fibers was determined by a ZeScope optical
profilometer (Zygo ZeScope). Three fibers (5 cm length) were chosen: a bare optical fiber, a
fiber coated with 200 nm silica nanospheres, and a 0.2 M Na,SO4-treated fiber coated with 200
nm silica nanospheres. A 50 objective combined with a 0.63x magnification changer was used
for the optimum visualization of the 1 mm diameter optical fiber. A stitch of 5 x 3 images with a
20% overlap was used to increase the collection area, resulting in 100 pum x 140 um 3D images
for each measurement. At least three measurements were performed across the length of each
fiber sample. The root mean square roughness R,,,s of the surfaces was then reported to compare

the surface roughness among samples.

Mechanistic model

A mathematical predictive model was developed and run in MATLAB version R2019b to
generate light profiles (WW/cm?) along the optical fiber length. Figure S1.6 shows the SEOF
scattering efficiency model system diagram. Fiber parameters (length, diameter, material), NP
parameters (size, density, placement), and system parameters (angle resolution, iterations,
optional polymer coating, distance between radiometer and fiber) were input into the main file
(Figure SI1.7). Computational raytracing was used to calculate theoretical side-emission profiles.
The light profile from the LED was divided into a series of small sections, and the ray was

tracked along the fiber length, with trajectory and intensity governed by the laws of the model.

11
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The radiation pattern is shown in Figure SI.8. Ratio of light entering to the fiber (R%) was

calculated by integrating the LED radiation pattern with accepted angles:

Oerir | 2
2| —fiw(O) dO
o 5 f=(0)

7 ()

2 2L r(0) a6

0o 27

Three phenomena captured in the model include: 1) linear optics (Fresnel and Snell equations),
which dictate the trajectory and intensity of the light reflecting inside the optical fiber; 2)
evanescent waves, which occur when a ray hits the edge of the fiber where a nanoparticle exists;
and 3) Mie scattering, which occurs when any amount of light interacts with a nanoparticle. The
angle of refracted light and the light intensity inside the optical fiber was calculated by Snell’s

law and Fresnel equations:
0 =——>-— (6)

o cos(6:) —n-cos(6))
mcos(8:) +n.cos(6.)

(7)

where 6, represents the angle of incident light, &, represents the angle of refracted light, n; and n,
represents the reflective index of two media, and 7 represents the light intensity inside the optical
fiber. The Mie profiles for the particles were generated using MiePlot v4.6.14, which provides a

simple interface to the classic BHMie algorithm?® for Mie scattering from a sphere.

Results and Discussion

Varying nanoparticle separation distance from SEOF modulates the extent of UV-C side

scattering

12
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Based on our prior surface disinfection research,!> a minimum intensity of 2 uW/cm? of side-
emitted UV light at 265 nm was needed to mitigate growth of Pseudomonas aeruginosa or
Escherichia coli on a nutrient-rich surface. Therefore, in this work we targeted 2 pW/cm? as the
light intensity that should be achieved by the SEOF at any length along the fiber. Insufficient
light scattering to achieve bacterial control (i.e., <2 pW/cm?) was observed for bare fiber
without any NP modification at any length along a 10 cm SEOF (Figure 2). However, attaching
NP scatter centers on the optical fiber enabled side-emission of 265 nm light above the target of
2 uW/cm?. As shown in Figure 2, for all SEOFs that included NP coatings, light intensities were
greatest near the LED source (i.e., fiber length (cm) closer to zero) and then exponentially

decreased further from the LED source.

To experimentally study the effect of separation distances (/) between the optical fiber surface
and NP (illustrated in Figure 1), the NP-coated fibers were sequentially immersed in different
ionic strength solutions for 10s and allowed to air dry. Then a protective UV-C transparent
polymer coating was applied to the modified fiber. As shown in Figure 2a-e, inclusion of the
ionic strength treatment increased the side-emitted light at any length along the fiber by a factor
of 2x to nearly 10x. This is consistent with previous work that showed ionic strength increases

the side emission at midpoint of the SEOF.3

13
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Figure 2 UV-C irradiance measured along the optical fiber length with ionic strength at (a) 0.06

M, (b) 0.15 M, (c) 0.30 M, (d) 0.45 M, and (e) 0.60 M; (f) linear fitting of scattering coefficient
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SEQOFs in Figure 2 show side-scattered light, but there was approximately 60% decrease of side-
emitted light intensity from the proximal (L = 0 cm) towards the distal end without the ionic
strength treatment and larger drops in side-emitted light intensity of 66%, 75%, 81%, 94%, and
96% when 0.06 M, 0.15 M, 0.30 M, 0.45 M, and 0.60 M ionic strength were applied,
respectively. While the fibers are 10 cm in length, only light side-emitted along the first 8 cm
was measured; at the very end (distal) of the fiber (L=10cm) light that was transmitted through
the entire fiber is axially- (not side-) emitted. Along the fiber, more light is side-scattered from
the SEOF near the LED source, thus is less light available to travel down the length of the fiber.
The exponential light attenuation along the fiber confirms relatively uniform NP coating
conditions along the fiber length. The exponential decreases in light along the fiber are,
inherently, not uniform, as reflected by a decrease in UC (Equation 4) from 0.52 to 0.13 for a 10-

cm optical fiber within the ionic strength range of 0-0.60 M (Table SI.2).

Scattering coefficients (o) were calculated using Equation 3 for each experiment (Supporting
Information shows data fits, and Table SI.1 summarizes o values). Figure 2f shows that a were
linearly correlated (R? = 0.95) with the ionic strength:

o = 0.428 * [Tonic strength, M] + 0.137 (8)

Additionally, Figure 2f shows the integrated light intensity (i.e., total amount of side-emitted
light along the entire fiber geometrically estimated based on measured point values) from the
proximal (L = 0 cm) towards the distal end of the SEOF. Ionic strength of 0.06 M, 0.15 M, 0.30
M, 0.45 M, and 0.60 M led to increases of 1.4x, 2.1x, 2.6x, 3.5x, and 4.3x for the integrated light

intensity relative to zero ionic strength treatment, respectively. As a control, optical fibers treated

15
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only with ionic strength (no NP) showed zero side-emitted light, and therefore the side emission
was not the result of salt crystals or other salt-related deposits (discussed more below). Overall,
these experiments demonstrated side-scattering from NP-coated SEOFs depended on ionic

strength (i.e., Equation 8).

Separation distance determines the light distribution along the fiber

As shown in Figure 2, introducing ionic strength into SEOF synthesis could increase light
scattering and modulate the scattering coefficient (o). Hence, we hypothesized that ionic strength
would influence separation distance between the aminated silica NPs and the optical fiber quartz
surface, thus increasing light scattering through greater interaction with the evanescent wave
energy. However, it is difficult to measure the exact separation distance because the particles on
the curved fiber surface usually overlap and are distributed unevenly, making it difficult to
understand the effect of distance on light scattering. Typical separation distances are likely below
100 nm depending on the coating particle size.?’-3® To provide insights into the relative
importance of separation distances on side emission of light from the fibers, we developed and
used a MATLAB-based predictive model to simulate the effect of separation distance (0 to 100
nm) on the light scattering along optical fiber. Model conditions mirrored experimental
conditions (i.e., 200 nm particle size, 0.45A current with a 265 nm UV-C light with the emission
profile provided by the manufacturer, optical fiber with a numerical aperture of 0.39, CyTop™

polymer coating).

Figure 3a shows simulated UV-C light irradiance at different distances along the optical fiber

with separation distances (/4) ranging from 1 nm to 100 nm between the NP and SEOF surface.

16
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The model predicted an exponential decrease in side-emitted light and similar magnitudes of
light intensity as observed in the experimental data (Figure 2). Figure 3b plots scattering
coefficients calculated (Table SI.3) from data in Figure 3a. Figure 3b shows an exponential
dependence of the scattering coefficient on the separation distance (o = 0.532 0048 #W; R2 =
0.997). Using this relationship, the separation distance without ionic strength treatment is
estimated to be approximately 30 nm. The separation distance reduced from 30 nm to
approximately 5.5 nm when the ionic strength increased from 0 to 0.60 M (Equation 8). Overall,

separation distances between 1 and 30 nm dramatically affected side-emitted light scattering.

T T T T T OT T T T T T T
804 (a) —1nm ——5nm ——10nm | (b) = Scattering coefficient
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Figure 3 (a) Simulated UV-C light irradiance at different lengths along the optical fiber from the
LED source (x=0) with separation distances ranging from 1 nm to 100 nm; (b) calculated average
scattering coefficient along the fiber associated with the different scattering distances shown in
Figure 3a. The standard deviations for the calculated scattering coefficient at different SEOF

lengths are illustrated as error bars.
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Our model incorporates two modes of interaction between light and NPs. The refractive light and
evanescent waves on the surface both contribute to the divergence and transmission of light
between different media. According to the Fresnel equation (Equation 7), light in the optical
fiber would be refracted out of fiber interface when the external material’s refractive index is
either higher than or similar to the fiber material. When light in the optical fiber is completely
reflected internally, the intensity at the interface between the two media will not suddenly
become zero because the electric and magnetic fields cannot be discontinuous at a boundary.>°
Some light penetrates the surface and diffuses into the surrounding medium, thus an evanescent
field is generated with a penetration depth that depends on the incident wavelength.?3-31
Therefore, given a wave vector £, the evanescent wave field E(r) can be expressed according to
Equation 10:
k=k3 + kx=iay + px 9

E(r)=Eqe (99 B9 = Ee(@5-iv) (10)

This energy will spread and attenuate perpendicular to the interface (x-y plane). The intensity of

this electric field in z direction can be described according to Equation 11:17-20

7h47r\[n/2 sin? 64[22
I(h) = lLe z (11)

where nyand n, are the reflective indexes of optical fiber and medium, respectively; /j is the
maximum scattering intensity closest to the scattering center; 4 is the separation distance;
and /(h) is the scattering intensity at that distance. Therefore, the rapidly decaying energy
field of evanescent wave highly depends on the distance from the fiber interface (%), which
was determined by density of particle, density of medium, radius of particle, zeta potential
of particles, and bulk ionic concentration.’* 3* The evanescent wave intensity is higher in

water (7,,4e,= 1.33) than air (n,;,= 1) due to the relatively high refractive index of water.
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Following from Equation 11, for 265 nm incident light, the effective radial distance of
evanescent wave on the fiber used in this study should be less than 100 nm (Figure SI.9).
Therefore, loading NPs on the fiber will effectively influence 4 because ~30 nm separation

distance is expected even without ionic strength treatment.

Figures 4a-c illustrate the mechanism of particle interaction with the evanescent waves at the
fiber interface. With NPs on the optical fiber, the refractive index on each side of interface was
similar (R/=1.5). Therefore, light emission is possible by refracting photons from the fiber
waveguide into the NP layer and reacting with evanescent field near the fiber interface.
Modulating % controls the electric field of the evanescent wave to increase light emission (Figure
4b and 4c). This understanding is consistent with Hideki’s work that particle diffusion behavior
could be monitored by the evanescent wave dynamic light scattering, and the diffusion behavior
of a colloidal particle near the interface can be extracted quantitatively as a function of the
distance from the interface.3* Compared to the side-emitted light, the transmitted light accounts
for over 90% of the energy within the entire fiber. Overall, our modelling showed that > 95% of

side-emitted light was associated with interactions between the NP and evanescent waves.

(a) (b) ]/ (c)

— Evanescent Evanescent [ Evanescent
waves h waves waves

Air Air Air

Optical fiber

Optical fiber Optical fiber

Figure 4 Schematic of evanescent wave - fiber interface interactions (a) without and (b, ¢) with

NPs.
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Influence of ionic strength treatments on separation distances and surface roughness
Modeling showed that separation distances of 0 to 30 nm influenced the amount of side-emitted
light (i.e., higher a with shorter distances). To quantify these parameters, AFM and optical
profilometer measurements were performed. Figures Sa and 5b show AFM images of a flat
quartz slide, which approximated the curved optical fiber, coated with NP alone and coated with
NP plus a high ionic strength treatment (0.2 M Na,SO,). NPs were clearly detected in both
samples, and a slightly “patchier” cover was observed due to NP aggregation after the 0.2M

Na,SO, treatment (Figure 6b).

Figure 5c is a histogram of measured height for both samples (i.e., quartz slides with and without
ionic strength treatment). The relative height of each particle was measured with the AFM and
NanoScope section analysis, indicating the topography along the samples from the dark area (no
nanoparticle coating) to the highest NP peaks. Because the NP diameter was confirmed by TEM
as 199 nm =+ 5 nm, any additional height measured with the NanoScope section analysis should
represent the separation distance between the particles and quartz surface. For the data in Figure
5c, there is no significant difference (p<<0.05) between the mean values of height without (244
nm) versus with the ionic strength treatment (239 nm). Therefore, the separation distance
between NPs and surface should be randomly distributed on the order of 5 nm to 80 nm.
However, the range and distribution of height on the plate after high ionic strength treatment
(244 + 40 nm) was statistically different (p>0.05) than the non-ionic strength treated sample (239
+ 27 nm). Hence, without ionic strength treatment there is a higher frequency for nanoparticles to
be in the mean height range from the substrate, while after treatment the distribution shifted so

that some particles were located closer to the surface while others were farther away. These
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results agree with previous work on other particles such as gold,* alumina,?¢ or titanium
dioxide;’7 ionic strength will change the minimum interparticle distance for these deposited
particles, indicating the nanoparticles were aggregated. As previously discussed, any variation in
measured height corresponds to the proximity of nanoparticles to substrate (Figure 3). Hence,
treating SEOF with higher ionic strength solutions led to nanoparticles staying closer to the

interface, decreasing the separation distance.

(01)5 -No Treatment [ |Treatment

200 220 240 260 280
Measured Height of single particle (nm)

Figure 5 Atomic force microscopy (AFM) images of coated samples (a) without Na,SO,
treatment; (b) treated with 0.2 M Na,SOy,. (c) Histogram of measured height of silica
nanoparticles on quartz plate; 80 particles were manually counted for each sample (with and

without ionic strength treatment).

When charged particles are immersed in the electrolyte solution (i.e., Na,SO,), the ions compress
the electrical double layer (EDL) around both NP and optical fiber surfaces.’®* EDL compression
lessens the net energy of repulsion between the two surfaces as described mathematically by
Derjaguin—Landau—Verwey—Overbeek (DLVO) theory.>®* DLVO theory describes the net

energies of interaction between to surfaces as a function of 4. Using estimates of Hamaker
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constants for silica and zeta potential for negatively charged silica surface and positively charged
aminated silica NP,% the net energies of interaction were estimated for our system under varying
ionic strengths (See Supporting Information and Figures SI.10 and SI.11). In terms of either NP-
surface or NP-NP interactions, increasing ionic strength reduced repulsive potential across all
separation distances, as expected. Consistent with AFM data illustrated in Figure 5c, increasing
ionic strength led to both NP-aggregation and formation of patchy NP aggregates with shorter
separation distances on the surface of the optical fiber. Overall, our experimental results support
our previous modeling results that separation distance significantly affects side-emitted light

scattering.

To further explore NP aggregation effects, optical profilometry was used to measure surface
roughness on the optical fiber throughout SEOF fabrication. Figure 6a shows optical
profilometer images. The pristine SEOF has a smooth surface and a calculated surface roughness
0f4.92 £ 0.07 nm. The SEOF coated with 200 nm NP (no further Na,SO, treatment) had much
higher calculated surface roughness of 268 + 10 nm. Roughness was 399 + 13 nm after a
subsequent ionic strength treatment (0.2M Na,SQOy). The roughness and optical profilometer
images show a similar “patchy” collection of NPs on the surface, with more frequent NP
aggregates (Figure 6¢) present after ionic strength treatment. These interpretations are consistent
with AFM results. Collectively, the experimental results demonstrate that ionic strength
treatment 1) results in NP on SEOF surfaces having separation distances on the order of 5 to 80
nm and 2) increases SEOF surface roughness. Evidence from physical measurements (Figure 2)
and first-principle models (Figure 3) demonstrates that integrating ionic-strength treatment into

SEOF synthesis increases contribution of evanescent wave energy towards side-emitted light.
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Thus, modulating separation distance through ionic strength treatment could serve as a design

tool to create SEOFs with differing extents of side-emitted light.

Figure 6 Representative optical profilometry images of (a) pristine optical fiber; (b) optical fiber
coated with 200 nm silica sphere nanoparticles; (c) optical fiber coated with 200 nm silica sphere
nanoparticles and treated with 0.2M Na,SO,. Calculated surface roughness values from triplicate

measurements were 4.92 + 0.07, 268 + 10, and 399 + 13 nm, respectively.

As described above, we observed that ionic strength treatment not only increased side emission
(e.g., Figure 2) but also led to NP aggregation on fiber surfaces and “patches” of NP aggregates.
A hypothesis is that additional dip-coating cycles after a relatively dense NP loading will not
increase scattering but only change the particle distribution. To better understand the connection
between NP coverage and separation distance, the modelling scattering flux was varied by NP
coverage from 0 to 100% (Figure 7). The NP coverage is defined as the ratio of area covered
with NPs to the overall fiber surface area. Modeling revealed a sharp increase of total light
intensity, as well as inhomogeneity of light distribution, with the increasing coverage. This
finding was consistent with the previous work that tunable photocatalyst coverage changes the
reaction performance by varying photon use.*!-4> However, once the NP surface area coverage
reached 70%, limited additional side emission (i.e., <10% overall light increase) results from a

relatively short separation distance (e.g., <20 nm) (Figure 5a and 5b). Overall, the model
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suggests that the separation distance (/) is more influential than NP coverage on the amount of

side-emitted light (i.e., intensity). Perhaps equally as important is that NP aggregation due to

oNOYTULT D WN =

ionic strength treatment is not detrimental to producing side-emitted light.
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24 Figure 7 UV-C light irradiance from a mathematical model. NP coverages ranging from no

nanoparticles (0% coverage) to 100% coverage on the SEOF surface. Separation distance was set

29 at 5 nm (left), 20 nm (middle), or 40 nm (right). Note that the y-axis is different.

33 Towards uniform light emission along the length of SEOFs

Knowledge gained from this study provides evidence that high ionic strength solutions could

38 regulate the light scattering along the optical fiber by controlling the proximity between NPs and
40 the fiber surface. Hence, applying different ionic strength to different length-segments of SEOF

may make it possible to generate a more uniform light distribution.

47 Figure 8a shows the scattering flux along the length of two longer SEOFs. The control SEOF
without ionic strength treatment shows an exponential decrease of light scattering from proximal
5o end to terminal end. The second SEOF was treated by gradually increasing ionic strength along

54 its length (submerged into a 0.02 M, 0.05 M, 0.10 M, and 0.15 M sodium sulfate solution at 6
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cm, 12 cm, 18 cm, 24 cm, respectively) with the concept of achieving variable 4 along the SEOF
length. Figure 8b schematically illustrates the mechanism of enhanced side emission associated
with increasing ionic strength treatment and tunability of NP separation distance from the surface
of the optical fiber. Higher /4 near the LED (x=0) would allow less light to be side-emitted
because of less interaction with the evanescent waves, whereas lower 2 moving along the axial
length would result in a larger percentage of the evanescent wave energy interacting the NP on
the SEOF surface and side-emitting more light. Data in Figure 8a were fit with natural logarithm
functions (Figure SI.12) to calculate the a based on Equation 2. Without ionic strength treatment,
the emitted light intensity will gradually decrease along the fiber (a=0.11), reaching < 10
uW/cm? at a distance of 10 cm. Relatively low light scattering was observed beyond 15 cm
which led to a higher irradiation time required to achieve a given UV dose along the SEOF. At
the terminal end, some light was reflected back in the opposite direction, creating a second "input
light source" at the distal end that increased the light intensity. Varying the ionic strength made
the side-emitted light intensity more uniform along the length of the SEOF. At 6 cm from the
LED, the light intensity distribution was similar with (a0 =0.12) versus without (0=0.11) ionic
strength treatment and was most likely controlled by refractive light interactions. However, at
longer distances (6—12 cm, 12—18 cm, 18-24 cm, and 24-30 cm), compressing the 4 by using
different ionic strength led to approximately a 3x increase in light intensity. Overall, the fitted
scattering coefficient of variable-treated SEOF was 0.047, which is much lower than that of the

non-treated SEOF (0.11) (Figure SI.9).

To mathematically evaluate the uniformity of light emission along the SEOF under different

treatments, the UC of each fiber was compared. In Figure 8a, the UC for the 30 cm control fiber

25



Page 27 of 32

oNOYTULT D WN =

Environmental Science: Nano

was 0.13 and was much lower than unity. The exponential decrease in side-emitted light is
caused by 1) the highest light intensity being at the SEOF end nearest the LED, 2) energy
available for side-emission along the SEOF decreasing as light is emitted, and 3) a relatively
constant / value resulting in similar extent of interaction with the evanescent waves. However,
the 30 cm SEOF treated with the variable ionic strengths shown in Figure 8a has a 4x
improvement in UC to 0.52, signifying a transition to more uniform side-emitted light intensity
along the length of the fiber. This UC value demonstrates a significantly higher uniformity
coefficient for light distribution compared to our prior work with SiO, (UC = 0.15) and estimates
from TiO, coated optical fibers (0.04 < UC < 0.15) using UV-A and longer wavelengths for
photocatalytic applications (see Table SI.5). Further optimization of this “ionic strength
variation” is being integrated into scaled-up SEOF production and is clearly a function of the
desired overall SEOF length and inlet LED light intensity. Insights and calculations gained from
experiments and models can now be applied to improve UC along any length of fiber, which
extends the useable length that can achieve the intensity necessary to mitigate biofilm growth

(ie.,>2 uW/cm?).

(a) (b) "Inpuf
T T T T T T T T T T T T T T T Separation distance h ; :"&ﬁOn distance h’

40 I control y —2 = - ==

[ Na,S0, treated -

35 ‘ , 1 '—i‘ﬂj
< | 0.05M ' 0.10M 0.15M %
E Ay 7 e
S §:
i 25 ;
> NG ionic ¥ v Increasing
‘@ 20 - strength |\ 5 ionic
5 treatment ': ] strength
£ 151 ‘g‘ﬂf
=) I
I 101 4
5_ 3
! : : 8 : ‘ v
0 > ‘ .
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
: Control Na,SO, treated
Fiber length (cm) I+ G250, lreate
26



oNOYTULT D WN =

Environmental Science: Nano Page 28 of 32

Figure 8 (a) Scattering flux along 30 cm SEOF treated with a series of high ionic strengths. (b)
Schematic of the influence of ionic strength on improved side scattering from SEOF. The dip-
coating method was applied to different sections along the optical fiber. The fiber at 6 cm, 12
cm, 18 cm, and 24 cm was submerged in 0.02 M, 0.05 M, 0.10 M, and 0.15 M sodium sulfate
solution, respectively. Control represents the side emission of NP-coated optical fiber without
ionic strength treatment. The standard deviation for triplicate independent optical fibers are

1llustrated as error bars.

Summary and Conclusions
This paper illustrates that treating NP-coated optical fiber with high ionic strength solution
increased the total scattering light intensity and modulated the light distribution (e.g., o). The
positive correlation between light intensity and ionic strength could be attributed to the change in
separation distance. First-principle modelling results showed that separation distances of 0 to 30
nm strongly influenced the side emission. The smaller separation distance increased scattering
flux ratio by up to 10x because of the excitation's contributions provided by evanescent wave
energy. Optical microscope measurements demonstrated a higher frequency of closer distances
between NPs and the optical fiber after ionic strength treatment. Controlling the proximity by
varying ionic strength treatment could increase the effective length of optical fiber and fabricate
a more uniform SEOF, with a 4x improvement in UC over a 30 cm fiber. Modifications
described herein could make possible to fabricate longer optical fibers with more even light
distribution for water treatment. Using the insights and modeling capabilities developed herein,
future work will explore the performance and flexibility of thinner diameter SEOFs and using

them to bundle of multiple SEOFs. Ongoing research (e.g., using lenses to collimate light) is
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1

2

z addressing how to increase the percentage of light emitted from the LED into the optical fiber.

5

6 Ultimately we hope to use SEOFs to deliver germicidal UV-C light from LEDs into

7

8 piping/tubing, water treatment processes (e.g., membranes), and water storage tanks associated
9

1(1) with legionella risks.
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