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Water purification is required for environmental protection. In this paper, we propose and demonstrate a rapid, effec-
tive and low-cost approach to collect numerous impurities (microparticles) in water on the basis of laser-induced thermal
convection. We introduce a heat source by using a fiber tip, which is fabricated into a non-adiabatic-tapered shape. In order
to improve the laser power absorption efficiency, we coat a gold film with a thickness of 300 nm on the fiber tip. Due to
absorption, the laser power transferred from the fiber to the water results in thermal convection. The forces generated from
the thermal convection drive the microparticles to move towards the fiber tip, thereby performing microparticle collection
and achieving water purification. Laser-induced thermal convection provides a simple, high-efficiency and low-cost method
of collecting microparticles, which is a suitable and convenient for local water purification.

Keywords: optical trapping, microstructures and particles, water purification

PACS: 42.50.Wk, 87.80.Cc, 81.20.Ym

1. Introduction

Water purification is strongly related to people’s liveli-
hood and environmental protection. Drinking water is con-
taminated with thousands of compounds.!!! Some pollu-
tants and disinfection byproducts can be toxic to the hu-
man body.>*! Currently, there are numerous ways to purify
drinking water. Natural sedimentation>®! is commonly used
for collecting heavy particles. Biofiltration!”! can be imple-
mented in drinking water filters through its biological treat-
ment function, and protein-like materials can be removed.

8-101 3 process that generates coagulant

Electrocoagulation, !
electrochemically, has been reported to be efficient in re-
moving a wide range of electroplating pollutants from water.
Micro- and nanomaterials with unique optical and electrical
properties can be used to decompose dyes in water under UV
and visible light irradiation.!'") However, these methods are
restricted by complex devices and special materials for chem-
ical reactions. Among the various methods used collect the
impurities (microparticles) in water, optical trapping!'?! is a
typical representative. Optical tweezers may trap and ma-
nipulate microparticles, whose diameters range from a few
nanometers to tens of micrometers.!!3-1®! The magnitude of
the optical trapping force is usually on the scale of pN, and
the effective trapping range is on the scale of pum.['7 It is dif-
ficult for normal optical tweezers to collect the microparticles
in a large space or with a large number. Photophoresis,[!8-2?]
thermophoresis,!?> and thermal convection!?’-?8! are also

used to collect microparticles. However, the complex proper-
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ties of the microparticles and solution cause uncertainty of the
force direction, hindering them from being put to practical use.
In this paper, we propose and demonstrate a highly-effective,
simple and novel method to accumulate microparticles based
on the laser-induced thermal convection effect. This method
eliminates the need for complex filtration devices or filter ma-
terials, preventing excessive changes in the fluid environment.

The light source power is introduced by a non-adiabatic
tapered shape fiber tip with a gold film coating. This gold
film helps to absorb the laser power leaking from the fiber
tip and transfer it to heat. The heat is absorbed by the water
around the fiber tip to perform a temperature gradient distri-
bution, producing convection. The forces generated from the
thermal convection drive the microparticles to move from the
low-temperature area to the high-temperature area. By using
this laser-induced thermal convection method, we can drive
numerous microparticles to accumulating quickly and easily.
In addition, we can realize microparticle accumulation by us-
ing a low input light power because of the high-efficient light
energies absorbed by the gold film.

2. Principle of laser-induced convection
2.1. Fiber probe

Unlike the heating and tapering procedure of an adiabatic
shape fiber tip,3!! a non-adiabatic shape fiber tip was fabri-
cated to ensure the laser power leakage from the fiber (see
Fig. 1(a)). The fiber tip was constructed from a normal com-
mercial 1310 nm single mode optical fiber (ClearLite®1310
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Photonic Fibers, OFS). The non-adiabatic tapered shape was
fabricated by using normal heat- fused biconical taper tech-
nology. The laser power leaked out from the side face of the
fiber tip (see Fig. 1(b)). In order to increase the heat and tem-
perature production, we plated a gold film on the optical fiber
tapered tip. According to Fig. 1(c), there was a little light out-
going from the fiber tip. A vacuum plasma sputtering method
was employed to plate the gold film. The gold film thickness
was ~ 300 nm, which was measured by a three-dimensional

(3D) morphology analyzer (New View 7200, Zygo®©).[3?]

Fig. 1. (color online) (a) Non-adiabatic tapered optical fiber tip, (b) laser
leakage from the non-adiabatic tapered fiber tip, and (c) non-adiabatic
tapered optical fiber tip with gold coating.

2.2. Temperature field distribution

Silica fiber is temperature-insensitive. If the fiber tip is
not gold-coated, the temperature increase of the solution is
mainly caused by the special wavelength absorption of the wa-
ter solution. When the laser wavelength is 0.98 um, accord-
ing to the Beer-Lambert law,!33! the absorbed power can be
expressed as Iy = Iy - exp(—ad), where « is the absorption
coefficient of the 0.98 um laser in water,1®*! d is the effec-
tive absorption depth and Ij is the initial light intensity. When
the input power was 9 mW, we calculated the maximum value
of the temperature increment (AT« ) of the solution near the
fiber probe to be 10 K, which was inefficient for microparti-
cle accumulation. Therefore, we employed the gold coating
method to enhance the temperature increment.

By using the fluorescence dye method, we obtained the
temperature distribution near the fiber tip. We employed Rho-
damine B as the fluorescence dye. The concentration of Rho-
damine B solution was 2 mg/L, whose temperature depen-
dence has been well documented. 350! In the measurements,
we employed a 532 nm green laser to excite the fluorescence
and employed a charge-coupled device (CCD) to obtain the
temperature information. Figure 2 shows the experimental re-
sults and the ATy 18 22.35 K.

200 C
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Fig. 2. (color online) Experimental results of the temperature field dis-
tribution.

The added temperature of water solution near the fiber
tip produced a temperature gradient distribution in the solu-
tion. Thus, the density of the water solution changed along
with temperature distribution, causing the buoyancy lift in unit
volume to change,3”! and finally leading to convection in the
water solution. The larger the temperature difference was, the
stronger the convection was. We could control the microparti-
cle accumulating velocity by changing the temperature distri-
bution, which was finally controlled by the input laser power.
Due to the non-adiabatic tapered shape, a great deal of laser
power leaked out from the fiber tip. The output laser power
was absorbed by the gold coating to generate the heat, which
was then absorbed by the water solution near the fiber tip. The
absorption of heat produced the temperature gradient distribu-
tion near the fiber tip, leading to the convection of the solution.
The convection caused the microparticles in the solution to
move from the low-temperature area to the high-temperature
area, driving the microparticles to move towards the fiber tip

and achieving the accumulation.

3. Experiments and results
3.1. Experimental setup

Figure 3 shows the experimental setup. A pump laser
with a working wavelength of 1.48 pm was used as a light
source. The power adjusting range of the laser source was 0 to
100 mW. An optical isolator was employed to protect the laser
source. The tapered tip fiber was mounted on a 3D micro-
manipulator platform for adjusting the precise position. On
the micro-manipulator platform, there was a glass slide with a
droplet of water solution full of numerous microparticles. The
diameter of each microparticle was 10 pm. The volume of
the water droplet was about 2 mL. The input laser power was
9 mW, the refractive index of the water solution was 1.333 and
the refractive index of the fiber core was 1.4681.
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Fig. 3. (color online) Schematic of experimental setup.

3.2. Experimental results

Figure 4 shows the experimental results of microparticles
accumulating and moving based on the laser-induced thermal
convection. When the laser source is off, a few microparti-
cles are randomly distributed near the fiber tip (see Fig. 4(a)).
When the laser source is on, the force generated from the
laser-induced thermal convection causes the microparticles in
the solution to move towards the fiber tip and achieving ac-
cumulation (see Fig. 4(b)). When the laser source power is
9 mW, there are ~ 180 microparticles accumulating within
180 s. When the laser source is off again, the microparticles
remain arranged in the linear shape regardless of whether the
fiber moves or not (see Fig. 4(c)). When the laser source power

is on again, the microparticles move to the trapping position of
the fiber probe again within 40 s (see Fig. 4(d)).

Fig. 4. (color online) (a) Microparticle accumulation when laser source
is off. (b) Microparticle accumulation caused by laser-induced ther-
mal convection. (c) Accumulated microparticles remain linear-shape-
arranged. (d) The microparticles moving to the optical trapping position
of fiber probe again.

4. Discussion

There are some factors affecting the microparticle accu-
mulation.

4.1. Shape of the fiber tapered tip

The shape of the fiber tip can affect the distribution of the
temperature field, which influences the convection flow field,
and finally the microparticle accumulation. Comparing the
long non-adiabatic fiber probe tip (being 600 pum, see Fig. 1),
we fabricate a short non-adiabatic fiber tapered tip (300 pm
long) to show the difference in microparticle accumulation.
The short fiber probes are shown in Figs. 5(a)-5(c) and the
temperature field distribution of the short fiber probe is shown
in Fig. 5(d).

z/pm

—100

—200
0 200 400 600
z/um
Fig. 5. (color online) (a) Non-adiabatic tapered optical fiber tip, (b) laser
leakage from The non-adiabatic tapered fiber tip, (c) non-adiabatic ta-
pered optical fiber tip with gold coating, and (d) experimental results of
temperature field distribution.

The results indicate that the shape of the temperature field
introduced by the short fiber tip is circular and therefore it ac-
cumulates the microparticles and arranges them in a circular
shape (see Fig. 6). When the laser source is off, there are
few microparticles distributed randomly near the fiber tip (see
Fig. 6(a)). When the laser source is on, the force generated
from the laser-induced thermal convection causes microparti-
cles in the solution to move towards the fiber tip, achieving
accumulation (see Fig. 6(b)). When the laser source power is
9 mW, there are ~65 microparticles accumulating within 120
s. When the laser source is off again, the microparticles re-
main round-arranged regardless of whether the fiber moves or
not (see Fig. 6(c)). When the laser source power is on again,
the microparticles move to the trapping position of the fiber
probe again within 90 s (see Fig. 6(d)).

Fig. 6. (color online) (a) Microparticles accumulation when the laser
source is off. (b) Microparticle accumulation caused by the laser-
induced thermal convection. (c) The accumulated microparticles re-
main round-shape-arranged. (d) Microparticles moving to the optical
trapping position of fiber probe again.
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Comparing the microparticle accumulation results be-
tween the long and short fiber probe, the accumulating velocity
introduced by the long fiber probe was large. In addition, the
length of the fiber probe affected the arrangement shape of the
accumulated microparticles.

4.2. Thickness of gold coating

The microparticle-accumulating velocity is related to the
thickness of the gold coating. In a range of 0-300 nm, the
thicker the gold coating is, the higher the temperature of the
solution near the fiber probe is, and the larger the microparti-
cle accumulating velocity is (see Fig. 7).

1.2 - - ]
/\—‘y—

0.3} /
ol ) ) ) .
50 150 250 350

Thickness of gold coating/nm

Fig. 7. (color online) Relationship between microparticle-accumulating
velocity (V,) and thickness of gold coating.

4.3. Particle concentration

The microparticle-accumulating velocity (V,) is related
to the microparticle concentration (C) in the solution. In
our experiment, when the microparticle concentrations were
0.2625 mg/mL, 0.5250 mg/mL and 0.7875 mg/mL respec-
tively, the microparticle accumulating velocities were, respec-
tively, 0.42N s~!, 1.11N s~! and 1.67N s~!, where N is the
microparticle number (see Fig. 8, the laser source power is
9 mW). The results indicate that the accumulating velocity is
approximately linearly proportional to the microparticle con-
centration.

2.0
C1=0.2625 mg/mL

1.6} 02:0.5250 mg/rnL
Cs5=0.7875 mg/mL

(& Cy Cs
Fig. 8. (color online) Experimental results of microparticle-
accumulating velocity (V;) for different microparticle concentrations.

4.4. Laser power

The microparticle-accumulating velocity (V,) is related to
the laser source power (P,,). When the microparticle concen-
tration of the solution is 0.5250 mg/mL, we adjust the power

of laser source to measure the microparticle-accumulating ve-
locity. Here we choose P, =7, 9, 11, 13 and 15 mW, respec-
tively. According to Fig. 9, the larger the laser source power is,
the higher AT, is, and the larger the microparticle accumu-
lating velocity is. The accumulating speed is approximately
linearly proportional to the laser power. When P,, is higher
than 15 mW, the convection in the solution is not dominant
and the solution experiences turbulence, which is unsuitable
for microparticle accumulation.

2.0 40
4
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Fig. 9. (color online) Measured results of microparticle-accumulating
velocity (V,) and the corresponding simulated results of ATy for dif-
ferent laser source powers. Here the depth of the fiber is 90 um and the
solution concentration is 0.5250 mg/mL.

4.5. Microparticle size

When the density and the kinematic viscosity of the mi-
croparticles are fixed, the microparticle-accumulating velocity
is related to the microparticle size in the same convection flow
distribution field. The distribution of the convection flow is
uneven in the vertical (x-axis) direction. The convection veloc-
ity is large near the heat source and small near the boundary,
including the interface between the air and water surface and
the bottom of the substrate. When two microparticles of dif-
ferent sizes are placed on the bottom of the substrate, due to
the unevenness of the convection flow distribution near the mi-
croparticles, the forces generated from the convection flow are
different. The larger the microparticle diameter is, the larger
the total force integral of the microparticle surface is, and the
larger the microparticles moving velocity is. Figure 10 shows
the measured results of the microparticle moving velocity for
different microparticle diameters: 10 um, 15 um, and 45 pum,
respectively. Here P, =9 mW and the depth of the fiber dy, =
90 um. Figure 10 shows that the microparticle-accumulating

(a)

V./N-s—1
ORI W Ao,

2

10
Diameter of particle/pm
Fig. 10. (color online) (a) Measured results of the microparticle-
accumulating velocity for microparticle diameters of 10 um, 15 pum,
and 45 pm. Here Py, =9 mW, dy, = 90 um and C = 0.5250 mg/mL. (b)
Schematic diagram of convection flow distribution.

3\\\\\\\\\\\\\\%
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velocity is proportional to the microparticle diameter.

4.6. Convection flow field distribution

The microparticle-accumulating velocity is also related to
the convection flow field distribution. In our experiment, the
volume of the water solution is ~ 2 mL, and the thickness of
the water solution is ~ 1 mm (d = 1 mm) (see Fig. 11(b)).

1.2- (a)
‘@ 0.8_
Z
3
= 0.4
0 T T T T T T T T T
50 150 250 350 450
dp/pm
gold film coated fiber tip (b)
microparticles droplet
mm
dn

*Z
Fig. 11. (color online) (a) Experimental results of microparticle-
accumulating velocity (V,) versus dy. Here P, =9 mW and C =
0.5250 mg/mL. (b) Schematic diagram of coordinate system used in
this paper. Here, d, is fiber depth and d is height (thickness) of water
solution.

The depth of the fiber (dy) affects the distribution of
the convection flow field, which influences the microparticle-
accumulating velocity. =~ We measure the microparticle-
accumulating velocity versus dp in a range from 30 pm
to 450 um. Here we still take P, = 9 mW and C =
0.5250 mg/mL. Figure 11(a) shows the measured results. The
microparticle-accumulating velocity first increases (dp €[30-
100 um]) and then decreases (d;, €[100-450 um]).When the

fiber depth is 90 pm, the moving velocity reaches 1.11 pum/s.

5. Conclusion

We have successfully demonstrated microparticles accu-
mulating in a water solution on the basis of laser-induced ther-
mal convection. We fabricated a fiber tip into a non-adiabatic
tapered shape and plated a gold film on the fiber tip to pro-
duce a lot of heat in the solution near the fiber tip. The large
heating change produced a temperature gradient distribution
in the solution, leading to natural convection. By using this
laser-induced convection effect, we could drive numerous mi-
croparticles to accumulate quickly, easily and simply. This
method provides a rapid and low-cost approach to removing
microparticles from a water solution and may be applied to
local water purification.
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