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1. Introduction

As a novel extinction material, biological materials have
attracted wide attention due to their advantages such as low
preparation cost, environmental protection, non-toxic, easy
degradation, and wide extinction band" ). Gu et al."*! studied
the effect of the activity of biological materials on their average
mass extinction coefficient (MEC) and presented a practical
method to discriminate the viable and dead microbes. Wang
et al.”” found that when the relative humidity of air exceeds
70%, the ratio of attenuation rate to concentration increases with
relative humidity. Generally, biological materials are composed
of artificially prepared biological particles, and biological par-
ticles have abundant sources and different morphologies!®!, such
as spherical, ellipsoidal, cylindrical, and irregular shapes. When
released into the air, biological particles exist in the form of
aggregates with complex spatial structures'”) and can attenuate
light. With the widespread application of photoelectric detection
systems, biomaterials with strong extinction performance have
aroused great interest in research and practical applications.
The extinction characteristics of biomaterials have been
widely studied by theoretical calculation. The extinction
efficiency factor of different-shaped biological particles was
calculated™®!, and the extinction characteristics of the monodis-
perse!®”'*"! and polydisperse!! biological particle aggregates
have been explored. However, previous models for calculating
the extinction characteristics of biomaterials used spherical
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In this study, a method was presented to accurately obtain the extinction characteristics of the non-spherical biological
particle aggregates. Based on the multi-sphere particle model of non-spherical particles, a randomly oriented aggregation
model was firstly built to construct the aggregates. The discrete-dipole approximation method was used to calculate the
extinction characteristics of aggregates in the 3-14 pm waveband. The average mass extinction coefficients of three mate-
rials are 0.802 m? /g, 0.907 m? /g, and 0.866 m? /g in the 3-5 um waveband and 0.590 m? /g, 0.402 m? /g, and 0.523 m? /g in the
8-14 um band, respectively. Smoke chamber experimental results are in good agreement with theoretical analyses.

Keywords: non-spherical aggregates; biological particle; random orientation; extinction characteristics.

particles for aggregation, without considering the aggregation
of irregularly shaped particles, and without considering the
numerical simulation of randomly oriented irregular particle
aggregation. Currently, no published literatures on the ex-
tinction characteristics of non-spherical biological particle
aggregates with random orientations were found. Therefore,
establishing a method to accurately obtain the extinction char-
acteristics of the non-spherical biological particle aggregates is
an important challenge.

Research on the extinction characteristics of aggregates
mainly relies on the build of the aggregation model. At present,
there are many aggregation models''>'*! available for the aggre-
gation of spherical particles, some of which can be used for
the fixedly oriented!"*! and randomly oriented!'®’ aggregation of
elliptical particles. However, there are no reports on the univer-
sal aggregation models for non-spherical particles, especially the
randomly oriented aggregation model for irregularly shaped
particles. The essential difficulty for the aggregation simulation
of non-spherical particles lies in devising an accurate and effi-
cient algorithm for detecting the contact between particles.
Therefore, various particle models have been proposed for accu-
rately describing the shape of the non-spherical particle, such as
the multi-sphere model, super-ellipsoid model, and polyhedral
model'”), With the high contact detection efficiency and robust-
ness, the multi-sphere model appears to be the most commonly
used particle model in researches on particle conveying, material
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mixture, and particle deposition''®), The multi-sphere model has  of random angles and the movement of random directions dur-
potential application value in the construction of non-spherical ~ ing the aggregation process of non-spherical particles, rather

particle aggregation (NSPA) models. than the motion in a specific direction. Three hundred aggre-
In this work, the extinction characteristics of the non-  gates were generated for each of the three materials. Figure 2

spherical biological particle aggregates were studied through  partly shows the obtained aggregates with different particles

theoretical calculation and experimental verification. The aggre- ~ number N.

gates of three non-spherical biological particle materials were Porosity is an important parameter to describe the spatial

constructed by using the NSPA simulation code. Based on mate-  structure characteristics of aggregates and can be calculated

rials’ reflectance spectra measured by a Fourier transform infra-  according to the aggregated geometry'*'!. The following param-

red spectrometer, the discrete-dipole approximation method  eters were used to describe the geometry of aggregates. The
(DDA)!"*) was used to calculate the MECs of aggregates. A large  volume of the ith particle is denoted by V;, the porosity of
smoke box experimental system was designed to validate the  the aggregation is denoted by P, and the radius of gyration is

feasibility and effectiveness of the proposed method. denoted by R,. The relationship between N and R, is approxi-
mated as'*'!
2. Materials and Methods N R 3 ,
R; =7 |ri = 117, (1)
To investigate the extinction characteristics of non-spherical £ AN & = !

biological particle aggregates, three types of microbial materials,
which are AN2301, BB2302, and A02303, were prepared  where r; and r; are the coordinates in space of the ith and jth

through the process of strain activation, shaking flask culture,  particles, respectively. The effective radius R, of the aggregates
large tank fermentation, centrifugation, pure water cleaning,  can be obtained as

vacuum freezing and drying, and grinding by a superfine

Chinese medicine grinder'*”’,

As shown in Fig. 1, AN2301 is pumpkin shaped, the ratio of its

height to diameter is about 1:2, and the diameter is between 3.6 @

and 4.2 pm. BB2302 is with a single-sided concave pancake

shape, where the ratio of the thickness to the diameter is about The porosity of the aggregated particles is given bY[22’23]

1:3, the diameter is between 1.8 and 2.2 pm, and the depth of the

concave surface is 0.3 pm. AO2303 is cylindrical (aspect ratio is V3/5R,\’

1.2:1), ellipsoid (aspect ratio is 1.2 : 1), and spherical, accounting P=1- ( R ) . (3)
4

for 50%, 20%, and 30% respectively, and the particle size is
evenly distributed between 2.2 and 3.4 pm. The aggregates con-
taining 10, 20, and 30 particles, respectively, were assumed
to analyze the extinction characteristics.

The larger the porosity is, the looser the spatial structure of the
aggregates is. Three materials have different particle shapes and
particle size distributions, so their aggregates have different
porosity distributions. As shown in Fig. 3, the average porosity
2.1. Randomly oriented aggregation model of non-spherical increases as the number of particles contained in the aggregate
particles increases. Among the three materials, the particles of BB2302 are

The multi-sphere model'”! was used to build the shape of the
non-spherical particles, rather than simply equating them to el SB2202 A0S0
spherical particles of equal volume. The aggregated spatial
structure was constructed by using the NSPA simulation code,
which realized the Monte Carlo simulation of the randomly ori-
ented motion of non-spherical particles. In the simulation pro-
gram, the randomly oriented motion of non-spherical particles
in three-dimensional space is simulated through the rotation

N=10

N=20

N=30

(b) BB2302. (c) A02303. Fig. 2. Spatial structures of aggregates.

Fig. 1. Scanning electron micrographs of microbial materials. (a) AN2301.
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Fig. 3. Porosity distributions of aggregates.

the least spherical, so the average porosity is also larger than the
others.

Non-spherical particle aggregates with different shapes have
different spatial structures, radii of gyration, and porosity,
resulting in different equivalent complex refractive indices'**!
and extinction characteristics''?). Adopting a spherical approxi-
mation aggregation model will result in the spatial structure
differences of particle aggregates with different particle shapes
being ignored, leading to an increase in the calculation error
of extinction characteristics.

2.2. Complex refractive index calculation model

To obtain spectral reflectance, the tablets of three samples were
prepared with the pressure of 30 MPa using the tablet machine.
The tablets, with a fixed mass at 1.8 g, had a diameter of 3 cm
and thickness of 0.8-1.2 mm, and the surfaces were as smooth
as possible. As shown in Fig. 4, the specular reflectance in the 2.5
to 25 pm waveband was measured by the Nicolet 8700 Fourier
transform infrared spectrometer (Thermo Fisher Scientific,
USA).

According to the Kramers—Kronig (K-K) relation'*>*°], the
reflective phase shift ®, can be expressed as'*”!

A o In R,

O,="P| —2_d1, 4
= A N )

where 1 is the wavelength, P is the Cauchy principal value func-
tion, and R’ is the vertical reflectivity.

The real parts (n;) and imaginary parts (k;) of the complex
refractive index values m;, (m,; = n; + ik;) can be obtained bym]

R
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Fig. 4. Specular reflectance of three materials in the 2.5-25 um waveband.
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Fig. 5. Complex refractive indices of three materials in the 2.5-25 pm wave-
band. (a) Real parts of the complex refractive indices. (b) Imaginary parts of
the complex refractive indices.
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It is known that the R; should be obtained in the full band
to calculate the complex refractive index. However, in actual
experimental measurements, the R; can be measured only in
the limited band (2.5-25 pm). To supplement the missing reflec-
tivity spectrum when calculating the integral, the reflectivities at
wavelengths below 2.5 pm are assumed to equal the reflectivity
at 2.5 pm, and the reflectivities above 25 pm are equal to the
reflectivity at 25 pm, represented as R(y_,5.m) = Ry5,m and
R(25-100pm) = Rosum- Therefore, R; over the entire integral range
(0-100 pm) was acquired. A value of 100 pm was used as
the upper limit of the integral because the reflectivity above
100 pm had little influence on the complex refractive index in
the 2.5-25 pm wavelength range!?*??!, The complex refractive
indices of the three materials were obtained, as shown in Fig. 5.

2.3. Extinction calculation model for aggregates

Based on the obtained aggregates and the complex refractive
index of materials, the DDA method was used to calculate the
absorption efficiency factor Q,,, and the scattering efficiency
factor Q.. The numerically exact DDA method is completely
flexible regarding the geometry of the target and is limited only
by the need to use an inter dipole separation d that satisfies
|my|kd < 0.5 (k =27/2) for an accurate solution®>'!. In this
study, the DDA code discrete-dipole scattering (DDSCAT)
was used to calculate the scattering and absorption of aggregates.
The ‘GKDLDR’ option in the DDSCAT was selected, which
specifies that the surface-corrected lattice dispersion rela-
tion®>*?! approach of the polarizability prescription was used
to determine the dipole polarizabilities for the extinction
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calculation of aggregates. Good accuracy can be achieved
because the complex refractive index values m, of the three
materials satisfied [m; — 1| < 0.8"%°), The Q, and Q. can be
calculated in the execution of the DDSCAT by'"!

Q k. i{l (B, (@) - Bl- 2K B}
abs = . — 3 mf £ - aj IS R j >
R£|Einc| j=1 3

@)
2

» (8)

Ng N

% A A % —ikh- .
E [Pj—#a(h- P)le ikt 1
=1

k4
Qsca :7/(19
ﬂR§|E) 2

inc |

where k is the wave vector of incident light, R, is the effective

—
radius of non-spherical biological particle aggregation, E . is
the electric field strength vectors of incident light, and N, is

the number of dipoles. ?j is the dipole moment of the jth dipole,
a; is the polarizability of the jth dipole, dQ indicates the
microelements of the solid angle, 71 is the unit vector of the scat-
tering direction, _r)j is the coordinate vector of the jth dipole,
superscript * represents the complex conjugate, and Im is the
complex imaginary part.

The extinction efficiency factor Q. can be calculated by

Qext = Qabs + Qsca~ (9)

The MEC value of the aggregate can be defined as the ratio
of the extinction cross section of the aggregate to its mass.
The mass densities p of the three non-spherical biological par-
ticle materials are 0.732 g/cm?, 0.805 g/cm?, and 0.806 g/cm?,
respectively. The MEC of aggregates at each wavelength can
be given as

3 Qext

MEC = >
4pR;

(10)

Then, the average MEC of aggregates in the 1;—4, waveband
can be obtained by

78
MEC;, -1, = A MEC; /(4 = 4;)dA. (11)

3. Results and Discussions

3.1. Extinction calculation results

The MEC is an important parameter to characterize the extinc-
tion performance of the aggregate. The average MECs of the
aggregates in the 3-5 pm (mid infrared, MIR) and 8-14 pm
(far infrared, FIR) wavebands are shown in Table 1.

As the number of particles contained in the aggregates
changes from 10 to 30, the average MECs of BB2302 increase,
while the situation of AN2301 is the opposite. For AO2303,
the extinction ability is weakened in the MIR, while it is
enhanced in the FIR.

Chinese Optics Letters

Table 1. Average MECs of Aggregates with Different Particle Numbers in the
3-5 um and 8-14 pm wavebands.

3-5um 8-14 pm
Material N R, (um)  Goe MEC(m*g) G  MEC (m?/g)
AN2301 10 3825 343 0.842 2255 0.604
20 4818 3743 0796 2773 0590
30 5514 4130 0767 3.099 0576

BB2302 10 1720 1.629 0.883 0.720 0.390

20 2.166 2123 0.913 0.941 0.405
30 2.479 2458 0.924 1.093 0.4m
AQ02303 10 3.104 3.000 0.900 1731 0.519
20 3.878 3.597 0.863 2.184 0.524
30 4430 3.971 0.834 2505 0.526

The extinction ability of aggregates mainly stems from the
absorption and scattering effects of light. The theoretical calcu-
lation MEC values at each wavelength 4 in the range of 3-14 ym
are shown in Fig. 6. The proportion of absorption and scattering
to extinction is different at different wavelengths. The infrared
absorption ability is closely related to the functional groups of
the material, and the three materials exhibit similar strong
absorption abilities at 6.1 pm and 9.5 pm.

Moreover, the size of the aggregate has an important impact
on its scattering ability. In the 3-5 pm waveband, because the
effective radius R, of the aggregates is close to the wavelengths,
the scattering effect is strong, which may be explained by the
Lorenz-Mie theory. In the 8-14 pm waveband, due to significant
weakening of the scattering ability, the extinction ability is domi-
nated by absorption. The three materials have similar functional

—— N=10,MEC E N=10,MAC N=10,MSC
— N=20MEC N=20MAC N=20,MSC
g — N=30MEC_ - N=30MAC N=30'MSC
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Fig. 6. MECs of three materials in the 3-14 pm waveband. The dashed line
represents the MEC corresponding to the absorption effect, marked as
MAC, while the dotted line represents the MEC corresponding to the scatter-
ing effect, marked as MSC. (a) AN2301. (b) BB2302. (c) A02303.
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Fig. 7. Average MECs of aggregates in the MIR and FIR.

group compositions and generally have similar absorption abil-
ities, but exhibit different scattering abilities due to differences
in particle size and spatial structure of aggregates. The closer
the size of the aggregates is to half the wavelength of light, the
stronger the scattering ability. Among the three materials, the
particle size of BB2302 is the smallest, so the scattering ability
is also weakest in the 8-14 pm waveband.

As shown in Fig. 7, based on the calculated results, the MECs
of aggregates of the three materials generally conform to the
law of normal distribution, their mean values in the MIR are
0.802m?/g, 0.907m?/g, and 0.866m?/g, respectively, and
their mean values in the FIR are 0.590 m?/g, 0.402 m?/g, and
0.523 m?/g, respectively. The extinction performance of the
three materials in the MIR is better than that in the FIR.

3.2. Validation of results

A large smoke box experimental system (4m X 3 m X 2.4 m)
is shown in Fig. 8. Infrared radiation sources and detectors
were placed on both sides of the smoke box. The light path
between the infrared radiation source and the correspond-
ing detector was 3 m. Two high-precision blackbody radiation
sources (Fuyuan blackbody HFX-300A) were used to provide
infrared radiation with constant temperature. Two infrared
thermal imagers, FLIR SC7700 and VarioCAM HD875, were
used to detect the radiation intensity on the target radiation
source in the MIR and FIR, respectively. An intelligent particle
sampler (Model LB-120-F) was installed inside the smoke box
to constitute the concentration sampling system. In the experi-
ments, the material samples were sprayed through the nozzle

I ‘ Filling port
Valve
y o switch
Nozzle [——=F
.\,§\° *
@ o R
rb@d <& @ & )
SHCS) Sy
S
o &
O

Concentration
sampling system

Air blower % -

Fig. 8. Smoke box experimental system.

Processing
system
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Fig. 9. Transmittances of three materials in the MIR and FIR.

using nitrogen gas at 10 MPa. When the materials in the smoke
box were evenly distributed, the concentration sampling system
starts to operate at a flow rate of 100 L per minute, with a sam-
pling time of 3 min. The weight of the filter membrane before
and after sampling is measured by a high-precision electronic
balance. Based on the weight difference of the filter membrane
before and after sampling and the gas extraction volume, the
mass concentration of the material can be calculated. The infra-
red thermal images on the target radiation source were recorded
by detectors before and after the release of material. The trans-
mittance of material in the MIR and FIR can be derived in terms
of measurements of the radiation intensity on the target radia-
tion source of the infrared thermal images.

Materials were weighed as 50 g with an electronic balance and
filled in the filling port of the smoke box. Based on plentiful
experimental results, it can be estimated that approximately
60%-70% of the initial mass of materials was stably dispersed
in the smoke box. The mass concentrations of the three materials
in the smoke box were 1.108 g/m?, 1.105 g/m?, and 1.126 g/m?,
respectively. The transmittances of the three materials in the
smoke box experimental system are plotted in Fig. 9.

The average MEC of the material is an intrinsic physical
parameter to represent the extinction property of material and
can be obtained based on the Beer-Lambert law. According to
the above experimental data, the average MECs of the three
materials in the MIR and FIR are shown in Fig. 10.

Due to sedimentation and the dynamic changes of biological
aggregation particles during the transmittance measurement,

1.2 T T T T T T T :
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-~ —— A02303-MIR(0.794) —— AO2303-FIR(0.491)
S 09r 1
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Q 2
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Fig.10. Average MECs of three materials in the MIR and FIR. The mean values
of the average MECs are shown in parentheses.
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AN2301 0.802 0.767 4.56% 0.590 0.561 5.17%
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