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Abstract of the Dissertation

Measurements and predictions of the radiation

characteristics of biofuel-producing microorganisms

by

Ri-Liang Heng

Doctor of Philosophy in Mechanical Engineering

University of California, Los Angeles, 2015

Professor Laurent Pilon, Chair

Biofuel produced from photosynthetic microorganisms offers a green and sustainable alter-

native to fossil fuels and bioethanol for next generation transportation fuels. Their simple

cell structures enable them to be more efficient in photosynthesis than higher order plants.

However, large scale cultivation of these microorganisms is typically hampered by the poor

light utilization of photobioreactor systems. In order to increase biomass productivities, the

light transfer in photobioreactors must be characterized and optimized. The radiation char-

acteristics of photosynthetic microorganisms are essential parameters in this analysis. This

study aims to (1) experimentally measure the radiation characteristics of various photosyn-

thetic microorganisms of different morphologies and (2) to develop models that can predict

these radiation characteristics.

First, the spectral complex indices of refraction of unicellular spheroidal green algae

Botryococcus braunii, Chlorella sp., and Chlorococcum littorale were retrieved from their

experimentally measured average absorption and scattering cross-sections. Next, the tem-

poral evolution of the scattering and absorbing cross-sections of marine eustigmatophycease

Nannochloropsis oculata grown in flat-plate photobioreactor (PBR) was reported. The vari-

ations in cross-sections were found to be directly related to the up- and down-regulations

of pigments and other intracellular components and vary significantly with time in response

to changes in light and nutrients availability. Furthermore, this study demonstrates that

ii



the light transfer in the PBR could be predicted using constant radiation characteristics

measured during the exponential growth phase with reasonable accuracy provided that the

cultures were not nitrogen limited. In addition, this study presents experimental measure-

ments of the absorption and scattering cross-sections and the spectral complex index of

refraction of filamentous heterocystous cyanobacterium Anabaena cylindrica. Its filaments,

consisting of long chains of polydisperse cells, were modeled as infinitely long and randomly

oriented volume-equivalent cylinders. Finally, it was demonstrated that the absorption and

scattering cross-sections and asymmetry factor of randomly oriented and optically soft bi-

spheres, quadspheres, and circular rings of spheres, with either monodisperse or polydisperse

monomers, can be approximated by an equivalent coated sphere with identical volume and

average projected area. Based on this approximation, the spectral complex index of refrac-

tion of unicellular dumbbell-shaped cyanobacterium Synechocystis sp. was retrieved from

experimental measurements of its average absorption and scattering cross-sections and size

distribution.
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CHAPTER 1

Introduction

This chapter presents the motivations of this study. First, it discusses the effects of using

fossil fuels for energy production and also the increasing need to find sustainable alternatives.

Next, it describes the advantages of using biofuels and the different types of crops that

produce them. Then, the chapter focuses on the biology of biofuel producing microorganisms

and their cultivation methods. Finally, the chapter presents the existing challenges that have

to be overcome in order for microalgal biofuel production to be economically viable as well

as the objectives of this study.

1.1 Motivations

The prolonged reliance on fossil fuels for producing energy has resulted in an accumulation of

greenhouse gases in the atmosphere, which due to greenhouse effect, causes rising sea levels

and global climate change [8]. While global energy consumption is expected to increase

steadily by 39% over the next two decades [9], the supply of fossil fuels remain finite and is

being depleted at an increasing rate. Also, geopolitical instability in oil-rich regions is a major

concern for many nations seeking to ensure their energy security. Hence, finding sustainable

solutions to meet global energy demands and mitigating the resulting environmental damage

are key issues needing to be addressed.

Industrialization of the emerging economies of developing nations is one of the main

reasons for increasing energy demands. Among the various energy intensive sectors, trans-

portation has shown the highest growth in greenhouse gases emission and is expected to
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increase energy usage by 60% by 2030 [10]. Today, energy for transportation comes almost

exclusively from petroleum [9, 11]. These observations call for the urgent development of

clean and sustainable transportation fuels.

Figure 1.1: Lifecycle diagram of microalgal biofuel production [1].

Despite recent emphasis surrounding electric vehicles, the production of electricity re-

mains dependent on fossil fuels. In contrast, biofuels may prove to be a more promising and

practical solution. Figure 1.1 shows the biodiesel life cycle where renewable resources such

as microalgae utilize carbon dioxide and solar radiation to produce hydrogen or lipids which

can be refined into biodiesel. Biofuels are deemed to be carbon-neutral as its production and

consumption does not add to the carbon dioxide concentration already present in the atmo-

sphere. In addition, existing infrastructures and vehicle technologies are already compatible

with liquid biofuels.

Bioethanol is currently produced from various food crops such as corn, sugar cane, and

palm oil [11]. It is typically blended with regular gasoline (up to 10%) to reduce carbon
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Table 1.1: Comparison of oil yield from certain plants and microalgae [6].

monoxide and dioxide emissions of internal combustion engines. However, bioethanol pro-

duction has been controversial (i) due to the intensive use of arable land, sometimes associ-

ated with deforestation, (ii) extensive freshwater needs, and (iii) the stress put on world food

markets resulting in higher food prices [6]. In contrast, microalgae has shown great potential

for biofuel production as they are more efficient in utilizing solar energy to convert carbon

dioxide to biomass than higher plants due to their simple single-celled structure. The micro-

bial oil content in microalgae is known to reach values as high as 75% dry weight [6]. Table

1.1 shows that displacing 50% of all transport fuel needs of the country would require only

1.1-2.5% of the existing cropping area in the United States for microalgae cultivation [6]. In

contrast, it would require 846% of existing cropping area for corn which is currently the main

feedstock for bioethanol production in the United States [12]. Despite multiple advantages,

the technology of microalgal biofuel is not ready for commercial production and faces many

challenges before implementation.
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1.2 Biofuel Production from Microorganisms

1.2.1 Microbiology and Microorganisms

Microorganisms can be classified into two major groups known as prokaryotes and eukary-

otes. Unlike prokaryotes, eukaryotes have a nucleus where the genetic material is stored and

other membrane-enclosed organelles [13]. In general, bacteria are prokaryotes while algae are

eukaryotes [14]. Despite this difference, cyanobacteria and purple non-sulphur bacteria are

often mistakenly referred to as microalgae due to their ability to utilize sunlight for photo-

synthesis. Photosynthesis consist of two reactions namely light and dark reactions. During

light reactions, solar energy is converted to chemical energy and stored as adenosine triphos-

phate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH) [2]. Metabolic

processes in the cell use ATP as an energy source while NADPH acts as a reducing agent for

anabolic reactions [2, 15]. The subsequent dark reactions uses the products from the light

reaction to fix CO2 [2, 16]. Figure 1.2 presents a schematic showing the inputs and outputs

of photosynthetic microorganisms.

Photosynthetic microorganisms contain chlorophyll pigments and use water as their elec-

tron source, sunlight as their energy source and CO2 as their carbon source to produce

oxygen, carbohydrates and lipids [17]. In addition, some species of cyanobacteria are able

to fix atmospheric nitrogen N2 and nitrous oxide NOx and play an important role in global

nitrogen cycle [14, 18].

Photosynthetic microorganisms produce lipids that are used in structural components of

cells, cell storage, and cellular signaling [2, 19]. The lipids produced can be classified into a

broad group of molecules [2, 19]. Among this group, neutral lipids which are also known as

triacylglycerols are the most relevant to biofuel production [2, 19]. Neutral lipid production

involves synthesizing of fatty acids using the products of photosynthesis, additional ATP

and NADPH [2]. The fatty acids are then reacted in direct glycerol pathways to form

triacylglycerols [2, 20, 21]. Under low irradiance, production of structural polar lipids is

favored whereas high irradiance increases the production and accumulation of neutral lipids
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Figure 1.2: Schematic of input and output of photosynthetic microorganisms consuming

CO2 and producing lipids or H2 [2].

in cells [22, 23].

Limitations of the inputs illustrated in Figure 1.2 may cause the microorganisms to

change their photosynthetic products [6, 24]. For example, green algae and cyanobacteria

are capable of producing hydrogen under anaerobic conditions. Similarly, nitrogen and phos-

phorus starvation of marine green algae Nannochloropsis sp. can increase its lipid content

by up to 60% [25]. In addition to biofuel production, photosynthetic microorganisms can be

cultivated to produce a variety of valuable products such as nutritional supplements, natural

dyes, cosmetics, and fertilizers [26,27]. Furthermore, they can be used to remove metal con-

taminants, phosphates, and nitrates from effluent water [27] and/or to reduce carbon dioxide

emissions from industrial exhaust gases [28].
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1.2.2 Solar Radiation

To minimize expense, microalgae production must rely on freely available sunlight [6]. The

total solar irradiance at the outer surface of Earth’s atmosphere and oriented perpendicular

to the sun’s rays was measured to be 1367 W/m2 [2,29]. Due to the absorption and scattering

effect of gases and aerosol particles, solar irradiance is attenuated when it travels through the

atmosphere. The attenuation effect can be seen from Figure 1.3 which shows the spectral

solar irradiance between 250 and 4000 nm at the extraterrestrial level and at the earth’s

surface.
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Figure 1.3: Averaged daily extraterrestrial solar irradiance and ASTM G173-03 direct and

hemispherical irradiance (in W/m2.nm) at sea level on 37o sun-facing tilted surface [3].

Oxygen and ozone molecules absorb most of the ultraviolet (UV) component while small

gas molecules such as oxygen (O2) and water molecules H2O scatter the visible component [2].
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Water vapor and greenhouse gases such as carbon dioxide (CO2), carbon monoxide (CO),

nitrous oxide (N2O), and methane (CH4) absorb the near-infrared part of the spectrum [2].

The sun delivers 6.38 × 1019 Wh/year on the surface of the atmosphere and this amount

exceeds the 2011 world energy consumption rate of 1.42 × 1017 Wh/year [2, 9, 30]. Thus,

the ability to effectively harness this abundant amount of solar energy can help reduce the

reliance on fossil fuels.

1.2.3 Photobioreactors

At present, producing biofuels using microorganisms is not economically viable. Despite

this, commercial production of microalgae in other industries has existed since the early

1970s’ [7]. Spirulina biomass is used as a health supplement and cultivated in open pond

systems. One of the largest production sites include Lake Texcoco in central Mexico. In

the United States, microalgae has been employed for water treatment purposes [31]. The

biomass recovered was decomposed to produce methane which can then be burnt to produce

energy [31].

Photosynthetic microorganisms are typically cultivated in open or closed photobioreactor

(PBR) systems. Open culture systems such as raceway ponds are comparatively low-cost

and easy to operate but suffer from contamination, occupy large land areas and suffer high

evaporative losses of water [6, 7]. In contrast, closed culture systems enable better control

of cultivation conditions and lower risk of contamination [6, 7]. Table 1.2 summarizes the

advantages and limitations of various commonly used photobioreactors such as (1) open

ponds, (2) vertical-column, (3) flat-plates, and (4) tubular. Figure 1.4 shows photographs of

the most common open and closed photobioreactors. Vertical-column photobioreactors have

small illumination surface area which decreases upon scaling up [6, 7]. However, it offers

good mixing with low shear stress and is easy to sterilize. On the other hand, flat-plate and

tubular photobioreactors have large illumination areas but suffer from microalgae growing

on the walls of the photobioreactors [7]. Despite higher biomass production rates, closed

culture systems are costlier than open ponds and there has been much debate over which
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system is more favorable for biofuel production.

Figure 1.4: Photographs of (a) open race-way ponds, (b) inclined-column photobioreactors,

(c) flat-plate photobioreactors, and (d) tubular photobioreactors.
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Table 1.2: Advantages and limitations of various culture systems for algae [7].
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1.2.4 Challenges for Industrial Production

In order to be economically viable, the cost of microalgal biofuel for consumers must be com-

parable to fossil fuels. This can be achieved through government policies and improvements

in production processes [32]. Currently, the two major obstacles that prevent commercial

production are (1) the production of biomass and (2) conversion process of biomass to bio-

fuel [32,33].

First, biomass separation from the culture medium is usually performed by centrifugation,

filtration, coagulation-flocculation, and flotation [34]. Lipid extraction from the resulting

dry biomass can be achieved by various techniques such as mechanical expulsion, solvent

extraction, and supercritical fluid extraction [32, 35]. Finally, the lipids are converted to

biodiesel through transesterification with alcohols using catalysts [11, 32]. These processes

are energy intensive and require large amounts of additional raw materials and energy. For

microalgal biofuel to become feasible at industrial scale, the entire procedure has to be more

cost-effective.

Moreover, biomass productivity is severely hampered by low light energy conversion ef-

ficiencies in photobioreactor systems [2]. Due to light absorption and scattering by the

microorganisms, incident light is rapidly attenuated in the culture resulting in an inhomo-

geneous light distribution [36]. Indeed, photosynthetic microorganisms require an optimal

level of irradiance to achieve their maximum photosynthetic rate [37]. In regions directly

exposed to sunlight, the light intensity may be excessively high causing photoinhibition due

to photo-oxidative damage to the microorganisms’ light-receiving antennas [38, 39]. On the

other hand, deeper in the PBR, light intensity may be very low. Then, the cells are unable

to carry out photosynthesis resulting in a significant decrease in photosynthetic activities,

biomass growth, and lipid production rate [2, 37, 40]. Therefore, PBR designs must be im-

proved so that light can be utilized more efficiently [37].
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1.3 Objectives of Present Study

In order to characterize and optimize light transfer in photobioreactors in order to improve

biofuel production rates, the radiation characteristics of photosynthetic microorganisms are

essential properties. The main objective of the present study is to measure and/or predict

these radiation characteristics.
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CHAPTER 2

Background and Tasks

This chapter presents the technical background of this study. The basic components of the

photosynthesis process in microorganisms are explained. In addition, the fundamentals of

radiation transport in photobioreactors and the radiation characteristics of microorganisms

are introduced. The chapter concludes by describing the tasks that were carried out in order

to achieve the objectives of this study.

2.1 Light Harvesting Pigments

Photosynthesis is the process which converts light energy into chemical energy in plants,

green algae, cyanobacteria, and other photosynthetic microorganisms [17]. It begins with

the absorption of photons by the photosynthetic apparatus which consists of three major

components (i) the reaction center, (ii) the core antenna, and (iii) the peripheral antenna.

Photochemical charge separation and electron transport take place in the reaction center [17].

The core antenna contains the photosynthetic pigments chlorophylls or bacteriochlorophylls.

It is surrounded by the peripheral antenna which is an assembly of chlorophylls, bacteri-

ochlorophylls, and other accessory pigments such as carotenoids and phycobiliproteins. The

peripheral antenna is particularly important in channeling additional photon energy to the

reaction center at small light intensities. In microalgae and cyanobacteria, the photosynthetic

apparatus is located on the photosynthetic membrane called thylakoid [41].

Different pigment molecules absorb over different spectral bands of the visible and near

infrared parts of the spectrum enabling more efficient utilization of solar energy. Figure
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Figure 2.1: In vivo specific absorption coefficient Ea (in m2/mg) of primary pigments chloro-

phylls a, b, and c and photosynthetic carotenoids (PSC), and photoprotective carotenoids

(PPC) over the spectral region from 400 to 750 nm [4].

2.1 shows the in vivo specific absorption coefficient Ea (in m2/mg) of primary pigments

chlorophylls a, b, and c as well as accessory pigments such as photosynthetic carotenoids

(PSC), and photoprotective carotenoids (PPC) measured over the spectral region from 400

to 750 nm [4]. It indicates that Chlorophyll a (Chl a) absorbs around 435 and 676 nm

while Chlorophyll b (Chl b) absorbs around 475 and 650 nm. Since they do not absorb

green light (λ ≈ 520-570 nm) significantly, these microalgae appear green to the human

eye. On the other hand, carotenoids are accessory pigments found in all photosynthetic

microorganisms. They absorb mainly in the blue part of the spectrum (400 nm ≤ λ ≤ 550

nm) [17]. Carotenoids serve two major functions (i) shielding the photosynthetic apparatus

from photo-oxidation under large light intensities and (ii) increasing the solar light utilization

efficiency by expanding the absorption spectrum of the microorganism.
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The intracellular pigments such as chlorophylls and carotenoids are typically extracted by

using organic solvents which penetrates through the cell membrane and dissolves the lipids

to extract pigments [42,43]. Methanol, acetone, and ethanol are usually used as the organic

solvents in the pigments extraction process [44, 45].

2.2 Radiation Transfer Through Microalgae Suspensions

To design photobioreactors with more efficient light utilization, it is necessary to be able

to predict the light distribution within PBRs. Light transfer in a homogeneous absorbing,

scattering, and non-emitting suspension is governed by the radiative transfer equation (RTE)

written as [46]

ŝ · ∇Iλ(r, ŝ) = −κλIλ(r, ŝ)− σsλIλ(r, ŝ) +
σsλ

4π

∫
4π

Iλ(r, ŝ)Φλ(ŝi, ŝ)dΩi (2.1)

where Iλ is the spectral radiation intensity about the direction ŝ at location r in W/m2·sr·nm,

κλ (m
−1) is the spectral absorption coefficient, σsλ (m

−1) is the spectral scattering coefficient,

Φλ(ŝi, ŝ) represents the scattering phase function which is the probability that radiation

propagating in the solid angle dΩi direction around ŝi is scattered into the solid angle dΩ

along the direction ŝ and is normalized such that

1

4π

∫
4π

Φλ(ŝi, ŝ)dΩi = 1 (2.2)

The first and second term on the right-hand side of Equation (2.1) represents the attenu-

ation by absorption and out-scattering respectively while the last term corresponds to the

augmentation of radiation due to in-scattering. In addition, βλ (=σsλ + κλ) is the so-called

spectral extinction coefficient. The Henyey-Greenstein asymmetry factor is defined as [2]

gλ =
1

4π

∫
4π

Φλ(θ)cosθdθ (2.3)

For an isotropically scattering medium gλ is equal to zero while it approaches unity for

strongly forward scattering media. The effective absorption coefficient κλ of a microorganism

14



suspension with a size distribution can be related to the absorption cross-section as [46]

κλ =

∞∫
o

Cabs,λ(ds)N(ds)dds = C̄abs,λNT (2.4)

where Cabs,λ(ds) is the effective absorption cross-section (in m2) of a single scatterer of

diameter ds while N(ds) is the number of cells per unit volume of suspension having diameter

between ds and ds + dds. The average absorption cross-section is C̄abs,λ (in m2). Similarly,

the scattering coefficient of the microorganism suspension can be expressed as [47],

σs,λ =

∞∫
o

Csca,λ(ds)N(ds)dds = C̄sca,λNT (2.5)

where Csca,λ(ds) is the effective scattering cross-section (in m2) of a single scatterer and C̄sca,λ

is the average scattering cross-section (in m2). The cell density is denoted by NT and defined

as the total number of cells per m3 of suspension. The average absorption and scattering

coefficients can also be expressed in average mass absorption Āabs,λ and scattering S̄sca,λ

cross-sections (in m2/kg) respectively as [48]

Āabs,λ = κλ/X and S̄sca,λ = σs,λ/X (2.6)

where X is the microorganism mass concentration expressed in kilogram of dry cell weight

per cubic meter of liquid medium. The average absorption and scattering cross-sections

C̄abs,λ and C̄sca,λ are related to the average mass absorption and scattering cross-sections

Āabs,λ and S̄sca,λ according to [49],

C̄abs,λ = Āabs,λV32ρdm(1− xw) and C̄sca,λ = S̄sca,λV32ρdm(1− xw) (2.7)

where ρdm is the dry mass density of microorganism in kg/m3, V32 is the mean particle

volume in m3, and xw is the volume fraction of water in the cell.

Pottier et al. [49] derived an analytical solution to the RTE using the generalized two-

flux approximation considering one-dimensional light transfer through a well-mixed algal

suspension in a vertical flat-plate PBR of thickness L. The front window (z = 0) was assumed
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to be transparent and exposed to irradiance Gin,λ incident at an angle θc with respect to

the direction normal to the PBR window. The back surface (z = L) was diffusely reflecting

with reflectance ρλ. The local spectral fluence rate Gλ(z) in the PBR, corresponding to the

total intensity impinging at location z from all directions, i.e., Gλ(r) =
∫
4π

Iλ(ŝ, r)dΩ, was

expressed as [49]

Gλ(z)

Gin,λ

= 2secθc
[ρλ(1 + αλ)e

−δλL − (1− αλ)e
−δλL]eδλz + [(1 + αλ)e

δλL − ρλ(1− αλ)e
δλL]e−δλz

(1 + αλ)2eδλL − (1− αλ)2e−δλL − ρλ(1− α2
λ)e

δλL + ρλ(1− α2
λ)e

−δλL

(2.8)

where αλ and δλ are expressed as [49]

αλ =

√
C̄abs,λ

C̄abs,λ + 2bλC̄sca,λ

δλ = NT secθc

√
C̄abs,λ(C̄abs,λ + 2bλC̄sca,λ) (2.9)

The backward scattering ratio bλ for an axisymmetric phase function is defined as [49]

bλ =
1

2

∫ π

π/2

ΦT,λ(θ) sinθ dθ (2.10)

where θ is the scattering angle between directions ŝi and ŝ.

The average fluence rate Gave can be defined as the volume- and PAR-averaged local

fluence rate Gλ(z) per unit surface area of PBR expressed as [2]

Gave =
1

L

700∫
400

L∫
0

Gλ(z)dzdλ (2.11)

The average radiant power absorbed per cell present in the PBR over the PAR region denoted

by, Aave (in µmol/s/cell) was defined as [50]

Aave =
1

L

∫ L

0

∫ 700

400

C̄abs,λGλ(z)dλdz (2.12)

This quantity (or AaveNT ) enables the formulation of models coupling radiant light transfer

and microalgae metabolism and growth kinetics in PBRs [50].

2.3 Radiation Characteristics of Microalgae

A large body of literature exists on predicting and measuring the absorption and scattering

coefficients, efficiency factors, or cross-sections and the scattering phase function of microor-
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ganism suspensions [2, 51–54].

2.3.1 Theoretical Prediction

Bidigare et al. [4] used a predictive approach to determine the absorption coefficient in various

species of phytoplankton. The cell was modeled as a homogeneous particle in which only

the pigments in the cell contributed to the absorption coefficient in the photosynthetically

active radiation (PAR) region between 400 and 700 nm. Then, the absorption coefficient (in

1/m) was expressed as [55]

κλ =
N∑
i=1

EaiCi (2.13)

where Eai (in m2/kg) is the in vivo specific spectral absorption coefficient of pigment i

(Figure 2.1) and Ci are their mass concentrations (in kg/m3).

Pottier et al. [49] adopted a simpler approach to retrieve the refraction and absorption

indices of C.reinhardtii. They measured the normal hemispherical transmittance of a sus-

pension of C.reinhardtii at 820 nm where they do not absorb. The corresponding refraction

index was found to be 1.527 and assumed to be constant over the PAR. Then, the authors

estimated the spectral absorption index kλ according to [49]

kλ =
κλλ

4π
=

λ

4π
ρdm

1− xw

xw

N∑
i=1

Eaiwi (2.14)

where pigment mass fractions wi were estimated experimentally.

Moreover, Quirantes and Bernard [56] modeled algal cells as two-layer particles with an

inner core and an external coating. The coating was assumed to be non-absorbing and had

a refraction index of 1.36 representing cellular cytoplasm. The inner core, representing the

organelles and chloroplasts, was absorbing and featured a larger refraction index than the

outer coating representing. Its value was selected such that the volume-averaged complex

index of refraction of the composite particle was equal to that of an equivalent homogeneous

scatterer with complex index of refraction of 1.40 + i0.005, considered to be typical of algal

cells [57–59]. First, the extinction and absorption efficiency factors of homogeneous spheres
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and coated spheres were calculated using the Aden-Kerker theory [60] and the modified

anomalous diffraction approximation (ADA) [61], respectively. The heterogeneous geometry

of the coated spheres was found to increase the back-scattering efficiency by a factor as

high as 50 but had negligible effects on the absorption efficiency factor and weak effects on

the scattering efficiency factor when compared with those of a homogeneous sphere with

the same complex index of refraction. These results were consistent with previous studies

using volume-averaged equivalent complex indices of refraction to compare homogeneous

and heterogeneous multi-layered spheres [62, 63]. In addition, Quirantes and Bernard [56]

considered three different geometries with the same size parameter and equivalent complex

refractive index namely (i) off-centered coated spheres, (ii) concentric spheroids, and (iii)

concentric spheres. The T-matrix method [64] was used to compute the efficiency factors of

the aspherical and non-concentric composite cells. The absorption and scattering efficiency

factors showed little dependency on particle shape. These results suggest that heterogeneous

microorganism cells can be treated as homogeneous with some effective complex index of

refraction. This approach has been widely used in the ocean optics community [51,54].

2.3.2 Experimental Measurements

Recently, Berberoğlu and co-workers [48, 65] experimentally measured the radiation char-

acteristics of several H2 producing microorganisms namely (a) purple non-sulfur bacteria

R.sphaeroides [48], (b) cyanobacteria A.variabilis [48], and (c) green algae Chlamydomonas

reinhardtii strain CC125 and its truncated chlorophyll antenna transformants tla1, tlaX, and

tla1-CW+ [65]. The authors also measured the radiation characteristics of the lipid produc-

ing microalgae C. littorale, B. braunii, and Chlorella sp. [5]. Except for the purple bacteria

R.sphaeroides which absorbs in the near infrared, the absorption coefficients of these mi-

croorganisms vanish beyond 750 nm when only scattering contributes to extinction. For

example, the wild strain C.reinhardtii CC125 absorbs mainly in the spectral region from 300

to 700 nm with absorption peaks at 435 and 676 nm corresponding to absorption peaks of in

vivo chlorophyll a. It also has additional absorption peaks at 475 and 650 nm corresponding
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to absorption by chlorophyll b. Berberoğlu et al. [65] also showed that the genetically engi-

neered strains of C.reinhardtii have less chlorophyll pigments than the wild strain and thus

have smaller absorption cross-sections. In particular, the mutant tlaX featured a significant

reduction in chlorophyll b concentration. For all mutants, the reduction in their absorption

cross-section was accompanied by an increase in their scattering cross-section.

2.4 Effective Optical Properties of Microorganisms

Assuming the microorganism cells to be homogeneous, one can define their effective com-

plex index of refraction as mλ = nλ + ikλ where nλ and kλ are the effective refraction and

absorption indices, respectively. Their refraction index nλ can be measured directly using

photometric immersion refractometry and flow cytometry [57, 66–70]. However, these ex-

perimental measurements are complicated by the polydispersion of the cells and by light

absorption. On the other hand and to the best of my knowledge, no method has been re-

ported in the literature to directly measure the absorption index kλ of microbial particles in

suspension.

2.4.1 Direct Experimental Measurements

First, photometric immersion refractometry consists of suspending the cells in a medium of

known refraction index and measuring the transmittance Tλ or the optical density (OD) of

the suspension defined as ODλ = -logTλ [66,67] at a non-absorbing wavelength. For example

an aqueous solution of bovine serum albumin (BSA) can be used as the immersion medium as

it is not toxic to microorganisms. Solutions with different refraction indices can be prepared

by varying the BSA concentration [71]. The OD of the suspension is then measured as a

function of BSA concentration. The refraction index of the microbial cells at the wavelength

considered is taken as that of the BSA solution corresponding to the minimum OD.

Flow cytometry can also be used to directly measure the refraction index nλ of microal-

gae [69, 70]. Collimated laser radiation is directed at a stream of saline solution containing
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microbial particles. The latter are assumed to be homogeneous spheres despite their po-

tentially irregular morphologies. The intensities of forward scattered light (typically at an

angle of 1-19◦ with respect to the incident beam direction), side scattered light (54-126◦),

and chlorophyll fluorescence (660-700 nm) are measured [69]. The system is calibrated us-

ing standard suspensions consisting of polydisperse spherical particles of known refraction

index such as oil globules and glass beads. For every individual cell, different intensities

of the forward and side scattered light are measured depending on their size, shape, and

refraction index. The refraction index is found by fitting the experimental measurements

and comparing with standards suspensions.

Finally, the abundance of refraction index data for various species of phytoplankton has

been used to correlate the refraction index nλ to the intracellular carbon concentration in

the form [54]

nλ = n0,λ + n1,λCc (2.15)

where n0,λ and n1,λ are constants determined by experimental procedures and Cc is the

intracellular carbon concentration (in kg/m3). For example, DuRand and Olson [72] reported

n0,λ = 1.02 and n1,λ = 0.000117 for Nannochloris sp. at 665 nm. Unfortunately, most of

the above methods measured the refraction index at a single wavelength. It then has to be

assumed constant over the PAR for spectral calculations of light transfer in the suspension

and estimation of the average fluence rate available in PBRs and necessary in growth kinetic

models [49,54,73,74].

2.4.2 Model-Based Measurements

Despite their heterogeneous morphologies, microalgae have typically been treated as homo-

geneous with some effective refraction and absorption indices. Stramski and Mobley [51]

experimentally measured the size distributions of various marine microbial particles and

their spectral radiation characteristics in the PAR region (400 to 700 nm). The experimen-

tal data were used as input to an inverse method developed by Bricaud and Morel [57] to
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predict the complex refractive index of the particles under the assumptions that the particles

were homogeneous and spherical. First, the absorption index was determined based on the

anomalous diffraction approximation describing the absorption coefficient as a monotonic

function of the absorption thickness parameter defined as p′ = 4χkλ [61, 75] where kλ is the

absorption index of the particle and χ = πdsn2/λ is the size parameter previously defined.

For any given wavelength and particle size distribution, the absorption index was uniquely

related to the absorption coefficient. Thus, for a given wavelength, the absorption index kλ

was varied iteratively until the calculated absorption coefficient matched its experimental

value. Calculations were repeated for each wavelength to obtain the spectral absorption

index. On the other hand, the refraction index nλ was derived through an inverse method

described by Stramski et al. [76]. Here, the Lorentz-Mie theory [60] was used instead of the

anomalous diffraction approximation. The experimental data and the previously retrieved

absorption indices were used as input parameters into the Lorentz-Mie theory code [60]. The

refraction index was varied iteratively until the calculated extinction coefficient matched its

experimental value. It was found that the measured microbial particles had absorption in-

dex ranging between 0 and 0.01 and refraction index between 1.38 and 1.42. The refraction

index was found to vary by less than 5% in the PAR region for all microorganism species

considered.

2.5 Tasks

The present study aims to measure and/or predict radiation characteristics of photosynthetic

microorganisms. The following describes the tasks taken to achieve this objective.

Task 1. Experimental measurements of radiation characteristics of photosynthetic

microorganisms

In order to effectively model light transfer in photobioreactors, the spectral radiation

characteristics of photosynthetic microorganisms are necessary inputs to the radia-

tive transfer equation (RTE). This study presents experimental measurements of the
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absorption and scattering cross-sections and scattering phase functions of several pho-

tosynthetic microorganisms of different morphologies. Furthermore, it illustrates the

direct connection between the cross-sections and the concentrations of cellular pig-

ments. Finally, it assesses the dependence of these cross-sections on the microorganisms

growth conditions.

Task 2. Retrieving the effective spectral complex index of refraction of photosyn-

thetic microorganisms

Obtaining the radiation characteristics of photosynthetic microorganisms through ex-

perimental measurements may not always be feasible due to the high cost in equipment

and time involved. Alternatively, these radiation characteristics can be predicted if

the spectral complex index of refraction and size distribution are known. This study

developed different equivalent scattering particles that can approximate the various

morphologies of biofuel producing photosynthetic microorganisms. Based on these ap-

proximations, inverse methods were implemented to retrieve the spectral complex index

of refraction from experimental measurements of photosynthetic microorganisms.

2.6 Organization of this document

Chapter 3 presents the spectral optical properties of several unicellular spheroidal microal-

gae. Chapter 4 presents the temporal evolution of the scattering and absorbing cross-sections

of Nannochloropsis oculata in response to light and nitrogen availability. Chapter 5 presents

the radiation characteristics and optical properties of filamentous cyanobacterium Anabaena

cylindrica. Chapter 6 establishes an approximate method of predicting the radiation charac-

teristics of microorganisms resembling bispheres, quadspheres, and rings of spheres. Chapter

7 presents the radiation characteristics and optical properties of dumbell-shaped cyanobac-

terium Synechocystis sp.. Finally, Chapter 8 summarizes the main contributions of the

present study.
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CHAPTER 3

Spectral optical properties of selected photosynthetic

microalgae producing biofuels

This chapter presents the spectral complex index of refraction of Botryococcus braunii,

Chlorella sp., and Chlorococcum littorale between 400 and 750 nm. These results were

retrieved from experimentally measured average absorption and scattering cross-sections.

The unicellular green algae cells were treated as homogeneous polydisperse spheres with

equivalent diameter such that their surface area was identical to that of their approximated

spheroidal shape. The inverse method used in the retrieval process was developed by combin-

ing Lorentz-Mie theory as the forward method and genetic algorithm. The method and/or

the reported optical properties can be used in various applications from ocean remote sens-

ing, carbon cycle study, as well as photobiological carbon dioxide mitigation and biofuel

production.

3.1 Introduction

Solar radiation is the energy source driving the metabolic activity of photosynthetic mi-

croorganisms. As light penetrates in the photobioreactor, it is absorbed and scattered by

the microorganisms. Light transfer in photobioreactors is governed by the radiative transfer

equation (RTE). The latter is an energy balance on the radiative energy traveling along a

particular direction ŝ. The absorption and scattering coefficients of microalgae together with

the scattering phase function are major parameters needed to solve the RTE for simulating,

designing, scaling-up, optimizing, and controlling photobioreactors [77]. These characteris-
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tics are strongly dependent on wavelength and vary from one species to another. They can

be determined either experimentally [48, 65] or theoretically based on electromagnetic wave

theory [49]. Theoretical predictions often assume that the scatterers have relatively simple

shape (e.g., spherical) and ignore their heterogeneous nature by attributing them a uniform

effective complex index of refraction. Pottier et al. [49] recognized that for complex microor-

ganisms shapes (e.g., cylinders and spheroids), advanced numerical tools are required to

predict their absorption and scattering coefficients and scattering phase function collectively

called radiation characteristics. On the other hand, experimental measurements account

for the actual shape, morphology, and size distribution of the microorganisms. However,

experimental setups can be expensive and measurements are time consuming.

In order to design, optimize, and operate photobioreactors for CO2 fixation and biofuel

production, it would be convenient to have the ability to predict the radiation character-

istics of microalgae from first principles instead of carrying out costly and time consuming

experiments. If the effective spectral real and imaginary parts of the complex index of re-

fraction as well as the microorganisms shape and size distribution are known to within an

acceptable level of uncertainties, the absorption and scattering coefficients can be predicted

by Lorentz-Mie theory [78], if the microalgae are spherical, or by the T-matrix method [79],

if the particles have more complex shapes.

The present study aims to retrieve the spectral real (refraction index) and imaginary

(absorption index) parts of the complex index of refraction of microalgae from experimentally

measured size distribution as well as absorption and scattering cross-sections [5, 65].

3.1.1 B. braunii, Chlorella sp., C. littorale

The different microalgae species investigated were selected for different reasons. B. braunii

grows in freshwater and was chosen for its high lipid content which can be converted into

liquid biofuels [80–83]. On the other hand, Chlorella sp. is a unicellular green algae with

high oil content and fast growth rate under large CO2 concentrations [83–85]. C. littorale is
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also of interest because it is a marine microalgae that can tolerate high CO2 concentrations

and can grow to very large cell density [86,87].

3.2 Analysis

3.2.1 Assumptions

In the present study, the different microalgae were assumed to be spherical. This assump-

tion simplifies the calculations of their radiation characteristics by using the Lorentz-Mie

theory instead of the T-matrix method and its validity for the microalgae of interest will

be discussed later. Moreover, despite their heterogeneous structure, microalgae were treated

as homogeneous with some effective refraction and absorption indices. Note that nλ was

treated as wavelength-dependent over the PAR region, unlike what previous studies have

often assumed [49].

3.2.2 Equivalent diameter and size distribution

The different microalgae were treated as homogeneous spheres with an equivalent diameter

such that their surface area was identical to that of their actual spheroidal shape assumed to

be axisymmetric [56, 88, 89]. The polar radius of an axisymmetric spheroid in the spherical

coordinate system is given by [90]

r (θ) =
a

2

(
sin2θ +

a2

b2
cos2θ

)−1/2

(3.1)

where θ is the polar angle, while a and b are the major and minor diameters, respectively.

The spheroid aspect ratio is defined as ϵ = a/b. Note that ϵ is always greater than 1.0 since

a is the major diameter [90]. The equivalent diameter of the sphere having the same surface

area as the spheroid is given by [90]

ds =
1

2

(
2a2 + 2ab

sin−1e

e

)1/2

where e =
(ϵ2 − 1)

1/2

ϵ
(3.2)

Moreover, the number frequency of equivalent diameter ds denoted by f(ds) is defined
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as,

f(ds) =
N(ds)

∞∫
o

N(ds)dds

=
N(ds)

NT

(3.3)

where N(ds) is the number of cells per unit volume of suspension having diameter between

ds and ds + dds. The denominator on the right-hand side of Equation (3.3) is the total cell

concentration NT expressed in total number of cells per m3 of suspension.

Berberoğlu et al. [5] reported the size distribution for the minor and major diameters

N(a) and N(b) for B. braunii, Chlorella sp., and C. littorale. Their average circularity is

defined as c = 4π × AS/P
2 where AS and P are the cell’s surface area and perimeter. The

authors used the image analysis software ImageJ [91] to measure their minor and major

diameters assuming the cells to be 2D ellipses. Then, the surface area and perimeter of ax-

isymmetric spheroids were calculated as AS = πab/4 and P = 2π
√

2 (a2 + b2), respectively.

The circularity for B. braunii, Chlorella sp., and C. littorale was equal to 0.961, 0.965, and

0.975 while their average aspect ratio ϵ was 1.333, 1.301, and 1.212, respectively.

Finally, Figure 3.1 shows the number frequency f(ds) of the equivalent diameter ds for

B. braunii, Chlorella sp., and C. littorale. It was calculated from experimentally measured

major and minor diameters using Equation (3.2). Depending on the species, the number of

bins was 60 or 70 with ds between 2 and 20 µm.
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Figure 3.1: Number frequency f(ds) of the equivalent sphere diameter of (a) B. braunii

(c=0.961, ϵ=1.333), (b) Chlorella sp. (c=0.965, ϵ=1.301), and (c) C. littorale (c=0.975,

ϵ=1.212). The equivalent diameter was estimated from Equation (3.2) and major and minor

diameter distributions reported in Figure 2 in Ref. [5].
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3.2.3 Prediction of the Radiation Characteristics of Microalgae

The Lorentz-Mie theory predicts the absorption and scattering cross-sections denoted by

Cabs,λ(ds) and Csca,λ(ds) (expressed in m2) of an individual spherical cell of diameter ds

with complex index of refraction nλ + ikλ submerged in phosphate buffered saline (PBS)

solution with refraction index nPBS. Then, the absorption coefficient κλ of a microorganism

suspension with size distribution N(ds) is expressed as [92],

κλ =

∞∫
o

Cabs,λ(ds)N(ds)dds = C̄abs,λNT (3.4)

Similarly, the effective scattering coefficient of the microorganisms σs,λ can be written as [47],

σs,λ =

∞∫
o

Csca,λ(ds)N(ds)dds = C̄sca,λNT (3.5)

Here, C̄abs,λ and C̄sca,λ are the average absorption and scattering cross-sections of the mi-

croalgae in suspension (in m2), respectively. These average cross-sections can effectively be

measured for typically polydisperse microalgae population. In fact, Berberoǧlu et al. [5] mea-

sured the average absorption and scattering cross-sections C̄abs,λ and C̄sca,λ for B. braunii,

Chlorella sp., and C. littorale. Thus, the predictions from Lorentz-Mie theory and Equations

(3.4) and (3.5) could be directly compared with experimental data.

3.2.4 Optimization Algorithm

Figure 3.2 shows the schematic diagram of the procedure used to simultaneously retrieve

the spectral refraction index nλ and the absorption index kλ that was developed by Lee et

al. [93]. The Lorentz-Mie theory [78] was employed in the forward model to calculate the

spectral average absorption and scattering cross-sections C̄abs,λ and C̄sca,λ over the PAR.

Various optimization algorithms can be used to efficiently and simultaneously determine

nλ and kλ. The objective is to find the values of these parameters that minimize the difference

between the predicted and experimentally measured absorption and scattering cross-sections

of the microalgal suspension in the least-square sense. Genetic algorithm can find a global
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minimum of an objective function using the concept of evolution theory [94]. A given set of

input parameters [e.g., (nλ, kλ)] is called an individual and each parameter is called a gene.

The numerical procedure starts with a randomly generated population consisting of numerous

individuals. The objective function (or fitness function) is calculated for each individual

of the population and estimates some difference between experimental measurements and

model predictions. Individuals with the largest value of the objective function are dismissed.

Those with the smallest objective function are selected to form a new population. Breeding

of the new generation consists of producing new individuals by recombination and random

mutation of the genes of an arbitrary pair of individuals. The fitness function is evaluated for

each individual and the procedure is repeated generation after generation until the objective

function falls below a given convergence criterion. This method tends to be slow but it is

robust and eventually converges to the global minimum [95].

29



λ, nλ, PBS 

Lorentz-Mie
theory

P individuals in 
generation

(nλ, , kλ,)1≤i≤P

Genetic algorithm

δλ < 10−4 ?
Eq. (12)

Generate 
new generation

No

Yes

pred λ, abs,C

pred λ, sca,C

Input

Optical properties 
of microalgae

nλ, kλ

Output

ExperimentsInverse method

f(ds), NT

expλ,abs,C

expλ,sca,C

Figure 3.2: Block diagram of the procedure used to retrieve the refraction index nλ and

absorption index kλ from the absorption and scattering cross-sections C̄abs,λ and C̄sca,λ at a

given wavelength λ for number frequency f(ds). We used N=120 individuals per generation

for a maximum of 50 generations. nλ and kλ were allowed to range from 1.33 to 1.53 and

from 10−5 to 0.01, respectively.

In the present study, genetic algorithm was implemented using the general purpose func-

tion optimization code PIKAIA [96–98]. Here, the spectral refraction index nλ was assumed

to range from 1.33 to 1.53 based on the literature [49,99]. On the other hand, the absorption

index kλ was allowed to range from 10−5 to 0.01. For each wavelength, the objective function

δλ was defined as,

δλ =

(
C̄abs,λ,pred − C̄abs,λ,exp

C̄abs,λ,exp

)2

+

(
C̄sca,λ,pred − C̄sca,λ,exp

C̄sca,λ,exp

)2

(3.6)

The genetic algorithm used a maximum of 50 generations with population of P=120 indi-
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viduals. The convergence criteria was set as δλ < 10−4.

3.2.5 Experimental Uncertainties

Experimentally, the absorption and scattering cross-sections for each species were measured

for three different microalgae concentrations. The maximum experimental uncertainties,

with 95% interval confidence, associated with the absorption and scattering cross-sections

for B. braunii, Chlorella sp., and C. littorale were 21%, 15%, and 15%, respectively. These

experimental uncertainties propagated in the retrieved values of nλ and kλ. Thus, for all

species, nλ and kλ were retrieved at wavelengths 435 and 676 nm, corresponding to Chl a

absorption peaks, from the cross-sections C̄abs,λ±∆C̄abs,λ and C̄sca,λ±∆C̄sca,λ where ∆C̄abs,λ

and ∆C̄sca,λ were equal to two standard deviations.

3.3 Results and Discussions

3.3.1 Validation: Retrieving nλ and ds of Monodisperse Latex Particles

Berberoǧlu et al. [65] measured the scattering cross-section, between 400 and 800 nm, of

monodisperse polystyrene latex spheres 5 µm in diameter in suspension in PBS solution.

They used the same experimental procedure and analysis as that used to measure the radia-

tion characteristics of the different microalgae considered in the present study. For validation

purposes, the previously described inverse procedure and associated algorithm were used to

retrieve the spectral refraction index as well as the diameter of spherical polystyrene latex

particles using the measured scattering cross-section [65].

First, the absorption index of PBS in the visible was reported to be that of water [100]

which is less than 4.0 ×10−8 [101]. The absorption index of polystyrene was reported to be

less than 5.0×10−3 [102] between 400 and 700 nm. Thus, in the present study, the absorption

index of both polystyrene and PBS were taken as k = 0.0 used as input parameters in the

Lorentz-Mie theory. On the other hand, the refraction index of both PBS and polystyrene
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were modeled by the Cauchy dispersion relation expressed as [103]

nλ = A+
B

λ2
+

C

λ4
(3.7)

For PBS, the parameters APBS, BPBS, and CPBS were taken as APBS = 1.32711, BPBS =

2.6×10−3 µm2, and CPBS=5.0 ×10−5 µm4 when λ was expressed in µm [100]. Then, our

inverse method simultaneously retrieved the particle diameter ds and the parameters A, B,

and C using the objective function

δλ =
9∑

i=1

(
C̄sca,λi,pred − C̄sca,λi,exp

C̄sca,λi,exp

)2

(3.8)

where the nine wavelengths λi were uniformly distributed between 400 and 700 nm. The

parameters were found to be respectively ds = 5.01 µm, A = 1.5555, B = 3.911×10−3

µm2, and C = 3.867×10−4 µm4. First, the polystyrene sphere diameter was retrieved very

accurately. The values of parameters A, B, and C should be compared with those reported

by Ma et al. [102] as A = 1.5725, B = 3.108×10−3 µm2, and C = 3.4779 ×10−4. Comparison

(not shown) of the refraction index of polystyrene retrieved here and that reported by Ma et

al. [102] indicated that the relative error was less than 1.2% for all wavelengths between 400

and 800 nm. This is in excellent agreement and confirms the validity of the methodology

and the proper implementation of the genetic algorithm.

3.3.2 Retrieved Spectral Complex Index of Refraction of Microalgae

This section presents the retrieved effective refraction and absorption indices of B. braunii,

Chlorella sp., and C. littorale between 400 to 750 nm.
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Figure 3.3: Comparison of the retrieved refraction and absorption indices between 400 and

750 nm for B. braunii, Chlorella sp., and C. littorale using their number frequency f(ds).
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Figures 3.3(a) shows the retrieved effective refraction and absorption indices for B. brau-

nii, Chlorella sp., and C. littorale between 400 and 750 nm from the measured absorption

and scattering cross-sections. Their refraction index nλ varied slightly between 1.345 and

1.36. Figure 3.3(a) indicates that C. littorale had the largest refraction index followed by

B. braunii and Chlorella sp. This can be attributed to differences in their composition and

in particular their carbohydrates and proteins content. Indeed, Aas [104] derived the refrac-

tion index of a phytoplankton cells from their metabolite composition by treating them as a

“mixture” of various constituents. The author reported the refraction index of the major cell

constituents including carbohydrates and proteins which have the largest refraction index in

the PAR equal to 1.55 and 1.53, respectively. In addition, the dry mass fractions of carbo-

hydrates and proteins were reported to be (a) 25% and 53% for C. littorale [87], (b) 17%

and 32% for B. braunii [105], and (c) 19% and 6% for Chlorella sp. [106]. Assuming that

the water volume fraction was similar for all three species, C. littorale feature the largest

concentrations of carbohydrates and proteins followed by B. braunii and lastly Chlorella sp.

The differences in these reported carbohydrates and proteins mass fractions could explain

the differences observed in the retrieved refraction indices of these species.

Figure 3.3(b) indicates that C. littorale had the largest absorption index kλ while B.

braunii and Chlorella sp. featured similar absorption indices across the PAR. Here also, kλ

features absorption peaks at 435, 475, and 676 nm corresponding to the absorption peaks

of in vivo Chl a and Chl b. It is interesting to note that the absorption cross-section of B.

braunii was larger than those of C. littorale and Chlorella sp. which were similar [5] despite

the fact that C. littorale were much smaller than B. braunii, and Chlorella sp. However,

the dry mass fraction of Chl a+b was (a) 1.9% in C. littorale [87], (b) 0.22-0.56% in B.

braunii [107], and (c) 0.4-1.41% in Chlorella sp. [106]. This may explain why C. littorale had

the largest absorption index kλ and B. braunii and Chlorella sp. were found to have similar

kλ.

The average relative and maximum errors between experimental measurements and Lorentz-

Mie theory predictions using the reported values for nλ and kλ were respectively (i) 0.4%
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and 3% for the absorption cross-sections and (ii) less than 0.5% and 2% for the scattering

cross-sections of B. braunii, Chlorella sp., and C. littorale between 400 and 750 nm.

3.3.3 Discussion

3.3.3.1 Retrieved Optical Properties

Figure 3.3(a) indicate that the refraction index nλ of all microorganisms features a small dip

around 676 nm corresponding to a peak in kλ caused by Chl a absorption. Such a dip was

also observed around the same wavelength for various phytoplankton species as illustrated

in Figures 6.14 and 6.20 in Ref. [54]. This can be attributed to oscillator resonance around

676 nm. It can also be predicted by optical constant theory such as the Lorentz model [60]

or the Helmholtz-Kettler theory [54]. Figure 3.3 also show the error bars associated with the

retrieved values of nλ and kλ resulting from the propagation of the errors in the measured

C̄abs,λ and C̄sca,λ. The relative error, corresponding to 95% confidence interval, associated

with nλ and kλ was less than 0.1% and 7%, respectively for all the species considered. The

absorption index was more sensitive to the experimental uncertainties than the refraction

index. Nevertheless, the error propagation from the experimental measurements of C̄abs,λ

and C̄sca,λ to the retrieved complex index of refraction was acceptable.

It is also important to note that the good agreement between measured and predicted

cross-sections C̄abs,λ and C̄sca,λ reported for all species considered could not be obtained when

the refraction index nλ of the microalgae was assumed to be constant over the PAR. In other

words, despite the fact that nλ varies slightly over the PAR, it should not be treated as

constant in predicting the microalgae absorption and scattering cross-sections.

3.3.3.2 Compatibility with T-Matrix Method

The above analysis and results rely on the assumptions that the different microalgae can

be treated as spherical. However, their circularity and aspect ratio were not exactly unity

[5, 65]. To assess the validity and consequences of this assumption, the average absorption
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and scattering cross-sections C̄abs,λ and C̄sca,λ for B. braunii measured experimentally were

compared with those predicted by the T-matrix method using the retrieved values of nλ and

kλ. B. braunii was of particular interest because it featured the largest average aspect ratio

of 1.333 and thus, was the most likely species to show large differences between experimental

measurements and predictions by the T-matrix method. The predictions used (i) the average

aspect ratio ϵ=1.333 for B. braunii, (ii) its equivalent diameter distribution f(ds) shown in

Figure 3.1, and (iii) its refraction and absorption indices retrieved using Lorentz-Mie theory

shown in Figure 3.3. The results show that accounting for the non-sphericity of microalgae

via the T-matrix method had relatively small effect on both C̄abs,λ and C̄sca,λ for both species.

In fact, the maximum relative difference between T-matrix predictions and experimental data

for both C̄abs,λ and C̄sca,λ was 3.9% for B. braunii. Similar or better results were obtained

for the other species since their average aspect ratio was closer to unity when Lorentz-Mie

theory is valid.

Overall, the effective refraction and absorption indices nλ and kλ retrieved over the PAR

for all species considered in the present study can be used in the Lorentz-Mie theory or in

the T-matrix method along with their size distribution to accurately predict their radiation

characteristics.

3.4 Conclusion

This chapter presented and used a methodology to retrieve the spectral refraction and ab-

sorption indices of various biofuel producing microalgae from experimentally measured av-

erage absorption and scattering cross-sections between 400 and 750 nm. The microalgae

were treated as spherical particles with equivalent diameter distributions calculated from

experimentally measured major and minor diameter distributions. An inverse method was

developed combining Lorentz-Mie theory as the forward method and genetic algorithm. The

retrieved refraction and absorption indices were continuous function of wavelength with

apparent absorption peaks corresponding to those of in vivo Chl a and b. These optical
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properties can be used to predict the radiation characteristics of the species considered using

Lorentz-Mie theory or the T-matrix method for a given size distribution and average aspect

ratio.
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CHAPTER 4

Time-Dependent Radiation Characteristics of

Nannochloropsis Oculata During Batch Culture

This chapter reports the temporal evolution of the scattering and absorbing cross-sections

of marine eustigmatophycease Nannochloropsis oculata grown in a flat-plate photobioreactor

(PBR). The cross-sections were found to vary significantly with time in response to changes in

light and nutrients availability. These variations were interpreted in terms of up- and down-

regulations of pigments and other intracellular components. Finally, this study demonstrates

that light transfer in the PBR could be predicted using constant radiation characteristics

measured during the exponential growth phase with reasonable accuracy provided that the

cultures were not nitrogen limited. These results will be useful in the design and operation

of PBRs for biofuel production at both small and large scales.

4.1 Introduction

Microalgae are typically suspended in growth medium and cultivated in open pond systems

or closed photobioreactors (PBRs) [83]. Batch operation is often preferred over continuous

operation for industrial scale PBRs for their simplicity, flexibility, and low cost [108]. To

maximize biomass productivity, microalgae strains are usually selected for their rapid growth

rate and their ability to tolerate high biomass concentration [33]. To achieve large PBR pro-

ductivity, photosynthetic microorganisms require an optimal irradiance. At high biomass

concentrations, light penetration in the PBR can become severely limiting [2]. Then, a

large fraction of the PBR volume may receive insufficient energy to carry out photosynthesis
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leading to a significant decrease in biomass productivity. Similarly, excessive irradiance re-

sults in photoinhibition which also severely hampers growth rates [109]. To counteract these

non-optimal light conditions, photosynthetic microorganisms are able to photoacclimate by

either increasing or decreasing the number and size of their photosynthetic units [110]. This

enables control over the energy input driving photosynthesis in the cells. Moreover, upon

exposure to large irradiance, the decrease in cellular chlorophyll concentration is facilitated

by dilution due to cell division [111]. By contrast, under small irradiance, the cells should

increase their chlorophyll concentrations at a fast enough rate to compensate for dilution

due to cell division. Therefore, microorganisms adapt faster to large irradiance than to small

irradiance [111]. Overall, proper light distribution in the PBR is essential for the economic

viability of large scale microalgae cultivation systems.

Most cell photosynthetic pigments absorb light in the so-called photosynthetically active

radiation (PAR) region from 400 to 700 nm [112]. In addition, the refractive index mis-

match between cells and the growth medium causes incident light to be scattered [113]. The

absorption and scattering properties of microalgae are species-specific and can be obtained

either through experimental measurements [5, 114, 115] or from model predictions based on

electromagnetic wave theory [49,51,56,116,117]. These properties are usually assumed to be

time-invariant despite changes in size and composition as the microalgae adapt to changing

growth conditions [2,5,49–51,99,114–116,118,119]. Moreover, in order to enhance lipid accu-

mulation, microalgae are deprived of nitrogen through sudden or progressive starvation [120].

As a result, the microalgae culture changes color from green to brown.

Overall, it is important to consider the impact of photoacclimation and nutrient limitation

or starvation (particularly nitrogen) on light transfer in PBRs. Changes in growth conditions

are typically encountered during the course of batch operation. The goal of this study is to

measure the temporal evolution of the radiation characteristics of microalgae during batch

growth and to provide physiological interpretation. The results will be used to assess the

impact on light transfer in PBRs. The marine eustigmatophycease Nannochloropsis oculata

was chosen as a model organism for its high lipid content and high biomass productivity
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[83, 120].

4.1.1 Nannochloropsis oculata

N. oculata microalgae consist of spheroidal cells approximately 2-3 µm in diameter. They

possess the pigments Chlorophyll (Chl) a and carotenoids. Chl a is a crucial pigment in the

photosynthetic process [27]. It absorbs mainly blue and red photons and transfer charges

by resonance energy transfer to the reaction centers. On the other hand, carotenoids serve

as accessory pigments that can be either photosynthetic (PSC) or photoprotective (PPC).

Photosynthetic carotenoids absorb green and yellow light and thus broaden the microalgae

absorption spectrum [17]. Photoprotective carotenoids prevents photodamage to light har-

vesting apparatus by converting excess light energy into heat [17]. More specifically, the in

vivo absorption peaks of Chl a are centered around 435, 630, and 676 nm while carotenoids

absorb most strongly between 400 and 550 nm [112].

The present study reports the temporal evolution of the absorption and scattering cross-

sections of N. oculata during batch growth. The impact of physiological adaptations on

the microalgae absorption and scattering cross-sections during the different phases of their

growth were investigated. The results were used to assess the evolution of light transfer in

flat plate PBRs operated in batch mode and to evaluate the validity of the commonly made

assumption that microalgae radiation characteristics remain constant during their growth.

4.2 Materials and Methods

4.2.1 Cultivation and sample preparation

The microalgae species N. oculata UTEX LB 2164 was purchased from UTEX Austin, TX.

It was cultivated in artificial sea water medium in 250 ml culture bottles fitted with vented

caps and exposed to a continuous luminous flux of 2800-3000 lux provided by fluorescent

light bulbs (GroLux by Sylvania, USA). The artificial seawater medium had the following
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composition (per liter of distilled water): NaCl 18 g, MgSO4·7H2O 2.6 g, KCl 0.6 g, NaNO3

1 g, CaCl2·2H2O 0.3 g, KH2PO4 0.05 g, NH4Cl 0.027 g, Na2EDTA·2H2O 0.03 g, H3BO3

0.0114 g, FeCl3·6H2O 2.11 mg, MnSO4·H2O 1.64 mg, ZnSO4·7H2O 0.22 mg, CoCl2·6H2O

0.048 mg, and vitamin B12 0.135 mg.

After 11 days of growth under continuous fluorescent light, 10 ml of the culture was

transferred into a 2 cm thick PMMA flat plate PBR. The culture was then diluted with

240 ml of growth medium and the batch experiment started. The PBR was exposed to an

illuminance of 7,500 or 10,000 lux (222 or 296 mol µmol photon/m2s) from red LEDs (C503B-

RAN Cree, USA) with peak wavelength at 630 nm and spectral bandwidth of 30 nm. The

culture was continuously sparged with 50 cm3/min of air with 2 vol.% of CO2 passed through

a glass fiber filter of pore size 0.3 µm (HEPA-Vent by Whatman, USA). The entire setup

was placed on an orbital shaker operated at 90 rpm to ensure well-mixed conditions and to

keep the microorganisms in suspension. The temperature was kept constant at 23◦C.

In order to obtain accurate radiation characteristic measurements, the samples taken in

the early stages of the batch growth ( day 0 to 2) had to be concentrated to achieved higher

optical signal-to-noise ratio. Note that the small cell concentration rendered centrifugation

of the sample impossible. In addition, absorption and scattering by the growth medium at

these low concentrations were not negligible compared with those of N. oculata. Thus, prior

to optical measurements, 10 mL of the culture suspension was filtered using a 0.45 nm pore

size cellulose membrane filters (HAWP-04700 by Millipore, USA). The cells were washed off

the filter with 3 mL of phosphate buffer saline (PBS) solution and collected. The growth

medium was replaced with non-absorbing PBS solution to achieve the desired microalgae

concentration. Upon reaching a sufficiently dense culture, absorption by the growth medium

was negligible compared with that of the microalgae and there was no need to concentrate

the samples. In fact, samples with high cell concentrations (after day 6) were diluted with

PBS to avoid multiple scattering during transmission measurements.

Finally, cell number density NT of the culture (in #/m3) and the distribution of cell

diameter f(ds) based on the equivalent projected-area was measured every 24 hours using
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an automatic cell counter (Nexcelom Cellometer Auto M10). To do so, 20 µL of a well

mixed culture was pipetted into a disposable haemocytometer (Nexcelom CHT4-SD100).

The device counted the number of cells present in the known volume of the haemocytometer

through the use of 2D micrographs. Each cell density measurement reported corresponded

to the average cell count of two samples, each counted twice.

4.2.2 Radiation characteristics

The average absorption and scattering cross-sections of N. oculata were measured every

24 hours for up to 18 days. The following assumptions were made in the data analysis:

(1) the microalgae suspension was well mixed and randomly oriented, (2) single scattering

prevailed thanks to the low cell densities considered, and (3) the scattering phase function

was assumed to be time-invariant and constant over the PAR region. Kandilian et al. [121]

measured, with a polar nephelometer, the scattering phase function at 633 nm for N. oculata

grown under red LEDs in artificial sea water medium. The backward scattering ratio bλ was

reported to be 0.0019. They also retrieved the complex index of refraction and verified that

the scattering phase function was nearly independent of wavelength over the PAR region.

The growth conditions and measured diameters of N. oculata cells reported in their study

were similar to that in the present study. Therefore, these prior measurements were adopted.
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Figure 4.1: Schematic of experimental setup used to determine (a) the extinction coefficient

βλ from normal-normal spectral transmittance and (b) the absorption coefficient κλ from

normal-hemispherical spectral transmittance.

The extinction coefficient of the microalgae suspension βλ was obtained from normal-

normal transmittance measurements, denoted by Tn,λ, after correcting for forward scattering

by the suspension [92]. The measurements were performed in 1 cm pathlength cuvettes using

a UV-VIS spectrometer (Shimadzu, USA, Model UV-3103PC) from 400 to 750 nm with 1 nm

spectral resolution as illustrated in Figure 7.2a. In order to correct for the effects of reflection

and refraction by the cuvette, the measurements were calibrated using the transmittance

of the reference medium (i.e., PBS) denoted by Tn,λ,ref . Then, the apparent extinction
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coefficient χλ was defined as [92,122]

χλ = −1

t
ln

(
Tn,λ

Tn,λ,ref

)
(4.1)

The detector has a finite size and detected a portion of the light scattered in the forward

direction. This effect should be corrected for since N. oculata scatters light largely in the

forward direction [121]. The apparent extinction coefficient can be related to the actual

absorption and scattering coefficients by [92,122],

χλ = κλ + σs,λ − ϵnσs,λ (4.2)

where ϵn represents the fraction of scattered light reaching the detector and is expressed

as [123,124]

ϵn =
1

2

∫ Θa

0

ΦT,λ(θ) sinθ dθ (4.3)

where Θa is the half acceptance angle of the detector while the scattering phase function

ΦT,λ of N. oculata was measured by Kandilian et al. [121].

The absorption coefficient κλ was obtained from normal-hemispherical transmittance

measurements, denoted by Th,λ, performed with an integrating sphere (ISR-3100 by Shi-

madzu, USA) at wavelengths from 400 to 750 nm as illustrated in Figure 7.2b [114]. Then,

the apparent absorption coefficient χh,λ can be expressed as

χh,λ = −1

t
ln

(
Th,λ

Th,λ,ref

)
(4.4)

Due to imperfect reflections at the inner surface of the integrating sphere and the geometry

of the experimental setup, the detector is unable to capture all the scattered light. In order

to correct for these errors, the apparent absorption coefficient can be related to the actual

absorption and scattering coefficients by

χh,λ = κλ + (1− ϵh)σs,λ (4.5)

where ϵh represents the fraction of scattered light detected by the integrating sphere and

is assumed to be constant over the PAR region. Davis-Colley [122] noted that there exist
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a wavelength λo at which microalgae did not absorb radiation. For example, λo = 750 nm

for N. oculata [121]. Thus, the absorption coefficient at λo vanishes (κλ = 0) and ϵh can be

retrieved from Equation (7.14) as according to

ϵh = 1− χh,λo

σs,λo

(4.6)

Similarly, the apparent extinction coefficient at wavelength λo can be retrieved from Equation

(7.12) as

χλo = (1− ϵn)σs,λo (4.7)

Combining Equations (7.12), (7.14), (7.15), and (4.7), the actual absorption coefficient κλ

can be obtained using the following expression,

κλ = χh,λ − χh,λo

σs,λ

σs,λo

where
σs,λ

σs,λo

=
χλ − χh,λ

χλo − χh,λo

(4.8)

Finally, the actual extinction coefficient βλ was obtained by substituting κλ into Equation

(7.12). Then, the scattering coefficient was computed using the definition σs,λ=βλ-κλ.

Note that the samples were manually shaken prior to the transmission measurements

so as to prevent sedimentation. Each measurement was performed with two samples of

different cell densities. The sample normal-normal and normal-hemispherical transmittances

were measured three times and the results were averaged. The absorption and scattering

coefficients κλ and σs,λ were divided by the samples respective cell number density NT to

obtain the average absorption and scattering cross-sections C̄abs,λ and C̄sca,λ according to

Equation (3.4). Van de Hulst [125] suggested that “a simple and conclusive test for the

absence of multiple scattering” consists of demonstrating that scattering intensity is directly

proportional to the particle concentration. In order words, the spectral cross-sections C̄abs,λ

and C̄sca,λ for different cell densities should collapse onto a single line if single and independent

scattering prevailed. This provided further validation of the experimental procedure and data

analysis.
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4.2.3 Chemical analysis

The pH of each sample was determined with a pH meter (Omega PHB-212). This provided

an indirect method for monitoring CO2 concentrations in the culture. Indeed, dissociation

of CO2 in water causes the solution to become slightly acidic. Therefore, an increase in pH

could be interpreted as lower CO2 concentration in the microalgae culture.

Pigment concentrations were determined spectrophotometrically using the method re-

ported by Wellburn [126]. A 2 ml sample of microalgae culture was centrifuged for 2 min-

utes at 10,000 rpm (6,500 g) and the supernatant discarded. Then, 3 ml of methanol was

added to the cell pellet. The sample was vortexed for 1 minute followed by sonication for 4

minutes. This ensured that the microalgae cell walls were broken down. The sample was left

in a dark room for 24 hours before being centrifuged to remove cell debris. The supernatant

was extracted and transferred into 1 cm pathlength polystyrene cuvettes for normal-normal

transmittance (Tn,λ) measurements at 480, 666, and 750 nm. The corresponding optical den-

sity (OD) was defined as ODλ = −ln Tn,λ. Pigment extraction was performed in duplicates

and OD measurements in triplicates. Chl a concentration Cchla (in µg/m3 of suspension)

was determined from the OD measurements according to [126]

Cchla = 15.65(OD666 −OD750)υ/V l (4.9)

where V is the microalgae sample volume (in m3), υ is the volume of methanol (in m3),

and l is the pathlength of the cuvette (in cm), taken as V = 2 ml, υ = 3 ml, and l = 1

cm. Similarly, the total carotenoid concentration Cx+c including both PSC and PPC was

calculated as [127]

Cx+c = 4(OD480 −OD750)υ/V l (4.10)

The pigment concentration (in µg/cell) was estimated as the ratio of the mass of pigment

mass per unit volume (in µg/m3) to the cell number density NT (in #/m3). For the culture

grown under 10,000 lux, pigment extractions were only conducted after 145 hours in order

to preserve culture volume and to investigate the behavior of the pigment concentrations in

the later stages of microalgae growth during nitrogen starvation.
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4.3 Results and Discussions

4.3.1 Cell growth
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Figure 4.2: Cell number density evolution with respect to growth times for N.oculata batch

cultures grown under 7,500 and 10,000 lux of red light. Lag, exponential, and stationary

phases and onset of nitrogen starvation are also shown.

Figure 4.2 shows the temporal evolution of the cell number densityNT for microalgae cultures

grown under 7,500 and 10,000 lux. Each data point represents the arithmetic mean of

the measurements and the error bars correspond to one standard deviation. The growth

curves exhibited the typical microalgal growth phases namely (i) the lag phase, (ii) the

exponential phase, and (iii) the stationary phase. For both incident irradiance, the lag phase

was characterized by slow initial growth rates and occurred approximately between 0 and 50-

75 hours. It can be attributed to the microalgae’s adaptation to drastically different growth

conditions after their transfer from the culture bottle to the PBR [128]. The exponential

phase occurred immediately after the lag phase and was characterized by large growth rates.
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N. oculata cultures grew faster under 10,000 lux than under 7,500 lux. The stationary phase

occurred after approximately 225 and 275 hours for cultures grown under 10,000 and 7,500

lux, respectively. It could be due to insufficient light, nutrients, and/or CO2. The cultures

grown under 7,500 and 10,000 lux reached about the same maximum cell density of 6.8 × 1014

cells/m3. It is important to note that the large fluctuations in number density NT during the

stationary phase was due to the formation of microalgae colonies that adhered to the inner

surfaces of the PBR. However, subsequent measurements of the radiation characteristics

remain correct because these colonies were not collected during sampling. Note also that the

equivalent cell diameter ds was 2.63 µm ± 0.5 µm and did not vary significantly with time.

Moreover, the pH of the culture remained between 7.6 and 8.2 and did not increase

significantly during the microalgae growth. Chiu et al. [129] reported that N. oculata culture

grown in continuous mode maintained a pH of 7.8 when aerated with air enriched with 2

vol.% of CO2. Despite the differences between batch and continuous modes, the pH was

nearly similar. The slight increase in pH was caused by the growth of the microalgae and

the corresponding increase in CO2 uptake. These observations suggest that light and CO2

availability were not limiting factors [129,130]. Thus, nutrient starvation was responsible for

the stationary phase.

Elemental analysis similar to that reported by Kandilian et al. [121] for the same mi-

croalgae species grown in the Erdshribers medium was performed in the present study for

artificial sea water medium. It predicted that the culture experienced nitrogen starvation at

dry biomass concentrations of 1.72 g/L. This dry biomass concentration can be converted

into cell number densities by treating N. oculata cells as spheres with an average diameter

of 2.63 µm, water volume fraction taken as 0.7 [131], and dry biomass density taken as 1350

kg/m3 [116]. Then, nitrogen starvation was expected to occur at NT = 4.5 × 1014 cells/m3.

The cultures grown under 7,500 and 10,000 lux reached this concentration after 200 and 180

hours, respectively. These values show that the microalgae were actually nutrient limited

midway through their exponential phase but continued growing to more than twice their

concentrations before reaching the stationary phase.
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4.3.2 Mass absorption and scattering cross-sections
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Figure 4.3: (a) and (b) Average absorption cross-section C̄abs,λ and (c) and (d) average

scattering cross-section C̄sca,λ in the spectral range from 400 to 750 nm for N.oculata grown

under 7,500 and 10,000 lux, respectively.

Figures 4.3a and 4.3b present the average absorption cross-sections C̄abs,λ of N. oculata

grown under 7,500 and 10,000 lux, respectively, in the spectral range from 400 to 750 nm

at different times during their growth. The average absorption cross-section C̄abs,λ displayed

peaks at 435, 630, and 676 nm corresponding to in vivo absorption peaks of Chl a and

at 485 nm corresponding to that of carotenoids. Similarly, Figures 4.3c and 4.3d present

the average scattering cross-sections C̄sca,λ of N. oculata grown under 7,500 and 10,000 lux,

respectively. The cross-sections C̄sca,λ and C̄abs,λ measured at time 0 hour were similar
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for the two incident irradiances considered. This confirms that the initial conditions and

experimental measurements were consistent. The absorption cross-section C̄abs,λ feature

similar values and trends for both incident irradiances. For a given incident irradiance, C̄abs,λ

at wavelength λ in the PAR region varied significantly during the course of the experiments.

For example, the relative difference between the minimum and maximum values of C̄abs,676

reached up to 226% for culture grown under 10,000 lux. The same relative difference for

C̄abs,485 reach up to 145% for culture grown under 7,500 lux.

Furthermore, for any given time and wavelength, the scattering cross-section C̄sca,λ for N.

oculata grown under 10,000 lux was systematically larger than those grown under 7,500 lux

while trends in their temporal evolution were similar. The scattering cross-section of a cell

depends on its size and on the refractive index mismatch between the cell and the surrounding

medium. The effective refractive index of the microalgae depends on their water content

and their chemical composition [113, 131]. The major cell constituents, namely, proteins,

carbohydrates, and lipids do not absorb in the PAR region and have refractive indices larger

than that of water. In addition, carbohydrates and proteins have larger refractive indices

than lipids [131]. Carbohydrates and proteins concentrations in N. oculata was reported to

increase at the expense of lipids when grown under larger incident irradiance [132]. This

may explain why C̄sca,λ was larger for microalgae grown under 10,000 lux than that under

7,500 lux. In addition, carbohydrates, proteins, and lipids have index of refraction nearly

constant over the PAR region [131] while the cell size distribution remains nearly unchanged

over time. This could be the reason why C̄sca,λ increased or decreased almost uniformly

across the PAR over time.

It is also worth noting that dips in the scattering cross-sections C̄sca,λ were observed

around wavelengths corresponding to the absorption peaks in C̄abs,λ. This “cross-talk” be-

tween absorption and scattering cross-sections can be attributed to resonance behavior in

the real part (or refraction index) of the complex index of refraction of the microalgae at

wavelengths when the imaginary part (or absorption index) features strong absorption peaks.

Such resonance is predicted by the Ketteler-Helmholtz theory [113], among others.
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Figure 4.4: (a) and (b) Temporal evolutions of average absorption cross-section at 485 and

676 nm and (c) and (d) pigment concentrations (Chl a and carotenoids) for N.oculata grown

under 7,500 and 10,000 lux, respectively.

To illustrate the temporal evolution of the absorption cross-section, Figures 4.4a and

4.4b plot C̄abs,λ at wavelengths 485 nm and 676 nm with respect to time. These wavelengths

correspond to carotenoids and Chl a absorption peaks, respectively. Similarly, Figures 4.4c

and 4.4d show the measured Chl a and total carotenoids (PSC + PPC) concentrations as

functions of time. Each data point represents the arithmetic mean of multiple measurements

and the error bars correspond to one standard deviation. It is evident that the trends in the

absorption peaks C̄abs,676 and C̄abs,485 closely follow the trends in Chl a and PSC+PPC con-

centrations, respectively. In fact, C̄abs,676 and C̄abs,485 and the corresponding pigment concen-

tration reach their maximum and minimum at the same times. The initial down-regulation
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of pigment was caused by exposure to excessive fluence rates when the suspensions featured

relatively small cell number densities. It contributed to reducing the energy absorbed per

cell to prevent photodamage to their light-harvesting antenna. It is interesting to note that

the time frame during which pigment concentrations decreased closely coincided with the

lag phase observed in the growth curves between 0 and 50-75 hours (Figure 4.2).

Moreover, Figures 4.4c and 4.4d indicate that Chl a and carotenoids concentrations

increased between times 50 and 200 hours for the culture grown under 7,500 lux and between

75 and 180 hours for those grown under 10,000 lux. This was due to up-regulation of pigments

by microalgae to avoid photolimitation. Indeed, due to rapid cell division in the exponential

growth phase, the local fluence rate in the PBR decreased. To compensate, the microalgae

synthesized additional photosynthetic pigments in order to absorb more light.

Finally, nitrogen starvation causes reduction in pigment synthesis rates [133]. As pre-

dicted from elemental analysis [121], the cultures grown under 7,500 and 10,000 lux became

nitrogen limited after about 200 and 180 hours, respectively (Figure 4.2). Interestingly,

Figures 4.4c and 4.4d show that pigment concentrations decreased sharply around the same

times. In fact, the culture’s color changed from green to brown during nitrogen starvation

due to the increase in the ratio of carotenoids to Chl a.

4.3.3 Average fluence rate and radiant power absorbed

As previously mentioned, past studies typically measured the radiation characteristics only

once during the microorganisms’ exponential growth phase [5, 51, 99, 114, 115]. Similarly,

simulations of coupled light transfer and growth kinetics typically assume that radiation

characteristics remain constant throughout the microalgae growth [49, 118, 119]. However,

the spectral absorption cross-section C̄abs,λ of N. oculata varied significantly during batch

growth and reached (i) its minimum at the beginning of the exponential phase and (ii) its

maximum immediately before nitrogen starvation. Here, the two-flux approximation given

by Equation (2.8) was used to evaluate the temporal evolution of the average fluence rate
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Gave and the average radiant power absorbed per cell Aave given by Equations (2.8) and

(2.12), respectively. The incident radiation Gin,λ was normal to the front surface of the PBR

(θc = 0◦) and the back surface was treated as transparent (ρλ = 0).
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Figure 4.5: Evolution of the average fluence rate in the flat-plate PBR as a function of time

for cultures grown under (a) 7,500 lux and (b) 10,000 lux predicted using Equation (2.8) to

(2.11) and (i) time-dependent C̄abs,λ and C̄sca,λ and (ii) C̄abs,λ and C̄sca,λ measured after ∼

140 hours during the exponential phase.

Figures 4.5a and 4.5b show the evolution of the average fluence rate Gave with respect

to time for the cultures grown under 7,500 and 10,000 lux, respectively. It was predicted
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using Equations (2.8) to (2.11) along with (i) the measured time-dependent cross-sections

C̄abs,λ and C̄sca,λ (Figure 4.3) and (ii) the values of C̄abs,λ and C̄sca,λ measured after about

140 hours during the exponential growth phase. Predictions of Gave using the measured

time-dependent cross-sections C̄abs,λ and C̄sca,λ represents the most accurate estimate of the

average fluence rate. During the lag phase or the pigment down-regulation period, Gave was

almost equal to Gin due to very low microalgae concentrations in both cultures. During the

exponential growth phase, Gave rapidly decreased as the microalgae simultaneously increased

their number density NT and up-regulated their pigments. Upon nitrogen starvation, Gave

started increasing due to the sharp decrease in pigment concentrations even though the

microalgae cells continued growing. Here, Gave predicted using C̄abs,λ and C̄sca,λ measured

after ∼ 140 hours was adequate if the microorganisms were not in the nitrogen starvation

phase when pigment concentrations decreased sharply. During the pigment down-regulation

and up-regulation phases, the relative difference in Gave predicted using C̄abs/sca,λ(t) and

C̄abs/sca,λ(∼140 h) was less than 2% and 8% for incident irradiance of 7,500 and 10,000 lux,

respectively. However, it reached 45% and 57% in the nitrogen starvation phase, respectively.

Therefore, in the latter phase, radiation characteristics should be measured as a function of

time to predict the rapid increase in fluence rate.
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Figure 4.6: Evolution of the average radiant power absorbed per microalgae cell Aave [Equa-

tion (2.12)] for cultures grown under 7,500 and 10,000 lux.

Figure 4.6 shows the temporal evolution of the average radiant power absorbed per mi-

croalgae cell Aave for cultures grown under 7,500 and 10,000 lux predicted using Equation

(2.12). For both incident irradiances of 7,500 and 10,000 lux, Aave decreased rapidly during

the down-regulation phase. This was due to the sharp decrease in pigment concentrations in

response to excessive average fluence rate in the PBR. More interestingly, in the up-regulation

phase, Aave featured an initial increase followed by a subsequent decrease for both incident

irradiances. This can be attributed to the fact that the increase in pigment concentrations

(Figures 4.4c and 4.4d) initially compensated for the decrease in fluence rate. However, it

could not compensate for the rapid cell growth that further decreased the fluence rate and

for the pigment dilution through cell division, as previously mentioned.
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4.4 Chapter summary

This chapter presented the temporal evolution of the average scattering and absorbing cross-

sections from 400 to 750 nm for N. oculata grown in batch cultures under 7,500 and 10,000

lux of red light at 630 nm. These cross-sections were found to vary significantly with time in

response to changes in fluence rate and nutrients availability. Their evolution was interpreted

in terms of up and down-regulation of pigments and cell components in response to changing

growth conditions. The observed changes in the absorption and scattering cross-sections in

response to the growth conditions are likely to be representative of other microalgae species

by virtue of the fact that most species have similar pigments (e.g. Chl a) and are able to

photoacclimate [110, 111]. In addition, the impact on the average radiant power absorbed

per cells and on the average fluence rate in the PBR were discussed. The average fluence rate

in the PBR can be predicted reasonably well using radiation characteristics measured during

the exponential growth phase provided the microalgae are not nitrogen limited. In the case

of nitrogen limitations, the radiation characteristics should be measured as a function of

time.
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CHAPTER 5

Radiation Characteristics and Optical Properties of

Filamentous Cyanobacterium Anabaena Cylindrica

This chapter presents experimental measurements of the spectral absorption and scattering

cross-sections and the spectral complex index of refraction of filamentous cyanobacterium

Anabaena cylindrica from 400 to 750 nm at four different times during its batch growth.

Its filaments, consisting of long chains of polydisperse cells, were modeled as infinitely long

and randomly oriented volume-equivalent cylinders. The spectral complex index of refrac-

tion were retrieved using an inverse method based on genetic algorithm. The absorption

peaks of Chl a and PCCN concentrations were found to vary in response to light and ni-

trogen availability. These results can be used for predicting and optimizing light transfer in

photobioreactors for wastewater treatment and ammonia or biofuel production.

5.1 Introduction

Photobioreactors can be optimized to increase ammonia, hydrogen, and/or lipid production

rates through light transfer modeling coupled with growth kinetics [2, 118]. To do so, spec-

tral radiation characteristics are necessary parameters. However, measuring them can be

costly and time consuming. Instead, they could be numerically predicted more easily based

on the microorganism size distribution and complex index of refraction. This approach has

been applied to spherical single cell microorganisms based on Lorenz-Mie theory [134]. How-

ever, some cyanobacteria are filamentous and cannot be treated as spherical. The goal of

this chapter is to develop an inverse method to retrieve the spectral real (refraction index)
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and imaginary (absorption index) parts of the complex index of refraction of filamentous

cyanobacteria. A. cylindrica was chosen as a model organisms and its radiation characteris-

tics were measured.

5.1.1 Anaebena cylindrica

The freshwater cyanobacterium Anabaena cylindrica belongs to a genus known for its ability

to fix nitrogen and produce ammonia using the enzyme nitrogenase contained in differenti-

ated cells called heterocysts [135–137]. The Anabaena genus has been used to remove nitrates

and phosphates from contaminated waters as well as to produce fertilizers by photosynthe-

sis and fixation of atmospheric nitrogen [138]. In addition, despite its low lipid content of

about 5 dry wt.% [33], A. cylindrica has also been considered for biodiesel production due to

its large cell size and its filamentous morphology requiring less energy intensive harvesting

methods, such as filtration, to separate the biomass from the growth medium.

Vegetative cells

Heterocysts

Figure 5.1: Micrograph image of A.cylindrica showing vegetative cells and heterocysts 2.5-3

µm in diameter. Reproduced with permission from Prof. Yuuji Tsukii, Hosei University,

Protist Information Server http://protist.i.hosei.ac.jp.
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Figure 5.1 shows a micrograph of the heterocystous filamentous A. cylindrica consisting

of connected and nearly spherical vegetative cells and fewer and larger heterocysts 2-4 µm

in diameter. Filaments’ length varies widely but typically exceeds 100 µm. In response to

nitrogen limitation, A. cylindrica increases its heterocyst differentiation rate and nitrogenase

activity [133]. It also adapts its pigment concentrations. A. cylindrica possesses the pigments

chlorophyll a (Chl a) and accessory pigments phycocyanin (PCCN) and carotenoids [139].

They enable it to absorb over different spectral bands of the PAR region for a more efficient

utilization of solar energy. In fact, the in vivo absorption peaks of these pigments are distinct

with Chl a absorbing most strongly around 436 and 676 nm [4], PCCN around 630 nm [140],

and photosynthetic (PSC) and photoprotective (PPC) carotenoids between 400 and 550

nm [4].

5.1.2 Radiation characteristics of photosynthetic microorganisms

The radiation characteristics of photosynthetic microorganisms in suspension can be obtained

either through experimental measurements [5, 114,115] or numerical simulations [49,51,56].

Most efforts have focused on quasi-spherical cells such as the green microalgae C. reinhardtii

[49, 115]. Pilon and co-workers experimentally measured the radiation characteristics of

several photosynthetic H2 producing microorganisms [114,115] and of lipid producing green

microalgae [5,121]. The absorption κλ and scattering σs,λ coefficients of these microorganisms

were normalized either by their cell number densities NT in (#/m3) [5] or by their dry

mass concentrations X [114, 115] according to Equation (2.6). The cell number density NT

of single-cell microorganisms can be easily measured. However, filamentous cyanobacteria

consist of long chains of cells. Defining their number density NT becomes difficult as both the

number of cells and filaments must be considered for an accurate characterization of their

morphology. Therefore, the absorption κλ and scattering σs,λ coefficients of filamentous

cyanobacteria should be normalized by their dry mass concentration X, as performed for

Anaebena variabilis [114].

Moreover, microorganisms are typically modeled as scattering particles with time-invariant

60



radiation characteristics [2, 118, 119]. The latter are often measured only once during the

entire growth typically during the exponential phase [5, 51, 99, 114, 115]. However, microal-

gae and cyanobacteria undergo changes in pigment concentration as well as changes in their

lipid, protein, and carbohydrate content in response to photoadaptation [110] or nutrient

limitation [111]. These changes in the cell composition may strongly affect their radiation

characteristics [54].

The present study aims to retrieve the spectral effective complex index of refraction of

cyanobacterium A. cylindrica by treating its filaments of vegetative cells and heterocysts

as infinitely long and randomly oriented cylinders. To do so, the scattering phase function

ΦT,λ(ŝi, ŝ) as well as the average mass absorption Āabs,λ and scattering S̄sca,λ cross-sections

were measured from 400 to 750 nm at different times during batch growth.

5.2 Materials and Methods

5.2.1 Cultivation and sample preparation

Heterocystous filamentous cyanobacterium Anabaena cylindrica Lemmermann UTEX B1611

was purchased from UTEX Austin, TX. It was cultivated in BG-11(-N) medium in 250

ml culture bottles fitted with vented caps and exposed to a continuous luminous flux of

2,800-3,000 lux (85-91 µmol photon/m2·s) provided by fluorescent light bulbs (GroLux by

Sylvania, USA). The BG-11(-N) medium had the following composition (per liter of distilled

water): K2HPO4 40 mg, MgSO4·7H2O 7.5 mg, CaCl2·2H2O 36 mg, citric acid·H2O 6 mg,

ferric ammonium citrate 6 mg, Na2EDTA·2H2O 6 mg, H3BO3 2.86 mg, MnCl2·4H2O 1.81 mg,

ZnSO4·7H2O 0.22 mg, Na2MoO4·2H2O 0.39 mg, CuSO4·5H2O 0.079 mg, and Co(NO3)2·6H2O

0.0049 mg. This medium was recommended by UTEX and similar irradiance has been used

in Ref. [137].

Nutrient availability in the medium can be estimated by elemental analysis [121]. The

complete elemental composition of A. cylindrica was not available in the literature. However,
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the elemental composition does not vary significantly between species of the same genus

[141,142]. The nitrogen content of A. cylindrica was reported to be 5 to 10.8 % by percentage

of dry weight [143] while the cyanobacterium Anabaena flos-aquae was reported to have 1

dry wt. % of K and 0.8 dry wt. % of P [144]. These values suggest that the culture of

A. cylindrica in BG-11(-N) medium would be limited in P and K at mass concentrations of

0.825 and 1.583 kg/m3, respectively. On the other hand, the medium contained only traces

of nitrates. It remains unclear whether the culture was nitrogen deficient, i.e., whether the

rate of nitrogen uptake exceeded the rate of nitrogen-fixation.

The culture bottles were placed on an orbital shaker operated at 70 rpm to ensure suf-

ficient mixing to keep the microorganisms in suspension. Samples of 3 ml were collected

from the culture after 6, 9, 12, and 14 days of growth to measure their radiation char-

acteristics. These time intervals were selected to allow for sufficient cyanobacteria growth

between measurements. Note that the culture started forming colonies after 15 days of batch

growth after which experiments ended. To eliminate possible absorption and scattering by

the growth medium, the suspension samples were centrifuged at 2,000 rpm (1,300 g) for

10 minutes, washed twice with phosphate buffer saline (PBS) solution, and suspended in

PBS [114, 115, 121]. Smaller volumes of PBS were used to replace the growth medium in

order to obtain larger biomass concentrations in the samples than in the culture. This was

performed to obtain higher signal-to-noise ratio in the transmission measurements.

A calibration curve relating the optical density (OD) of the suspension at 750 nm to

the dry mass concentration X was obtained prior to performing the radiation characteris-

tics measurements. The optical density was measured for five different mass concentrations

of A. cylindrica in disposable polystyrene cuvettes with 1 cm pathlength using a UV-VIS

spectrophotometer (Shimadzu, USA, Model UV-3103PC) [114,115,121]. The dry mass con-

centrations were obtained by filtering the cells with 0.45 nm pore size cellulose membrane

filters (HAWP-04700 by Millipore, USA) followed by overnight drying at 60◦C in a vacuum

oven [121]. The dried filters with the dry cells were weighed immediately after being removed

from the oven using a precision balance (model AT261 by Delta Range Factory, USA) with a
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0.01 mg precision [121]. The mass concentration was related to the optical density according

to

X = 0.816OD750 (5.1)

with a coefficient of determination R2 = 0.96.

5.2.2 Cell morphology

Micrographs of A. cylindrica filaments were captured with a Leica LMIL microscope (Leica

Microsystems, IL, USA) connected to a CCD camera (Spot Insight Model 4.2, MI, USA).

The cells constituting the filamentous cyanobacterium were assumed to be spherical. We

considered Nf filaments and measured the diameter (ds,i,j)1≤j≤Nc of Nc cells for each filament

“i”. The cell diameter was manually measured using the image analysis software ImageJ and

taken as the maximum width across the cell in the direction perpendicular to the filament

axis. For each of the four samples, at least 80 different A. cylindrica filaments were selected

at random and the diameters of more than 14 cells per filament were measured, i.e., Nf = 80

andNc = 14. Approximately 13 vegetative cells and 1 heterocysts were chosen randomly from

each filament. This heterocyst frequency, defined as the ratio of the number of heterocysts

to the total number of cells, was representative of the population of A. cylindrica in the

samples.

As previously discussed, A. cylindrica filaments can be treated, as a first order approx-

imation, as infinitely long cylinders given (i) their large size parameter χs≥10, (ii) their

filamentous morphology, (iii) the quasi-sphericity of their heterocysts and vegetative cells,

and (iv) their relatively narrow size distribution. The diameter dc,eq,i of the volume-equivalent

cylinder of filament “i” can be expressed in terms of individual cell diameters as

d 2
c,eq,i =

Nc∑
j=1

2

3
d 3
s,i,j

Nc∑
j=1

ds,i,j

with i = 1, 2, ..., Nf (5.2)

These measurements led to the cylinder size distribution f(dc,eq) defined as the number of
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equivalent cylinders having diameters between dc,eq and dc,eq + ddc,eq.

5.2.3 Radiation characteristics measurements

5.2.3.1 Assumptions

The following assumptions were made in measuring the average mass absorption and scatter-

ing cross-sections and the scattering phase function of A. cylindrica: (1) the microorganisms

were well mixed and randomly oriented, (2) single scattering prevailed due to the low biomass

concentrations considered, (3) the scattering phase function had azimuthal symmetry and

was only a function of polar angle θ, (4) the scattering phase function was assumed to be

constant over the PAR region [115], and (5) the scattering cross-section of the cyanobac-

teria at 750 nm remains constant throughout the growth phase. The latter assumption

constitutes the basis for measuring the temporal evolution of mass concentration X from OD

measurements and Equation (5.1).

5.2.3.2 Scattering phase function

The scattering phase function was measured with a polar nephelometer at 633 nm. The

experimental setup, data analysis, and validation with latex microspheres and glass fibers

were reported in detail by Berberoğlu et al. [114, 115] and need not be repeated. Due to

obstruction from the probe, scattering angles θ beyond 170◦ in the backward direction were

not reported.

5.2.3.3 Absorption and scattering coefficients

Normal-normal transmittance measurements were performed in 1 cm pathlength cuvettes us-

ing a UV-VIS spectrophotometer (Shimadzu, USA, Model UV-3103PC) from 400 to 750 nm

with 1 nm spectral resolution. The extinction coefficient of the suspension βλ was obtained

from these measurements after correcting for forward scattering by the suspension [115].
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Indeed, A. cylindrica scatters radiation mainly in the forward direction due to its large

size parameter. A fraction of this forwardly scattered radiation was collected by the detec-

tor through its finite acceptance angle. It can be estimated from the previously measured

scattering phase function and subtracted from the measured transmitted signal [115,124].

The absorption coefficient κλ was determined from normal-hemispherical transmittance

measurements performed with an integrating sphere (ISR-3100 by Shimadzu, USA) and the

above mentioned spectrophotometer at wavelengths from 400 to 750 nm [114]. However,

imperfect reflections in the integrating sphere and the geometry of the setup prevented a

portion of the scattered radiation from being collected by the detector. Thus, the measure-

ments were corrected based on the fact that A. cylindrica does not absorb at 750 nm [145] to

obtain the absorption coefficient of the suspension κλ according to the procedure described

in Ref. [115,124]. Finally, the scattering coefficient was obtained from σs,λ = βλ - κλ.

Absorption and scattering coefficients were normalized by the mass concentration X

estimated from OD measurements at 750 nm to obtain the average mass absorption and

scattering cross-sections Āabs,λ and S̄sca,λ according to Equation (2.6). Measurements were

performed for three different mass concentrations on day 6, 9, 12, and 14. This was meant

to assess experimental repeatability as well as to estimate the experimental uncertainties

associated with Āabs,λ and S̄sca,λ.

5.2.4 Effective optical properties of filamentous cyanobacteria

The average absorption and scattering cross-sections C̄ ′
abs,λ and C̄ ′

sca,λ per unit length of

filament (in m2/m) can be determined from the measured average mass absorption and scat-

tering cross-sections Āabs,λ and S̄sca,λ using the following relationships adapted to filamentous
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cyanobacteria from Ref. [49],

C̄ ′
abs,λ = Āabs,λρdm(1− xw)

 π

6Nf

Nf∑
i=1

Nc∑
j=1

d 2
s,i,j


and C̄ ′

sca,λ = S̄sca,λρdm(1− xw)

 π

6Nf

Nf∑
i=1

Nc∑
j=1

d 2
s,i,j

 (5.3)

Here, ρdm is the dry mass density of microorganism taken as 1350 kg/m3 [116]. The average

volume fraction of water in the cells, denoted by xw, was taken as either 0.75 or 0.85 con-

sidered to be the limits of its observed range [116]. The last term in parenthesis represents

the average volume per unit length of the filaments of A. cylindrica.
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Figure 5.2: Block diagram of the procedure used to retrieve the refraction index nλ and

absorption index kλ from the measured absorption and scattering cross-sections per unit

length C̄ ′
abs,λ and C̄ ′

sca,λ at a given wavelength λ for volume-equivalent diameter distribution

f(dc,eq). Here, P=100 individuals per generation for a maximum of 500 generations.
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The approach developed by Lee et al. [146] for spherical polydisperse scatterers was

extended to retrieve the spectral refraction index nλ and absorption index kλ of filamen-

tous cyanobacteria. Filaments were assumed to be randomly oriented, homogeneous, and

infinitely long cylinders with volume-equivalent diameter distribution f(dc,eq). Figure 7.2

presents the schematic diagram used to retrieve nλ and kλ of A. cylindrica from (i) the

wavelength, (ii) the spectral refraction index nλ,PBS of the surrounding PBS medium re-

ported in Ref. [100], (iii) the volume-equivalent cylinder diameter distribution f(dc,eq) of

A. cylindrica, and (iv) the average absorption and scattering cross-sections per unit length

C̄ ′
abs,λ and C̄ ′

sca,λ determined from experimental measurements of Āabs,λ and S̄sca,λ using

Equation (5.3). The electromagnetic wave theory predicting the absorption and scattering

cross-sections of infinitely long cylinders [60, 147] was used as the forward method. The

objective function δλ for each wavelength was defined as the sum of squared relative errors

between the predicted average cross-sections denoted by C̄ ′
abs,λ,pred and C̄ ′

sca,λ,pred and those

measured experimentally C̄ ′
abs,λ and C̄ ′

sca,λ [Equation (5.3)], i.e.,

δλ =

(
C̄ ′

abs,λ,pred − C̄ ′
abs,λ

C̄ ′
abs,λ

)2

+

(
C̄ ′

sca,λ,pred − C̄ ′
sca,λ

C̄ ′
sca,λ

)2

(5.4)

The genetic algorithm PIKAIA [96] was employed to find the pair (nλ,kλ) that minimizes δλ.

PIKAIA was used with 500 generations and a population of 100 individuals per generation.

The refraction and absorption indices nλ and kλ were retrieved at 71 individual wavelengths

between 400 and 750 nm.

5.3 Results and Discussions

Four samplings were performed on the 6th, 9th, 12th, and 14th day of A. cylindrica grown in

batch mode. The corresponding mass concentrations were X1 = 0.086 kg/m3, X2 = 0.108

kg/m3, X3 = 0.151 kg/m3, and X4 = 0.171 kg/m3, respectively. Results from duplicate

experiments fell within one another’s experimental uncertainty. After 15 days of growth,

the cyanobacterium culture started forming colonies and individual filaments could not be
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suspended as independent and randomly oriented scatterers.

Moreover, based on the previous elemental analysis, the biomass concentrations leading

to P and K limitation were never reached as the mass concentration did not exceed X4

= 0.171 kg/m3. Thus, the cultures did not suffer from limitations in P or K. Note that

Brownell and Nicholas [148] achieved A. cylindrica mass concentrations ranging from 0.4 to

1.1 kg/m3 after 13 days of growth in nitrate deficient medium. These mass concentrations

were significantly larger than the concentration reached in the present study. The difference

can be attributed to the fact that the cyanobacteria in Ref. [148] were grown under irradiance

of 7,000 lux instead of 3,000 lux in the present study.

5.3.1 Size distribution and heterocyst frequency
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Figure 5.3: Histograms of volume-equivalent diameter distribution f(dc,eq) of A.cylindrica

filaments for Samples 1, 2, 3, and 4 at concentrations (a) X1 = 0.086 kg/m3, (b) X2 = 0.108

kg/m3, (c) X3 = 0.151 kg/m3, and (d) X4 = 0.171 kg/m3 obtained from more than 1120

cells for each sample.

The volume-equivalent diameter distribution f(dc,eq) of A. cylindrica was estimated based

on Equation (5.2) from more than Nf × Nc = 1120 cells for each sample. Figures 5.3a

through 5.3d show histograms of the volume-equivalent diameter distributions f(dc,eq) with

bin size of 0.8 µm for Samples 1, 2, 3, and 4 and the mean diameter and standard deviation

computed from diameter measurements of both vegetative cells and heterocysts. It is evident

that the diameter distribution did not vary significantly from one sample to another. The

mean diameter of the four samples fell within one standard deviation of one another and

was equal to 2.7 µm.
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Nitrogen limitation can affect the heterocyst frequency of A. cylindrica and therefore

the size distribution since heterocysts tend to be larger than vegetative cells. Here, the

heterocyst frequency was measured as 4.0%, 4.4%, 4.9%, and 5.1% for Sample 1, 2, 3, and

4, respectively. This increase in heterocyst frequency and the composition of BG-11(N)

medium suggests that the culture suffered from nitrogen limitation from the beginning of

the growth. However, this was not sufficient to affect the size distribution f(dc,eq).

5.3.2 Scattering phase function
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Figure 5.4: Scattering phase function of A.cylindrica at 633 nm measured experimentally

using a polar nephelometer and predicted using the retrieved values of n633 and k633 for

Sample 3 with xw = 0.75.
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Figure 7.9 shows the experimentally measured scattering phase function of A. cylindrica

at 633 nm. Scattering by the microorganisms was strongly in the forward direction. For

the sake of completeness and for comparison with the literature, the asymmetry factor was

estimated to be g633 = 0.985 [Equation (2.10)]. This large value was expected due to the

large diameter and length of A. cylindrica filaments compared with the wavelength of light in

the PAR region resulting in large size parameter χs in excess of 10. Note that the asymmetry

factor for A.variabilis was reported as g633 = 0.975 [114].

5.3.3 Mass absorption and scattering cross-sections
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Figure 5.5: (a) Absorption coefficient κλ, (b) scattering coefficient σs,λ, (c) average mass

absorption cross-section Āabs,λ = κλ/X, and (d) average mass scattering cross-section

S̄sca,λ = σs,λ/X from 400 to 750 nm of A.cylindrica in Sample 3 for mass concentrations

X3,1 = 0.431, X3,2 = 0.296, and X3,3 = 0.202 kg/m3.

Figures 5.5a and 5.5b respectively show the spectral absorption κλ and scattering σs,λ coef-

ficients measured in the spectral range from 400 to 750 nm for Sample 3 collected after 12

days of growth for mass concentrations X3,1 = 0.431 kg/m3, X3,2 = 0.296 kg/m3, and X3,3

= 0.202 kg/m3. These concentrations were achieved by suspending the cells in PBS from

sample concentration X3 = 0.151 kg/m3. Each data point represents the arithmetic mean of

κλ and σs,λ measured three times for each concentration (X3,i)1≤i≤3 and the error bars corre-
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spond to 95% confidence interval. It is evident that the scattering and absorption coefficients

increased with increasing mass concentrations. In addition, A. cylindrica absorbed mainly

in the spectral region from 400 to 700 nm with peaks (i) at 436 and 676 nm corresponding

to absorption by Chl a [4], (ii) at 630 nm corresponding to PCCN [140], and (iii) a shoulder

around 480 nm corresponding to absorption by PSC and PPC [4]. Small dips were observed

in the scattering coefficient σs,λ around wavelengths corresponding to the absorption peaks.

Figures 5.5c and 5.5d show the average mass absorption Āabs,λ and scattering S̄sca,λ

cross-sections in the spectral range from 400 to 750 nm after normalizing κλ and σs,λ by

their respective mass concentrations (X3,i)1≤i≤3 according to Equation (2.6). It is evident

that the three datasets collapsed on a single line. Van de Hulst [125] recommended that

a “simple and conclusive test for the absence of multiple scattering” consists of verifying

that the scattering intensity is directly proportional to particle concentration. Therefore,

the experimental measurements confirm that single and independent scattering prevailed

(Assumption 2) and that absorption and scattering were linear processes, as suggested by

Equation (2.6). In addition, scattering dominated over absorption at all wavelengths between

400 and 750 nm. Similar results were obtained for the absorption and scattering coefficients

κλ and σs,λ and for the average mass absorption and scattering cross-sections Āabs,λ and

S̄sca,λ measured at other times during the growth.
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Figure 5.6: Average mass (a) absorption Āabs,λ and (b) scattering cross-sections S̄sca,λ from

400 to 750 nm of A.cylindrica for Samples 1, 2, 3, and 4 collected after day 6, 9, 12, and 14,

respectively.

Figure 5.6 presents the average (a) mass absorption Āabs,λ and (b) scattering S̄sca,λ cross-

sections over the PAR region for Samples 1 to 4 collected after 6, 9, 12, and 14 days during

batch culture. From day 6 (Sample 1) to day 9 (Sample 2), the absorption cross-section at

480 nm Āabs,480 decreased but did not change significantly afterwards. Simultaneously, both
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Āabs,630 and Āabs,676 increased. This can be attributed to the adaptation of the microorgan-

isms to the decreasing average fluence rate in the culture bottle caused by increasing biomass

concentrations. As a response, they decrease their PPC concentration and increase their Chl

a and PCCN concentrations [110]. After day 9, the absorption cross-section Āabs,630 corre-

sponding to phycocyanin decreased significantly while Āabs,676 decreased slightly. The sharp

decrease in Āabs,630 can be attributed to the selective degradation of phycocyanin caused by

the nitrogen deficient conditions prevailing after 9 days. In fact, phycocyanin degradation

has been suggested as a mechanism to provide endogenously amino acids for the maintenance

and synthesis of nitrogenase [149, 150]. This degradation was found to be selective and did

not affect significantly the cells’ Chl a content in other cyanobacteria including (i) unicel-

lular [150] and (ii) filamentous non-heterocystous [151]. Finally, note that the absorption

peak at 436 nm was affected by both Chl a and carotenoids and decreased continuously from

day 6 to 14. This can be explained by the successive decrease in carotenoid concentration

between day 6 and 9 and in Chl a concentration from day 9 to 14.

Moreover, the average mass scattering cross-sections for all samples were identical at

750 nm. This was due to Assumption 5 stating that S̄sca,750 remained constant during the

growth. Hence, the same mass calibration curve [Equation (5.1)] was used to determine X

for all samples. This method of estimating the mass concentration of photosynthetic mi-

croorganisms has been widely used [152]. However, the cells of the cyanobacterium undergo

compositional and morphological changes during its growth phase which may cause S̄sca,λ

to vary over time. Overall, the relative difference in S̄sca,λ among the four samples was

less than 13 % over the entire PAR region. This relatively small difference suggests that

assuming S̄sca,750 to be constant did not introduce significant errors in the measurements of

X with respect to time from OD measurements at 750 nm. In other words, changes in cell

composition and heterocyst frequency were not sufficient to affect significantly the scattering

cross-section.

Finally, Berberoğlu et al. [114] reported the mass absorption and scattering cross-sections

of filamentous Anabaena variabilis grown in ATCC medium 616 under 2,000-3,000 lux of
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fluorescent white light. Comparatively, A. cylindrica featured values of Āabs,λ and S̄sca,λ

that were approximately twice smaller than those of A. variabilis for all wavelengths in the

PAR region. This is likely due to the fact that A. variabilis had larger cell diameter around

5 µm compared with 2.7 µm for A. cylindrica. It could also be due to different pigment

concentrations even though both species are filamentous cyanobacteria from the same genus.

5.3.4 Effective optical properties

5.3.4.1 Validation of the inverse method

The scattering cross-sections of 99% silica glass fibers more than 1 mm long supplied by

OMEGA Engineering, Inc., USA (Part No: XS-K-24SLE) were measured between 400 and

725 nm using the same experimental setup and procedure as those used to measure C̄ ′
abs,λ and

C̄ ′
sca,λ for A. cylindrica. The fiber size distribution was also measured using 113 fibers and

varied between 4-8 µm in diameter with mean diameter of 5.88 µm and standard deviation

0.65 µm. Note that in the visible part of the spectrum, the absorption index of silica glass

is less than 2×10−7 and was taken as kλ = 0 [153]. The real part of the complex index of

refraction nλ of the glass fibers was retrieved over the PAR region using the inverse method

previously described. The results were compared with predictions from the following three-

term Sellmeier equation, valid between 0.21 and 6.7 µm [153,154],

n2
λ = 1 +

0.6961663λ2

λ2 − (0.0684043)2
+

0.4079426λ2

λ2 − (0.1162414)2
+

0.8974794λ2

λ2 − (9.896161)2
(5.5)

where λ is expressed in µms. The maximum and average relative differences over the PAR

region were 4% and 2%, respectively (see Supplementary Materials). These results validate

both the experimental and theoretical methods used in this study.

5.3.4.2 A. cylindrica
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Figure 5.7: Retrieved (a) refraction nλ and (b) absorption kλ indices between 400 to 750 nm

for A.cylindrica assuming water mass fraction to be xw = 0.75 or 0.85 for Samples 1, 2, 3,

and 4 collected after day 6, 9, 12, and 14, respectively.
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Figure 7.11 shows (a) the refraction index nλ and (b) the absorption index kλ of A. cylindrica

between 400 and 750 nm for Samples 1, 2, 3, and 4 retrieved from (i) the measured average

mass absorption and scattering cross-sections, (ii) the volume-equivalent cylinder diameter

distribution f(dc,eq), and (iii) for water mass fractions xw equal to 0.75 or 0.85. The error

bars were estimated from error propagation analysis at wavelengths 436, 630, and 676 nm.

First, it is worth noting that nλ and kλ, retrieved for each of the 71 individual wavelength

considered, were continuous functions of wavelengths. Second, kλ featured peaks at 436, 630,

and 676 nm corresponding to in vivo absorption peaks Chl a and PPCN, the pigments of

A. cylindrica [4, 139]. Third, the values retrieved for nλ and kλ were within the ranges

of those found for microalgae [99, 146] and other cyanobacteria previously reported in the

literature [54, 99]. These results could not have been guessed a priori as they were not

intrinsic consequences of the inverse method which retrieved nλ and kλ for each wavelength

independently. This further brings confidence in the inverse method.

The refraction index nλ retrieved did not vary significantly with time. In addition, the

values obtained with xw = 0.75 were less than 1% larger than that obtained with xw =

0.85 for all samples and across the PAR region. In other words, nλ was not sensitive to

water mass fraction xw. Small dips in nλ were observed around wavelengths corresponding

to absorption peaks in kλ. This can be attributed to oscillator resonances predicted from

optical constant theory such as the Lorenz model [60] or the Ketteler-Helmholtz theory [54],

for example. By contrast, the absorption index kλ displayed large sensitivity to the chosen

value of xw.

Finally, the scattering phase function ΦT,λ(ŝi, ŝ) in the PAR region was computed by

(i) treating A. cylindrica as infinitely long and randomly oriented cylinders with volume-

equivalent size distribution and (ii) using the values of nλ and kλ retrieved assuming water

mass fraction xw of 0.75 and 0.85. The associated asymmetry factor at 633 nm for samples

1-4 was found to range between 0.983 and 0.985. These results are in good agreement

with the value of 0.985 obtained experimentally, as illustrated in Figure 7.9. Note that

at scattering angle Θ larger than 60◦, the experimentally measured phase function showed
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significant differences with the predicted phase function. This may be attributed to the

fact that filamentous A. cylindrica were treated as infinitely long cylinders. In fact, similar

differences in the phase functions of linear chains of spheres and volume-equivalent infinitely

long cylinders with large size parameters can be observed in data reported by Lee and

Pilon [134]. Note also that, for the microorganism considered, the size parameter is large,

scattering is strongly forward, and only a small amount of energy is contained in the radiation

scattered in scattering angles beyond 60◦. The asymmetry factor and the scattering phase

function varied very slightly from one sample to another and with the choice of water mass

fraction xw. In fact, they depended mainly on the size distribution and on the index of

refraction which remained nearly constant during the course of the experiments. Finally, the

predicted scattering phase function was practically independent of wavelength over the PAR

region. These results confirmed Assumption 4 used to retrieve the absorption and scattering

cross-sections.

5.4 Chapter summary

This chapter presented the mass absorption and scattering cross-sections and the complex

index of refraction of A. cylindrica from 400 to 750 nm at different times during batch

growth in nitrate-free medium under 3,000 lux of white fluorescent light. An inverse method

was developed to retrieve the real and imaginary parts of the complex index of refraction

from the measured scattering phase function and average mass scattering and absorbing

cross-sections. It treated A. cylindrica filaments as homogeneous, randomly oriented, and

infinitely long volume-equivalent cylinders. A. cylindrica scattered mainly in the forward

direction due to its large size parameter. The absorption index and absorption cross-section

showed distinct absorption peaks at 436 and 676 nm corresponding to chlorophyll a and at

480 and 630 nm corresponding to carotenoids and phycocyanin, respectively. Absorption

peaks corresponding to Chl a and PCCN increased and those of PPC decreased from day 6

to 9 due to photoacclimation in response to low fluence rate in the PBR caused by increas-
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ing biomass concentration. The absorption peaks corresponding to PCCN concentrations

decreased sharply after day 9. This was attributed to degradation of phycocyanin as an en-

dogenous nitrogen source to maintain and to synthesize nitrogenase enzyme during nitrogen

starvation. This interpretation was corroborated by the simultaneous increase in heterocyst

frequency. Finally, unlike the refraction index nλ, kλ varied during batch culture and was

very sensitive to the water mass fraction xw used in the inverse method. The results can

be used to predict and optimize light distribution in photobioreactors growing A. cylindrica

for wastewater treatment, ammonia, or hydrogen production. The methodology can also be

applied to a wide range of scattering suspensions containing cylindrical scatterers.
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CHAPTER 6

Absorption and scattering by bispheres, quadspheres,

and circular rings of spheres and their equivalent

coated spheres

This chapter demonstrated that the radiation characteristics of randomly oriented and op-

tically soft bispheres, quadspheres, and circular rings of spheres, with either monodisperse

or polydisperse monomers, can be approximated by an equivalent coated sphere with iden-

tical volume and average projected area. These results provide a rapid and accurate way of

predicting the radiation characteristics of bispheres, quadspheres, and rings of spheres rep-

resentative of various unicellular and multicellular cyanobacteria considered for producing

food supplements, biofuels, and fertilizers. They could also be used in inverse methods for

retrieving the monomers’ optical properties, morphology, and/or concentration.

6.1 Introduction

While most diatoms and green microalgae exist in unicellular forms, cyanobacteria can be

either unicellular or multicellular [128, 155]. For example, Synechocystis sp. is a unicellular

cyanobacterium with a dumbbell shape. It was the first photosynthetic organism whose

entire genome was sequenced [156]. It has been used as a model organism to study photo-

synthesis, pigment synthesis, carbon and nitrogen assimilation, lipid production, and other

metabolic processes [156–159]. Figure 7.1a shows a micrograph of a population of free-

floating Synechocystis sp. cells about 3 to 5 µm in length. Figure 7.1b shows a micrograph

of Synechocystis sp. immediately after cell division into two morphologically identical daugh-
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ter cells [160]. On the other hand, certain multicellular cyanobacteria such as Anabaenopsis

elenkinii and circularis develop specialized cells called heterocysts that contain nitrogenase

enzymes used for the biocatalytic reduction of atmospheric nitrogen into ammonia [161].

This special ability to fix atmospheric nitrogen makes these cyanobacteria potential produc-

ers of fertilizers [162]. In addition, they are capable of producing hydrogen under certain

conditions [163, 164]. Figures 7.1c and 7.1d show the micrographs of A. elenkinii and cir-

cularis, respectively. The cyanobacterium A. elenkinii consists of spheroidal vegetative cells

with 4-5 µm minor diameter and 5-7 µm major diameter and nearly spherical heterocysts 3-4

µm in diameter. By contrast, the cyanobacterium A. circularis consists of aspherical vegeta-

tive cells and spherical heterocysts about 8-10 µm in diameter. These cells are arranged in a

nearly circular ring and number between 10 and 25 cells per ring. The cultivation of photo-

synthetic microorganisms in photobioreactors (PBRs) exposed to sunlight has been studied

extensively due to the above-mentioned applications. Photosynthetic microorganisms absorb

photons in the photosynthetically active radiation (PAR) region ranging from 400 to 700 nm

thanks to photosynthetic pigments such as chlorophylls and carotenoids [112]. They also

scatter light due to the refractive index mismatch between the cells and the surrounding

growth medium [113]. The economic viability of large-scale cultivation can be severely re-

duced by poor light penetration in dense microorganism cultures [2]. In order to design and

operate PBRs with optimum light availability, it is essential to accurately predict light trans-

fer in the culture [2,50]. To do so, the spectral radiation characteristics of the photosynthetic

microorganisms are necessary. They can be measured experimentally [2, 114] or predicted

numerically [49,56,165]. Experimental measurements can faithfully capture the effect of the

microorganisms’ size, shape, and polydispersity. However, they require expensive equipment

and can be time consuming. Radiation characteristics of spherical photosynthetic microor-

ganisms can be easily determined from the Lorenz-Mie theory [78]. Similarly, solutions of

Maxwell’s equations have also been developed for coated spheres [166] and infinitely long

cylinders [125,167,168]. The radiation characteristics of particles with more complex and ir-

regular shapes can be predicted numerically using (i) the T-matrix method [169–172], (ii) the
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Figure 6.1: Micrographs of cyanobacteria: (a) free floating Synechocystis sp., (b) Synechocys-

tis sp. immediately after cell divison, (c) Anabaenopsis elenkinii, and (d) Anabaenopsis cir-

cularis. Reproduced with permission from (a), (b) Prof. Yuuji Tsukii (Hosei University), (c)

Dr. Seija Hällfors (University of Jyväskylä Biology Department and (d) Dr. Roger Burks

(University of California at Riverside), Prof. Mark Schneegurt (Wichita State University),

and Cyanosite.

discrete-dipole approximation [173], and (iii) the finite-difference time-domain method [174],

for example. However, numerical predictions can be complicated by the diverse and some-

times complex microorganism morphology. In addition, their large size compared with the

radiation wavelength and their polydispersity require time-consuming and resource-intensive

computations [175]. Finally, inverse methods used to retrieve the complex index of refrac-

tion and/or the morphology and/or the concentration of the microorganisms from exper-

imental measurements require numerous iterations of an already time-consuming forward
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problem [56,176–178].

The present study aims to identify particles of simple shape with radiation characteristics

equivalent to those of Synechocystis sp., A. elenkinii and circularis and other microorganisms

with similar morphologies. Such equivalent particle approximation could be computationally

advantageous and practical for predicting light transfer in PBRs and for remote sensing

applications provided that it can achieve an acceptable degree of accuracy [117,176].

6.2 Background

6.2.1 Scattering matrix

The four Stokes parameters, I, Q, U, and V, forming the Stokes vector, are used to describe

an electromagnetic wave in terms of its intensity, degree of polarization, and ellipsometric

characteristics [171]. Upon single scattering by a particle of arbitrary shape and orientation,

the Stokes vector of the incident radiation represented by Iinc(ŝi) = (Iinc, Qinc, Uinc, Vinc)
T ,

is transformed into the Stokes vector of the scattered radiation at location r, denoted by

Isca(r, ŝ) = (Isca, Qsca, Usca, Vsca)
T . These vectors are related by the 4 × 4 Mueller matrix

[Z(Θ)] according to [172]

Isca(r, ŝ) =
1

r2
[Z(Θ)]Iinc(ŝi) (6.1)

where r is the norm of the location vector r. The scattering angle, denoted by Θ, corresponds

to the angle between the incident and scattered directions, ŝi and ŝ, respectively.

For randomly oriented particles with a plane of symmetry, it is more convenient to use

the normalized (or Stokes) scattering matrix [F(Θ)] given by [171]

[F(Θ)] =
4π

Csca

[Z(Θ)] (6.2)

where Csca is the scattering cross-section of the particle. When multiplied by the incident

monochromatic energy flux, Csca represents the total monochromatic power removed from

the incident electromagnetic (EM) wave due to scattering [171]. Similarly, the absorption

cross-section Cabs can be defined such that its product with the incident monochromatic
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energy flux represents the total monochromatic power absorbed by the particle [171]. The

overall extinction of the incident EM wave is due to both absorption and scattering and the

extinction cross-section can be defined as Cext = Cabs + Csca.

The normalized scattering matrix [F(Θ)] for a scattering particle with a plane of symme-

try is a 4 × 4 matrix containing eight nonzero elements and six independent elements given

by [171,179]

[F(Θ)] =


F11(Θ) F12(Θ) 0 0

F12(Θ) F22(Θ) 0 0

0 0 F33(Θ) F34(Θ)

0 0 −F34(Θ) F44(Θ)


The element F11(Θ) represents the scattering phase function normalized according to [171]

1

4π

∫
4π

F11(Θ) dΩ = 1 (6.3)

where Ω is the solid angle around the scattering angle Θ. The asymmetry factor is defined

as [92]

g =
1

4π

∫
4π

F11(Θ) cosΘ dΩ (6.4)

It is equal to 0 for isotropic scattering and -1 and 1 for purely backward and forward scatter-

ing, respectively [2]. The ratio −F12(Θ)/F11(Θ) represents the degree of linear polarization of

the scattered radiation when the particle is exposed to unpolarized incident radiation [180].

The ratio F22(Θ)/F11(Θ) can be interpreted as a measure of the particle’s deviation from a

sphere [180]. The ratio F34(Θ)/F11(Θ) indicates the amount of obliquely polarized light at

45 ◦ [180]. For spherical scatterers, F22(Θ) = F11(Θ) and F33(Θ) = F44(Θ) [180].

6.2.2 Heterogeneous and spheroidal particles

Despite the heterogeneous nature of photosynthetic microorganism cells, they have often

been treated as homogeneous with some effective complex index of refraction [56, 113, 177,

181]. This assumption was validated by Quirantes and Bernard [56] who modeled single cell

microalgae as coated spheres or coated spheroids to account for their complex intracellular
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structures. These coated particles had core to particle volume ratios ranging from 0.4 to 1 and

size parameters based on outer diameter up to a maximum value of 30. The outer coating

was assumed to be non-absorbing and represented the cellular cytoplasm. By contrast,

the inner core, representing the organelles and chloroplasts, was absorbing and featured a

larger refractive index than the outer coating. The authors found that light absorption and

scattering efficiency factors of a homogeneous sphere with volume-averaged complex index

of refraction were similar to those of the coated sphere [56].

Moreover, Lee et al. [177] showed that the radiation characteristics of spheroidal unicellu-

lar microalgae were similar to those of spheres with identical surface area provided that their

aspect ratio was less than 1.33. These observations suggest that typical microorganisms’

cells, such as those shown in Figure 7.1, can be treated as homogeneous spheres with an

effective complex index of refraction.

6.2.3 Aggregates of spherical monomers

The development of the superposition T-matrix method to predict absorption and scatter-

ing of electromagnetic waves by multi-sphere clusters was first motivated by the study of

the interaction between radiation and carbonaceous soot particles modeled as aggregates

of connected spheres (or monomers) a few nanometers in diameter [170]. It has also been

used for a wide variety of applications [182] ranging from plasmon resonance in aggregates

of gold [183] and silver [184] nanoparticles to the interpretation of solar radiation scattered

by cometary dust [185] and filamentous cyanobacteria [117].

The method is based on the superposition solutions of Maxwell’s equations where the

electromagnetic (EM) field scattered by the entire aggregate of monomers is the sum of the

EM fields scattered by each of the constituent monomer [186]. The EM field incident onto

a monomer takes into account not only the incident EM field but also the scattered fields

from all the other monomers of the aggregate [186]. The interacting fields is transformed

into a system of sphere-centered equations for the scattering coefficients and inverted to
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obtain the T-matrix [186]. Using an analytical rotation transformation rule to integrate the

incident EM field over every propagation direction and polarization, the scattering ⟨Csca⟩

and extinction ⟨Cext⟩ cross-sections and scattering matrix elements of a randomly oriented

aggregate of spheres can be obtained from operations on the T-matrix [186].

6.2.4 Equivalent scattering particles

Several studies have used equivalent particles with simple geometries and some effective com-

plex index of refraction to approximate the radiation characteristics of nonspherical particles

and aggregates of spherical monomers. Mengüç et al. [187] approximated irregularly-shaped

pulverized coal particles as volume equivalent spheres in order to retrieve their effective com-

plex index of refraction from experimental radiation characteristics measurements. The coal

particles were assumed to be spherical and their mean diameters were measured using scan-

ning electron microscopy so as to compute their volumes. Liou and Takano [188] compared

the absorption and scattering cross-sections and asymmetry factor of cubes, hexagonal ice

crystals, and irregular convex and concave particles with size parameters larger than 30 with

those predicted by Lorenz-Mie theory for their volume or surface area equivalent spheres. The

range of complex index of refraction used for the particles was representative of atmospheric

particulates, i.e., carbon and water. The authors concluded that nonspherical particles have

smaller asymmetry factors than their volume or surface area equivalent spherical counter-

parts. They also found that volume equivalent spheres had similar absorption cross-sections

but smaller scattering cross-sections than the actual nonspherical particles. Kahnert et

al. [189] computed the extinction and scattering cross-sections, the single-scattering albedo,

and the asymmetry factor of ensembles of randomly oriented polyhedral prisms with differ-

ent number of side facets, aspect ratios, and sizes. The authors compared these radiation

characteristics with those of ensembles comprising solely of spheres, spheroids, or finite-

length cylinders with the same complex index of refraction and identical volume or surface

area distribution. They found that the best approximation was achieved using ensembles

of volume equivalent spheres. Yang et al. [190] approximated various platonic particles as
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equivalent spheres with identical (i) geometric dimension, (ii) surface area, (iii) volume, or

(iv) volume-to-surface area ratio. The authors found that the volume equivalent spheres

offered the best approximation for the extinction efficiency factor, single-scattering albedo,

and scattering matrix elements of platonic particles. However, all these approximations still

resulted in significant errors. In addition, the authors recommended that the absorption and

scattering cross-sections should be used instead of the efficiency factors due to the difference

of geometric cross-sections between the platonic particles and the equivalent spheres. Gor-

don [181] showed that approximating finite cylinders as volume equivalent spheres resulted in

large errors in the scattering efficiency factor but good agreement in the absorption efficiency

factor.

Latimer [191] experimentally measured the extinction coefficients at 474 nm of randomly

oriented fractal aggregates of 2 to 128 spherical latex particles in water. The author found

that the aggregates could be approximated as coated spheres whose core and shell had the

same complex index of refraction as water and latex, respectively. The volume of the coating

was taken as the total volume of the latex particles constituting the aggregates while the

volume of the core was taken as that of “the spaces between the particles” derived from fractal

theory. While Latimer’s results showed good agreement between the radiation measurements

of the latex particles and the theoretical predictions for the equivalent coated spheres, his

choice of using only five discrete bins to represent the entire monomer size distribution may

introduce significant errors. Tien and Drolen [192] computed the absorption and scattering

cross-sections of soot aggregates consisting of 2 to 136 spherical monodisperse monomers

with size parameter ranging from 0.05 to 0.2, refractive index ranging from 1.5 to 2.2, and

absorption index ranging from 0 to 2.6. These monomers were aggregated either in straight

chains or spheroidal, ellipsoidal, or cube-like clusters. They found that a volume equivalent

sphere with the same complex index of refraction as the monomers gave similar absorption

and scattering cross-sections as the soot aggregate. Recently, Lee and Pilon [117] showed

that the absorption and scattering cross-sections per unit length and asymmetry factor of

randomly oriented linear chains of optically soft spheres with size parameter ranging from
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0.01 to 10, could be approximated as that of randomly oriented, volume equivalent, and

infinitely long cylinders provided that the number of spheres in the chain was sufficiently

large. However, this approximation was not valid for the scattering matrix elements.

Light transfer in homogeneous absorbing, scattering, and non-emitting microorganism

suspensions, such as those found in photobioreactors (PBRs), is governed by the radiative

transfer equation (RTE) [2]. In PBRs, the microorganisms are typically uniformly distributed

and randomly oriented thanks to bubble sparging or stirring, for example [193]. The absorp-

tion and scattering cross-sections as well as the scattering phase function of these randomly

oriented microorganisms are necessary input parameters to solve the RTE [2]. Unfortu-

nately, cyanobacteria such as those showed in Figure 7.1 have very complex morphologies

and large size parameters. Accurately predicting their radiation characteristics would require

large amounts of time and computational resources. Therefore, the present study aims to

demonstrate that photosynthetic microorganisms, such as those shown in Figure 7.1, can be

approximated by some equivalent particle with a simple geometry. The effects of the cells’

complex index of refraction and polydispersity were also investigated.

6.3 Analysis

6.3.1 Problem statement

First, actual cyanobacteria shown in Figure 7.1 were represented by idealized aggregates

of optically soft and homogeneous spherical monomers. Figure 7.2a shows a bisphere con-

sisting of two identical adjoining spheres of radius rs representing the dumbbell-shape of

Synechocystis sp. cells (Figure 7.1a). Similarly, Figure 7.2b shows a quadsphere modeling

the morphology of Synechocystis sp. cells immediately after cell division (Figure 7.1b). Fi-

nally, Figures 7.2c and 7.2d show circular rings of spheres with an arbitrary number Ns

of monomers representing filamentous cyanobacteria such as A. elenkinii and A. circularis

(Figures 7.1c and 7.1d).
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nm nm

nm2rs

ms = ns + iks

Figure 6.2: Schematic of simulated (a) bispheres, (b) quadspheres, and (c) rings of spheres

with Ns = 5 and 10 monodisperse monomers of radius rs and complex index of refraction

ms = ns+iks surrounded by a non-absorbing medium of refraction index nm. These idealized

aggregates are representative of the cyanobacteria shown in Figure 7.1.

Let us consider randomly oriented bispheres, quadspheres, and circular rings of spheres

consisting of Ns monodisperse spherical monomers of radius rs and complex index of refrac-

tionms = ns+iks where ns and ks are the refractive and absorption indices, respectively. The

surrounding medium was assumed to be non-absorbing with refraction index mm = nm. The

relative complex index of refraction of the monomers can be defined as m = n+ ik = ms/nm.

The size parameter of the monomers constituting the bispheres, quadspheres, and rings of

spheres was defined as χs = 2πrs/λ where λ is the wavelength of the incident radiation. In

general, the radiation characteristics of bispheres, quadspheres, and rings of spheres depend
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on (i) the aggregate morphology, (ii) the relative complex refraction index m, and (iii) the

monomer number Ns and size parameter χs.

Previous studies [117,181,188,189,192] indicate that the equivalent particle should have

the same volume as the aggregate to match their absorption cross-sections. This can be

attributed to the fact that absorption is a volumetric phenomenon. On the other hand,

scattering is due in part to the complex index of refraction mismatch across the interface be-

tween the aggregates’ monomers and the surrounding medium. Thus, an equivalent particle

with the same surface area as the aggregate could also have similar scattering cross-sections.

Alternatively, the projected area is directly proportional to the amount of energy incident

on the aggregates for a given aggregate orientation. Hence, matching the average projected

area of the equivalent particle with that of the randomly oriented aggregate offers another

alternative. The most common approach is to approximate a particle of complex shape or an

aggregate of spherical monomers as an equivalent sphere [181, 189, 190]. However, a sphere

is defined by a single geometric parameter: its radius. Thus, the equivalent sphere can only

match either the volume, the surface area, or the average projected area of the aggregate.

On the other hand, a coated sphere is defined by its inner and outer radii. Both can be

adjusted to match two geometric characteristics of the aggregates such as its volume and its

surface area or its volume and its average projected area.

In order to determine the best equivalent particle, the absorption and scattering cross-

sections as well as the scattering matrix elements of the different possible equivalent spheres

or coated spheres will be compared systematically with predictions by the superposition

T-matrix method for randomly oriented bispheres, quadspheres, and rings of spheres. The

monomers had size parameter χs ranging from 0.01 to 10, refractive index ns varying between

1.37 and 2, and absorption index ks from 0.0053 to 0.133. The surrounding medium was non-

absorbing with refractive index nm = 1.33. These values were representative of cyanobacteria

suspended in growth medium and exposed to sunlight. The wavelength of incident light was

taken as 676 nm corresponding to the absorption peak of Chlorophyll a [112]. Finally, the

inner core of the equivalent coated sphere was assumed to have the same refractive index
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nm as the surrounding medium while the coating and the equivalent sphere were assumed

to have the same complex index of refraction ms = ns + iks as the monomers.

6.3.2 Methodology

6.3.2.1 Geometric consideration

The radius rv,eq of the volume equivalent sphere with the same volume as that of an aggregate

consisting of Ns monomers of radius rs can be expressed as

rv,eq = rs
3
√
Ns (6.5)

Similarly, the surface area and volume of coated spheres of outer rs,eq,o and inner rs,eq,i radii

are equal to 4πr2s,eq,o and 4π(r3s,eq,o − r3s,eq,i)/3, respectively. Thus, the volume and surface

area equivalent coated sphere, featuring the same volume and surface area as the aggregate,

is such that rs,eq,o and rs,eq,i are given by

rs,eq,o = rs
√

Ns and rs,eq,i = rs
3

√
Ns

3/2 −Ns (6.6)

Similarly, the outer rĀp,eq,o and inner rĀp,eq,i radii of the equivalent coated sphere with identi-

cal volume and average projected area Āp as the randomly oriented aggregate can be written

as

rĀp,eq,o =

√
Āp

π
and rĀp,eq,i =

3

√(
Āp

π

)3/2

−Nsr3s (6.7)

A priori, the average projected area Āp depends on the number Ns and radius rs of

monomers in the aggregate. Figure 6.3 illustrates the projected area of a bisphere on the

x-y plane when viewed along the z-axis. For a given orientation, the projected area Ap,b of

a bisphere is represented by the area enclosed by two intersecting circles and is given by

Ap,b(rs, d) = 2πr2s − 2r2scos
−1

(
d

2rs

)
+

1

2
d
√

4r2s − d2 (6.8)

where d is the distance between the centers of the two projected discs. This distance is given

by d = 2rscosϕ where ϕ is the angle between the longitudinal axis of the bisphere and the
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Figure 6.3: Schematic of the projected area of a bisphere onto the x-y plane when viewed

along the z-axis.

x-y plane. For example, when the bisphere is viewed along its longitudinal axis, ϕ = π/2 or

−π/2. Then, the distance d between the two projected circles is zero and the projected area

Ap,b is equal to that of a single sphere πr2s as predicted by Equation (6.8). As bispheres are

axisymmetric, the average projected area of a bisphere Āp,b can be obtained by integrating

the expression in Equation (6.8) with respect to ϕ between −π/2 and π/2 to yield

Āp,b =
1

π

∫ π/2

−π/2

Ap,b(r, ϕ) dϕ ≈ 5.35 r2s (6.9)

For aggregates with more than two monomers, the average projected area can be cal-

culated numerically by (i) fixing the position of the observer, (ii) rotating the aggregate

through numerous orientations around its geometric center, and (iii) computing the different

projected area before averaging. The code implementing this procedure was developed and

successfully validated with the above expression of Āp,b for bispheres. For quadspheres and

rings of Ns spheres, the average projected area Āp was found to be proportional to the square
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of the monomer radius rs such that

Āp = α(Ns)r
2
s (6.10)

where α is a constant depending on the number of monomers Ns in the aggregate. For

quadspheres, α(4) was found to be equal to 9.70 while for a circular ring of Ns monodisperse

monomers α(Ns) was such that α(Ns) = 2.42Ns for Ns ≥ 5. In practice, Āp can be measured

using image analysis of two-dimensional micrographs of freely suspended microorganisms

[194].

6.3.2.2 Radiation characteristics

The absorption ⟨Qabs⟩ and scattering ⟨Qsca⟩ efficiency factors and the normalized Stokes scat-

tering matrix elements of randomly oriented bispheres, quadspheres, and rings of monodis-

perse spheres of radius rs were computed using the superposition T-matrix code described in

Ref. [195]. On the other hand, the absorption and scattering efficiency factors and the scat-

tering matrix elements of the different equivalent homogeneous spheres and coated spheres

were computed based on Lorenz-Mie theory [78, 166, 196]. The Matlab codes implementing

these solutions were obtained from Ref. [196].

The absorption ⟨Ca
abs⟩ and scattering ⟨Ca

sca⟩ cross-sections of the randomly oriented ag-

gregates were estimated from the numerically predicted absorption ⟨Qa
abs⟩ and scattering

⟨Qa
sca⟩ efficiency factors according to

⟨Ca
abs⟩ = ⟨Qa

abs⟩πr2v,eq and ⟨Ca
sca⟩ = ⟨Qa

sca⟩πr2v,eq (6.11)

where rv,eq is the radius of the volume equivalent sphere given by Equation (6.5) and πr2v,eq

represents its projected surface area [195]. Similarly, the cross-sections of the volume equiv-

alent sphere were obtained according to Cs
abs/sca = Qs

abs/scaπr
2
v,eq. In the case of the volume

and surface area equivalent coated spheres, the cross-sections were estimated based on the

outer radius, i.e, Ccs
abs/sca,V+S = Qcs

abs/sca,V+Sπr
2
s,eq,o. Finally, the cross-sections of the volume

and average projected area equivalent coated sphere were computed based on the average

projected area of the aggregates such that Ccs
abs/sca,V+Āp

= Qcs
abs/sca,V+Āp

Āp.
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Finally, the relative errors in the absorption and scattering cross-sections and asymmetry

factors between the bispheres, quadspheres, and rings of spheres and their equivalent spheres

and coated spheres were used to identify the best approximation.

6.4 Results and discussions

6.4.1 Absorption and scattering cross-sections

Figure 6.4 shows the absorption cross-section ⟨Ca
abs⟩ of randomly oriented (a) bispheres and

quadspheres, and (b) circular rings of 10 and 20 spheres as a function of monomer size

parameters χs ranging from 0.01 to 10. Here, the relative complex index of refraction of the

monomers was taken as m = 1.03 + i0.004 representative of photosynthetic microorganisms

in their growth medium exposed to light in the PAR region [177, 181]. They also plot

the absorption cross-section of the corresponding equivalent spheres and coated spheres.

Figures 6.4a and 6.4b indicate that the absorption cross-section increased with increasing

number of monomers Ns and size parameter χs. They also established that ⟨Ca
abs⟩ was

linearly proportional to χ3
s. In addition, Figures 6.4c to 6.4f show the relative errors in

the absorption cross-section between the aggregates considered and the different equivalent

particles as functions of χs. As observed in the literature [117, 181, 188, 189], all equivalent

spheres and coated spheres featured very similar absorption cross-sections. The relative error

in the absorption cross-sections of the bispheres and quadspheres was less than 1.5% for all

equivalent particles and size parameter χs considered. Similarly, the relative error in the

absorption cross-sections of the rings of 10 and 20 spheres and of the equivalent particles was

less than 7%. Such good agreement can be attributed to the fact that all equivalent spheres

and the shell of the equivalent coated spheres had the same volume as that of the bispheres,

quadspheres, and rings of spheres for any given value of χs. These observations indicate

that self-shading in these aggregates had negligible effect on the absorption cross-sections

thanks to the relatively small monomer absorption index ks = 0.0053. Overall, the volume

and average projected area equivalent coated spheres provided the best approximation of
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Figure 6.4: Absorption cross-section of randomly oriented (a) bispheres and quadspheres

and (b) rings of Ns = 10 and 20 spheres and of their corresponding equivalent spheres and

coated spheres as a function of monomer size parameter χs ranging from 0.01 to 10 for

m = 1.03 + i0.004. Relative errors in the absorption cross-section between the T-matrix

predictions and the equivalent particles for (c) bispheres, (e) quadspheres (d) rings of 10

spheres, and (f) rings of 20 spheres.

the absorption cross-section for all values of χs. In fact, the corresponding relative error

between the superposition T-matrix prediction and this approximation did not exceed 1%

for all aggregates considered.

Figure 6.5 shows the scattering cross-section ⟨Ca
sca⟩ of randomly oriented (a) bispheres

and quadspheres and (b) circular rings of 10 and 20 spheres as a function of χs for m =

1.03 + i0.004. They also plot the scattering cross-section of the corresponding equivalent

96



a)

c)

b)

d)

10-2 10-1 100 101
-30

-15

0

15

30

R
el

at
iv

e 
er

ro
r 

(%
)

Bispheres

e) f)

10-2 10-1 100 101
-40

-20

0

20

40

R
el

at
iv

e 
er

ro
r 

(%
)

Size parameter, χχχχs

Quadspheres

10-2 10-1 100 101
-40

0

40

80

120

R
el

at
iv

e 
er

ro
r 

(%
)

Rings of 10 spheres 

10-2 10-1 100 101
-50

0

50

100

150

200

250

R
el

at
iv

e 
er

ro
r 

(%
)

Size parameter, χχχχs

Rings of 20 spheres

10-2 10-1 100 101
10-28

10-24

10-20

10-16

10-12

 Bispheres and quadspheres
 V eq. spheres
 V+S eq. coated spheres
 V+A

p
 eq. coated spheres

Sc
at

te
ri

ng
 c

ro
ss

-s
ec

ti
on

, <
C

sc
a>

 (
m

2 )
Quadspheres

Bispheres

Slope=6

Slope=6

10-2 10-1 100 101
10-27

10-23

10-19

10-15

10-11

Slope=6

Slope=6

 Rings of spheres
 V eq. spheres
 V+S eq. coated spheres
 V+A

p
 eq. coated spheres

Sc
at

te
ri

ng
 c

ro
ss

-s
ec

ti
on

, <
C

sc
a>

 (
m

2 )

N
s
 = 20

N
s
 = 10

Figure 6.5: Scattering cross-section of randomly oriented (a) bispheres and quadspheres

and (b) rings of Ns = 10 and 20 spheres and of their corresponding equivalent spheres and

coated spheres as a function of monomer size parameter χs ranging from 0.01 to 10 for

m = 1.03 + i0.004. Relative errors in the scattering cross-sections between the T-matrix

predictions and the equivalent particles for (c) bispheres, (e) quadspheres, (d) rings of 10

spheres, and (f) rings of 20 spheres.

spheres or coated spheres. Here also, the scattering cross-sections of the aggregates were

found to increase with increasing monomer size parameters χs and number of monomers

Ns. For χs less than 0.1, the scattering cross-section was directly proportional to χ6
s for

all aggregates considered. Figures 6.5c to 6.5f show the relative errors in scattering cross-

sections resulting between predictions from the superposition T-matrix and the different

equivalent particle approximations. The relative errors in the scattering cross-sections for
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all the equivalent particles were found to be less than 5% when χs was smaller than 0.1.

In this case, the particles were much smaller than the wavelength of the incident EM wave.

Each volume element in the aggregate or the equivalent scattering particle scattered light

independently of the others [125]. Note that the range of χs for which good agreement was

observed was smaller for the rings of 10 and 20 spheres because they had larger total volume

for the same value of χs. As χs increased, the size of the aggregate became comparable

to the wavelength of the incident EM wave and the relative errors in the scattering cross-

sections increased. For χs larger than 1, the relative errors in the scattering cross-section

between the T-matrix predictions and the volume equivalent spheres and the volume and

surface area equivalent coated spheres were excessively large. By contrast, the relative errors

corresponding to the volume and average projected area equivalent coated spheres was less

than 6%. Thus, both the volume and the average projected area of the aggregate should

be preserved by the equivalent particle in order to match the absorption and scattering

cross-sections. Again, this cannot be achieved by an equivalent sphere.

Figure 6.6a shows ⟨Ca
abs⟩ as a function of the product Nsχ

3
s for bispheres, quadspheres,

and rings of 10 and 20 spheres. First, it is interesting to note that the data for ⟨Ca
abs⟩ for the

four types of aggregates collapsed onto a single line. In fact, for all these aggregates, ⟨Ca
abs⟩

was linearly proportional to Nsχ
3
s for all monomers size parameters χs considered. Similarly,

Figure 6.6b shows ⟨Ca
sca⟩ as a function of the product N2

sχ
6
s for bispheres, quadspheres, and

rings of 10 and 20 spheres. It indicates that the data for these different aggregates collapsed

also onto a single line and that ⟨Ca
sca⟩ was proportional to N2

Sχ
6
s for χs ≤ 0.1. These obser-

vations are consistent with predictions by the Rayleigh-Debye-Gans approximation valid for

fractal aggregates of small and optically soft monomers, i.e., χs << 1 and |m−1| << 1 [197].

Overall, approximating bispheres, quadspheres, and rings of spheres by equivalent coated

spheres with identical volume and average projected area provided the best estimates of

⟨Ca
abs⟩ and ⟨Ca

sca⟩ for the four types of aggregates of interest for all monomer size parameters

χs and number of monomers Ns considered. Thus, other equivalent particles will not be

considered further.
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Figure 6.6: (a) Absorption and (b) scattering cross-sections of bispheres, quadspheres, rings

of 10 and 20 spheres as functions of Nsχ
3
s and N2

sχ
6
s, respectively.

6.4.2 Scattering phase function and asymmetry factor

Figure 6.7 shows the scattering phase function F11(Θ) of randomly oriented (a) bispheres,

(b) quadspheres, and circular rings of (c) 10 and (d) 20 spheres as functions of the scattering

angles Θ for monomer size parameters χs = 0.01, 0.1, 1, and 10 and for m = 1.03 + i0.004.
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Figure 6.7: Scattering phase function F11(Θ) as a function of scattering angles Θ for (a)

bispheres, (b) quadspheres, and rings of spheres with (c) Ns = 10 and (d) Ns = 20 monomers

with monomer size parameters χs = 0.01, 0.1, 1, and 10 and m = 1.03 + i0.004 along with

those for their corresponding volume and average projected area equivalent coated spheres.

It also plots the phase function of the corresponding volume and average projected area

equivalent coated spheres. For any aggregate with monomer size parameter χs between 0.01

and 0.1, the phase function was nearly uniform in all directions, corresponding to quasi-

isotropic scattering. For monomer size parameter χs equal to 1 and 10, scattering was

mainly and increasingly in the forward direction. In addition, F11(Θ) oscillated strongly

with scattering angle Θ for χs equal to 10. The number of oscillation lobes increased with

increasing number of monomers Ns and with size parameter χs. The resonance angles

and amplitudes of these oscillations were different for bispheres, quadspheres, and rings of
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spheres. Note that in practical applications, monomers and aggregates may be polydisperse

in terms of size parameter χs and monomer number Ns. In this case, we anticipate that

the oscillations observed in Figure 6.7 would be “washed” out [172]. Moreover, the phase

functions of the volume and average projected area equivalent coated spheres showed similar

trends as those of the bispheres, quadspheres, and rings of spheres. Very good agreement

was systematically observed for bispheres, quadspheres, and rings of spheres monomer size

parameter χs less than 0.1. However, for χs larger than (i) 10 for bispheres and (ii) 1 for

quadspheres and rings of spheres, the scattering phase function F11(Θ) of the equivalent

coated spheres featured more oscillations than that of the corresponding aggregate. This

could be explained by the fact that the coating behaves as a waveguide causing radiation

entering the coating to circumnavigate the core due to total internal refraction [167]. As

this guided radiation escapes the coating, it interferes with the reflected radiation to cause

the oscillations observed in the phase function of the equivalent coated sphere [167]. Note

however, that for all aggregates and size parameters considered, F11(0
◦) was predicted within

16%.
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Figure 6.8: Asymmetry factor g as a function of monomer size parameter χs ranging from

0.01 to 10 with m = 1.03 + i0.004 for (a) bispheres, (b) quadspheres, and rings of spheres

with (c) Ns = 10 and (d) Ns = 20 monomers and for their corresponding equivalent volume

and average projected area coated spheres.
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Figure 6.8 shows the asymmetry factor g, defined by Equation (6.4), as a function of the

monomer size parameter χs for (a) bispheres, (b) quadspheres, and circular rings consisting

of (c) Ns = 10 and (d) 20 spheres, respectively for m = 1.03+ i0.004. It also plots the values

of g for the corresponding volume and average projected area equivalent coated spheres. The

asymmetry factor g was smaller than 0.1 for all aggregates with monomer size parameter

χs smaller than 0.1. In this regime, the aggregates scattered light quasi-isotropically and

feature similar phase functions (Figure 6.7). For size parameter larger than 2, the aggregates

were largely forward scattering and g approached unity. The asymmetry factor predicted

for the volume and average projected area equivalent coated spheres was in good agreement

with predictions by the T-matrix method for bispheres and quadspheres for all values of χs

considered. Good agreement was also found for rings of spheres with size parameter less

than 0.1 or larger than 2. The relative error increased with increasing number of monomers

Ns present in the ring.

Overall, the asymmetry factor g of the bispheres, quadspheres, and rings of spheres and

that of their corresponding volume and average projected area equivalent coated spheres

showed reasonably good agreement. Note that knowing the integral radiation characteristics

⟨Ca
abs⟩, ⟨Ca

sca⟩, and g or the backscattering ratio is sufficient to predict light transfer through

a microorganism suspension contained in open ponds and flat-plate PBRs [49,165]. Thus, in

the context of photobioreactor design and control, the above results establish that the types

of cyanobacteria shown in Figure 7.1 can be approximated as coated spheres with the same

volume and projected area and complex indices of refraction of the core and coating equal

to those of the medium and cells, respectively.

6.4.3 Scattering matrix elements

The scattering matrix elements can provide useful information in applications considering

the polarization of scattered radiation such as remote sensing of phytoplankton suspensions

[113]. Figures 6.9(a) to 6.9(f) show the scattering matrix element ratios −F12(Θ)/F11(Θ),

F33(Θ)/F11(Θ), F44(Θ)/F11(Θ), and F34(Θ)/F11(Θ) for randomly oriented bispheres and
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quadspheres as functions of scattering angles Θ for monomer size parameters χs = 0.01, 0.1,

1, and 10 with m = 1.03 + i0.004. They also show the scattering matrix elements of the

corresponding volume and average projected area equivalent coated spheres. Similarly, Fig-

ures 6.10(a) to 6.10(f) show the scattering matrix element ratios for randomly oriented rings

of 10 and 20 spheres and their corresponding volume and average projected area equivalent

coated spheres. First, the scattering matrix ratio F22(Θ)/F11(Θ) was found to be nearly

100% for bispheres, quadspheres, and rings of spheres for all scattering angles Θ between

0 and 180◦ and for all size parameters considered (not shown). In addition, for all aggre-

gates, the degree of linear polarization of the scattered radiation, represented by the ratio

−F12(Θ)/F11(Θ), was zero in the forward (Θ = 0◦) and backward (Θ = 180◦) directions and

reached a maximum of 100% at Θ = 90◦. In addition, the element ratios F33(Θ)/F11(Θ) and

F44(Θ)/F11(Θ) of the different aggregates were identical. These results were analogous to

those for a single sphere and can be attributed to the dominant role of single scattering by

the monomers [198,199]. Indeed, in the case of a single sphere, F22(Θ) = F11(Θ) and F33(Θ)

= F44(Θ).
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Figure 6.9: Scattering matrix element ratios (a) and (b) −F12/F11, (c) and (d) F33/F11, (e) and (f)

F44/F11, and (g) and (h) F34/F11 as functions of scattering angle Θ obtained with the T-matrix method for

bispheres and quadspheres and for the corresponding volume and average projected area equivalent coated

spheres for monomer size parameters χs = 0.01, 0.1, 1, and 10.
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Figure 6.10: Scattering matrix element ratios (a) and (b) −F12/F11, (c) and (d) F33/F11, (e) and (f)

F44/F11, and (g) and (h) F34/F11 as functions of scattering angle Θ obtained with the T-matrix method for
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area equivalent coated spheres for monomer size parameters χs = 0.01, 0.1, 1, and 10.
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Oscillations in the scattering matrix element ratios F33(Θ)/F11(Θ) and F44(Θ)/F11(Θ)

appeared for bispheres, quadspheres with size parameter χs = 10 and for the circular rings

of 10 and 20 spheres with size parameter χs = 1 and 10. These oscillations were observed at

the same resonance angles as those of the scattering phase function F11(Θ) shown in Figure

6.7. Similarly, F34(Θ)/F11(Θ) was equal to zero for all scattering angles for all monomer size

parameters except for χs = 10 for bispheres and quadspheres and χs = 1 and 10 for rings of

10 and 20 monomers. Although the general trends of the scattering matrix element ratios

for bispheres, quadspheres, and rings of spheres were captured by those of the corresponding

volume and average projected area equivalent coated sphere, the latter generally exhibited

more oscillations for a given value of χs. This can also be attributed to the waveguiding

effects of the coating previously discussed.

Overall, the volume and average projected area equivalent coated sphere had scatter-

ing matrix elements similar to those of the bispheres, quadspheres, and rings of spheres

except when χs and/or Ns were large. Then, the approximation could not capture the

oscillations peaks in F12(Θ)/F11(Θ), F22(Θ)/F11(Θ), F33(Θ)/F11(Θ), F34(Θ)/F11(Θ), and

F44(Θ)/F11(Θ). Therefore, they should not be used for estimating these scattering matrix

element ratios.

6.4.4 Effect of the relative complex index of refraction

The volume and average projected area equivalent coated spheres were shown to accurately

approximate the absorption and scattering cross-sections and asymmetry factor of randomly

oriented bispheres, quadspheres, and rings of 10 and 20 spheres consisting of optically soft

monomers having relative complex index of refraction m = 1.03+ i0.004. One may wonder if

this approximation is also valid for aggregates with different refractive and absorption indices.

To address this question, the relative refractive index n of the monomers was increased from

1.03 to 1.2 and 1.5 while keeping the relative absorption index constant and equal to 0.004.

Similarly, the relative absorption index k of the monomers was increased from 0.004 to 0.01

and 0.1 while keeping the relative refractive index constant at n = 1.03.
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Figure 6.11: (a)-(d) Absorption and (e)-(h) scattering cross-sections and (i)-(l) asymmetry factors of

bispheres, quadspheres, and rings of 10 and 20 spheres, respectively, as functions of monomer size parameters

χs ranging from 0.01 to 10 and their corresponding volume and average projected area equivalent coated

spheres with different complex indices of refraction.
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Figure 6.11 shows the (a-d) absorption and (e-h) scattering cross-sections and (i-e)

asymmetry factor of randomly oriented bispheres, quadspheres, circular rings of 10 and 20

monomers predicted by the T-matrix method as functions of the monomers’ size parameters

χs ranging from 0.01 to 10 for different values of the complex index of refraction. It also

plots predictions for the associated corresponding volume and average projected area equiv-

alent coated spheres. It is evident that increasing the relative refractive index n resulted in

increasing scattering cross-section of bispheres, quadspheres, and rings of spheres due to the

larger index mismatch at the interface between the monomers and the surrounding medium.

Similarly, increasing the relative absorption index k of the monomers resulted in increasing

absorption cross-section of all the aggregates considered. For all values of n and k considered,

⟨Ca
abs⟩ was proportional to Nsχ

3
s and ⟨Ca

sca⟩ was proportional to Nsχ
6
s, for χs less than 1.0.

The relative error between the absorption cross-sections of the aggregates and that of the

corresponding volume and average projected area equivalent coated spheres with relative

refractive index n equal to 1.2 was less than 8% for all values of χs considered. However,

it was significantly larger for n = 1.5, particularly for the rings of spheres with increasing

size parameter χs and number of monomers Ns. On the other hand, increasing the relative

absorption index k from 0.004 to 0.1 while n was kept constant at n = 1.03 did not affect

the performance of the volume and average projected area equivalent coated sphere approx-

imation. Then, the relative errors in the absorption cross-section was less than 6% for all

values of k and χs considered. This indicates that potential shading among monomers was

captured by the equivalent coated sphere approximation. These observations are consistent

with the literature [117, 181, 188, 189, 192]. However, they are valid for optically soft scat-

tering particles such that the penetration depth of the incident EM wave is larger than the

particle size. In cases when the size of the scattering particle is larger than the penetration

depth, absorption becomes a surface phenomenon and the proposed equivalent coated sphere

approximation may not be valid.

Moreover, the relative error in the scattering cross-section between the aggregates and

their volume and average projected area equivalent coated spheres increased with increasing
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relative refractive index n and number of monomers Ns in the aggregates. Indeed, scattering

is sensitive to particle shape and size and to the mismatch in refractive index between the

particle and its surroundings. By contrast, the relative absorption index k did not affect

the predictions of ⟨Ca
sca⟩ significantly. Here, the same trends in ⟨Ca

sca⟩ as those observed in

Figure 6.5 were obtained for k = 0.004 while n increased from 1.03 to 1.2 and 1.5. For χs

smaller than 0.1 and larger than 1, the relative error for any aggregate considered was less

than 5% and 17% for n equal to 1.03 and 1.2, respectively. In the same χs range, the relative

error for the bispheres, quadspheres, and rings of 10 and 20 spheres with n = 1.5 increased

and reached up to 12%, 22%, 22%, and 44%, respectively.

Finally, the asymmetry factor did not change significantly when the monomers’ relative

refractive index n increased from 1.03 to 1.2 and their relative absorption index k varied

from 0.004 to 0.1. However, for n = 1.5, the aggregates had smaller asymmetry factor than

the volume and average projected area equivalent coated spheres for χs larger than 1.0.

Overall, approximating the integral radiation characteristics of bispheres by those of the

volume and average projected area equivalent coated spheres was valid for all values of n, k,

and χs considered. This approximation was also appropriate for quadspheres and rings of 10

and 20 spheres with relative refractive index n up to 1.2 and relative absorption index k up

to 0.1 for monomer size χs between 0.01 and 10. This approximation became less accurate

as the monomers’ relative refractive index n and number Ns in the aggregates increased.

6.4.5 Aggregates of polydisperse monomers

The bispheres, quadspheres, and rings of 10 and 20 spheres considered so far consisted of

monodisperse spherical monomers. However, the cells of cyanobacteria such as A. elenkinii

and A. circularis are typically polydisperse, as illustrated in Figure 7.1. Furthermore, the

heterocyst present in some cyanobacteria are usually larger than the vegetative cells. This

section assesses whether the volume and average projected area equivalent coated sphere

approximation was also valid for rings of spheres consisting of polydisperse monomers.

111



Table 6.1: Comparison between absorption and scattering cross-sections and asymmetry

factor of randomly oriented rings of polydisperse spherical monomers and their volume and

average projected area equivalent coated spheres. Here also, m = 1.03 + i0.004

Aggregate 1 Aggregate 2 Aggregate 3

Schematic

χv/χh 8 / 9.6 8 / 9.6 5.3-10.6 / 9.4

Nv/Nh 8 / 2 18 / 2 19 / 1

V (µm3) 30.6 57.3 57.1

Āp (µm
2) 18.3 37.7 35.2

⟨Ca
abs⟩ (µm2) 2.24 4.19 4.16

⟨Ca
sca⟩ (µm2) 4.07 7.43 7.76

g 0.974 0.973 0.976

Volume and average projected area equivalent coated spheres

rĀp,eq,i (µm) 1.90 3.03 2.88

rĀp,eq,o (µm) 2.42 3.46 3.35

Ccs
abs/sca,V+Āp

(µm2) 2.24 4.19 4.16

Ccs
abs/sca,V+Āp

(µm2) 4.11 7.38 7.72

g 0.971 0.971 0.972

Table 6.1 shows the schematics of the three different rings of spheres considered and their

morphological features. The number of vegetative cells and heterocysts were respectively

denoted by Nv and Nh such that Ns = Nv + Nh while each cell type was monodisperse with

size parameters χv and χh, respectively. Aggregate 1 consisted of 10 monomers including

2 heterocyst while Aggregates 2 and 3 had Ns = 20 monomers with 2 and 1 heterocysts,
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respectively. The radius of the heterocysts in Aggregates 1 and 2 was taken to be 20% larger

than that of the vegetative cells. The sizes and positions of the monomers in Aggregate 3 were

derived using the micrograph reproduced in Figure 7.1d. In all cases, the size parameters

χv and χh were larger than 5.0. The relative complex index of refraction was assumed to

be m = 1.03 + i0.004 and identical for both vegetative cells and heterocysts. The average

projected area of each of these aggregates was computed numerically to obtain the inner

rĀp,eq,i and outer rĀp,eq,o radii of the corresponding volume V and average projected area

Āp of the equivalent coated sphere. Table 6.1 reports the absorption ⟨Ca
abs⟩ and scattering

⟨Ca
sca⟩ cross-sections and the asymmetry factor g of the three randomly oriented aggregates

predicted by the superposition T-matrix method as well as those of the corresponding volume

and average projected area equivalent coated spheres. They fell within 1% of each other for

the three aggregates considered. In other words, the equivalent coated sphere approximation

provided good estimates of ⟨Ca
abs⟩, ⟨Ca

sca⟩, and g for rings of polydisperse and optically soft

spheres representative of multicellular cyanobacteria.

6.4.6 Computational time

Computing the radiation characteristics of a bisphere, quadsphere, and rings of Ns = 10 and

20 monodisperse spheres with χs = 10 andm = 1.03+i0.004 using the superposition T-matrix

method required 9, 24, 227, and 2063 seconds, respectively, on a parallel computing cluster

with 50 CPUs. By contrast, computing the radiation characteristics of the corresponding

volume and average projected area equivalent coated spheres on a single dual core 2.53 GHz

CPU required 1.3, 1.6, 2.9, and 3.3 microseconds, respectively. Note also that savings in

computational time was found to increase as the size parameter χs and/or the number of

monomers Ns increased. Thus, the proposed volume and average projected area equivalent

coated spheres offers a way to estimate their absorption and scattering cross-sections and

their asymmetry factor rapidly and relatively accurately.
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6.5 Chapter summary

This chapter established that randomly oriented bispheres, quadspheres, and circular rings

of spheres can be approximated as equivalent coated spheres with identical volume and

average projected area for predicting the absorption and scattering cross-sections and their

asymmetry factor. This approximation was valid for monomer size parameter between 0.01

and 10 and for relative refractive index up to 1.2 and absorption index up to 0.1. The

general trends in the scattering matrix element ratios of bispheres, quadspheres, and rings of

spheres were similar to those of their volume and average projected area equivalent coated

spheres except for oscillations observed for monomer size parameters larger than 1.0. This

was attributed to internal reflection in the coating and its waveguiding effect. Overall, the

equivalent coated sphere approximation offer a simpler, rapid, and relatively accurate way

of predicting the radiation characteristics of randomly oriented bispheres, quadspheres, and

rings of spheres for a wide range of monomer number, size parameter, and relative complex

index of refraction. It can be used for predicting the integral radiation characteristics of

photosynthetic microorganisms as well as for retrieving their optical properties and/or their

average volume and projected area from radiation characteristic measurements.
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CHAPTER 7

Rapid and Accurate Retrieval of The Complex Index

of Refraction of Aggregates and Synechocystis sp.

This chapter presents an inverse method for retrieving the spectral optical properties of pho-

tosynthetic microorganisms resembling bispheres, quadspheres, and fractal aggregates. The

method was based on the average projected area and volume equivalent coated sphere ap-

proximation developed in Chapter 6. The method was validated for a range of refraction and

absorption indices using average absorption and scattering cross-sections computed numer-

ically for different suspensions consisting of bispheres, quadspheres, and fractal aggregates.

In addition, the experimentally measured average absorption and scattering cross-sections,

size distribution, and scattering phase function of cyanobacterium Synechocystis sp. were

presented and its spectral complex index of refraction was retrieved.

7.1 Introduction

Measuring the spectral radiation characteristics experimentally requires specialized equip-

ment and can be time consuming [5, 115, 121, 200]. Hence, it is advantageous to directly

predict the radiation characteristics using the microorganisms’ size distribution and complex

index of refraction. Recently, we demonstrated that the integral radiation characteristics of

bispheres, quadspheres, rings of spheres, and fractal aggregates could be approximated by

those of coated spheres with identical volume and average projected area [201, 202]. This

approximation led to significant savings in computational time and resources compared with

predictions by the T-matrix method. The goal of the present study is to develop an inverse
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method that can retrieve the spectral complex index of refraction of photosynthetic microor-

ganisms with complex morphologies such as bispheres, quadspheres, and fractal aggregates

from their radiation characteristics by treating them as volume and average projected area

equivalent coated spheres. First, the feasibility of the inverse method was demonstrated us-

ing numerically predicted absorption and scattering cross-sections of polydisperse bispheres,

quadspheres, and fractal aggregates. Second, the unicellular freshwater cyanobacterium

Synechocystis sp., featuring a dumbbell shape, was selected as a model organism to illus-

trate the method using experimental measurements.

7.1.1 Synechocystis sp.
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s,12r

s,22r

Figure 7.1: Micrographs of (a) free floating dumbell-shaped Synechocystis sp. cell with

lengths rs,1 and rs,2 about 1 µm long and (b) Synechocystis sp. immediately after

cell division. Reproduced with permission from Prof. Yuuji Tsukii (Hosei University,

http://protist.i.hosei.ac.jp/).

The unicellular freshwater cyanobacterium Synechocystis sp. PCC 6803 was the first photo-

synthetic organism whose entire genome was sequenced due to the similarities between its

photosynthetic apparatus and that of higher plants [156]. It is widely used as a standard

in studies involving photosynthesis, environmental stress response, pigment synthesis, lipid

production, and other metabolic processes [156–159]. Synechocystis sp. contain different

photosynthetic pigments including Chlorophyll a (Chl a), phycocyanin (PCCN), as well as

photosynthetic (PSC) and photoprotective (PPC) carotenoids [203]. Each type of pigment
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possess different spectral absorption bands enabling the microorganism to absorb photons in

the photosynthetically active radiation (PAR) region ranging from 400 to 700 nm [4]. Figure

7.1a shows a micrograph of dumbbell-shaped Synechocystis sp. cells approximately 2 µm in

length. Figure 7.1b shows a micrograph of Synechocystis sp. immediately after fission where

the cell divides into two identical daughter cells [160].

7.1.2 Radiation characteristics of photosynthetic microorganisms

The absorption and scattering cross-sections and the scattering phase function of microor-

ganism in the PAR region depend on wavelength as well as on their morphologies and

composition. They can be determined either experimentally or numerically. Previous

experimental studies have focused on quasi-spherical microalgae [5, 115] and filamentous

cyanobacteria [114, 178]. Numerical studies have typically treated unicellular microorgan-

isms as spheres [99, 177, 204] or coated spheres [201] and predicted their radiation charac-

teristics using their complex index of refraction. Numerical methods, such as the T-matrix

method [195], can compute the radiation characteristics of photosynthetic microorganisms

with non-spherical shape or complex morphologies. However, these methods can be time-

consuming and computationally intensive [201]. Alternatively, photosynthetic microorgan-

isms of complex morphology such as filamentous or dumbbell-shape cyanobacteria could be

treated as equivalent scattering particles with simpler shape [56, 99, 177, 201, 204]. Then,

their radiation characteristics can be calculated using fast analytical solutions such as the

Lorenz-Mie theory [78], the Aden-Kerker theory [166], or the anomalous diffraction approxi-

mation [125]. For example, Lee and Pilon [117] reported that randomly oriented filamentous

cyanobacteria consisting of linear chains of optically soft spheres could be modeled as ran-

domly oriented volume equivalent infinitely long cylinders for the purpose of predicting their

integral radiation characteristics κλ, σs,λ, and gλ. Similarly, our previous study [201] demon-

strated that multicellular cyanobacteria with morphologies of bispheres, quadspheres, and

rings of spheres could be approximated as coated spheres with identical average projected

area and volume. Kandilian et al. [202] also demonstrated that this approximation was valid
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for randomly oriented colonies of spherical unicellular microalgae.

The complex index of refraction of microorganisms is essential to compute the radiation

characteristics. Aas [131] estimated the refractive index (real part) of phytoplankton cells

from their metabolite composition by using a volume-weighted average of the refractive in-

dices of the various constituents including protein, carbohydrate, water, and lipid. Pottier et

al. [49] predicted the spectral absorption coefficient of C. reinhardtii from Lorenz-Mie theory

by considering the absorption index as a weighted sum of the absorption indices of the major

algal pigments and by taking their refractive index as constant and equal to 1.527. More

recently, Dauchet [116] used the same method as Pottier et al. [49] to retrieve kλ and esti-

mated nλ, on a spectral basis, using Kramer-Kronig relationship relating nλ to kλ. In these

studies, the microorganism cells were treated as homogeneous spheres with some effective

optical properties. Alternatively, the complex index of refraction of microorganisms has been

retrieved from experimental measurements of their absorption and scattering cross-sections

using inverse methods [175–178]. Here, treating the microorganism cells as simple equiva-

lent scattering particles to compute the radiation characteristics is essential since the forward

problem has to be solved numerous times. For example, Bricaud and Morel [175] predicted

the complex index of refraction of phytoplanktonic cells by treating them as homogeneous

spheres. Based on the anomalous diffraction approximation, the absorption coefficient was

described as a continuous and monotonic function of the effective absorption index for a

given wavelength and particle size distribution. Then, the spectral absorption index of the

cells was determined by iteration until the computed spectral absorption coefficient agreed

with the experimentally measured value. The retrieved absorption indices was used as in-

put parameters into the Lorentz-Mie theory. The spectral refractive index of the cells were

obtained by iteration until the computed spectral extinction coefficient matched the experi-

mentally measured value. On the other hand, Lee et al. [177] developed an inverse method

combining genetic algorithm (GA) [96] and the Lorenz-Mie theory [78] to retrieve both the

absorption and refractive indices of various quasi-spherical microalgae. Similarly, Heng et

al. [178] combined GA with electromagnetic wave theory for randomly oriented infinitely
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long cylinders [60, 147] to retrieve the effective complex index of refraction of filamentous

cyanobacteria Anaebena cylindrica from their experimentally measured absorption and scat-

tering cross-sections.

The objective of the present study is to develop and validate an inverse method able to

accurately retrieve the spectral complex index of refraction of photosynthetic microorgan-

isms whose morphologies resemble bispheres, quadspheres, or fractal aggregates (colonies)

of spherical monomers. First, the method was demonstrated using numerically predicted

absorption and scattering cross-sections, based on the T-matrix method, for various cell

size distributions and complex indices of refraction. Then, the method was illustrated with

experimentally measured absorption and scattering cross-sections and size distribution of

Synechocystis sp..

7.2 Analysis

7.2.1 Assumptions

The photosynthetic microorganism cells were treated as homogeneous with some effective

complex index of refraction. Although the cells were actually heterogeneous in nature, this

assumption is reasonably accurate and has been widely used in the literature [49, 56, 99,

113, 117, 131, 175, 177, 181, 201, 202, 204, 205]. The cells in the culture were assumed to be

randomly oriented. Indeed, PBRs are usually agitated by bubble sparging or stirring so as

to distribute nutrients and light [37].

7.2.2 Aggregates and their equivalent coated spheres
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Figure 7.2: Schematics of (a) a bisphere, (b) a quadsphere, (c) a fractal aggregate of spherical

monomer of radius rs, and (d) an average projected area and volume equivalent coated sphere

with inner radius req,i and outer radius req,o. The monomers and the coating of the coated

sphere had the same complex index of refraction ms,λ. The surrounding medium and the

core of the coated sphere were non-absorbing with refraction index nm,λ.

Figures 7.2a to 7.2c show schematics of a bisphere, a quadsphere, and a fractal aggregate of

spherical monomers, respectively. The number of monomers in each aggregate was denoted

by Ns, e.g., Ns = 2 for bispheres and Ns = 4 for quadspheres. In addition, the radius of the

monomers was denoted by rs and the monomer size parameter was defined as χs = 2πrs/λ.

The structure of fractal aggregates of Ns spherical monomers of radius rs is characterized by

its radius of gyration Rg, fractal dimension Df , and fractal prefactor kf [206]. The statistical
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rule relating these parameters is given by [206]

Ns = kf

(
Rg

rs

)Df

(7.1)

The monomers had spectral complex index of refraction ms,λ = ns,λ + iks,λ where ns,λ

denotes the spectral refraction index and ks,λ denotes the spectral absorption index. The

surrounding medium was non-absorbing and had spectral refraction index nm,λ. Then, the

relative refraction nλ and absorption kλ indices of the monomers are defined as [92]

nλ =
ns,λ

nm,λ

and kλ =
ks,λ
nm,λ

(7.2)

Figure 7.2d shows a schematic of the average projected area and volume equivalent coated

sphere whose coating had the same complex index of refraction ms,λ as the monomers while

its core consisted of the surrounding medium of refraction index nm,λ. Its equivalent inner

req,i and outer req,o radii can be expressed as [201]

req,i =
3

√(
Āp

π

)3/2

−Nsr3s and req,o =

√
Āp

π
(7.3)

where Āp is the average projected area of the aggregate and can be computed numerically

[201]. In practice, the average projected area of bispheres Āp,b and quadspheres Āp,q can be

related to the radius rs of the monomers according to [201]

Āp,b = 5.35 r2s and Āp,q = 9.70 r2s (7.4)

In addition, the average projected area of fractal aggregates Āp,agg can be expressed as [202]

Āp,agg = πr2sN
α
s (7.5)

where the exponent α is a function of Df and was shown to have a maximum value of αmax

= 0.92 when Df = 1.0 and a minimum value of αmin = 0.73 when Df = 3.0 [202]. Then,

the reduced variables α∗ = (α − αmin)/(αmax − αmin) and D∗
f = (Df − 1)/2 were found to

be related by [202]

α∗ =
(
1 +D∗

f
1.8
)1/1.8

(7.6)
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7.2.3 Inverse method algorithm
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Figure 7.3: Block diagram of the procedure used to retrieve the refraction index ns,λ and

absorption index ks,λ from the measured average spectral absorption and scattering cross–

sections C̄abs,λ and C̄sca,λ and the volume and average projected area equivalent coated sphere

radii distribution f(req,i, req,o). Here, P=100 individuals per generation for a maximum of

500 generations. The objective function δλ to be minimized is defined in Equation (7.7).

Figure 7.3 shows the block diagram of the inverse method used to retrieve the refraction ns,λ

and absorption ks,λ indices of the monomers of polydisperse bisphere, quadsphere, and fractal

aggregates of spherical monomers at each wavelength λ from (i) the spectral refraction index

nm,λ of the medium, (ii) the equivalent coated sphere radii distribution f(req,i, req,o), and (iii)

the measured average spectral absorption C̄abs,λ and (iv) scattering C̄sca,λ cross-sections. The

Lorenz-Mie theory for coated spheres [60, 166] was used in the forward model to calculate
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the predicted average absorption C̄abs,λ,pred and scattering C̄sca,λ,pred cross-sections. Then,

the general purpose genetic algorithm PIKAIA [96] was used to simultaneously retrieve the

values of ns,λ and ks,λ that minimized the difference between the measured average absorption

C̄abs,λ and scattering C̄sca,λ cross-sections of the aggregates and the ones predicted using the

equivalent coated sphere approximation. The use of a genetic algorithm such as PIKAIA

provides a reliable method in the search for the global minimum of an objective function [96].

Here, the objective function δλ at wavelength λ to be minimized was defined as

δλ =

(
C̄abs,λ,pred − C̄abs,λ

C̄abs,λ

)2

+

(
C̄sca,λ,pred − C̄sca,λ

C̄sca,λ

)2

(7.7)

The genetic algorithm used a maximum of 500 generations and a population of 100 indi-

viduals per generation. Each individual consist of a pair (ns,λ,ks,λ). In the case when a

generation featured an individual producing a value of δλ smaller than 10−4, the correspond-

ing values of ns,λ and ks,λ were reported as the retrieved refraction and absorption indices of

the monomer at wavelength λ. Then, this procedure was repeated for another wavelength.

It was performed on a single dual core 2.53 GHz CPU with 4.00 GB RAM.

7.2.4 Validation of the inverse method

In order to assess the validity of the inverse method for a broad range of suspensions and

monomer relative complex index of refraction mλ = nλ + ikλ, we considered four different

suspensions of aggregates with various size distributions. The average absorption C̄abs,λ

and scattering C̄sca,λ cross-sections of these suspensions were computed using the T-matrix

method [195]. These results were then used in the inverse method to retrieve the relative

refractive and absorption indices denoted by nλ,pred and kλ,pred, respectively.
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Figure 7.4: Histograms of the bisphere and quadsphere monomer radius frequency distribu-

tion and the equivalent coated sphere radii frequency distribution of Suspensions 1 and 2,

respectively.

Suspension 1 consisted of Nb = 1000 bispheres consisting of two identical spherical

monomers of radius frequency distribution fb(rs). Suspension 2 was a mixture of aggregates

consisting of 1000 bispheres from Suspension 1 and Nq = 200 quadspheres with spherical

monomers of radius frequency distribution fq(rs). These values were chosen based on an

estimate of the number of Synechocystis sp. cells undergoing cell division during the ex-

ponential phase. Figures 7.4a and 7.4b show histograms of the monomer radius frequency

distributions fb(rs) and fq(rs) for the bispheres and quadspheres, respectively. These distri-

butions were then converted into the equivalent coated sphere radii frequency distributions

f1(req,i, req,o) and f2(req,i, req,o), using Equations (7.3) and (7.4), as shown in Figures 7.4c and
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7.4d for Suspensions 1 and 2, respectively. The wavelength of the incident light was taken as

constant and equal to 676 nm, corresponding to the in vivo absorption peak of Chl a. This

resulted in monomer size parameters χs of the bispheres and quadspheres ranging from 5 to

11. In addition, the monomers were assigned relative refractive index nλ ranging from 1.03

to 2.0 and relative absorption index kλ ranging from 0.004 to 2.0.
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Figure 7.5: Histograms of the monomer number frequency distribution of Suspension 3 and

Suspension 4, respectively and of the corresponding equivalent coated sphere radii frequency

distribution.

Suspensions 3 and 4 consisted of fractal aggregates composed of monodisperse monomers

1 µm in radius with monomer number frequency distributions p3(Ns) and p4(Ns), respec-

tively. They were generated using the particle cluster aggregation program developed by
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Mroczka and co-workers [207–209]. All monomers in the fractal aggregates were in contact

with each other but did not overlap. These aggregates featured a fractal dimension Df of

2.25 and fractal prefactor kf of 1.59. The former corresponded approximately to that of

phytoplankton [210] while the latter corresponded to the most compact packing of monodis-

perse monomers [206,208]. Figure 7.5a shows the monomer number frequency distributions

p3(Ns) of Suspension 3 taken as a Gaussian distribution with mean monomer number Ns

of 36 monomers and a standard deviation of 20 monomers. The monodisperse monomers

were assigned size parameters χs of 0.01, 0.1, 0.5, or 1. On the other hand, Figure 7.5b

shows the monomer number frequency distributions p4(Ns) of Suspension 4 composed of

monomers of size parameters 5 or 10 and featuring a mean Ns of 9 and a standard deviation

of 5 monomers. For both Suspensions 3 and 4, the monomers were assigned a constant

relative refractive index nλ of 1.0165 and relative absorption index kλ ranging from 0.003 to

0.5. Figures 7.5c and 7.5d show the equivalent coated sphere radii frequency distributions

f3(req,i, req,o) and f4(req,i, req,o) for Suspensions 3 and 4, respectively.

For each combination of nλ and kλ, the absorption Cabs,λ,j and scattering Csca,λ,j cross-

sections of randomly oriented aggregate “j” were computed using the T-matrix method [195].

The average absorption C̄abs,λ and scattering C̄sca,λ cross-sections of the entire suspension

was obtained according to

C̄abs/sca,λ =
1

N

N∑
j=1

Cabs/sca,λ,j where j = 1, 2, ..., N (7.8)

Here, N represented the total number of aggregates in the suspension, i.e., N = Nb for

Suspension 1 and N = Nb +Nq for Suspension 2.

Finally, the equivalent coated sphere radii frequency distributions f(req,i, req,o) and the

average absorption C̄abs,λ and scattering C̄sca,λ cross-sections were used in conjunction with

the inverse method to retrieve the absorption and scattering indices. These retrieved values

nλ,pred and kλ,pred were compared to the values originally assigned to the monomers based

on the sum of their absolute relative errors defined as

ϵλ =

∣∣∣∣nλ,pred − nλ

nλ

∣∣∣∣+ ∣∣∣∣kλ,pred − kλ
kλ

∣∣∣∣ (7.9)
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7.3 Experimental Methods

7.3.1 Cultivation and sample preparation

The unicellular cyanobacterium Synechocystis sp. PCC 6803 was cultivated in F medium

[211] in 250 ml culture bottles fitted with vented caps and illuminated from one side by a

continuous photosynthetic photon flux density of 91 µmol m−2 s−1 provided by fluorescent

light bulbs (GroLux by Sylvania, USA). The culture was maintained at 30◦C throughout the

growth and the cell number densities were measured daily using an automatic cell counter

(Nexcelom Cellometer Auto M10). To do so, 20 µL samples were pipetted from the cultures

into disposable haemocytometers (Nexcelom CHT4-SD100). The device counted the number

of cells per unit volume NT using 2D micrographs. Prior to taking a sample, the culture was

shaken manually to ensure that it was well-mixed and that the sample was representative of

the entire culture volume.

Six days after inoculation, the cultures were observed to be in their exponential growth

phase. Then, the suspension was thoroughly shaken and samples of 3 ml were collected to

measure their radiation characteristic measurements. To prevent possible absorption and

scattering by F medium, the samples were centrifuged at 2,000 rpm (1,300 g) for 8 minutes.

Then, the supernatant was replaced with phosphate buffer saline (PBS) solution and the

samples were lightly vortexed to resuspend the Synechocystis sp. cells.

7.3.2 Size distribution

In order to characterize the size distribution of Synechocystis sp., micrographs of the cells

were captured using a 100X microscope connected to a CCD camera. We considered Nsp =

252 cells and manually measured the radii rs,1 and rs,2 of the two lobs in each cell using the

image analysis software ImageJ, as illustrated in Figure 7.1a. Only the cells whose dumbbell

shape could be easily discerned were selected for measurements. The morphology of the cells

was simplified to that of bispheres consisting of two identical spherical monomers of radius
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rs = (rs,1 + rs,2)/2 (Figure 7.2a). These measurements led to the Synechocystis sp. radius

frequency distribution fb,exp(rs).

7.3.3 Radiation characteristics measurements

7.3.3.1 Assumptions

The following assumptions were made in measuring the scattering phase function and the

average absorption and scattering cross-sections of Synechocystis sp.: (1) the suspension in

the samples were well mixed and the cells were randomly oriented. (2) Single scattering

prevailed due to the low cell number densities considered. (3) The scattering phase function

had azimuthal symmetry and was only a function of polar angle θ. (4) The scattering phase

function of Synechocystis sp. cells was assumed to be constant over the PAR region [115]

and (5) largely forward scattering because of their large size parameters in the PAR region.

7.3.3.2 Scattering phase function

The scattering phase function of the Synechocystis sp. suspension ΦT,λ(θ) was measured

with a polar nephelometer at 633 nm. The experimental setup, data analysis, and validation

with latex microspheres were reported in detail by Berberoğlu et al. [114,115] and need not

be repeated. Due to obstruction by the probe, the scattering phase function for scattering

angles θ beyond 170◦ in the backward direction was not reported.

7.3.3.3 Absorption and scattering coefficients

Normal-normal transmittance of the microorganism suspension, denoted by Tn,λ, was mea-

sured in 1 cm pathlength cuvettes using a UV-VIS spectrophotometer (Shimadzu, USA,

Model UV-3103PC) from 400 to 750 nm with 1 nm spectral resolution [114]. These mea-

surements were calibrated using the transmittance of the reference medium (i.e., PBS),

denoted by Tn,λ,ref , in order to correct for reflection and refraction by the cuvette. The
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apparent extinction coefficient χλ was defined as [92,122]

χλ = −1

t
ln

(
Tn,λ

Tn,λ,ref

)
(7.10)

Due to the finite acceptance angle of the detector, a fraction ϵn of the light scattered in the

forward direction was captured by the detector. The experimentally measured scattering

phase function ΦT,λ(θ) can be used to estimate ϵn according to [123,124]

ϵn =
1

2

∫ θa

0

ΦT,λ(θ) sinθ dθ (7.11)

where θa is the half acceptance angle of the detector. Then, the apparent extinction co-

efficient χλ can be related to the actual absorption and scattering coefficients according

to [123,124]

χλ = σs,λ + κλ − ϵnσs,λ (7.12)

Normal-hemispherical transmittance Th,λ was also measured with an integrating sphere

(ISR-3100 by Shimadzu, USA) and the above mentioned spectrophotometer [114]. After

calibrating the measurements with the normal-hemispherical transmittance of the reference

medium Th,λ,ref , the apparent absorption coefficient χh,λ was defined as

χh,λ = −1

t
ln

(
Th,λ

Th,λ,ref

)
(7.13)

Due to imperfect reflections in the inner surface of the integrating sphere and the geometry of

the setup, a fraction of the scattered and transmitted light was unable to reach the detector.

In order to account for these phenomena, the apparent absorption coefficient was related to

the actual absorption and scattering coefficients by

χh,λ = κλ + (1− ϵh)σs,λ (7.14)

where ϵh represents the fraction of light captured by the detector and was assumed to be

independent of wavelength over the PAR region. It can be estimated by using a wavelength

at which Synechocystis sp. does not absorb, i.e., 750 nm [145]. At this wavelength, the

absorption coefficient κ750 = 0 m−1 and Equation (7.14) simplifies to [123,124]

ϵh = 1− χh,750

σs,750

(7.15)
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Then, combining Equations (7.12), (7.14), and (7.15), the actual spectral absorption coeffi-

cient κλ can be expressed as [123,124]

κλ = χh,λ − χh,750
χλ − χh,λ

χ750 − χh,750

(7.16)

Finally, the actual scattering coefficient σs,λ was obtained by substituting Equation (7.16)

into Equation (7.12).

The samples were manually shaken prior to the transmission measurements to ensure a

well mixed suspension with randomly oriented microorganisms. In addition, the measure-

ments were performed for two different cell number densities by diluting the samples with

PBS. For each sample, the normal-normal and normal-hemispherical transmittances were

measured three times and the results were averaged. Absorption κλ and scattering σs,λ co-

efficients were normalized by the cell number density NT estimated using the automatic cell

counter according to Equation (3.4) and (3.5) to obtain the average absorption C̄abs,λ and

scattering C̄sca,λ cross-sections of the suspension. It was established that single and indepen-

dent scattering prevailed by verifying that the cross-sections C̄abs,λ and C̄sca,λ for different

values of cell densities NT collapse onto a single line [125].

7.4 Results and discussions

7.4.1 Validation of inverse method
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Figure 7.6: (a) and (b) Absorption C̄abs,λ and (c) and (d) scattering cross-section C̄sca,λ

as functions of relative refractive nλ and absorption kλ indices for Suspensions 1 and 2,

respectively.

Figures 7.6a and 7.6b plots the average absorption cross-sections C̄abs,λ of Suspensions 1

and 2 computed using the T-matrix method as functions of the relative refractive nλ and

absorption kλ indices, respectively. Similarly, Figures 7.6c and 7.6d shows contour plots of the

corresponding average scattering cross-sections C̄sca,λ of Suspensions 1 and 2, respectively.

For given nλ and kλ, Suspension 2 had slightly larger C̄abs,λ and C̄sca,λ than Suspension 1 due

to the fact that quadspheres had a larger number of monomers than bispheres. In addition,

it was evident that increasing kλ resulted in larger C̄abs,λ. However, when kλ exceeded

0.3, C̄abs,λ started decreasing. In this region, a large portion of the incident EM wave was

reflected by the monomers without even penetrating the monomers where absorption takes
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place. Also, increasing nλ, for a given value of kλ, led to a slight increase in C̄abs,λ. This

could be attributed to the fact that the larger index mismatch across the interface between

the monomers and the surrounding medium caused EM waves entering the monomers to be

confined in the monomers due to total internal refraction. Hence, its attenuation due to EM

wave absorption increased. In cases when kλ was constant, C̄sca,λ was observed to oscillate

with increasing nλ. In addition, C̄sca,λ decreased and its oscillatory behaviour was damped

when kλ increased. This behaviour is typical of the scattering cross-sections of dielectric

scatterers [92].
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Figure 7.7: Contour plots of the sum of relative errors ϵ between the input and retrieved

refraction and absorption index as a function of relative refraction n and absorption index k

of the monomers in Suspensions (a) 1 and (b) 2, respectively. The dots on the contour plots

represent the location of the computed data points.

The computed average absorption C̄abs,λ and scattering C̄sca,λ cross-sections were used

to retrieve nλ,pred and kλ,pred by approximating Suspensions 1 and 2 as suspensions of vol-

ume and projected area equivalent coated spheres with size distributions f1(req,i, req,o) and

f2(req,i, req,o), respectively. Figures 7.7a and 7.7b show contour plots of the sum of relative
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cumulative error ϵλ defined by Equation (7.9) as a function of the input relative refraction nλ

and absorption kλ indices for Suspensions 1 and 2, respectively. In both cases, the contour

plots showed similar trends. The error ϵλ was less than 10% for nλ less than 1.3 and kλ less

than 0.1. It did not exceed 20% when nλ was between 1.3 and 1.4 and kλ was less than

0.1. For these ranges of nλ and kλ corresponding to optically soft scatterers, the relative

errors could be considered acceptable and the inverse method was valid. These results are

consistent with analysis of the forward problem indicating that approximations of bispheres

and quadspheres by volume and average projected area equivalent coated spheres were valid

for nλ ≤ 1.2 and kλ ≤ 0.1 for monomer size parameters χs ranging from 0.01 to 10 [201].

Note that the relative refractive and absorption indices of photosynthetic microorganisms

reported in the literature typically range from 1.01 to 1.1 and from 0.0 and 0.01, respec-

tively [99,177,178]. Therefore, using the inverse method for photosynthetic microorganisms

whose morphologies resemble that of bispheres and quadspheres seems appropriate.
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Table 7.1: Comparison of (i) the relative refractive nλ and absorption kλ indices and size

parameter χs of the monomers used as input in T-matrix method to compute the average

absorption C̄abs,λ and scattering C̄sca,λ cross-sections in Suspensions 3 and 4 and (ii) those

retrieved by inverse method treating the aggregates as homogeneous volume and average

projected area equivalent coated spheres.

T-matrix method Inverse Method

Suspension χs nλ kλ C̄abs,λ C̄sca,λ nλ,pred kλ,pred ϵλ

(µm2) (µm2) (%)

3 0.01 1.0165 0.003 6.4×10−3 1.2×10−8 1.0173 0.003 0.1

3 0.1 1.0165 0.003 6.5×10−2 8.82×10−5 1.0165 0.0029 4.3

3 0.5 1.0165 0.003 0.33 1.2×10−2 1.0178 0.003 0.8

3 1 1.0165 0.003 0.66 7.1×10−2 1.0176 0.003 1.4

3 1 1.0165 0.03 6.17 0.27 1.0234 0.029 5.0

3 1 1.0165 0.07 13.2 1.07 1.0383 0.065 9.1

3 1 1.0165 0.5 48.0 19.8 1.0005 0.474 6.8

4 5 1.0165 0.003 0.88 0.43 1.0166 0.0032 6.7

4 10 1.0165 0.003 1.7 1.71 1.0162 0.003 0.7

Table 7.1 shows the relative refractive nλ and absorption kλ indices used in predicting the

average absorption C̄abs,λ and scattering C̄sca,λ cross-sections of Suspensions 3 and 4 using

the T-matrix method as well as those retrieved by the inverse method nλ,pred and kλ,pred.

Each suspension featured aggregates with monomer number frequency distributions p3(Ns)

and p4(Ns) shown in Figures 7.5a and 7.5b. The aggregates had fractal dimension Df of

2.25 and were composed of monodisperse monomers of size parameter χs equals to 0.01, 0.1,

0.5, or 1 for Suspension 3 and 5 or 10 for Suspension 4. The monomer relative refraction

index nλ was equal to 1.0165 and the relative absorption index kλ was taken as 0.003, 0.03,

0.07, or 0.5. The sum of relative differences between the assigned and retrieved refraction

and absorption indices ϵλ was less than 9.1% for all cases considered. The error was smaller
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for aggregates composed of optically soft monomers with small absorption index. On the

other hand, the relative error in the retrieved complex index of refraction did not show any

obvious trend with monomer size parameter. This demonstrates the capability of the inverse

method to retrieve the relative complex index of refraction of fractal aggregates based on

the volume and average projected area equivalent coated sphere approximation and their

average absorption C̄abs,λ and scattering C̄sca,λ predicted by the T-matrix method. It also

confirms that the method can be applied to photosynthetic microorganisms with a wide

range of morphologies and size parameters and such that 1.0≤nλ≤1.1 and 0≤kλ≤0.01.

7.4.2 Experimental results

7.4.2.1 Size distribution
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Figure 7.8: Histograms of (a) the measured Synechocystis sp. radius distribution fb,exp(rs)

and of (b) the equivalent coated sphere radii distribution fexp(req,i, req,o).

Figure 7.8a shows a histogram of the radius frequency distribution fb,exp(rs) of the Syne-

chocystis sp. grown experimentally with bin size of 0.05 µm and mean radius of 1.02 µm.

For each of these cells, the two radii rs,1 and rs,2 were found to fall within 20% of each

other. Hence, treating the cells as bispheres with identical monomers of radius rs taken as

the average of rs,1 and rs,2 was reasonably accurate. Figure 7.8b shows a histogram of the

equivalent coated sphere radii distribution fexp(req,i, req,o) converted from fb,exp(rs).
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7.4.2.2 Scattering phase function
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Figure 7.9: Scattering phase function of Synechocystis sp. at 633 nm as a function of scatter-

ing angle θ from 0 to 180◦ measured experimentally using a polar nephelometer and predicted

using the equivalent coated sphere approximation in conjunction with fexp(req,i, req,o), plotted

in Figure 8, and n633 and k633, retrieved using the inverse method.

Figure 7.9 shows the scattering phase function of Synechocystis sp. measured at 633 nm. As

expected, scattering was strongly in the forward direction due to the large size parameters

of the cells χs ≈ 10. In addition, the asymmetry factor g633 was estimated to be 0.993.

7.4.2.3 Mass absorption and scattering cross-sections
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Figure 7.10: Measured (a) absorption coefficient κλ, (b) scattering coefficient σs,λ, (c) average

absorption cross-section C̄abs,λ = κλ/NT , and (d) average scattering cross-section C̄sca,λ =

σs,λ/NT of Synechocystis sp. as functions of wavelength λ from 400 to 750 nm for cell number

densities NT,1 = 1.89 × 1013 cells/m3 and NT,2 = 8.16 × 1012 cells/m3.

Figures 7.10a and 7.10b respectively show the spectral absorption κλ and scattering σs,λ

coefficients measured in the spectral range from 400 to 750 nm for Synechocystis sp. collected

after 6 days of growth for cell number densities NT,1 = 1.89 × 1013 cells/m3 andNT,2 = 8.16 ×

1012 cells/m3. Each data point represents the arithmetic mean of κλ and σs,λ measured three

times for each cell number density while the error bars correspond to 95% confidence interval.

It is evident that the sample with larger cell number density NT,1 had larger coefficients κλ

and σs,λ.
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Figures 7.10c and 7.10d show the average absorption C̄abs,λ and scattering C̄sca,λ cross-

sections in the spectral range from 400 to 750 nm after normalizing κλ and σs,λ, shown in

Figures 7.10a and 7.10b, by their respective cell number density NT , according to Equation

(3.4) and (3.5). Both datasets collapse on a single line confirming that single and inde-

pendent scattering prevailed and that the cross-sections were directly proportionate to cell

number density. Moreover, both the absorption coefficient κλ and the cross-section C̄abs,λ

of Synechocystis sp. featured peaks (i) at 435 and 676 nm corresponding to the absorption

peaks of Chl a [4], (ii) at 625 nm corresponding to that of PCCN [212], and (iii) a shoulder

around 485 nm corresponding to absorption by PSC and PPC [4]. The scattering coeffi-

cient σs,λ and the scattering cross-section C̄sca,λ featured resonance peaks and dips around

wavelengths corresponding to the absorption peaks.

7.4.2.4 Effective optical properties of Synechocystis sp.
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Figure 7.11: Retrieved effective (a) refraction nλ and (b) absorption kλ indices of Synechocys-

tis sp. as functions of wavelength λ from 400 to 750 nm using the inverse method shown in

Figure 3 with fexp(req,i, req,o), C̄abs,λ, and C̄sca,λ plotted in Figures 8 and 10, respectively.

Figure 7.11 shows (a) the effective refraction index ns,λ and (b) the effective absorption index

ks,λ of Synechocystis sp. between 400 and 750 nm retrieved from (i) the measured average

absorption and scattering cross-sections C̄abs,λ and C̄sca,λ, (ii) the equivalent coated sphere

radii distribution fexp(req,i, req,o), and (iii) the refraction index of PBS given by the Cauchy
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dispersion relation [100]

nm,λ = 1.32711 +
0.0026

λ2
+

0.00005

λ4
(7.17)

where the wavelength λ is expressed in µm. The error bars were estimated from error

propagation analysis at wavelengths close to the pigment absorption peaks. Although each

pair (ns,λ, ks,λ) was retrieved for each individual wavelength, the results feature ns,λ and ks,λ

as continuous functions of wavelength. In addition, the absorption index ks,λ also featured the

same absorption peaks as those observed in κλ and C̄abs,λ corresponding to Chl a, PCCN, and

carotenoids. The refraction index ns,λ featured resonance peaks and dips around wavelengths

corresponding to the peaks in kλ. The values of the retrieved absorption index ks,λ were

consistent with those found for other photosynthetic microorganisms [177, 178]. However,

the retrieved values of refraction index ns,λ was found to be larger. In fact, the refraction

index ns,λ of cyanobacteria A. cylindrica [178] and several hydrogen and lipid producing

microalgae [177] ranged between 1.35 and 1.36. The difference in ns,λ can be attributed to

the difference in composition of these microorganisms. For example, cells with higher water

content would have lower values of ns,λ while large lipid, protein, and carbohydrate contents

as well as cell walls would result in large effective refractive index [131].

Moreover, the retrieved refractive and absorption indices at 633 nm and fexp(req,i, req,o)

were used in the forward method to predict the scattering phase function of Synechocystis

sp. treated as polydisperse projected area and volume equivalent coated spheres. Figure

7.9 shows the predicted scattering phase function with respect to the scattering angle θ.

As expected, both the predicted and measured scattering phase functions were largely for-

ward scattering. The predicted asymmetry factor was 0.973 compared with 0.993 measured

experimentally.

7.5 Chapter summary

An inverse method was developed to retrieve the absorption and refraction indices from

the absorption and scattering cross-sections of multicellular cyanobacteria with bisphere or
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quadsphere morphologies and fractal aggregates of unicellular microalgae. The method was

validated using absorption and scattering cross-sections computed for four different suspen-

sions consisting of bispheres, quadspheres, and fractal aggregates. The inverse method was

found to accurately retrieve the monomer complex index of refraction for relative refraction

index less than 1.3 and relative absorption index less than 0.1. This paper also reported the

scattering phase function, absorption and scattering cross-sections of Synechocystis sp. mea-

sured experimentally from 400 to 750 nm during the exponential growth phase in F medium.

Their optical properties were also retrieved by approximating Synechocystis sp. cells as

homogeneous average projected area and volume equivalent coated spheres. Both the ab-

sorption cross-section and the absorption index featured distinct peaks corresponding to

chlorophyll a and phycocyanin and a shoulder around 485 nm corresponding to carotenoids.

These results can be used for predicting light distribution in photobioreactors cultivating

Synechocystis sp.. In addition, the inverse method can be used for other similar and opti-

cally soft aggregates.
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CHAPTER 8

Summary

The objective of the study was to characterize and optimize light transfer in photobioreactors

in order to improve biofuel production rates. To achieve this, the radiation characteristics

of photosynthetic microorganisms were essential parameters and could be obtained either

through experimental measurements or model predictions. The following summarizes the

tasks carried out in order to meet this objective.

The unicellular green algae Botryococcus braunii, Chlorella sp., and Chlorococcum littorale

were treated as homogeneous polydisperse spheres with equivalent diameter such that their

surface area was identical to that of their actual spheroidal shape. Based on this approxima-

tion, their spectral complex index of refraction between 400 and 750 nm were retrieved from

their experimentally measured average absorption and scattering cross-sections. The inverse

method used in the retrieval process was developed by combining Lorentz-Mie theory as the

forward method and genetic algorithm.

Next, the temporal evolution of the scattering and absorbing cross-sections of marine

eustigmatophycease Nannochloropsis oculata grown in flat-plate photobioreactor (PBR) was

reported. The radiation characteristics between 400 and 750 nm and pigment concentrations

of N. oculata were measured systematically every 24 hours for up to 18 days. They were

found to vary significantly with time in response to changes in light and nutrients availability.

The results were interpreted in terms of up- and down-regulations of pigments and other

intracellular components. Finally, this study demonstrates that the light transfer in the PBR

could be predicted using constant radiation characteristics measured during the exponential

growth phase with reasonable accuracy provided that the cultures were not nitrogen limited.
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During nitrogen starvation, pigment concentrations decreased and radiation characteristics

evolved rapidly.

In addition, this study presents experimental measurements of the absorption and scatter-

ing cross-sections and the spectral complex index of refraction of filamentous cyanobacterium

Anabaena cylindrica. Its filaments consisted of long chains of polydisperse cells. Their aver-

age mass scattering and absorption cross-sections were measured from 400 to 750 nm at four

different times during their batch growth. The spectral complex index of refraction were

retrieved using an inverse method based on genetic algorithm. The microorganisms were

modeled as infinitely long and randomly oriented volume-equivalent cylinders. The absorp-

tion index featured peaks corresponding to chlorophyll a (Chl a) at 436 and 676 nm and

phycocyanin (PCCN) at 630 nm and a shoulder around 480 nm corresponding to photopro-

tective carotenoids. The absorption peaks of Chl a and PCCN concentrations increased and

the shoulder due to carotenoids decreased in response to photolimitation caused by biomass

growth. Subsequent nitrogen limitation caused the PCCN absorption peak to decrease sig-

nificantly due to degradation of PCCN as an endogenous source of nitrogen for nitrogenase

maintenance and synthesis, as confirmed by increasing heterocyst differentiation.

Furthermore, this study demonstrates that the absorption and scattering cross-sections

and asymmetry factor of randomly oriented and optically soft bispheres, quadspheres, and

circular rings of spheres, with either monodisperse or polydisperse monomers, can be ap-

proximated by an equivalent coated sphere with identical volume and average projected

area. This approximation could also apply to the angle-dependent scattering matrix el-

ements for monomer size parameter less than 0.1. However, it quickly deteriorated with

increasing monomer number and/or size parameter. It was shown to be superior to pre-

viously proposed approximations considering a volume equivalent homogeneous sphere and

a coated sphere with identical volume and surface area. Based on this approximation an

inverse method for retrieving the optical properties of photosynthetic microorganisms was

developed by integrating genetic algorithm with the Lorenz-Mie theory for coated spheres.

The method was validated for a range of refraction and absorption indices using average
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absorption and scattering cross-sections computed numerically for different suspensions con-

sisting of bispheres, quadspheres, and fractal aggregates. In addition, this study presents the

experimentally measured average absorption and scattering cross-sections, size distribution,

and scattering phase function of cyanobacterium Synechocystis sp.. The dumbbell shaped

Synechocystis sp. cells were treated as randomly oriented homogeneous bispheres and their

spectral complex index of refraction was retrieved using the inverse method.

Overall, these results can be used to predict light transfer in PBRs hence leading to their

optimizations. This would also enable better control over the PBR operating conditions.

The approximate models used to predict the radiation characteristics for microorganisms of

different morphologies can provide a fast and accurate alternative to experimental measure-

ments. This can be useful when screening many different species of microorganisms for their

biofuel potentials.
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[208] J. Mroczka, M. Woźniak, and F.R.A. Onofri, “Algorithms and methods for analysis
of the optical structure factor of fractal aggregates”, Metrology and Measurement
Systems, vol. 19, no. 3, pp. 459–470, 2012.

[209] K. Skorupski, J. Mroczka, T. Wriedt, and N. Riefler, “A fast and accurate imple-
mentation of tunable algorithms used for generation of fractal-like aggregate models”,
Physica A: Statistical Mechanics and its Applications, vol. 404, pp. 106–117, 2014.

[210] G.A. Jackson, R. Maffione, D.K. Costello, A.L. Alldredge, B.E. Logan, and H.G. Dam,
“Particle size spectra between 1 µm and 1 cm at monterey bay determined using
multiple instruments”, Deep Sea Research Part I: Oceanographic Research Papers,
vol. 44, no. 11, pp. 1739–1767, 1997.

[211] R.R.L. Guillard and J.H. Ryther, “Studies of marine planktonic diatoms: I. Cyclotella
nana hustedt, and Detonula confervacea (cleve) gran.”, Canadian Journal of Micro-
biology, vol. 8, no. 2, pp. 229–239, 1962.

[212] X. Su, P.G. Fraenkel, and L. Bogorad, “Excitation energy transfer from phycocyanin
to chlorophyll in an apcA-defective mutant of Synechocystis sp. PCC 6803.”, Journal
of Biological Chemistry, vol. 267, no. 32, pp. 22944–22950, 1992.

164




