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Abstract

Microalgae process design involves several interacting variables which need to be
evaluated and optimised for maximal product yield. To optimise the microalgae
culture process, high through-put culture systems are required for early-stage in-
vestigation of the interacting culture and operating parameters. This work focuses
on the design and engineering evaluation of a miniature pneumatic photobioreactor
(mPBR) that can be adapted for heterotrophic and phototrophic microalgae cultiva-

tion.

The initial objective was to design a mPBR which mimics a conventional large-
scale pneumatic photobioreactor (PBR). This led to the design and fabrication of
a prototype 6-well mPBR, with four bubble columns and two airlift columns. The
four bubble columns were fitted with two different size (diameter) sintered disc
spargers (5 and 12 mm), while that of the airlift (ALR) was 8 mm. Light was
supplied by cool LED light with a maximum light intensity of 200 umol m s .
Mixing was provided by bubbling gas through the sintered disc with an average pore
size of 13 um. Comparison of the different configurations shows that the flat based
bubble column with the largest sintered disc well (FBC, 12 mm) had the highest
mass transfer coefficient (kza) values of 196 h !, while a pyramidal based bubble
column with the smallest sintered disc (PBC, 5 mm), had the lowest kza values.
Mixing time was generally under 5 seconds using flow rate from 0.6 Lh ! to 2.4

Lh !, while the lowest evaporation rate of 16 % (v/v) loss over 5 days was observed

in the PBC.

Further characterisation of Chlorella sorokiniana in the mPBR showed that the FBC

had the best performance in both mixotrophic and phototrophic culture i.e. high-
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est biomass concentration of 1.20 gL !

in the mixotrophic culture was obtained at a
flow rate of 1.8 Lh ! (the highest flow rate used), while phototrophic culture had the
highest biomass concentration of 1.5 gL ! at 200 umolm 2s 'and0.6Lh !. The
difference in growth performance in the sintered disc-mPBRs was attributed to the
difference in the diameter of the sintered disc: while smaller gas fraction and bigger
bubbles in the PBC led to reduced gas hold-up and lower mass transfer, it, however,
provided optimal condition for C. sorokiniana growth in the reactor. Hence for op-
timal growth performance, the bubble size and velocity must be optimised through
the use of an appropriate sparger. This led to the use of a single orifice sparger;
where a higher biomass, less evaporation, and better reproducibility was observed.
Further evaluation of the potential of the mPBR as early-stage process development
tool was done by determination of the total lipid content followed by FAME analy-
sis. Lipid content of up to 35.86 % (WW ') DCW and high composition of C16
and C18 fatty acids obtained were comparable to literature.

Evaluation of critical growth parameters using a design of experiment (DoE) ap-
proach, showed that light intensity and initial culture density are the two main fac-
tors that affects biomass concentration in the mPBR. Increase in initial nitrogen
concentration led to corresponding increase in the final biomass concentration up
till the critical nitrogen concentration where it became inhibitory.

Overall, the mPBR was established as a tool for phototrophic, heterotrophic, and

mixotrophic culture of microalgae for rapid and early stage evaluation at small scale.
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Impact Statement

In this research a miniature PBR was designed and evaluated as tool for rapid early
stage characterisation of microalgae grown under different conditions. This project
builds on the microalgae and bioreactor scale-down expertise in the department.
Microalgae can be exploited for the production of lipids, a precursor for the produc-
tion of biodiesel, a clean alternative source of energy. With a surge in microalgae
research, the need for miniature platforms for rapid and early stage evaluation of
microalgae culture characteristics has become apparent. The main bottle neck of
the recently developed microwell-based photobioreactor, is the scale-up to conven-
tional large-scale pneumatic PBR used for microalgae culture. This project attempts
to address the bottleneck by mimicking a conventional large scale PBR, which will
enable easier scale-up, and been a stand-alone reactor, can eliminate the need for an
incubator in principle.

The project lays the foundation for developing a high throughput system that could
be commercialised. Therefore, this research could have benefits for both academia
and industry.

Academia:

* This project has set a precedent in the use of pneumatic mPBR for rapid
evaluation of microalgae. The work done can be a starting point for further
research. This work has been able to establish the reactor as a suitable plat-
form for microalgae culture. More work can be done to further ensure the
robustness of the platform. More features can also be added to ensure it is a

stand-alone reactor.

* The mPBR can also be utilized as a teaching tool. As a scale-down mimic
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of a large-scale bubble column, it can be used for undergraduate practicals,
where the principle of scale-up/down can be further exemplified. It is also
suitable for demonstration of Operation at Open Days, it can be set up at the

microalgae stand next to the bubble column.

* A manuscript which reports the design and characterisation of the mPBR has

been prepared for submission in a refereed journal.

* The mPBR design can be patented. The parallel arrangement of the column
on the rig, the design of the sparging system, which contains the base cap and

arrangement of the sintered disc/needle, can also be patented.

Industry:

* The mPBR can be commercialised as a parallel miniature photobioreactor for
microalgae cultivation, however monitoring systems for pH, OD and possibly
CO, will be necessary. This may be achieved via an EngD project collabora-

tion.

The benefits of the project for both academic and industry has been discussed,
its relevance as teaching tool and most importantly the prospect of bridging the
scale-up gap in pneumatic photobioreactor for microalgae culture is the biggest

impact.
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Chapter 1

INTRODUCTION

The negative impact of fossil fuels on the environment in the form of climate change
and depleting world oil reserves (predicted to run out in the next 30-50 years) has
been the major motivation behind the recent research into alternative sources of
energy. It should be cost-effective, ef cient and most importantly environmentally
friendly (8).

Biofuels such as biodiesel, biohydrogen, and bioethanol have been developed
to be an alternate source to the conventional fuel. They can be derived from sev-
eral sources such as food crops - vegetable olil, starch, etc. Algae can also be ex-
ploited for the production of biofuel and some other high-value products such as
pharmaceuticals and nutraceuticals (9). The operating cost of cultivating algae on
an industrial scale could be very high making it economically unviable (10). As a
result, several research efforts have been geared towards improving and optimising

microalgae bioprocess for biofuel production (11).

Cultivation of microalgae is the rst stage in the production chain. The two
systems used are the open and closed systems. Open culture systems are either a
natural or arti cial pond that is exposed to the environment, with mixing supplied
by paddle wheel or pump (12). It is the major system being used on an industrial
scale because it is easy to construct and cheaper (13), however, it has several draw-
backs, the majority of which are solved by the enclosed system. A photobioreactor
(PBR) is an enclosed cultivation system which provides all the conditions (light,

gas, mixing, etc.) necessary for the growth of algae (14). To make the cultivation of
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microalgae economically viable for large-scale production of biofuel and other high
valued products, the operating parameters and culture conditions must be investi-
gated and optimised in a controlled environment. However, such optimisation in the
laboratory or pilot scale PBR is laborious and time-consuming. Hence just like in
the case of other cell culture, such as mammalian cells, a miniaturised cultivation
system is desired for the optimisation of these parameters for ef cient algae cultiva-
tion. Most of the established small-scale bioreactors were designed for bacteria and
mammalian cells, however, gradual and progressive development are being made
in the development of small-scale PBR for rapid assessment of microalgae culture

conditions.

The small-scale bioreactors developed generally for microbial culture ranges
from as little as few pL to as high as 500 mL, and they all come in a different
format. One of such formats is the microtiter plate which is a miniaturised form of

a bioreactor, it ranges from 6 to 1560 wells, and allows for parallel cultivation (15).

In this project, a miniaturized bubble column/airlift PBR for rapid evaluation
of microalgae culture conditions will be designed and characterised, followed by

subsequent optimisation of the chosen algae strain and scale up.

1.1 Biology of Microalgae

Microalgae feedstock has found an increasing role in today's energy scenario, par-
ticularly for the production of biofuel (8). The relatively fast growth rate of microal-
gae, with doubling time of 4-24 hours, compared to food crops and its biochemical
components has increased the interest in microalgae bioprocessing (16). Table 1.1

shows the biochemical composition of common microalgae species.

Microalgae are unicellular microscopic photosynthetic eukaryotic organisms
with size up to few hundred micrometres. Microalgae are ubiquitous, though each
species has a speci ¢ habitat. They either grow as a suspension in water or attached
to substrates. Algae ultrastructure comprises of chloroplast, nucleus, mitochondria
and other cell organelles as illustrated in Figure 1.1. Understanding the diversity

of microalgae is an important factor in strain selection, because the diversity comes
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Figure 1.1: Microalgae physiology. (A) Transmission electron micrograph of
C.sorokiniana HO-1 showing cellular structures and organelles.  Ch,
chloroplast; CW, cell wall; G, granule; N, nucleus; Py, pyrenoid; S, starch; Th,
thylakoid; V, vacuole. (B) Typical pictorial representation of green microalgae
cells showing growth requirements and potential nal products. Figures
reproduced from (1).

with varying growth requirements (17).

1.1.1 Biochemical Composition of Microalgae

The biochemical composition of many microalgae, as well as the relative number of
biomolecules they produce, are similar irrespective of their origin when cultivated
under favourable conditions. These biomolecules are classi ed into proteins, lipids,
carbohydrates and nucleic acids. Production of low or high valued biochemicals
can be maximised by changing the operating and culture parameter, such as, light,
temperature and percentage £&characteristic which con rms the exibility and
robustness of microalgae. Hence, several researchers and companies are trying to

exploit this property of microalgae for the purpose of making these products (18).

Carbohydrate is stored as starch or starch-like products in many algae. This
starch is a large molecule which can be seen under a light microscope. They con-
tain ana-1, 3 - linked glucan molecular backbone wahl, 6 - linked side chain
attached to the backbone (19), while some algae groups make hsg, @f linked

glucan backbone (e.g., haptophytes).

Lipids, another cellular component of microalgae, are diversi ed depending on
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Table 1.1: Biochemial Composition of Microalgae species (adapted from (5; 6)

Strain Protein (%) Carbohydrate (%) Lipids (%)
Nannochloropsis oculata 35 7.8 18
Dunaliella tertiolecta 20 12.2 15
Phaeodactylum tricornutum 30 8.4 14

Chlorella vulgaris 51-58 12 -17 14 - 22
Scenedesmus quadricauda 47 - 19
Rhodomonas sp 53.7-588 6-7.8 8-12.7
Chlorella protothecoides  52.64 10.62 14.57
Isocystis sp 242-421 1.61-3.13

the species or group of the algae (20). The lipid content of algae can be optimised by
stressing the cells, nutrient or environmental stress, a method that has been widely
used to increase the oil yield of most oleaginous algae species. Some of these
lipids, which are mostly polyunsaturated fatty acids (PUFAS), are found in cellular
membranes which make them more dif cult to extract while some are formed as oll
droplets (Oleaginous algae) (21).

Algae is also an excellent source of protein and research has shown that
changes in environmental factors can affect the production of protein in microal-
gae. Unlike the production of lipids where the stationary phase is lipid-rich, actively

dividing (exponential phase) cells are rich in protein (22).

1.2 Photosynthesis of Microalgae

Photosynthesis is one of the most important processes, which must be fully under-
stood in order to exploit microalgae for the production of a desired product. Photo-
synthesis is the conversion of carbon dioxide ¢Fidto organic compounds in the
presence of light energy. The organic compounds produced serve as a precursor for
biomass and metabolite production.

Photosynthetic algae have specialized systems for trapping and utilizing light
energy. Chlorophytes (green algae) contains special structures (chloroplast which
contain stroma and thylakoids) for its photosynthetic activity (23).

The photosynthetic process is divided into two phases by nature of the reac-

tion. The light phase makes use of light energy at the end of which, a biochemical
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Figure 1.2: Vertical arrangement of the ve major complexes within the thylakoid (taken
from (2)).

reductant in nicotinamide adenine dinucleotide phosphate (NADPH) and chemical
energy adenosine triphosphate (ATP) which drives the second phase is produced.
The light phase occurs in the thylakoid membrane, the physiology of the thylakoid
differs among the photosynthetic organisms, however, for most algal strains it is
well organised in stacks of twos or threes. This light trapping system contains ve
complexes. They trap light energy and electrons elicited are transported along a
chain of electron carriers to produce a molecule of NARRHd synthesize ATP in

a simultaneous process driven by the pH gradient formed as a result of movement
of protons from the stroma into the inner thylakoid (24). The ve complexes are
antennae for light trapping, photosystem Il and | (referred to as reaction centre),
cytochrome b6/f and ATP synthase (25). The interaction between the complexes is
shown in Figure 1.2.

The dark phase occurs in the stroma, where NADPH and ATP are utilized in the
reduction of CQ to carbohydrates (as shown in Equation 1), which is further used
for biomass generation. GQOs converted to carbohydrate and other compounds
in the Calvin-Benson cycle and this process occurs in four phases, they are the

carboxylation, reduction, regeneration and production phase (26).
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’2NADPH2;3ATP

COx+ 4H* + de (CH,0) + H,0 (1.1)

1.3 Cultivation Condition for Microalgae

For optimal productivity, the growth conditions of microalgae are highly signi -
cant. Microalgae need light and inorganic or organic compound for their growth.
Based on the type of metabolism used by the species or strain it is divided into pho-
totrophic, heterotrophic, mixotrophic and photoheterotrophic conditions. Light and
organic carbon can be used as a source of energy depending on the metabolic mode
adopted while inorganic carbon can as well serve as the source of carbon. Some
microalgae make use of more than one metabolism type, which can be as a result of

metabolic shift due to environmental change or as its innate ability (27; 28; 29).

1.3.1 Phototrophic condition

This mode of nutrition utilises light as a source of energy and inorganic carbon such
as carbon dioxide for its metabolic activity (30; 31). The major advantage of this
mode of cultivation is that CQ which serves as its carbon source for cell growth
and lipid production; can be sourced naturally from the atmosphere, gas discharges
in industries and from soluble carbonates (32). Hence, for large-scale production,
CO, can be directly channelled from an external source (e.g. power plant) into the

growth media for algae growth (33).

1.3.2 Heterotrophic condition

Heterotrophic cultivation utilises organic carbon as the source of both energy and
carbon for cell growth. It has been successfully used for the production of mi-
croalgal biomass and metabolites (34), with several reports indicating that the het-
erotrophic mode of culture has major advantages over other cultivation modes. The
fact that light is not a critical requirement for its growth is a boost for its accept-
ability, this makes it easier to scale up because the photobioreactor surface area to
volume ratio which is an important factor for the phototrophic condition will no

longer be a factor for the heterotrophic condition. One of the major limitations
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is the high cost associated with the operation and sourcing of the organic carbon

substrate.

1.3.3 Mixotrophic condition

Mixotrophic culture is one of the least studied conditions for the growth of algae.
It is a metabolic process in which an organic compound and §i@ultaneously
serve as a source of carbon for cell growth and the G@en off can be trapped

and used for photosynthesis under suf cient light intensity (35). Higher biomass
and lipid production under mixotrophic condition compared to both heterotrophic
and phototrophic condition was reported by (36), where the lipid concentration was
4-fold higher as tested under other conditions. Moreover, (30) observed a higher
speci ¢ growth rate in the mixotrophic culture, a characteristic which was ascribed
to the effect of reduced photo-inhibition due to the protective role of glucose content

(30).

1.3.4 Photoheterotrophic condition

This is the form of metabolism in which light is needed as source of energy when
using organic carbon as carbon source, this seems similar to mixotrophic conditions,
however, the difference is that mixotrophic organisms can utilise organic carbon as

an energy source instead of light (37).

1.4 Media Composition

Media composition for algae cultivation is vital for cell growth and product forma-
tion (20; 38). Formulation of media for algae growth could be challenging due to the
large number of constituents involved and the metabolic responses of the organisms
to different nutrients. However, an increased understanding of the main components
in each medium and the response of each microalga to it can help simplify the task
further (39). Formulating media for microalgae can be for three purposes, for the
maintenance of culture, for high biomass yield and physiological research (40).
Carbon, nitrogen and phosphorus are vital for biomass growth and accumu-
lation of lipids (41). The uptake of these nutrients depends on the nutrient ratio,

environmental condition, growth rates, etc. (42). Carbon can be supplied through
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CO, and HCQ-, it is an important component in microalgae media, its effect on
biomass yield and production of desired metabolites has been reported. The seques-
tration of CQ from the environment is one of the reasons microalgae are a good
choice for bioprocessing. G&an be sourced from the environment, commercially

or from ef uent in power plants and industries ( ue gas) (43). The usage of CO
from ue gas is limited because the algae cultivation will have to be set up near
the source of the C©Oproduction (44). CQ concentration in the culture must be
optimal. High CQ concentration can lead to reduced ef ciency of the carbon con-
centrating mechanism while a low concentration of G@mpared to @ can tilt

the algae metabolism towards photorespiration; because RuBisCo, an enzyme that

xes CO, can also x G, (45).

Nitrogen is a critical element for microalgae growth. The nitrogen content of
different microalgae biomass varies, it ranges from 1% to 10% (13). Limiting the
nitrogen content can lead to a reduction in cell growth and discoloration, which
results in the reduction of chlorophyll, and increase in carotenoids. However, ni-
trogen limitation is a technique that has been used to increase lipid production in
microalgae. Hence increasing the lipid content of the algal cell is a trade off with

the reduction in biomass.

Phosphorus is another important element for microalgae growth, it is used for
the biosynthesis of DNA, nucleic acids etc. It is usually supplied in form of or-
thophosphate (Pﬁ‘). Phosphorus is often a limiting factor for algae biomass
formation despite its low amount compared to carbon and nitrogen. The growth
limiting effect is due to its ability to bind to other ions thereby resulting in its pre-
cipitation, leading to unavailability for uptake (13). Other nutrients that make up
the medium include iron, silicon, potassium, etc. and trace element such as copper,

magnesium, zinc, etc. (46).

As mentioned earlier, optimising the nutrient composition and concentration
in the growth media is one of the methods that has been adopted to increase the
product yield. Several ndings have shown that high lipid amounts can be accumu-

lated when microalgae are deprived of nitrogen. A method used to increase lipid
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productivity is by accumulating the biomass under nutrient-replete conditions be-
fore depriving them of nitrogen (47). Another method involves allowing the cells to

naturally use up the nitrogen rather than using a nitrogen-depleted media (48).

1.5 Photobioreactor and Cultivation of Microalgae

The mode of cultivation is a big factor that determines the cultivation system to be
used. As explained earlier in section 1.3.2, heterotrophic mode of cultivation has
high oil and biomass yield, the downside, however, is the use of sugar as carbon
source which is costly on a large-scale and an increased chance of being contami-
nated by bacteria (49). These problems also apply to mixotrophic culture, leaving
photo-autotrophic culture as the best option for microalgae culture; because it is
more economically feasible, reduced risk of contamination and reduced cost of car-
bon as CQ can be sequestered from the atmosphere (50). For optimal phototrophic
culture, an ideal system must be able to provide light at optimal intensity, &
proper mixing for ef cient photosynthetic activity. There are two major systems

used for cultivation as explained below.

1.5.1 The open pond system

Open culture systems have been used for algae cultivation to produce biomass, and
high-value products (14). As shown in Figure 1.3, the open system can either be
a natural body of water or arti cial such as ponds (51). These systems are suit-
able for the growth of algae because the essential growth conditions are met. Light,
which is an essential requirement for photosynthesis is supplied naturally by the
sun, the body of water may also contain essential nutrients, suitable pH, salinity,
and constant temperature for the growth of algae. Other factors such as mixing is
essential for mass transfer, and preventing sedimentation. Mixing strategy include
controlling the movement of water using paddlewheel or pumps for cases such as
the raceway pond. Conditions such as the temperature, light intensity, light and
dark cycle depends on the climatic condition, and are dif cult to control, this af-
fects the productivity, consequently making the open system less ef cient for mass

cultivation.
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Figure 1.3: Common forms of photobioreactor. (a). an open pond system (b). Tubular
photobioreactor (c) Bubble column photobioreactor and (d). Flat panel photo-
bioreactor

1.5.2 Closed system

A closed system is an improvement over the open pond system, it provides a con-
trolled environment thereby, increasing the chances of growing sensitive strains as
well as optimising the parameters for high productivity. Culturing in an enclosed
system also reduce pollution of any sort associated with the open system as well
as contamination since there is no direct contact with the environment. Hence, it is
easier to maintain monoculture without microbial contamination. An early attempt
at designing a closed system was made by covering an open pond system with a
transparent material (52). However, more advanced systems in which all the nec-
essary parameters (such as light, adequate mixing, pH,g0@ply, etc.) for the
growth of algae was provided have been designed and studied over the years. Such

an enclosed system is a photobioreactor (PBR). A photobioreactor is an enclosed
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vessel, which is illuminated, and designed to have control over biomass production
without direct exchange with the environment. In this case, the photons which are
the main source of energy from either sunlight or arti cial light do not have any
direct contact with the culture. Instead, they pass through the wall of the photo-
bioreactor before getting to the cells (47). Figure 1.3 shows the common form of
photobioreactors that have been designed. Based on the design of PBRs they are

classi ed as follows:

1.5.2.1 \Vertical tubular photobioreactor

These PBRs consist of vertical transparent tubes for easy light penetration. Mode
of mixing is by continuous sparging of air into the system, this also ensurgs CO
uptake and @removal. Bubble column, and airlift column are the two forms of
vertical tubular PBR, and they are classi ed based on the liquid, and gas ow in the
PBR.

Bubble column: A bubble column is a simple cylindrical device, with height to
diameter ratio (H:D) greater than two. The H:D ratio has been reported to affect the
productivity of the culture. Mixing which is an integral part of the photobioreactor
for mass and heat transfer is provided by sparging an air mixture into the reactor
from the bottom. The bubbles that are formed rise and are responsible for the mixing
in the vessel. (15) reported that the super cial gas velocity and the bubble size are
the two most important factors when scaling up or down. Utilisation of light in
the reactor is one of the critical design considerations. Factors such as the light path
length, the hydrodynamics and mass transfer all play key roles in the photosynthetic
ef ciency of the vessel. The mixing which exposes the cells to intermittent light is
in uenced by the liquid velocity, aeration rate, and gas hold-up. The removaj of O
generated photosynthetically is in uenced by the magnitude of the mass transfer
coef cient (53).

Airlift PBR: The major difference between airlift design and the bubble column
is the physical separation of two interconnecting zones within the vessel. Based on
the separation design, airlift PBR can either be internal loop concentric, internal or

external. The two connecting zones are called the riser and the downcomer. Air is
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sparged in through the riser, leading to gas hold-up within the riser, this leads to a
reduction in density of the uid which eventually results in the upward movement
of the liquid, and a form of circulating pattern is formed within the vessel. Air is
expected to disengage from the top of the liquid while heavier bubbles continue
with the liquid to the downcomer. The circulating nature of the uid exposes the
algal cells to intermittent light supply hence creating a light/dark cycle ( ashing
light effect). Factors such as; the ratio of downcomer area (Ad) to riser area (Ar),
the relative difference between the gas hold-up in the riser and the downcomer all

play a vital role in the ef ciency of airlift PBR (54).

1.5.2.2 Horizontal tubular

These consist of a parallel set of tubes, designed in several orientations. This in-
cludes the inclined, helicoidal, spiral or looped shaped con guration. These set
of reactors can easily be inclined at an angle to ef ciently harness the sunlight for
outdoor cultivation. The diameter which can be in the range of 10-60 mm with a
height of several hundreds of metres provides a large surface area to volume ratio,

this gives the design advantage over other designs (55).

1.5.2.3 Flat panel

Flat plate PBRs are designed to have a large surface areato volume ratio, for optimal
utilisation of the light energy, which leads to high photosynthetic ef ciencies (21).
They have a cuboidal shape resulting in less accumulation of oxygen within the
system compared to the horizontal tubular PBRs. Figure 1.3d exempli es a typical
at panel PBR, gas exchange, and mixing are accomplished by bubbling gas into

the reactor (56).

1.6 Design Criteria for PBRs

A Photobioreactor is a three-phase system consisting of the liquid phase, the gas
phase and the cells. In designing a PBR, adequate understanding of the interaction
between the environmental parameters, hydrodynamics and biological response is
required. Figure 1.4 shows these interactions and their importance for the design of
a PBR (3).
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Figure 1.4: Interaction between light transfer, uid dynamics and corresponding reaction
in a photobioreactor. The characteristics of each phase and its interaction mark
the principal problem that is considered when designing a PBR (3)

1.6.1 Light

Light is the most important parameter for photo-autotrophic culture. It represents
a major limiting factor in the cultivation of photoautotrophs (57). It is critical to
understand the relationship between light intensity and photosynthesis as light lim-
itation could arise as a result of low intensity while light intensity beyond a critical
point can lead to light saturation and photo-inhibition (23). The mechanism of
photo-inhibition as a result of light intensity in most microalgae is related to the
inactivation of enzymes involved in GOxation as well as inhibiting the growth of

the chloroplast lamellae (58).

Microalgae synthesize cell protoplasm using light as the source of energy, in
addition maximum growth rate is obtained at the saturation intensity of light with
increase or decrease in the intensity leading to decrease in maximal growth rate
(59). Light energy is supplied naturally from sunlight or by arti cial illumination
(60). Arti cial ilumination provides the best option as they can be controlled and
optimised as required by the cells (61). Light distribution in the PBR is in uenced

by light attenuation and the geometry of the reactor. Light attenuation can arise in
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a highly dense culture because of mutual shading of the cells or through scattering
of the cells. To optimise spatial distribution of light, the light path length must be

reduced in order to minimise the dark zone in the reactor (62).

Light energy is harnessed by the photoautotrophs in form of photon ux den-
sity (PFD) and a little fraction of the PFD is absorbed. The fraction absorbed de-
pends on the optical path of the PBR, the cell density, the frequency of the light/dark
cycle and mixing, provided all other culture factors such as the pH or temperature
are optimal. The higher the cell density the lower the photo ux density in the cul-
ture. The spectral range, which is designated by the photosynthetic active radiation,

is from 400nm to 700nm. This is the usable wavelength range by the algal cells.

1.6.2 Mixing and Aeration Rate

Mixing is an important operation when designing any bioprocess (63). It is needed
to create a homogenous environment within the reactor for ef cient mass transfer
in the PBR to prevent the cells from settling, to prevent nutrient or thermal strati -
cation and to provide an ef cient light/dark cycle among microalgae cells. Several
mixing methods have been investigated for microbial bioprocesses and the effect of
these methods on key parameters such as the overall mass transfer coef cient, heat
transfer etc. has also been established. For microalgae cultivation, methods such
as paddlewheel as used in the open raceway pond, static mixer (64), impeller in a
stirred tank reactor (7), gas sparging in bubble column/airlift reactor (65) and more
recently orbital shaking (7), have been used. Other methods such as incorporation
of baf es into the reactor have also been used to aid mixing in both large-scale and
small-scale reactors (66; 67). The right amount of mixing needed by the cells should
be provided as excess mixing can damage the cells and reduce the productivity (68).
Pneumatically driven reactors generally have low shear stress, the reactors are ma-
jorly used for the cultivation of shear sensitive cells (69). However excessive air
ow can lead to cell damage and reduced biomass production in microalgae culture

as a result of excessive shear (70).
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1.6.3 CG, supply and O, removal

The importance of CQsupply in the photoautotrophic cultivation of microalgae

has been discussed earlier. Hence in PBR design, an effective way of supplying
the gas, and the concentration of C8upplied must be determined. €©Gan be
supplied either by sparging through the headspace or from the bottom of the PBR.
The amount of CQbubbled into the culture depends on the demand of the culture
which can be calculated on a stoichiometry basis (3). The carbon uptake kinetics of
the algal cells is another consideration because a partial pressure of 0.1-0.2 kPa was
reported to be required to achieve saturation of the media with (@D. The pH

of the system can be controlled at the same time by supplyingtG@he culture

system.

1.6.4 Temperature control

The source of light, metabolic activity of the cells and mixing method adopted in
a PBR means the temperature in a culture can uctuate (72). The optimal growth
temperature is important to maintain the photosynthetic activity without changing
any of its inherent physiological or biochemical parameters. The optimum temper-
ature varies for different microalgae strains, for exan@iorella sorokinianavas

found to have an optimal temperature of 30°C (FBematococcus pluviali25°C

(74), Phaeodactylum tricornutun25.2°C (72). However, temperatures above this
value may have a deleterious effect on the cells. Hence, in designing a PBR, the
mode of temperature control is important. Several methods that have been adopted
for temperature control in PBR includes the use of heat exchangers (75), cooling by
immersion and the use of incubators for small-scale algae cultivation (7; 76). Other
methods such as spraying with cooling water or shading of the photobioreactor to

reduce the intensity of the light and heat have been used in outdoor systems (77).

1.6.5 Monitoring and Control

A monitoring system for the capture of real-time data is important for any biological
process including microalgae cultivation. Sensors or off-gas and metabolite anal-

ysers can be used for this purpose. Some of these sensors include the pH sensor,
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temperature probes, irradiance sensor for light intensity, dissolved oxygen electrode
and sensor for measuring G@oncentration (78). With high precision sensors, op-
timal productivity can be obtained in the reactor through effective process monitor-
ing and time controlled actions (79). Apart from the use of sensors, process models
with minimal instrumentation and cost are been developed for the monitoring of the
process dynamics. An example of this is the dynamic pH model for monitoring pH

in autotrophic culture conditions (80).

1.6.6 Material of construction

Factors such as cost, reusability, biological performance, corrosion and a high de-
gree of transparency affect the choice of material (79). The use of an internal source
of light for some PBRs has paved the way for possible use of opaque material for
its construction (81; 82). Construction material can represent a signi cant portion
of the production cost, the low cost of material is one of the reasons open pond
systems are attractive. Several materials have been used for the construction of
PBRs depending on the type of design and con guration of the PBR, they include
polyethylene, acrylic (Perspex) (7), glass (23) and poly vinyl chloride (PVC). Apart
from the main PBR vessels, materials for other parts such as the pipes for the supply

of nutrients or gas and support structures must be considered carefully.

1.7 Small-Scale Systems For Microalgae Culture

1.7.1 Need for Small-Scale PBRs

Small-scale bioreactors are currently taking precedence when developing a biopro-
cess. This is due to their high throughput capability, which results in high speed
process development by offering a parallel cultivation system, real-time monitoring,
and potentially automated (83). The need for small-scale systems for bioprocess de-
velopment is beyond cultivation alone, as it is now used in harvesting and recovery
of the nal product (84; 85).

The initial stage for the development of microbial cultivation processes in-
volves the identi cation of strain with the product of interest. The strains being

investigated could be as low as 5 or as high as 100 strains (86). This is followed



1.7. Small-Scale Systems For Microalgae Culture 37

by investigating and optimising the process requirements for increased productivity
of the chosen strain. Afterwards, the media composition, culture conditions such
as pH, temperature, light intensity etc. are optimised, and the process is scaled-up
empirically or based on experimentally validated criteria. This development pro-
cess, from the strain identi cation up to the scale-up involves a lot of experiments
which could be up to hundred or more. A high throughput system which allows for
parallel rather than sequential experiments can help increase the rate at which the
experiments can be carried out, thereby shortening the process development time
(87). Shaken asks, microwell plates, and miniature stirred tank bioreactors are the
most common platforms used for small-scale cell cultivation (7). However, shaken
asks have drawbacks including dif culty in getting real time data, limited mass

transfer capability, limited level of parallelisation and automation (83).

Despite the drawbacks, shaken asks still remains the prevalent method for
small-scale microalgae cultivation (7). However, with the increasing use of algae for
biofuel production, food supplement, organic chemicals, and substitute for bacteria
as expression system for recombinant proteins, the need for microalgae process
development tools is critical, hence a high throughput miniature system should be

developed and characterised.

Diverse miniature bioreactors have been developed for both mammalian and
bacterial cells (88), however, for microalgae, most of the PBR developed for re-
search are laboratory scale size (0.5-5L scale). Recent work done by (7) shows that
a shaken microwell plate can be used for rapid evaluation of microalgae growth and
performances in terms of biomass concentration and lipid accumulation. The de-
sign criteria for PBRs have been discussed earlier in section 1.6, all must be duly
considered when designing a miniature PBR. The mode of mixing in most of the
developed pilot and large-scale PBRs for algal culture is internally sparging with
air irrespective of the geometry. The prevalent use of this mixing mode can be
attributed to its simple nature, low energy consumption, ef cient mass transfer to

support algal culture (89).
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1.7.2 Small-Scale PBRs

The need for small-scale PBRs in microalgae process development has been es-
tablished. Several attempts have been made to develop small-scale platforms for
microalgae culture (90; 7; 91; 92). Some were commercialised while some were
mainly designed for in-house research purposes (93). As mentioned earlier, shake
asks have been the traditional method for small-scale microalgae cultivation how-
ever some alternate culture systems have been developed. These culture systems

are discussed below.

Shake ask is the conventional culture system for early process development,
and it has been used for a long time. Shake ask has been reliable because it is
easy to use, and simultaneous experiments can be performed on a single shaking
platform (15). It offers some degree of parallelisation. The acceptance of shake
asks for small-scale culture was further buttressed by (94), who estimated that 90%
of small-scale culture were performed in shake asks. The downside of shake asks
is that its engineering environment is different from the common form of large-
scale photobioreactors used for microalgae culture. The mixing and mass transfer
is primarily by orbital shaking, while for most types of PBR it is by bubbling with
air. Some commercialised culture systems have been designed based on the use of
shake asks, an example of such is the Algem culture system shown in Figure 1.5.
It consists of two 1 L shake asks with the mixing provided by rocking motion of
the asks. The light, temperature, mixing, aeration and pH can all be monitored and
controlled, it also has the advantage of providing a real-time growth data. However,
like all the shake ask systems, this system is cumbersome to use, having multiple

units of the system will require a large footprint.

The Multi-Cultivator MC 1000 is a laboratory-scale PBR marketed by Photon
systems Instruments. It consists of 8 test-tubes of 100 mL each and working volume
of 85 mL. Mixing and agitation is obtained by overhead bubbling with air. The tem-
perature is controlled by immersing the tubes in a water bath and illuminated by cool
white LEDs. Compared to the shake ask and Algem, this system offers more in

term of parallelisation. Automation of the growth rate measurement by estimating
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Figure 1.5: Algem Photobioreactor. It is made up of two shake asks, mode of mixing is
by rocking motion of the ask. (Taken from www.algenuity.com)

the optical density as obtained in Algem is also an advantage. Another advantage
of the system compared to shake asks is that it provides a similar engineering en-
vironment to the large-scale photobioreactors hence providing a better platform for
scale up based on its engineering characteristics. Although the engineering charac-
terisation of the PBR for microalgae culture was not reported, the system has been
widely used for successful cultivation of several species of microalgae in research
laboratories (95; 83; 96; 97). However, the level of parallelisation is limited, and
having multiple units will lead to large footprint.

Microwell plates are relatively cheap and can be easily automated by integra-
tion with liquid handling robots. It also provides a high throughput platform for
early microalgae cultivation (7), where key process design data can be obtained.
Microwell plates have been studied extensively for microbial culture most espe-
cially for bacteria and mammalian culture, but less work has been done in using
microwell plates for microalgae culture. Mixing is performed in microwell plates
by agitating on a shaken platform while gas supply to the culture is by overhead
gassing which is facilitated by using a semi permeable membrane (92). Knowl-

edge of the engineering environment of microwell plate for microalgae culture is
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important for making a rational selection of microalgae culture conditions (7). One
such condition is ensuring ef cient transfer of G@ microalgae culture and re-
moval of G (98). Effect of different microwell geometry and shaking speed on the
mass transfer capacitiy @) of the microwell plate was carried out by (7) and it was
reported that square well with pyramidal bottom has a hidharvalue than the

at bottomed and circular microwell plates. The observation was attributed to the
shape of the square wells, which act as baf es. The mass transfer capability of the
microwell plate was obtained by measuring the dissolvedi@ CQ content using
microneedle probes in the microwell. The 24-well microplate with a 4 mL working
volume characterised by (7) for microalgae culture represents a signi cant mile-
stone in the use of microwell plates for microalgae culture. \K{ithvalues ranging

from 20 h 1 to 80 h 1 and light intensity variation of 20 pmol m 2s 1 across the

wells; reproducible, comparable growth rate, and nal biomass concentration were
obtained. (92) also developed a 48-well microwell reactor for phototrophic cul-
ture. The microbioreactor was designed based on the Biolector system. It was tted
with LED lights and the wells were illuminated from the bottom. Characterisation
of light showed 2.5 % uctuation of photosynthetic active radiation (PAR) across
the wells, while phototrophic culture showed 5% variation in the biomass formed.
Evaporation which is a key problem in small-scale systems was reduced in both
systems using the same technique by sealing the wells with gas permeable mem-
branes and optimising the culture conditions (relative humidity, temperature and
light intensity) for reduced evaporation. While both microwell systems are signi -
cant improvements over other small-scale microalgae PBR with higher throughput
capability, they both depend on incubator to control some process parameters such
as the temperature, evaporation etc. and this adds a signi cant amount to the cost
of the photobioreactor. Most importantly, the primary means of mixing and agita-
tion is by orbital shaking which is different from the conventional large-scale PBRs
where mixing is by bubbling air into the PBR. The engineering environment is not
representative of the conventional large-scale PBR, hence making scaling up dif -

cult. Lastly, instrumentation of shaken systems is also complex due to the constant
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agitation of the reactor.

1.7.3 Bubble column PBR

As earlier explained, there are inherent limitations to the use of shake asks for
small-scale culture of microalgae, some of which were attempted to be solved by the
design of other small-scale photobioreactors. Several other small-scale PBRs have
been designed most of which are based on the different geometry of large PBRs that
were described in section 1.5.2. Most of these small/lab scale systems presented in
Table 1.2 are either singular units or offering reduced level of parallelisation. One
common design is the bubble column in which a gas phase is brought into close
contact with a liquid phase.

The recent successful design and characterisation of a 24 deep-well microplate
for the culture of microalgae by (7) opened a new perspective into the design of
small-scale PBRs. The use of microwell plates allows for high throughput culture,
potential use with liquid handling robots, and miniaturisation. Typically, mixing in
a microtiter plate for cell culture is performed by orbital shaking. However there
are limitations to this mode of mixing for microalgae culture as explained earlier.
As an alternative to orbital shaking, bubbles from gas dispersion into the liquid can
also be effective (15). The advantages of bubble columns have been discussed in
section 1.5.2.1.

A bubble column is a type of closed PBR which has been successfully used
for microalgae cultivation at a large-scale. While some small-scale bubble column
PBR has been designed, the working volume of most of these PBR is between 0.020
L to 10 L (90; 82; 99; 93) and they offer limited level of parallelisation. In addi-
tion to the advantages of BC discussed in section 1.5.2.1, developing a miniaturised
high throughput BC for early microalgae cultivation will provide similar engineer-
ing environment to large-scale PBR, which will reduce the dif culty in scale-up
characteristics of shaken microwell plates (15). It will also be a major reduction in
the scale of most reported small-scale microalgae PBRs.

A proper understanding of the dynamics of bubbles in the liquid and its effect

on parameters such as volumetric mass transfer rate, mixing, gas hold-up, light



1.7. Small-Scale Systems For Microalgae Culture 42

intensity and distribution, will be crucial in the design of such miniature PBR. The
major factor likely to affect this characteristic is the rate of air ow in the medium

or the super cial gas velocity which is the ratio of volumetric ow rate to the cross-
sectional area (15). Factors that majorly affect hydrodynamics in a bubble column
have been well studied. The bubble column is characterised by high mass transfer
coef cient, because of the direct bubbling of air into the culture, which helps to
ef ciently utilise CO, and remove @ from the culture (100). Thus, volumetric
mass transfer in BC has been reported to be higher than most shaken bioreactors
(101). A mass transfer coef cient la of 220 h 1 has been reported by (87) for

a 2 mL bubble column reactor, while (91) reported,a lof 56 h 1 in a 13 mL

PBR. Higher oxygen mass transfer coef cient also means the level of oxygen in the
culture remains close to air saturation value, hence the possible effegtasf the

cells can be ignored (102). This suggests that mass transfer in small-scale BC PBR

is unlikely to be a limiting factor.

Gas hold-up is the ratio of the gas phase to the total reactor working volume
and is an important factor affecting the mass transfer rate in bubble columns (103).
The property of the medium and air ow rate affects the gas hold-up. Increase in
super cial gas velocity (&) leads to increase in the gas hold-up. Another factor
that affects the hydrodynamics is the nature of the bubbles which is in uenced by
the type of sparger used (104). Smaller bubbles are preferred to larger bubbles
because of longer residence time which increases the gas-hold up and mass trans-
fer. Aeration rate has a dominant effect on the characteristics of turbulent mixing
in PBR, turbulent mixing is obtained at a higher gas ow rate with more bubble
formation. At lower ow rates, homogenous type of ow can be obtained which
provide minimal mixing. Turbulent mixing has a large effect on the uid dynamics,

algal metabolism and light intake rate (105).

The airlift photobioreactor is a variation of the bubble column, it is divided
into two zones called riser and down comer. Airlift PBR has been reported to have
an improved biomass productivity compared to bubble column (100). (106) also

reported 2-fold increase in the productivity of airlift compared to BC. The improved
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Figure 1.6: Con gurations of airlift reactors: (A) Internal-loop split ALR (B) Internl-loop
concentric tube reactor (C) External-loop ALR adapted from (4).

performance in airlift is due the structured form of mixing obtained as compared
to more chaotic movement of bubbles in the bubble column. Some reports also
suggested that there was no difference between the performance of both BC and
airlift (107), hence this indicates that none of the two PBR type can be described as
more suitable for microalgae cultivation. The difference will most likely depend on
the geometry, light distribution and aeration rate. Figure 1.6 illustrates the common
designs. The two interconnecting zones in the airlift PBR are separated by using a

concentric column or a at panel sheet - in case of split columns (108).

One big setback for microalgae cultivation in small-scale bubble columns is
the severe evaporation (92), which results from long cultivation periods, illumina-
tion from light and direct bubbling of the culture medium with dry air. Signi cant
reduction in the volume of the culture can result in change in the pH of the medium,
affect the mass transfer coef cient, it can also lead to decrease in the lling height

thereby in uencing light path length in the column. However, several techniques
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such as humidi cation have been used to reduce the rate of evaporation (109; 7; 92).
With the knowledge gained from the engineering characteristics of laboratory
and large-scale bubble columns coupled with its intrinsic advantages over other
types of PBR for microalgae cultivation, a miniaturised photobioreactor that enables
high throughput microalgae culture and provides a similar hydrodynamic platform
to the conventional large-scale PBR will be designed. This will be a mimic of large-

scale bubble column/airlift.
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1.8 Engineering Characterisation

A newly designed PBR must be fully characterised in order to improve the design,
optimise the operational conditions and potential use for scale-up (109). Engineer-
ing parameters such as thgak mixing time, speci ¢ power input have been es-
tablished as factors that need to be characterised for conventional bioreactors and
can be used for ef cient scale up (15). Generally, for PBRs, additional parameters
must be characterised to fully understand the operating conditions, they are further

explained below.

1.8.1 Volumetric mass transfer coef cient ik a

The importance of @and CQ in aerobic bioprocess and photosynthetic culture
respectively is well known (110). The low solubility of oxygen in aerobic culture
means it must be continuously monitored and supplied, while the mass transfer of
CO, between gas and liquid phase in autotrophic culture must be ef cient (102).
Aeration and mixing rate are the important parameters that govern the mass transfer
rate. Hence the rate of gas-liquid mass transfer in PBRs must be determined and
this is usually expressed as theak Determining the jka also helps to examine the
ef ciency of the aeration and mixing method in the bioreactor. The common meth-
ods that can be used for thekmeasurement is the sulphite method, static gassing
out method and dynamic gassing out method (111). There are simple correlations
that have been derived for BC and airlift reactors, most of the equations shows the
proportionality of i a to the super cial gas velocity. Two examples are shown in
the equations below.

kia= 0:32(Ug)%’ (1.2)

kia= 0:65(Ug)%® (1.3)

1.8.2 Mixing time

The importance of mixing has been discussed in section 1.6.2. Hence it is critical
that it is well characterised. Different methods have been used for the determination

of mixing time and they include iodometry-decolourisation, conductivity method,
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dual pH indicator system, sensors and residence time distribution (15).

1.8.3 Super cial gas velocity

Ug is an important parameter that must be determined in an aerated system for
the prediction of liquid or bubble dispersal in the bioreactor. The effectobb)
microalgae culture has been reported, it suggests that there is an optigidion U
optimal productivity, provided all other parameters are optimised. It was also shown
that aeration rate is proportional to the UJg is a factor of the aeration rate by the

cross-sectional area of the reactor (112).

Q
Ug= =
™A

(1.4)
Where Q = volumetric ow rate /s 1, A = Cross-sectional area’m

1.8.4 Liquid ow velocity U

Liquid ow velocity is an important hydrodynamic property in pneumatic PBRs.

It is a function of the aeration rate, and it affects the mass transfer (113). To
characterise the ow pattern in the PBR, the liquid velocity, and characteristic of
the dispersed phase must be studied. The liquid velocity can be used to calculate
the Reynolds number, a dimensionless parameter which is used to determine ow
regime. Different experimental techniques (both invasive and non-invasive) have
been used to study the ow pattern, while theoretical models have also been pro-
posed. Non-invasive methods such as radioactive particle tracking, X-ray tomog-
raphy, laser doppler velocimetry (LDV), particle image velocimetry (P1V), particle
tracking velocimetry are techniques that have been used (114). The use of these
techniques is restricted by limited measurement points, the high cost of equipment,
and limited to low gas hold-ups because of the large refractive index (115). How-
ever, PIV is the most promising technique, and different methods that aim to re-
duce the effect of the dispersion of light by gas bubbles on the measurement have
been proposed (116). A phase discrimination method through a novel experimental
set-up (117) and novel image analysis techniques have been used for liquid veloc-

ity calculation in PIV. Shadowgraphy technique, a relatively simple method which
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makes use of backlight and recording camera have been used in bubble columns.
The shadow image of the bubbles is recorded by the camera, and they are tracked

and used for calculation of the liquid velocity (118).

Figure 1.7: Bubble ow and churn-turbulent ow regime in bubble column

1.8.5 Gas hold-up

In a gas- liquid bioreactor, the gas hold-up affects the hydrodynamics of the sys-
tem and it is largely in uenced by the gas velocity in the reactor. (119) reported
that super cial gas velocity has the most in uence on the gas hold-up, with various
other reports covering different types of bubble columns showing that increase in
super cial gas velocity lead to proportionate increase in the gas hold-up. This holds
true up to the bubbly region of the uid ow (as shown in Figure 1.7 above) and
becomes less pronounced at the churn-turbulent region (112). There has also been
a report that shows that increase in the super cial gas velocity in the bubbly region
has no effect on the overall gas hold-up, while the churn-turbulent region increases
in gas hold-up with increase in super cial gas velocity due to the presence of larger

bubbles which holds up the gas (120). The volume expansion method is the com-
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mon method of measuring the gas hold-up (121). Estimation of gas hold-up has
been reported to be dependent on thedd as shown in Equation 1.5 depends on

the uid property and nature of the ow regime.

e= CUg? (1.5)

Where s = super cial gas velocity. The exponent a, depends on the ow regime
and varies from 0.7 to 1.2 in the bubbly region, while in the heterogeneous region

the value ranges from 0.4 to 0.7 (119).

1.8.6 Bubble Dynamics

Bubble dynamics in the PBR is a key characteristic that affect the hydrodynamics
of the reactor (108). The bubble size and shape in uence the gas hold-up and mass
transfer (122). The bubble size and shape is determined by the type of sparger
used and the aeration rate. The size of bubble optimal for microalgae culture is
reactor dependent. Generally, smaller bubble size is preferred, small bubble size
results in lower bubble velocity hence longer residence time of the bubbles. It also
increases the interfacial area. This increases the gas hold-up and consequently the
mass transfer coef cient. However, smaller bubble sizes can also cause foaming
especially in small-scale reactors, and if not properly managed, might lead to loss
of biomass. Smaller bubble sizes also contribute to evaporation loss in the PBR
due to its surface area. Hence the type of sparger used in miniature photobioreactor
must be carefully considered. The bubble size and velocity can be determined based

on empirical equations and experimentally by image analysis technique (123).

1.9 Scale-up

Scale-up is important for successful bioprocess development. The primary aim of
process development is ultimately large-scale production (124). Scale-up is of ut-
most importance in microalgae bioprocessing especially for the production of low
value, large volume products, such as biofuels. Scale-up primarily involves an in-
crease in the geometry of the PBR; either the diameter or the height. Increase in ge-

ometry leads to a considerable change in the PBR engineering environment, leading
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to constraints during the scale-up process.

However, scaling up based on equivalent mass transfer has been described as a
good starting point for PBR. Methods such as maintaining the mixing and aeration
rate have been used with limited effect because other factors like light intensity and
difference in geometry also come into play. Replication of similar mass transfer rate
in bubble columns across different scales is technically challenging. Factors such as
the bubble dynamics and aeration rate all contribute to the mass transfer and must
be taken into account. Irrespective of the scale used, the supply ph@Dremoval
of O, can be effectively managed if the PBR is properly designed. (125) suggested
that mass transfer of CQand G in phototrophic culture are not the main factor
limiting scalability, which suggests that other factors should take precedence when
scaling up.

Light distribution in the PBR has been described as one of the most important
limiting factors for the scale-up of PBR (126; 82). To effectively scale- up bubble
columns, the frequency of the cells between the light and dark zone must be de-
termined and replicated (127; 128). The light and dark cycling of the cells within
the PBR depends on the volume of the light zone - which can be experimentally
determined and scaled. Light intensity, biomass concentration, tube diameter, and
cell pigments are the main factors that affect the volume of the light zone. Also, tur-
bulence, in uenced by aeration rate, also affect the light and dark frequency (129).
(128) scaled-up a tubular PBR by maintaining the frequency of the cells between
the light and dark zone. An equation which relates the linear culture velocity to the
volume of the light and dark zone was developed and used for scale-up. A similar
approach was reported by (130), where the process scale-up was done by optimiz-
ing the cell frequency between light and dark zone for increased biomass yield and

replicating the cell frequency at the large-scale.

1.10 Aims and Objectives

The importance of high through-put scale down PBR for microalgae bioprocess de-

velopment has been discussed. Scale-up of the small-scale PBR is important and
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several criteria such as light distribution, mass transfer, and mixing time are de-
scribed as parameters that could be kept constant. We propose that a miniature
BC/Airlift PBR at a scale of approximately 15 mL can be developed and based on
equivalence of these criteria can effectively mimic laboratory/pilot scale bubble col-
umn photobioreactors for early-stage evaluation and cultivation of microalgae. The
aim of this research is to develop a miniaturized bubble column photobioreactor
which mimics a large-scale BC or airlift photobioreactor for early-stage evaluation
of microalgae cultivation. Recent research at UCL has established a parallel minia-
ture photobioreactor based on an orbitally shaken 24-well plate for high throughput
microalgae culture. However, there is presently no miniature multiwell design based
on bubble column/airlift system for the culture of microalgae. In this research a
miniature multiwell bubble column/airlift PBR will be developed and characterised
in terms of evaporation rate, mixing, mass transfer, and microalgae growth.

Chlorella sorokinianawill be used as the main test strain due to its robustness
and high growth rate (7). The cultivation in the mPBR will also be characterised in
terms of its effect on the formation of key bio-products from the microalgae: lipids
and chlorophyll. Following the engineering characterisation, the mPBR will be
used to optimise the growth and productivity@iilorella sorokinianalhe speci c

objectives are listed below.
* The design and fabrication of the miniature photobioreactor prototype.

» Engineering characterisation of the mPBR with respect to the liquid and gas

phase.

» Characterise and improve the growth rate, and biomass yiel@dhédrella

sorokinianain the mPBR system.
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Chapter 2

MATERIALS AND METHODS

2.1 Materials

Unless otherwise stated, all the reagents were obtained from Sigma-Aldrich (Dorset,
UK), Fisher Scienti ¢, UK, VWR International Limited, UK. Milli-Q and RO water

were used for all the experiments. The gas was obtained from BOC, (London, UK).

2.1.1 Algae Strains and Culture Conditions

The microalgaeChlorella sorokinianag(UTEX 1230) strain was obtained from the
culture collection of algae at the University of Texas at Austin. The strain was
maintained on agar slants of Tris-Acetate-Phosphate (TAP) for up to 12 weeks (40).
They were maintained under light dark cycle of 12L:12D at 25 °C, and 40 pumol
m 2s 1. For short term maintenance of the cell, 250 mL shake ask containing 90
mL of Tris minimal medium was inoculated. The broth was continuously stirred at
180 rpm in a Kuhner shaker set at temperature of 25 °C and light intensity of 60
umol m 2 s 1. The cells were sub-cultured bi-weekly to maintain their viability
(40).

2.1.2 Media Composition and Preparation

The growth media used fdC. sorokinianaculture were Tris-Acetate-Phosphate
(TAP), Tris-Base Phosphate (TBP) and Tris minimal, (Table 2.1) depending on the
experimental goals. The Tris minimal and TBP were used for phototrophic cul-
ture of C. sorokiniana Unlike the TAP medium, the Tris minimal was prepared by

excluding acetic acid, however the nal solution pH was adjusted with HCI to 7.0.
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2.2 Photobioreactor Design and Operation

2.2.1 Photobioreactor design

With the aim of designing a scale-down model of a conventional pneumatic photo-
bioreactor, a 4-well prototype was initially designed at the Engineering workshop
of Biochemical Engineering Dept., University College London: it consists of at
bottom square wells with width of 16.5 mm and height of 40 mm. The total volume
of the well was 10 mL, with working volume of 5 mL; this leaves enough headspace
for degassing and foaming. For aeration and mixing, the reactor was equipped with
0.5 mm and 2 mm multiple ori ce spargers. The inlet port was equipped with 0.2 um
Iter, and the gas ow rate controlled with a rotameter (Instrument Direct Acrylic
Gas Flow Indicator, UK) over the operational range of 2.4 to 6'LiThe prototype

was constructed using Perspex; it is transparent and essential for light transmission
into the wells.

As an improvement over the 4-well PBR, a 6-well PBR was also designed.
The changes made include the sparger design: a sintered disc frit compared to the
multiple ori ce was used, the frit was designed such that it can be removed and
changed. The geometry and material of construction were also changed. The 6-well
MPBR consists of four bubble and two airlift columns. One of the critical design
consideration in pneumatic bioreactor is the aeration system (131). Aeration system
in bubble columns is made up of sparger which in uences the bubble dynamics and
critical engineering parameters such as the gas hold-up and mass transfer (122).
For the 6-well PBR, sintered glass discs were used for the sparger and the diameters
varied in the mPBR columns. Two different sintered disc sizes of 12 mm, 5 mm
were used in the bubble columns, while airlift was 8 mm (Figure 3.3). Based on the
sparger size, the wells were divided into three different con gurations, the airlift
column (ALR) with 8 mm sparger diameter, bubble column (FBC) with 12 mm and
bubble column (PBC) with 5 mm diameter.

The sintered disc was housed inside the removable base of each well as shown
in Figure 3.4(d). The exibility of the base enables easy replacement of the sintered

disc. Each well is individually bubbled with air and it is connected to a 4 mm push



2.3. Engineering characterisation 55

in connector. The head-plate of the mPBR was designed to hermetically seal each of
the wells. The head-plate was designed with three ports designated for inoculating,
sampling and as a gas/vapour relief outlet to prevent pressure build-up in the reactor.
Each of the well was designed to be cylindrical in shape with a maximum working
volume of 15 mL. The geometric dimension of each well is 120 mm height, 16
mm internal diameter and 2 mm wall thickness to ensure easy light penetration. In
the airlift (ALR), the internal separating element is 80 mm in height with a bottom
clearance of 5 mm.

Mixing and mass transfer were achieved by bubbling compressed air into the
well through the sintered disc frit (Aimer Products Ltd, UK) with porosity 4 (10-16
um). The glass frits are autoclavable, hence can be used repeatedly. The material
of construction for PBR was a clear polycarbonate (Alternative Plastic, UK), which
is autoclavable and transluscent (allows easy penetration of light). Air owmeter
(Dwyer Air Flow meter, UK) connected to the air-inlet port controls the air ow
into the well within the range of 10 to 50 mimif (0.6 to 3 Lh 1).

Light was provided by cool LED light. The LED light was purchased from
Wholesale LED light and soldered on a board which was placed 2 mm from the
cylindrical wells. The light intensity was measured using LI-250A meter (LI-COR

Bioscience).

2.3 Engineering characterisation

2.3.1 Quanti cation of oxygen mass transfer coef cient (k a)

The kg a, values in the mPBR were determined experimentally by using the static
gassing-out method as described by (132). Here, a needle oxygen micro sensor
(PreSens, Germany) was calibrated to 0 % using (1 g of sodium thiosulfate and
0.09 g of cobalt nitrate dissolved in 100 mL of the test uid) and 100 % in test uid
saturated with humidi ed air. The test uid was TAP medium and it was used for
both calibrations prior to all experiments. The experiments were carried out by rst
setting the reactor to the desired ow rate and sparging the medium vgitinil

the dissolved oxygen (DO) is below 2 %, afterwards air was sparged into the system
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Figure 2.1: Dissolved-Oxygen Time Pro le for ka quanti cation in the miniature photo-
bioreactor. The data was obtained at 0.6 £nd 2.4 Lh ' in a 15 mL working
volume bubble column.

until the DO is above 80 %. Thg & values were determined from the DO versus
time pro les (Figure 2.1), the natural log of percentage DO was plotted against time
and the gradient of the slope equals tha.kThe experiments were carried out at
different aeration rates (0.6 to 2.4 L} and constant temperature of 32 °C. The
experiments were repeated ve times, and the averagevilues was taken as the

k_a at each test condition.

2.3.2 Quanti cation of Evaporation rates

Evaporation rate from individual wells were determined by measuring changes in
the volume of medium per time using a graded ruler attached to the side of the col-

umn as shown in Figure 2.4. A calibration curve was generated (Appendix Figure
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A.1) and used for the conversion of measured liquid height to volume. The evapo-
ration rate was measured directly frddn sorokinianaculture at different aeration

rate (0.6 to 1.8 Lh1), constant light intensity of 200 pmol M s 1 and temperature

of 32 °C. The volume loss was calculated per day and loss over the culture period
(3 to 5 days) was averaged. To verify the evaporation rates, the harvested volume
was measured with a pipette and compared to the calculated evaporation rates at the

end of each experiment.

2.3.3 Mixing Time Quanti cation

Liquid phase mixing time was determined using TAP medium and an inert blue food
dye (Super Cook, Leeds, UK) as described by (133). 1% v/v blue dye was injected
into the reactor and mixing progress (Figure 2.2) in the reactor column was cap-
tured in images using NETSs icube high-speed camera at 25 frames/s shutter speed
(NET-GmbH). The images were stored in an RGB format at a resolution of 1280

x 1024 pixel. For each of the reactor con guration, mixing times were determined

at ow rates ranging from 0.6 to 2.4 LH. The experiments were repeated ve
times and the images processed for mixing time quanti cation of which the aver-
age values were recorded as the mixing time. The images obtained were processed
for the mixing time quanti cation using image processing algorithm on MATLAB.

The standard deviation of each normalised channel intensity (i.e. red, green and
blue) in each image/frame was quanti ed throughout the experiment (images ac-
quired). The red channel was chosen for further processing as this shows the most
signi cant change across the images analysed. The mixing time is taken to be the
point when the standard deviation was below a de ned threshold. At the threshold
point, the uid is considered to be fully mixed. The mixing time is taken as the time
necessary to obtain 95% homogeneity (134). Figure 2.3 shows a typical standard
deviation variation with the number of frames analysed starting from a lower value

and increased sharply after blue dye addition.
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Figure 2.2: Colour evolution in the reactor as used for the computation of the mixing time.
(A) The airlift and (B) the bubble column. The images were acquired from a
high-speed camera.

2.3.4 Gas holdup

The gas hold-up was determined using volume expansion method (135). The reactor
was graduated using a ruler as shown in Figure 2.4 and the difference in the height
of the liquid when aerated @)land without aeration (H was observed and the gas
hold-up,ewascalculatedaccordingtotheE quat&:

(Ha HL)

e= H—a (21)
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Figure 2.3: Liquid phase homogeneity during the course of the mixing time experiments.

2.3.5 Super cial Liquid velocity

The liquid velocity was determined using a generally acceptable theoretical model

for split airlift and bubble column reactors by (136) as shown in Equation 2.2 to 2.4.

Ur =[(2gho(er  eq)) =(Ke(Ar=Ag)?1=(1 €g)?)]*® (2.2)

where (U,) is the super cial liquid velocity in the riser region of the airlift, (g)
is the gravitational acceleration lis the dispersion heighg; is the gas hold-up in
the risergy is the gas hold up in the downcomerg k€ the frictional loss coef cient,
A, and Ay are the cross-sectional areas of the riser and downcomer respectigely. K

is calculated using Equation 2.3

Kg = 11402 Ag=Ay,)% "8 (2.3)
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bubble column.png

Figure 2.4: Graduated bubble column as used for gas hold-up determination and determi-
nation of volume loss per time.

where Ay and A, are the cross-sectional area of the downcomer and free area

available for liquid ow between riser and downcomer respectively (136).

UL = 0:9(gdpUg) %33 (2.4)

where U is the super cial liquid velocity in the bubble column ang i the
diameter of the column. & the super cial gas velocity is then calculated using

Equation 2.5.

Us = Vg=a (2.5)

where \f is the gas ow rate and a is the cross sectional area of the bubble

column.

2.3.6 Light intensity measurement

The light intensity in the Kuhner X shaker, INFORS incubator and miniature pho-

tobioreactor was measured with a LI-250A light meter (LI-COR Bioscience) con-
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nected to LI-190SA PAR sensor. It measures the photosynthetically active radiation
(PAR), the radiation in the spectra ranges between 400 - 700 nm. The light intensity
at the opposite side of the well was measured at different position and the average

taken as the light intensity.

2.4 Photobhioreactor Cultivation

2.4.1 Inoculum preparation

The seed culture was inoculated fr@nsorokinianastock (maintained as described

in section 2.1.1) into 100 mL TAP medium using 250 mL Erlenmeyer asks. The
cultivation was performed in a Kuhner incubator shaker (Kuhner AG, Switzerland)
for 7 days. The operating condition was 180 rpm, 2& °C, and 60 pmol m?2

s 1. This was repeated using 10 % Winoculum and cultivated for 3 days before

nally inoculating the photobioreactor.

2.4.2 Cultivation in the mPBR

The mPBR was initially autoclaved (holding temperature of 121 °C for 20 minutes)
and left to air dry in a laminar ow hood. Each well was aseptically lled with
medium and inoculated at the desired seeding density. The mMPBR was sealed with
the head-plate and incubated in the INFORS incubator (Infors HT, Switzerland).
The temperature of the culture was regulated by the incubator, the two cultivation
modes being tested were carried out at 32 °C. The batch experiments were in trip-
licates and sampling (200 pL) was done under laminar ow hood at intervals. For
the mixotrophic cultivation, atmospheric air was bubbled into the medium, while
air enriched with 5 % C@was used for phototrophic cultivation. Light intensity

and ow rates were varied based on the experimental design.

2.4.3 DoE Experiment

Umetrics Modde, Version 12 was used to design the optimisation experiment for
the multivariate analysis. 16 culture experiments including 3 centre points was de-
signed. A D-optimal design method was used to create a data set that was analysed

based on partial least square (PLS) model inbuilt into the software. Table 2.2 shows



2.5. Analytical method 62

the input factors, the three independent process factors investigated are; the light
intensity (50 - 200 pmol m? s 1), ow rate (0.6 - 2.4 Lh 1) and initial culture
concentration (0.08 - 0.2 gl!). Maximum biomass concentration and total lipid

content were the responses collected experimentally after 5 days of cultivation.

Table 2.2: Experimental design for the evaluation®©f sorokinianacritical growth param-
eters in the mPBR, using Umetrics Modde.

Input Factors

CO, Light Initial
Exp No Flow rate Intensity Culture Conc.
(th Yy  (umolm?2s 1) (@@L Y
1 2.4 50 0.08
2 0.6 200 0.08
3 2.4 200 0.08
4 0.6 50 0.2
5 2.4 50 0.2
6 0.6 200 0.2
7 2.4 200 0.2
8 0.6 50 0.12
9 0.6 100 0.08
10 1.2 50 0.08
11 2.4 125 0.14
12 1.5 200 0.14
13 1.5 125 0.2
14 1.5 125 0.14
15 1.5 125 0.14
16 1.5 125 0.14

2.5 Analytical method

2.5.1 Biomass Quanti cation

Biomass concentration was determined by aspirating a known amount of culture
broth at intervals and the optical density measured at 750 nm with a spectropho-
tometer (Ultrospec 1100 Amersham Biosciences, UK). The dry cell weight was de-
termined by drying a known sample volume on a pre- dried lter paper (Whatman
Filter Glass GF/A 50mm) to a constant weight. A calibration plot was generated

and used for the conversion of the OD at 750 nm to dry cell weight concentrations
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(Appendix Figure A.2). The speci ¢ growth rate (i) was calculated during the log

phase using Equation 2.6.

_ Ln(Xz2=Xy)
T (2 t)

where % and X are the dry cell weight concentration in gt at time $ and

(2.6)

respectively.

2.5.2 Chlorophyll Assay

A solution containing 90 % of acetone and DMSO was prepared and used to de-
termine the chlorophyll content (40). 1 mL of the sample culture was centrifuged
at 10000 rpm for 10 minutes using a benchtop centrifuge (MIKRO 120). The su-
pernatant was discarded, and the pellet re-suspended in 1 mL of 90 % acetone in
DMSO solution. The mixture was incubated in the dark for 3 hours in an Eppen-
dorf tube and was centrifuged afterwards. The absorbance of the supernatant at 750,
665, 645 and 630 nm was measured using quartz cuvette with a path length of 1 cm.
The concentration of the pigment was calculated according to Equation 2.7 and 2.8

using the absorbance obtained at the different wavelengths (137).

Chl a=[11:6(ODges OD7s)) 1:31(ODggs OD7sp) 0:14(ODgzo OD7so)]Val 1(V4) *
(2.7)
Chl b=[20:7(0ODgs5 ODy7s)) 4:34ODges OD7s0) 4:42(ODggo OD7s)]Val 1(V4) *
(2.8)
Where V4 is the sample volume, Js the volume of the solvent, and | is the

path length of the quartz cuvette.

2.5.3 Total Lipid Content

Total lipid was quanti ed using Nile Red (Sigma-Aldrich 19123-10 mg) and
Dimethyl sulfoxide, DMSO (Fisher Scienti ¢ D/4121/PB08) (138). 1 mL of the
culture was centrifuged at 10000 rpm for 10 minutes and the recovered pellet
washed with 1 mL of Milli-Q. 1 mL of 25 % DMSO was added to the pellet. The

mixture was diluted to ensure the uorescent intensity values were between the cal-
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ibration curve values. 10 pL of the diluted algae sample was added to 310 pL of
Nile Red reagent inside a transparent 96 well microplate. 10 pL of 25 % DMSO
was added to 310 pL of Nile Red as blank 1, while 10 pL of algae was added to 310
pL of 25 % DMSO as blank 2. The microplate was incubated in a thermomixer at
40 °C for 15 minutes at 500 rpm. The uorescence intensity was immediately mea-
sured in a plate reader (Tecan, In nite M200pro) at an excitation and an emission
wavelength of 530 nm and 580 nm respectively. The calibration curve (Appendix
A.3) was generated using canola oil (Insight Biotechnology, UK). The slope (of the
correlation between the canola oil concentration and its corresponding uorescence
intensity) was used to calculate the concentration of the total lipid and converted to

percent weight of the dry biomass.

2.5.4 Fatty Acid Methyl Ester (FAME) Analysis
The Lipid was extracted based on modi ed (139) method as outlined by (140).

Total lipid was extracted fron€. sorokinianabiomass by a chloroform, methanol

and water mix, evaporated under nitrogen and re-suspended in a 200 L n-heptane.
The extracted lipid was trans-esteri ed to FAME using MethanokSBy trans-

esteri cation mix at 60 °C for four hours. FAME was extracted from the mixture
using hexane, dried under nitrogen and re-suspended with heptane. The FAMEs
were separated and identi ed using gas chromatography (Thermo Scienti ¢ Trace
GC Ultra) with two detectors: mass spectrometer for identi cation and ame ion-
isation detector (FID) for quanti cation. For the FID, the injection volume was 1

pL with 35:1 split ratio with an injector temperature of 230 °C using helium as a
carrier gas at constant ow of 1.2 mLmiA. FAMESs were identi ed by co-elution

with a FAME standard mix (Grain Fatty Acid Methyl Ester Mix, Sigma-Aldrich,
UK) and quanti ed using standard curves from individual reference compounds.
The FAMEs were identi ed by co-retention with standards (Sigma-Aldrich, UK)
and mass spectral search libraries (National institute of Standards and Technology
NIST v2.0). Standard calibration plots for selected FAME are shown in Appendix
A4,
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Chapter 3

DESIGN OF MINIATURE
PHOTOBIOREACTOR

3.1 Introduction.

Pneumatically mixed photobioreactors have been identi ed as a choice platform for
large-scale cultivation of microalgae; based on their ability to effectively control
the culture parameters, and ensure monoculture (141). Consequently, a novel 6-
well prototype mPBR, including: airlift and bubble columns was designed. Two
different base geometries were included to evaluate their effects on mixing, mass
transfer and biomass yield. The overall effect of the reactor con guration on growth
performance have been previously reported (142). The design aspect ratio for the
prototype PBR was kept at 7.5 (diameter is 16 mm and height is 120 mm) for en-
hanced light saturation in the reactor wells. As previously reported for large-scale
PBR, the aspect ratio is typically maintained between 7 to 12 (90; 93). A replace-
able plug and play sparging port was designed. It allowed the use of both sintered
disc (13 um average pore size) and single ori ce spargers. The effect of each sparger
type on process yield have been previously reported (143). The sparger types com-
bined with ow rates are known to in uence the mixing times and mass transfers in
PBRs (82), and are commonly used as scale-criteria across different geometries and

scales.
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3.2 Design and Construction of the mPBR

3.2.1 Geometry/Compartment Design

The miniature photobioreactor design is shown in Figure 3.1. The reactor was con-
structed with a polycarbonate (PC), a transparent polymer, with refractive index of
1.581. Itis an alternative to Perspex or glass: relatively inexpensive, autoclavable
and easy to handle and process. The base of the mPBR shown in Figure 3.2, was
machined out of a 100 mm rectangular PC block. The air inlet made up of 4 mm
push-in connector, was attached to the side of the base, this led to the sparger holder.
The 6 upper cylindrical reactors were machined from 50 mm diameter PC rod, with
16 mm diameter, 120 mm height, and 2 mm thickness. The design aspect ratio
is often based on the ef cient utilisation of the light supplied in a pneumatic pho-
tobioreactor. With mixing primarily based on air supply, light strati cation could
potentially become a problem, especially at high culture density. Hence, the aspect
ratio should be large enough to increase light penetration in the reactor. The design
aspect ratio for the mPBR prototype was kept at 7.5. One of the crucial design con-
siderations is to ensure, it is air and water tight so as to maintain the integrity of the
reactor. Hence, to avoid leakage, or exposure of the algal culture to surroundings,
O-rings provided seals where the upper cylindrical tube was inserted into the base
of the mPBR. The head plate machined out of PC was designed to hermetically seal
each of the cylindrical wells from the top. It consists of the air outlet, and injection
port; for inoculation and sampling. The dimensions of the mPBR compartments are

shown in Figure 3.3.

3.2.2 Reactor type

The different type of vertical photobioreactor has been discussed in Section 1.5.2.1,
it can either be bubble column or airlift based on the liquid ow. The nature of
ow in a bubble column is primarily dependent on the type of sparger and ow rate.
In airlift reactors the ow path is separated internally or externally into riser and
downcomer sections. Due to a more structured ow, which results in the circulation

of the culture from the riser to the downcomer, a ashing light effect is created. This
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