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ABSTRACT

This paper experimentally and theoretically investigates light transfer in agar-immobilized cell cultures.
Certain biotechnological applications such as production of metabolites secreted by photosynthetic mi-
croorganisms require cells to be immobilized in biopolymers to minimize contamination and to facil-
itate metabolite recovery. In such applications, light absorption by cells is one of the most important
parameters affecting cell growth or metabolite productivity. Modeling light transfer therein can aid de-
sign and optimize immobilized-cell reactors. In this study, Parachlorella kessleri cells with areal biomass
concentrations ranging from 0.36 to 16.9 g/m? were immobilized in 2.6 mm thick agar gels. The aver-
age absorption and scattering cross-sections as well as the scattering phase function of P. kessleri cells
were measured. Then, the absorption and transport scattering coefficients of the agar gel were deter-
mined using an inverse method based on the modified two-flux approximation. The forward model was
used to predict the normal-hemispherical transmittance and reflectance of the immobilized-cell films ac-
counting for absorption and scattering by both microalgae and the agar gel. Good agreement was found
between the measured and predicted normal-hemispherical transmittance and reflectance provided ab-
sorption and scattering by agar were taken into account. Moreover, good agreement was found between
experimentally measured and predicted mean rate of photon absorption. Finally, optimal areal biomass

concentration was determined to achieve complete absorption of the incident radiation.

1. Introduction

Photosynthetic microalgae, cyanobacteria, and diatoms have
wide range of applications in the nutraceutical [1], cosmetics [2],
pharmaceutical [3], biofuels [4], and food processing industries [5].
They are also used in tertiary wastewater treatment [6] and animal
feed production [7]. These microorganisms are typically grown in
open ponds or closed photobioreactors (PBRs) exposed to solar ra-
diation or artificial illumination. Then, the cells are suspended in
nutrient media by mechanical mixing using paddle wheels or by
air/CO, mixture injection within the PBR suspension [8]. However,
for certain biotechnological applications, such as wastewater treat-
ment [9,10] and secreted metabolite production [11,12], the use of
immobilized-cell reactors are preferred. Then, metabolite produc-
tion [11,12] or pollutant consumption [9,10] is favored instead of
cell division.

* Corresponding authors.
E-mail addresses: pilon@seas.ucla.edu (L. Pilon), jeremy.pruvost@univ-nantes.fr
(J. Pruvost).

Fig. 1 shows a schematic of an immobilized-cell PBR illustrating
nutrient and metabolite exchange between cells immobilized in a
biopolymer and the nutrient medium flowing above. In this con-
figuration, the metabolites produced by the immobilized microor-
ganisms diffuse out of the biopolymer into the growth medium
while the nutrients consumed by the microorganisms diffuse into
the biopolymer. This allows maintaining biomass in the culture
system while facilitating the recovery of metabolites exuded by
the cells [9]. Immobilization also minimizes biological contamina-
tion of the culture by creating a physical barrier for potential con-
taminants [13]. Finally, it prevents metabolite accumulation in the
medium which may have toxic or inhibitory effects on productivity
[11]. Two quintessential microorganisms ideal for immobilized cul-
tivation are the microalgae Botryococcus braunii which secretes lig-
uid hydrocarbons used for biofuel production [14] and the diatom
Haslea ostrearia which exudes a blue pigment used in aquacultures
and in the pharmaceutical industry [15].

Light absorption rate of the cells and light utilization efficiency
of immobilized-cell PBRs are arguably the most important param-
eters affecting cell and/or metabolite productivity [16-22]. Thus,
careful light transfer analysis must be conducted to optimize light
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Fig. 1. Schematic of immobilized-cell PBR with nutrient medium flowing above im-
mobilized cells suppling fresh nutrients and removing metabolites.

absorption rate by immobilized cells and to design and operate
PBRs efficiently. Light transfer in PBRs containing cells suspended
in liquid media has been extensively studied [22-25]. Method-
ologies have been developed to measure the radiation character-
istics and determine the optical properties of free-floating mi-
croalgae and cyanobacteria [23,25,26]. Moreover, models of various
complexity have been developed to predict the local fluence rate
and the rate of energy absorption in open ponds, flat-plate, and
cylindrical PBRs [24,27-31] and to predict transmittance and re-
flectance [32,33]. However, to the best of our knowledge no study
has investigated light transfer in immobilized-cell films. It remains
unclear whether models and methodologies developed for con-
ventional PBRs with free-floating microorganisms are applicable
to immobilized-cell PBRs given the presence of the immobilizing
polymer and the lack of mixing.

This study aims to develop and experimentally validate a model
predicting light transfer in immobilized-cell PBRs. Validation was
performed with Parachlorella kessleri cells immobilized in agar gel.
This study also reports the spectral radiation characteristics, over
the photosynthetically active radiation (PAR) region, of the two
constituents of the immobilized-cell film, namely, the photosyn-
thetic cells and the agar gel. Finally, the results were used to de-
fine simple rules and strategies for optimizing productivity in light-
limited immobilized-cell films.

2. Background
2.1. Modeling light transfer in PBRs

The local and spectral specific rate of photon absorption (RPA),
o (r) (umoly, /kg-s) represents the number of photons of wave-
length A absorbed per unit of dry biomass and per unit time at
location r in the PBR [34]. It depends on the average mass ab-
sorption cross-section Aabs, 5, (in m?/kg) of the microorganisms and
on the local fluence rate G,(r) (in pmoly,/m?.s) at location r and
wavelength A, according to [34]

A () = Agps 1G5, (). (1)

For absorbing and scattering media, such as microalgae suspen-
sions, the local spectral fluence rate G, (r) can be obtained by solv-
ing the radiative transfer equation [35]. Typically, the local PAR-
averaged fluence rate Gpag(r) and PAR-averaged RPA apap(r) are
used to model microalgae growth and productivity [22]. The PAR-
averaged fluence rate Gpag(r) can be expressed as [34]

700
Gpar(r) = /
400

G, (r)dA. (2)

Similarly, the local PAR-averaged rate of photon absorption . (1)
can be defined as [34]

700

Ao (F) = / o (r)dA. (3)

400

Finally, the volume-averaged RPA or the mean rate of photon ab-
sorption (MRPA) in a PBR of volume V can be estimated according
to [34]

(ne) = [ eIV, (4)
Vv

For flat-plate PBRs of thickness L with transparent front
(z = 0 m) and back (z=L) windows containing strongly forward
scattering microalgae and exposed to normally incident spectral
radiation flux qlf;,}‘, light transfer is one-dimensional and the lo-
cal fluence rate G;(z) can be predicted at depth z by the two-flux
approximation as [27]

G, (2) (T +a)ed D — (1 —q;)e %2
(A —p1)q), — (+a;)%ehl — (1—a;)2el

(5)

where the coefficients «;, (unitless) and §, (in m2/kg) are ex-
pressed as [27]

/ K
o, = m and 8A=\/m. (6)

Here, «k, and o, are respectively the average absorption and sin-
gle scattering coefficients and b, is the average backward scatter-
ing fraction of the microalgae suspension [27]. In addition, pq;
is the front surface normal-normal reflectivity given by Fresnel's
equations. For an optically smooth agar film/air interface under
normally incident radiation p;, can be expressed as [36]

_ (nm,k - ])2

T (Mg + 12 @

P15,
where np,, is the growth medium refractive index. The two-flux
approximation has been shown to give good predictions of the lo-
cal fluence rate G, (z) for flat-plate PBRs and open ponds [27,30,34].
An alternative way of expressing the MRPA is by performing an
energy balance on the incoming and outgoing radiation in a one-
dimensional PBR such that [37]
ap,

1 ’AR,in
<1 L (8)

(“par) = T[q;’AR(O) - Q};AR(L)] =

where q;',AR(O) and q}',AR(L) are the PAR-averaged radiation flux at
the front and back of the PBR, respectively. Similarly, q;)AR‘m is
the incident photon flux density averaged over the PAR region ex-
pressed in pmoly, /m2.s. Moreover, I" is the fraction of light ab-
sorbed by the microalgae over the PAR region estimated as

1 Amax
= W/A (1 = Tna — Rnh_;\)d)». 9)
min min

Here, T,,, and R, are respectively the normal-hemispherical
spectral transmittance and reflectance of the immobilized-cell
films while integration is performed over the PAR region such that
Amin = 400 nm and Amax = 700 nm.

Finally, Cornet and co-workers [16,17,19,38,39] have developed a
kinetic model that can predict microalgae growth and productivity
based on the local RPA @4k (r). The model predicts both the local
rate of oxygen production and the local biomass productivity. The
authors reported that the maximum productivity of a PBR occurs
when the minimum PAR-averaged local RPA in the PBR is equal to
the so-called photosynthesis compensation point <. In a flat-plate
PBR of thickness L illuminated from one side (z=0 m), the min-
imum RPA occurs at the back wall of the PBR, ie., at z= L. Note
that the photosynthesis compensation point <% depends on the
microorganism species. For example, it was reported to be around
1500 umoly,, /kg-s for Chlorella vulgaris [39].
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2.2. Normal-hemispherical reflectance and transmittance

Let us consider a homogeneous absorbing, scattering, but non-
emitting slab of immobilized-cell film of thickness L exposed to
collimated and normally incident radiation on one side. Radiation
transfer in this case can be assumed to be one-dimensional [28,30].
The slab or film is assumed to be reflecting and refracting and
subject to internal reflection. Solving the radiation transfer equa-
tion based on the modified two-flux approximation and the trans-
port approximation leads to an analytical expression for the spec-
tral normal-hemispherical transmittance T preq and reflectance
Run,.pred given by [36]

D
Tnspred = Ty s + 7'\[(1 + 012) eXP(—Ty 1) + A/ 8] (10)

D
and  Ruypapred = RSy, + 7'\(1 +B3./8 4+ G ) (11)

where 7, is the transport optical thickness defined as 7;, ; =
Bl where B, is the transport extinction coefficient of the
immobilized-cell film. Here, Tr?h,/\ and Rgh,x are respectively the
spectral normal-hemispherical transmittance and reflectance ignor-

ing multiple scattering and expressed as [40]

P+ (=012

0 (1—p1,)?
Runs. = 1—01,Gra ¢

1—01,Gr

—TeraL

0 _
and  Top, =

(12)

The parameters A,, By, Gy, D;, and ¢, are intermediary variables
defined in Refs. [33,36].

The two-flux approximation has often been used to predict one-
dimensional radiation transfer in plane-parallel absorbing, emit-
ting, and/or isotropically scattering slabs [40]. On the other hand,
the modified two-flux approximation derived by Dombrovsky et al.
[36] (i) takes into account internal reflection in the slab and (ii)
uses the transport approximation to account for anisotropic scat-
tering. The modified two-flux approximation has been validated
against predictions by the discrete ordinate method for strongly
forward scattering media [36] and successfully applied to glass
containing bubbles [36] and microalgae cultures [33].

2.3. Determination of radiation characteristics

The size-averaged spectral mass absorption and scattering
cross-sections /‘_‘abs,/\ and S, of free-floating microalgae can be
experimentally measured according to a procedure reviewed by
Pilon et al. [23,25]. In this method, the normal-normal T,,, and
normal-hemispherical Ty, transmittance of dilute microalgae sus-
pensions of known concentrations are measured using a spec-
trophotometer without and with an integrating sphere, respec-
tively. The pathlength of the cuvette and/or the microalgae concen-
tration X must be chosen such that single scattering prevails, i.e.,
photons undergo at most one scattering event when they travel
through the suspension. In practice, the cuvette pathlength should
be smaller than the photon mean-free path in order to obtain the
average mass absorption Ay ; and scattering S_SCM cross-sections
that are independent of concentration X.

The present study directly compares the measured normal-
hemispherical transmittance and reflectance of films consisting of
P. kessleri cells immobilized in agar gel with predictions by the
modified two-flux approximation previously discussed. It also re-
ports direct measurements of the radiation characteristics of P.
kessleri in suspension as well as the absorption and transport scat-
tering coefficients of the agar gel alone retrieved from normal-
hemispherical transmittance and reflectance measurements. Fi-
nally, guidelines for optimizing immobilized-cell PBRs with respect
to the incident irradiance are presented.

3. Materials and methods
3.1. Species and culture medium

The microalgae Parachlorella kessleri (UTEX2229) was obtained
from the University of Texas Austin (UTEX) collection. It was culti-
vated in a modified Bold Basal medium with the following com-
position (in mM) NaNOs3 8.02, Na,EDTA - 2H,0 0.122, MgSO, -
7H,0 0.83, K,HPO4 0.78, KH,PO4 0.88, CaCl, - 2H,0 0.155, FeSO, -
7H,0 0.046, ZnSO, - 7H,0 7.72 x10~4, CuSOy4 4.95 x10~4, Mn(Cl, -
4H,0 9.15 x1073, H3BO3 4.63 x1072, Co(NO3); - 6H,0 1.51 x1074,
Na;MoOy4 1.06 x10-3, and NaHCO3 1.5. The medium was sterilized
by autoclaving at 121 °C for 25 min. The microalgae were culti-
vated in a 1 [ airlift PBR operated in continuous mode and pre-
viously described in detail in Refs. [18,20]. The dilution rate and
the photon flux density were set to 0.01 1/h and 150 pmoly, /m?2-s,
respectively. The culture medium pH was continuously monitored
using a pH sensor (Mettler Toledo SG 3253) and was maintained
at 8 by automatic injection of gaseous CO, when the pH ex-
ceeded 8. The culture under steady-state continuous operation
achieved a dry biomass concentration X of 1.6 g/l. To obtain sam-
ples with larger biomass concentrations, the harvested culture was
centrifuged at 10,000g (ThermoScientific Sorvall RC 6 Plus, Mas-
sachusetts, USA) for 10 min at 4 °C and suspended in phosphate
buffer saline (PBS) solution.

3.2. Biomass and pigment concentrations

Microorganism dry biomass concentration X (in kg/m3) was
measured gravimetrically by filtering 5 ml of the continuous air-
lift PBR culture through a pre-dried and pre-weighed 0.45 nm pore
size glass-microfiber filter (Whatman GF/F). The filters were dried
for a minimum of 24 h in an oven at 105 °C and weighed after
being cooled in a desiccator for 30 min. Each sample was analyzed
in triplicates and the mean value of the biomass concentration was
reported.

Photosynthetic pigments were extracted in pure methanol and
quantified spectrophotometrically. A volume of 0.5 ml of the con-
tinuous airlift PBR culture was first centrifuged at 13,400 rpm
(12,100g) for 10 min. The medium was discarded and the cells
were resuspended in 1.5 ml of pure methanol and sonicated for
20 s. The samples were left for 1 h in an oven at 44 °C and the
extract was then centrifuged. The optical density OD, of the super-
natant was measured at wavelengths A equal to 750, 665, 652, and
480 nm using a UV-vis spectrophotometer (Jasco V-730 Easton,
MD). All extractions were performed in triplicates. Chlorophyll a
and b concentrations, respectively denoted by Cq, and Cepypp, Were
estimated according to the correlations [41]

CChla[mg/l] = —80962(OD652 — OD750) + 165169(OD655 — OD750)

CCh,b[mg/l] = 274405(OD652 — OD750) - 121688(OD565 — OD750).
(13)

Similarly, the total carotenoid concentration Cppcypsc, account-
ing for both photoprotective (PPC) and photosynthetic (PSC)
carotenoids, was estimated according to [42]

Cprcpsclmg/l] = 4 (OD4go — OD7sp). (14)
3.3. Microalgae radiation characteristics measurements

The total scattering phase function ®r,(®) of the free-floating
microalgae was measured at 632.8 nm by a polar nephelometer
described in Ref. [43]. It was assumed to be independent of wave-
length over the PAR region. Due to interference of the probe with
the laser beam, the scattering phase function could not be mea-
sured beyond 160° with respect to the forward direction. This had
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no significant impact as the microalgae were much larger than the
wavelength and scattering was strongly in the forward direction
[25,26,32,43].

The normal-normal transmittance T,,, measurements were
performed using a UV-vis-NIR spectrophotometer (Agilent Cary
5000, Santa Clara, CA). The normal-hemispherical transmittance
Ty, measurements were performed using the same spectropho-
tometer with an integrating sphere attachment (Agilent Cary DRA-
2500, Santa Clara, CA). The microalgae suspensions were cen-
trifuged at 13,400 rpm (12,100g) for 10 min and washed with PBS
solution and resuspended in PBS to avoid absorption and scatter-
ing by the growth medium. The measurements were performed
in 1 cm pathlength quartz cuvettes (110-10-40 Hellma Analytics,
Miillheim, Germany) in the wavelength range from 350 to 750 nm.
The average spectral absorption /_\abs,,\ and scattering Sy, ; Cross-
sections of microalgae suspensions were measured for three suffi-
ciently diluted biomass concentrations X, namely 0.041, 0.048, and
0.061 m?/kg to ensure that single scattering prevailed and that the
retrieved Aabs,,\ and S_smv,\ were independent of X [44]. The cross-
sections reported correspond to the mean of the three measure-
ments and the error bars correspond to 95% confidence interval.

3.4. Transmittance and reflectance of agar-immobilized cells

3.4.1. Sample preparation

First, a 4% agar solution was prepared by mixing 10 g of bacte-
riological agar (Type A Biokar A1010) with 250 ml of PBS. The so-
lution was autoclaved at 121 °C for 20 min to melt and sterilize the
agar. The mixture was then allowed to cool to 60 °C before adding
the microalgae suspension to prevent cell death. Note that agar so-
lidifies at 35-40 °C [45] and the microorganisms chosen for immo-
bilization must be tolerant to temporary thermal shocks. Chlorella
and Parachlorella, Dunaliella, Nannochloropsis, and Tetraselmis are
examples of species tolerant to thermal shocks [45]. To immobilize
P. kessleri cells in agar, 25 ml of the warm agar solution was mixed
with 15 ml of microalgae suspension in PBS at room temperature
such that the final concentration of agar in the mixture was 3.2 dry
wt.%. A total volume of 15 ml of the agar/microalgae mixtures were
poured into polystyrene petri dishes, 35 mm in diameter, immedi-
ately after mixing. Finally, the immobilized-cell films were allowed
to cool to room temperature and form gels with effective thickness
L of 2.6 mm. The biomass concentration of the microalgae suspen-
sions was chosen such that the final biomass concentrations X of
the immobilized-cell films were 0.0, 0.139, 0.281, 0.559, 0.975, 4.35,
and 6.49 kg/m3. These corresponded to areal biomass concentra-
tions XL of 0.0, 0.36, 0.73, 1.45, 2.54, 11.3, and 16.9 g/mZ2. The film
corresponding to XL = 0 g/m? was prepared in an identical manner
to those used for immobilizing the microalgae but only with PBS
instead of the microalgae suspension. Moreover, the samples were
concentrated by centrifuging 10-100 ml of culture, corresponding
to the desired final concentration of the sample, and re-suspending
them in 15 ml of PBS. They were not prepared by concentrating the
entire culture and serially diluting it to obtain the desired sample
concentration.

3.4.2. Transmittance and reflectance measurements

A cylindrical template with sharp edges was used to cut a circu-
lar disc of 2 cm in diameter out of the agar-immobilized P. kessleri
samples (Fig. 2a). The normal-hemispherical transmittance Ty
and reflectance Ry, of the immobilized-cell films were systemati-
cally measured using the previously described apparatus. The sam-
ples were held in place using the solid sample holder accessory
placed in front or behind the integrating sphere. Note that despite
the relatively large concentration of agar in the samples (3.2 dry
wt.%), the cut out discs were fragile and had to be handled with
care to prevent tearing.

3.5. Inverse method

The inverse method, previously developed by Kandilian et al.
[33], was used to simultaneously retrieve the absorption g,
and transport scattering oy, 45 = (1 — gg,)054, coefficients of the
agar gel alone using the measured normal-hemispherical trans-
mittance T,,; and reflectance Ry, between the wavelengths of
350 and 750 nm. The objective was to find the values of «g;
and 0., that minimize the difference between the predicted
[Egs. (10)-(12)] and the experimentally measured spectral normal-
hemispherical transmittance and reflectance of the agar gel. For
each wavelength, the objective function A; was defined as,

2 2
Ak _ (Tnh,k,pred - Tnh,k) + <Rnh,)x<pred - Rnh,A) ) (15)

Tan o, Runx

Here, the inverse method to retrieve «,; and og,; was im-
plemented in Microsoft Excel using the built-in non-linear solver
based on the generalized reduced gradient (GRG) algorithm [46].

3.6. Data analysis

In order to predict the normal-hemispherical transmittance
Ty prea and reflectance Rpypy preq Using Egs. (10)- (12), one needs
to know (i) the thickness L of the immobilized-cell film, (ii) the
effective refractive index of the medium n,,,, (iii) the absorption
coefficient «,, and (iv) the transport scattering coefficient oy, ; =
05,5, (1 — g; ) of the immobilized-cell film. Here, the index of refrac-
tion of the agar medium was assumed to be equal to that of PBS
whose spectral refractive index can be expressed by the Cauchy
dispersion relation [47]

0.0026  0.00005
3z A
where the wavelength A is expressed in pm in the range from 0.37
to 1.610 pm. Moreover, PBS can be safely treated as non-absorbing

in the visible part of the spectrum [47].

Moreover, absorption and scattering by the agar matrix must
be accounted for when predicting normal-hemispherical transmit-
tance T, and reflectance R,,, of the immobilized-cell films.
Here, the absorption «, and scattering o, coefficients (in 1/m)
of the immobilized-cell films were expressed as the sum of the
respective contributions of the agar matrix and of the microalgae
cells of concentration X so that

My = 1.32711 + (16)

Ky, = Ky +Kap =Aaps 2 X + kg and
Osn = Os i + 0502 = SSCG,)&X + 05,01 (17)

where k) = /_\abs, xX and oy ), 5 = Secas X are respectively the aver-
age absorption and single scattering coefficients of randomly ori-
ented microalgae in PBS while Aabs,A and §smv;\ are the average
spectral mass absorption and scattering cross-sections (in m2/kg).
Similarly, the transport scattering coefficient of the immobilized-
cell films was expressed as

Os,tr,k = §sca‘)»x(‘1 - gu.k) + Gs,a.k (‘1 - ga,A) (18)

where g, and g,, are the asymmetry factors of the microalgae
and of the agar gel, respectively.

Finally, the two-flux approximation for predicting the fluence
rate G;(z) in flat-plate PBRs [Eqs. (5) and (6)] can be applied to
immobilized-cell films by expressing the backward scattering coef-
ficient b, 0, of the film as

bkas,k = bu,kas,u.)\ + ba.AUs.a.)w (19)

Here, backward scattering can be neglected in Eq. (6) compared
with absorption, (i.e., k3 >>2b, 0, ) leading to o =1 and §, =«;,
as established in Refs. [21,33].
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Fig. 2. (a) Color photographs of seven immobilized P. kessleri samples with areal biomass concentration XL ranging from 0 to 16.9 g/m? and (b) micrographs of the
immobilized-cell films with biomass concentration X equal to 0.559 and 4.35 kg/m3.

4. Results and discussion
4.1. Biomass and pigment concentration of immobilized-cell films

Fig. 2a presents a photograph of seven agar-immobilized P. kess-
leri samples with areal biomass concentration XL ranging from 0
to 16.9 g/m2. Moreover, Fig. 2b shows micrographs of the im-
mobilized cells for biomass concentrations of 0.559 kg/m3 and
4.35 kg/m3. It shows relatively loose packing of the cells in both
low and high concentration samples. In fact, Souliés et al. [48] re-
ported that the volume fraction of Chlorella vulgaris, a green mi-
croalgae similar in size to Parachlorella kessleri, was 1.6% when the
biomass concentration X of the culture was equal to 4 kg/m3.

The concentrations of Chl a, Chl b, and total carotenoids of P.
kessleri grown in the continuous airlift PBR were measured spec-
trophotometrically and found to be Cqp, = 46.8 + 1.41 mg/l, Ceyyp
= 13.0 + 0.62 mg/l, Cppcipsc = 12.0 =+ 0.29 mg/l. These corre-
sponded to mass fractions of wcp, = 4.81 £ 0.15 wt.%, wey, = 1.33
+ 0.06 wt.%, and Wppcpsc = 1.24 + 0.03 wt.%.

4.2. Radiation characteristics of microalgae cells

Fig. 3a plots the experimentally measured scattering phase
function of P. kessleri at 632.8 nm. As expected, the microalgae cells
scattered light strongly in the forward direction with asymme-
try factor g, 633 and back-scattered fraction by, 633 corresponding to
0.974 and 0.0042, respectively. Moreover, Figs. 3b and 3c plot the
average mass absorption Ay ; and scattering §Sca,;\ cross-sections
(in m?/kg) the microalgae suspended in PBS solution measured be-
tween 350 and 750 nm. Fig. 3b features absorption peaks corre-
sponding to Chl a at 435, 630, and 676 nm. Similarly, the shoulder
from 455 to 485 nm was due to the superposition of Chl b absorp-
tion peak at 475 nm and that of PPC around 462 and 490 nm [49].
A second absorption peak of Chl b appeared also around 650 nm.
In addition, Figs. 3b and 3c indicate that the microalgae scattering
cross-section S-SC“ was significantly larger than their absorption
cross-section Agy, . However, Fig. 3d shows that transport scatter-
ing cross-section Sgq ¢y = Secar (1 —&u,») was much smaller than
the absorption cross-section of the microalgae at all wavelengths
considered since g, ; approached unity. These results were in qual-
itative and quantitative agreement with the radiation characteris-
tics of microalgae with similar size and pigment concentrations
[26,32]. Note that the reported absorption Aabs,k and scattering

Ssca.n Cross-sections were the mathematical mean of samples with
three different biomass concentrations and the error bars corre-
sponded to 95% confidence intervals. These error bars were signif-
icantly smaller than the magnitudes of Ay, or S, indicating
that absorption and scattering coefficients were directly propor-
tional to the biomass concentration. This satisfied van de Hulst’s
simple and conclusive test for the absence of multiple scattering
[44].

4.3. Transmittance and reflectance of immobilized-cell films

Figs. 4a and 4b plot the experimentally measured normal-
hemispherical transmittance T,;,, and reflectance R, of 2.6 mm
thick immobilized-cell films as functions of wavelength between
350 and 750 nm for P. kessleri biomass concentration X ranging
from 0 to 16.9 g/m?. First, the normal-hemispherical transmittance
Typ,;. of agar gel with PBS (XL=0 g/m?) increased monotonously
with increasing wavelength between 350 and 750 nm. By con-
trast, the corresponding normal-hemispherical reflectance Ry, de-
creased from 9.7% at 350 nm to 1.9% at 750 nm. Moreover, the
normal-hemispherical transmittance Ty, decreased as the areal
biomass concentration increased due to absorption by the immo-
bilized microalgae. Similarly, the normal-hemispherical reflectance
Ryp, of the film decreased with increasing concentration in the
PAR region (400 < A < 700 nm). However, R, increased with in-
creasing values of XL for wavelengths larger than 700 nm. This was
due to backscattering by the microalgae cells and to the fact that
agar and microalgae are weakly or non-absorbing at these wave-
lengths.

4.4. Remote immobilized-cell film PBR monitoring

Fig. 5 plots the normal-hemispherical reflectance Ry, 750 of the
immobilized-cell films at 750 nm as a function of areal biomass
concentration XL. The wavelength A =750 nm was chosen on the
basis that green microalgae and cyanobacteria are non-absorbing
at this wavelength and measurements of normal-hemispherical re-
flectance Ry, 750 are not sensitive to variation in pigment concen-
tration. Fig. 5 establishes that Ry 750 was linearly proportional to
XL leading to a least square fit of

Rup, 750 (XL) = Rup q.750 + €XL (20)

where the coefficient of proportionality € was equal to 5.5 x10—3
+ 31x10™* m2/kg while Runa750 was the normal-hemispherical
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reflectance of agar film alone (i.e., XL =0 g/m?) equal to 0.018 +
0.0024. The latter was in good agreement with the normal-normal
reflectance pq750 of 0.02 at the air/agar interface estimated by Eq.
(7) using np, 750 of PBS. The results suggest that measurements of
normal-hemispherical reflectance R, 759 can be used to remotely
and non-invasively estimate the areal biomass concentration XL of
immobilized-cell films in real time. Note, however, that the pres-
ence of excessive number of dead cells and/or contaminants in the
culture may lead to inaccurate estimates of the areal biomass con-
centration XL.

4.5. Agar film radiation characteristics

Figs. 6a and 6b show the spectral absorption «,; and trans-
port scattering o, coefficient of the agar gel retrieved from the
normal-hemispherical transmittance T, and reflectance Ry, , be-
tween 350 and 750 nm. It indicates that the absorption coefficient
kg, of the agar gel was relatively constant around 30-40 m-! for
the wavelength range of interest. Absorption can be attributed to
the fact that bacteriological grade A agar, used in this study, typ-
ically has an ash content of approximately 5-6 wt.% [50] in the
form of impurities composed of metals such as Cu, Mn, Fe, Al, Cr,
Cd, Ni, Zn, and Sn and salts found in seawater containing elements
such as Na, CI, Ca, P, S, K, and N [51].

On the other hand, the transport scattering coefficient o 5
increased exponentially with decreasing wavelength from approxi-
mately 6.7 m~! at 750 nm to reach 179 m~! at 350 nm. The cor-
responding least-square fit yielded oy, 4, = 2660e~0908% with 2
expressed in nm and RZ = 0.99. In fact, agar gels have a porous
microstructure with a broad pore size distribution ranging from
100 to 600 nm [52] resulting in strong light scattering. Note also
that mean agar pore size decreases and its size distribution nar-
rows with increasing dry agar concentration in the gel [52,53]. This
could reduce scattering but would also increase absorption. In ad-
dition, increasing dry agar concentration increases the gel mechan-
ical strength [10]. However, it also increases its liquid state viscos-
ity making mixing with the microalgae cells and casting the mix-
ture into a film difficult.

Overall, these results establish that agar is an absorbing and
scattering medium and its effects should be accounted for in mod-
eling radiation transfer in immobilized-cell films. Note however,
that absorption and scattering by immobilized microalgae at con-
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Fig. 6. Retrieved spectral (a) absorption «,; and (b) transport scattering o .q =
(1 — 84.2)05.q,. coefficients of the 2.6 mm thick agar gel used for immobilizing the
microalgae and containing 3.2 dry wt.% of agar.

centration X larger than 0.5 kg/m3 still dominate over the contri-
bution of agar gel between 350 and 700 nm.

4.6. Predicted transmittance and reflectance

Figs. 7a to 71 compare the measured and predicted normal-
hemispherical transmittance Ty, and reflectance Ry, ; of immobi-
lized P. kessleri films with areal biomass concentrations XL equal
to (a,b) 0.36, (c,d) 0.73, (ef) 1.45, (gh) 2.54, (i,j) 113, and (k1)
16.9 g/m?. Predictions of the transmittance Tanpred,n and reflectance
Rpppred,s. Were based on the modified two-flux approximation given
by Egs. (10)-(12) based on the effective absorption k, and trans-
port scattering o', coefficients of the immobilized-cell films esti-
mated according to Eqs. (17) and (18) using (i) the average spectral
absorption Aabs, ; and scattering S_Sm 4 cross-sections and the asym-
metry factor g, 33 measured for the microalgae suspended in PBS
(Figs. 3a to 3d) and (ii) the retrieved absorption «,, and transport
scattering o, o, coefficients of the agar film with XL =0 g/m?
(Figs. 6a and 6b). Good overall agreement was observed between
measurements and predictions of T, ; and Ry ;.

The modified two-flux approximation tended to underpredict
the experimentally measured transmittance T, and to overpre-
dict the experimentally measured reflectance R, particularly
for large areal biomass concentrations XL. This can be attributed
to (a) the assumption of constant microalgae asymmetry factor
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g, over the PAR region and more importantly (b) to the use of
the transport approximation instead of a more accurate scatter-
ing phase function. Indeed, the transport approximation expresses
the scattering phase function of the microorganisms as a sum of
an isotropic component and a forward scattering peak at ® = 0°.
By contrast the measured microalgae scattering phase function
(Fig. 3a) features small values in the backward directions (® > 90°)
that are overestimated by the isotropic component of the trans-
port approximation leading to the overprediction of the normal-
hemispherical reflectance Ry, particularly for A > 700 nm when
the film is weakly absorbing.

4.7. Mean rate of photon absorption

Fig. 8 compares the dimensionless mean rate of photon absorp-
tion I' = (tdpAR)XL/q;AR in» as a function of the areal biomass con-
centration XL estimated either (i) using the PAR-averaged mean
rate of photon absorption estimated by Eqs. (1)-(6) or (ii) using
Eq.- (9) based on the measured or (iii) on the predicted transmit-
tance Ty preq and reflectance Ryp;, pred-

First, predictions of the PAR-averaged absorbance I' given by
Eq. (9) using the experimentally measured or predicted normal-
hemispherical transmittance T,;; and reflectance Ry, fell within
10% of each other for areal biomass concentration XL greater than
1 g/m2. However, their relative difference increased up to 30% for
XL smaller than 1 g/m? due to the fact that the modified two-
flux approximation underpredicted the experimentally measured
normal-hemispherical transmittance T, ;. The difference between
the two approaches was not as significant at larger XL, as Ty, and
Ry, tended to zero.

Moreover, Fig. 8 indicates that predictions of (:dpAR}XL/q;)AR’m
using Eqgs. (1)-(6) were systematically smaller than those esti-
mated using Eq (9). This was due to the fact that Eq. (9) implic-
itly accounted for absorption and scattering by both the microal-
gae and the agar gel (see Supplemental Material). By contrast, Eqs.
(1)-(6) consider absorption and scattering by microalgae and agar

when predicting the local fluence rate G;(z) but only take into
account absorption by microalgae when predicting the mean rate
of photon absorption (<psg). In other words, Eq. (9) predict the
mean rate of photon absorption of the ensemble of agar and mi-
croalgae while Egs. (1)-(6) estimate only that of the microorgan-
isms. The latter is the parameter that should be used when mod-
eling the kinetics of microalgae since only photons absorbed by
microalgae can participate in the biochemical reactions within the
cell. Here also, the difference between the two approaches was ap-
parent and most significant at very low microalgae concentrations
XL<<1 g/m? when the MRPA (7ps) converges to zero. Therefore,
the MRPA () in immobilized-cell films should be predicted us-
ing Eqs. (1)-(6).

4.8. Optimal areal biomass concentration

As previously discussed, in order to maximize secondary
metabolite productivity of immobilized-cell film PBRs exposed to
normally incident solar radiation on the front face, the biomass
concentration X and the film thickness L should be selected such
that the local rate of photon absorption .@psr(L) on the film
backside is equal to the photosynthetic compensation point .«
[16,17,38,39].

Figs. 9a and 9b show (a) the optimum PAR-averaged fluence
rate Gpagr(z) estimated by Egs. (5) and (6) and (b) the correspond-
ing optimum RPA apsr(z) predicted by Eq. (3) for immobilized P.
kessleri film exposed to an intermediate value of PAR-averaged inci-
dent solar irradiance q'I',ARm = 200 pmoly, /m?.s. Here, the optimum

areal biomass concentration (XL)opr was 15.2 g/m? (5.85 kg/m?)
and such that @ppg(L) = # = 1, 500 umoly, /kg-s. Note that the lat-
ter corresponded to the photosynthetic compensation point of C
vulgaris but it was used in this study due to a lack of data for
P. kessleri and because both species were green microalgae of the
same family and size.

Furthermore, Figs. 9c and 9d show the (c) optimal biomass Xop¢
and (d) optimal areal biomass (XL)op: concentrations of immobi-
lized P. kessleri films as functions of incident photon flux density
q;,ARJ.n ranging from 50 to 1,500 pmoly,/m2-s and for three dif-
ferent values of film thickness L of 2.6, 5, and 10 mm. Fig. 9c
also shows the fitting curves of the form of Xopr = ¢4 ln(q;,AR,m) +
¢, where c¢; and ¢, are constants estimated by the least square
method for each film thickness considered. First, Fig. 9c indicates
that the optimum biomass concentration Xop: decreased with in-
creasing film thickness L for the same incident photon flux den-
sity q;’AR,in' However, Fig. 9 establishes that the optimum values
of XL were independent of the film thickness L. Instead, the prod-
uct XL, representing the film optical thickness, determined the PBR
performance. This was also observed for conventional PBRs (open
ponds, flat-plate, and tubular) in both batch and continuous modes
[30].

Fig. 9d also illustrates that the optimum areal biomass concen-
tration (XL)op: increased with increasing q;ARYm. Increasing XL be-
yond (XL)epe would result in the presence of a so-called “dark zone”
where the respiration rate of the microorganisms is larger than the
photosynthesis rate. This would result in loss of biomass and/or
metabolite productivity. On the other hand, XL < (XL)op: would lead
to a larger than optimum @psr(z) causing excessive dissipation of
the absorbed energy by the microorganisms in the form of heat
and fluorescence thus lowering metabolite productivity and PBR ef-
ficiency [54].

Moreover, the relationship between (XL)op: and q;,ARYm can be
fitted as

(XL) ope = 6.441n (qpap i) — 18.51 (21)

with coefficient of determination R2=0.99. The mathematical form
of this correlation can be derived from Egs. (1)-(6) assuming (i)
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monochromatic incident photon flux density or grey film PBR and
(ii) negligibly small backward scattering ratio (b, = 0). It is impor-
tant to note that this design rule is valid for P. kessleri with the
radiation characteristics reported in Fig. 3 for any film thickness L.

Finally, we assumed that the culture is only light-limited
with no mineral limitation or oxygen inhibition. While this
can be achieved in properly operated open-ponds and closed
PBRs containing suspended microalgae, it must be validated for
immobilized-cell film PBRs as the presence of agar gel may also
lead to nutrient limitations. However, this falls outside the scope
of the present study.

5. Conclusion

This paper developed and experimentally validated a model
based on the modified two-flux approximation to predict light
transfer in immobilized-cell PBRs. This was demonstrated success-
fully using Parachlorella kessleri cells immobilized in agar gel with

areal biomass concentration XL ranging from 0.36 to 16.9 g/m?
(X between 0.145 and 6.49 kg/m3). The absorption and trans-
port scattering coefficients of the microalgae cells and the agar
gel were measured independently. Then, the absorption and scat-
tering coefficients of the immobilized-cell films were expressed
as the sum of the respective contributions of their constituents.
Predictions of the normal-hemispherical transmittance and re-
flectance of the immobilized-cell films by the two-flux approxi-
mation agreed well with the experimental measurements for all
biomass concentrations considered. The results also suggest that
normal-hemispherical reflectance at 750 nm could be used for
real-time remote monitoring of the areal biomass concentration of
immobilized-cell films. Finally, the optimum areal biomass concen-
tration (XL)opr was estimated as a function of incident irradiance
q}',AR_m and was found to (i) be independent of film thickness L and
(ii) increase logarithmically with increasing q;,AR‘m in light-limited
cultures.
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