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Abstract: By converting bicarbonates via Chlorella vulgaris photosynthesis, one can obtain valuable
biofuel products and find a route toward carbon-derived fossil fuel conversion into renewable carbon.
In this research, experiments were carried out in the PhotoBioCREC prototype under controlled
radiation and high mixing conditions. Sodium bicarbonate (NaHCOj3) was supplied as the inorganic
carbon-containing species, at different concentrations, in the 18 to 60 mM range. Both the NaHCO3
concentrations and the organic carbon concentrations were quantified periodically during microalgae
culture, with the pH being readjusted every day to the 7.00 level. It was found that sodium bicarbonate
was converted with a selectivity up to 33.0% =+ 2.0 by Chiorella vulgaris. It was also observed
that the reaction rate constant for inorganic carbon conversion was 0.26 + 0.09 day !, while the
maximum reaction rate constant for organic carbon formation was achieved with a 28 mM NaHCOj3;
concentration and displayed a 1.18 + 0.05 mmole L™ *day ! value.

Keywords: carbon capture; microalgae chlorella; sodium bicarbonate; efficiency; kinetics

1. Introduction

Innovative processes are required to reduce the use of fossil fuels and promote the
consumption of anthropogenic carbon dioxide (CO;). It is broadly acknowledged that
terrestrial plants can only capture a fraction of the CO, produced in electricity power plants
and transportation vehicles, via photosynthesis. Some microorganisms, such as microalgae,
can perform enhanced photosynthesis in specially designed reactors [1], contributing
very effectively to CO, capture [2]. The produced microalgae frequently designated as
biomass is an attractive feedstock for biofuel and/or energy production in carbon-neutral
processes [3,4].

The culturing of microalgae in either an open pond or a closed photobioreactor re-
quires the supply of inorganic carbon. This can be done by using gaseous CO, directly
from a combustion process or alternatively by using soluble carbonates (i.e., bicarbonates).
The latter option has the advantage of providing carbon-containing species of high sol-
ubility in water (i.e., 9.6 g of NaHCO3/100 g of water versus 0.1688 g of CO, /100 g of
water, at 20 °C and atmospheric pressure [5]), while allowing carbon to be incorporated
in the microalgae cell structure as organic carbon [6,7]. Thus, as the growth rates of mi-
croalgae are influenced by the availability of dissolved inorganic carbon species in the
medium [8], the use of soluble carbonates species can result in a much higher carbon fixa-
tion efficiency [2]. Furthermore, one should note that there may be other factors affecting
microalgae growth, including: (a) nutrients (i.e., nitrogen and phosphorous), (b) visible
light, (c) mixing, (d) pH, and (e) temperature [9]. Therefore, all these microalgae growth
parameters must be carefully controlled to achieve maximum efficiency in the carbon
conversion into microalgae.

Despite the claimed advantages of carbon capture using microalgae, there are still
important issues to be addressed, related to the scaling up of this process, such as the culture
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microalgae growth rate [10]. The lack of this information limits the commercialization of
the microalgae growth technology [10]. To overcome this, the optimization of microalgae
growth has to be accomplished through a better understanding of the interaction between
reaction rate, visible light radiation, and absorption and media hydrodynamics [11].
Regarding kinetic models for microalgae growth published in the technical literature,
the Monod model is widely used to predict the specific microorganism growth rate, under
light saturation conditions [12-15]. Later, in other studies, growth rate modifications have
been reported, including growth inhibition, due to both the lack of nutrients or nutrient
concentrations that are too high [16-18]. Kumar and Das [19] and Chang et al. [20] used the
logistic equation (Equation (1)), as first proposed by Verhulst (1844) and Pear and Reed (1920),
to explain the different phases of the microalgae growth (lag, exponential, and stationary)
with this rate being postulated as independent of the substrate concentration [17,19,20]:

dX X
— =KcX(1-— 1
dt ¢ ( max> ()

where X represents the dry cell weight (g L™!), Xyy is the maximum dry cell weight
(g L71), and K¢ stands for the apparent specific growth rate of the microalgae (day ).

Regarding the microalgae growth rate, few studies have determined algae growth ki-
netic parameters, including the effect from inorganic carbon concentration from bicarbonate
solutions. The focus has been on the use of gaseous CO; [13,21].

Table A1 reports a summary of the kinetic models available in the technical liter-
ature [2,12-14,19,20,22,23], highlighting the main issues considered: (a) the effect of mixing
and radiation absorption, (b) the quantum yield evaluation, (c) the kinetic model devel-
opment with the simultaneous measurement of total organic carbon (TOC) formed, and
(d) the inorganic carbon substrate consumed.

One can notice in Table A1 that even if these proposed kinetics can be considered
valuable as first approximations, they still lack the following: (a) the development of
macroscopic irradiation energy balances, (b) the assessment of carbon balances, (c) a critical
review of kinetic model assumptions applicability, and (d) the determination of kinetic
parameters using statistical indicators.

Given the above, the present study focused on rigorously establishing phenomeno-
logically based growth kinetics for CPCC90 Chlorella vulgaris. The selectivity reported for
Chlorella vulgaris and the resulting kinetic model are original and have not been previously
reported. These growth kinetics were established for a wide range of bicarbonate concen-
trations. They adequately predicted both bicarbonate and organic carbon concentrations
at various culture times, while effectively determining the efficiency of inorganic carbon
conversion into microalgae biomass.

2. Materials and Methods
2.1. Microalgae Strain and Medium

The green algae CPCC90 Chlorella vulgaris obtained from the Canadian Phycological
Culture Centre (CPCC) of the University of Waterloo, Canada was used throughout the
experiments. A modified Bold Basal Medium (BBM) was employed to grow the microalgae
with different concentrations of sodium bicarbonate (NaHCO3). As reported previously [1],
the medium purchased from CPCC was sterile and ready to be used. The composition of
the medium was (g/L): 0.175 KH,POy, 0.025 CaCl,-2H,0, 0.075 MgSO4-7H,0, 0.25 NaNO3,
0.075 KoHPOy, 0.025 NaCl, 0.01 NapEDTA-2H,0, 0.0062 KOH, 0.00498 FeSO4-7H,0, and
0.00805 H3BOs3, and contained a trace metal solution with 2.86 g/L of H3BOj3, 1.81 g/L
of MnCl,-4H,0, 0.222 g/L of ZnSO4-7H,0, 0.390 g/L of NayMoO,-2H,0, 0.079 g/L of
CuSO4-5H,0, and 0.0494 g/L of Co(NO3),-6H,O.

2.2. Experimental Setup

A detailed explanation of the PhotoBioCREC prototype used in this research was
already reported previously by us [1]. The PhotoBioCREC of the present study was specif-
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ically designed to carry out the experiments using the CPCC90 Chlorella vulgaris at the
Chemical Reactor Engineering Center (CREC) at the University of Western Ontario. The
PhotoBioCREC has a semiconical shape in the lower section, which promotes a vortex flow
and prevents the formation of dead zones. Moreover, it has vertical baffles that complement
the mixing provided by a cross-magnetic stirrer, placed in the bottom section of the photo-
bioreactor. The described vertical baffles increase both the mixing and turbulence. Photos
of the PhotoBioCREC prototype with microalgae CPCC90 Chlorella vulgaris are presented in
Figure 1.

Figure 1. Different stages of CPCC90 Chlorella vulgaris growth in a PhotoBioCREC prototype.

To determine the kinetic parameters of carbon fixation, experiments with CPCC90
Chlorella vulgaris, grown in BBM with four different nominal concentrations of NaHCO3,
were developed in a 175 mL volume solution capacity unit. The nominal concentrations of
NaHCOj; tested were 18, 28, 40, and 60 mM. Three repeats for each experimental run were
effected for each concentration studied. Thus, all reported concentrations in the present
article are average values, with their respective reported standard deviations.

Furthermore, the pH of the culture was monitored and re-adjusted to the value of
7.00, every 24 h, by employing both hydrochloric acid (HCI) at a 1.0 mol/L concentration
and sodium hydroxide (NaOH) at a 1.0 mol/L concentration, as required. A cool white
fluorescent lamp provided the radiation energy required by the culture for a period of 12 h.
This was followed by a dark cycle of 12 h. This was performed to simulate the eventual
expected cycles of visible light (day and night) that could be used to irradiate the culture
in equatorial-region countries, such as Costa Rica. The temperature in the photobiore-
actor was 24.6 = 0.8 °C. A magnetic stirrer was used to provide mixing at 700 rpm [1].
The quantification of organic and inorganic carbon, pH, and transmitted irradiation was
performed daily. In addition, during operation, suspended 1-2 mm diameter alumina
particles were added to the culture system to keep the reactor walls clean and without
microalgae deposition. It was found that 0.3 g of alumina particles in a 175 mL microalgae
culture (0.05% volume concentration) was adequate to achieve this objective, with only a
5% reduction in the prototype-transmitted visible light [1].

2.3. Analytical Methods

The analytical methods used in the present study were reported in a previous publica-
tion of our research team [1]. Samples were taken every 24 h, to monitor the culture growth,
by quantifying the total organic carbon (TOC) produced, using a TOC-Shimadzu analyzer
Vceph. Using this approach, it was considered that the approximate amount of carbon
involved in the culture growth, due to the soluble microbial products, was negligible, in
comparison with all other organic species contained in the cells. This is in agreement with
results reported by Babaei and Mehrnia [24]. Prior to the TOC analysis, samples were
pretreated with 2.0 mol/L of HCl and sparged with nitrogen for 10 min, to eliminate the
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inorganic carbon present. Moreover, the inorganic carbon concentration at various culture
times was determined via titration with a Digital pH meter Thermo Scientific Orion Star
(Canada). The titration endpoint was determined using a pH derivative plot [25].

2.4. Inorganic Carbon Conversion Efficiency

The efficiency in the utilization of inorganic carbon by the CPCC90 Chlorella vulgaris
can be reported as carbon conversion. This efficiency can be expressed as the ratio of the
moles of organic carbon produced over the initial moles of inorganic carbon:

_ moles of organic carbon produced

100 2
moles of initial inorganic carbon * @

2.5. Microalgae Characterization

The characterization of microalgae was obtained through the analysis of the cells, by
quantifying their components using combined elemental analyzer/isotope ratio mass spec-
trometry and energy-dispersive X-ray spectroscopy (EDX). Microalgae CPCC60 Chlorella
vulgaris cell sizes were analyzed using the microscope Z1 Imager by Zeiss.

The image analysis was complemented with a scanning electron microscope (SEM)
analysis. This involved treating samples with 1% glutaraldehyde (in BBM) for 2.5 days
at 4 °C. The resulting cells were washed with a BBM buffer. Biomass was treated with
osmium vapor for 1 h. After that, filtered biomass was rinsed with water to eliminate
the osmium and then dehydrated with ethanol at different concentrations (30% to 100%).
The ethanol-dehydrated samples were dried using a Critical Point Dryer followed by the
needed coating for the SEM analysis [26].

Furthermore, algal biomass was recovered by centrifugation in order to quantify
carbon, hydrogen, nitrogen, and sulfur atomic weight fractions. Three centrifugation cycles
were performed to concentrate the biomass, which was then washed with distilled water
to remove any nutrients [27]. Following centrifugation and washing, the biomass was
freeze-dried to retain an unaltered sample before proceeding to analysis quantification.

3. Modeling Algae Growth

As mentioned previously, inorganic carbon species can be fed to the PhotoBioCREC
unit, as bicarbonates. These species can be converted, in principle, into organic carbon as
microalgal biomass, COy, sodium carbonate, and sodium hydroxide. As a result, an overall
bicarbonate conversion stoichiometry can be considered as follows:

2NaHCO3 — aCH,Oy(biomass) + BCO, + wNay;CO3 + ¢ NaOH + vH,O 3)

where «, B, w, @, and v are, respectively, the stochiometric coefficients for organic carbon
as biomass, for CO,, for sodium carbonate, for sodium hydroxide, and for water (see
Appendix B and Appendix C for details of parameters’ determination).

On this basis, a kinetic model can be established based on sound assumptions, using
the PhotoBioCREC unit data [1]:

(a) Algal growth takes places in a well-mixed PhotoBioCREC unit. This is considered
adequate given the high mixing, which is the result of the important axial and circum-
ferentially promoted fluid motion in this unit.

(b) The incident irradiation passing through the flow media, containing the suspended
alumina particles, remains steady during the entire algal growth period. This is
achieved because of the self-cleaning walls promoted by the circumferential motion
of the alumina particles in the region close to the wall.

As a result, under these conditions, one can postulate with confidence that the changes
in bicarbonate moles comply with the following species balance:
dN;,
dt

= rinVy = —kinC, V¢ )
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where N, represents the moles of inorganic carbon, r;, is the molar rate of inorganic carbon
consumption, C;; denotes the molar concentration of inorganic species, and V; stands for
the liquid hold-up in the PhotoBioCREC.

Assuming that the Vy is constant, given the unchanged fluid level, and the steady visi-
ble radiation provided to the PhotoBioCREC, Equation (4) becomes Equation (5), as follows:

Cin _

g kinClL @)

where k;,, represents the kinetic constant for the conversion of inorganic carbon species,
fed as bicarbonates.

Regarding Equation (5), one can also mention, as shown later in the present study,
that the sodium bicarbonate concentration displays a first-order decay (n = 1), which is an
expected order of reaction for a unimolecular species consumption.

Furthermore, while sodium bicarbonate consumption progresses, microalgae steadily
forms, during a designated “growth phase.” Throughout this period, the CPCC90 Chlorella
vulgaris growth can be described, using as a basis the total organic carbon (TOC), as follows:

dNorg

it = rorgi = korgC?,jQUVf (6)
dC
dii’g = korgcir:llgv (7)

where 6, represents the microalgae matrix sites susceptible to reacting with bicarbonate
inorganic molecules in a condensation reaction with the m reaction order set to 1. Moreover,
korg is the reaction rate constant for total organic carbon formation.

Furthermore, and if the bicarbonate carbon-containing species interact with microalgae
sites at equilibrium, a Monod type of model results as follows:

dcorg - - korgcin

dt Tors = 17 KC,, ®

Thus, Equations (5) and (8) can be used to describe the sodium bicarbonate concentra-
tion (Cj;,) changes, as well as the changes in microalgae-contained carbon concentration
(Corg) as defined using TOC.

In addition, one can also envisage that at KC;;, > 1 conditions, Equation (8) becomes
a zero-order reaction. This applies for substrate concentrations at the high concentration
levels used in the present study.

As a result, the following integrated form of Equations (5)—(8) can be proposed for
CPCC90 Chlorella vulgaris culture in NaHCOj3 solution media:

(a) Inorganic carbon consumption:

Cin = Cinoeikmt (9)

(b) Organic carbon formation:

Corg = 11t = t1ag ) {org (= tiag ) [1 = u(t — t) | +u(t—t7) Cater} (10)

with Equation (9) representing the decay of inorganic species, involving an exponential
decay function; and Equation (10) representing a zero-order reaction, with a Heaviside
function selected to represent the growth induction period, and the growth arrest time
(Appendix D).

Furthermore, a ratio between the integrated form of Equation (7), evaluated at the
maximum organic carbon concentration, and the initial inorganic carbon concentration can
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be established. One can obtain the maximum concentration of total organic carbon based
on the initial inorganic carbon concentration as:

cpex g Kor
= kore(tr — tiae) = —21 (11)
CiVlo Ci?’lo 8 ( f lﬂg) Ci}’lo

with T representing the growth phase time. The results obtained with Equation (11) and
the parameters kwg and 7 are later presented in Section 4.2.

4. Results and Discussion
4.1. Cell Size and Biomass Composition

The CPCC90 Chlorella vulgaris cells were analyzed using a Zeiss Z1 Imager microscope.
It was found that microalgae cells display a consistent quasi-spherical/ellipsoidal shape,
with diameters ranging from 2 to 7 um. This is in agreement with the data reported in the
literature, where cell sizes for Chlorella vulgaris range from 2 to 10 um [28].

Figure 2 reports the images of CPCC90 Chlorella vulgaris cells for the inoculum and for
two initial inorganic carbon concentrations. One can observe that there is no significant
change in the quasi-spherical/elliptical sizes, with average cell sizes consistently ranging
from 4.0 to 6.0 um with a +0.8 um standard deviation, as shown in the cell size distribution
plot of Figure 3.

® ®

©
® 10 pm

(a) CPCC90 C. vulgaris inoculum cells

()

@ @
° ~- .

® C’ 4 ®
[~

®

®
@ @ 10 pm
10 pm @
(b) CPCC90 C. vulgaris cells using 28 mM of ()  CPCC90 C. vulgaris cells using 60
NaHCO:s after 10 days of culture. mM of NaHCO:s after 12 days of culture.

Figure 2. Microscope images of CPCC90 Chlorella Vulgaris cells: (a) Inoculum cells, (b) a case where a
28 mM NaHCOj solution was used and after 10 days of culture, (c) a case where a 60 mM NaHCO3
solution was used and after 12 days of culture (contrast and cell boundary definition have been
modified to improve the resolution of the images).
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£
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20 -

3 4 5 6 More
Cell Size (prm)

Figure 3. Cell size distribution for different concentrations of inorganic carbon, as sodium bicarbonate:
blue bars: 18 mM, orange bars: 28 mM, yellow bars: 40 mM, violet bars: 60 mM.

In addition, for experiments with 60 mM of NaHCOs3, SEM images of the Chlorella
vulgaris cells cultured in the PhotoBioCREC unit were taken after 12 days of cultivation. A
typical recorded cell image is reported in Figure 4 with the corresponding EDX elemental
composition of the Chlorella vulgaris biomass.

cps/eV
6f €

MAG: 10000x HV:S5kV WOD: 134 mm

o

(A) ' ‘ ’ Energy ;(eVl
Figure 4. CPCC 90 Chlorella vulgaris cells analysis with (A) EDX and (B) SEM. Samples correspond to
a 12 day cultivation time and are grown with a nominal concentration of 60 mM of NaHCOs5.

Thus, one can observe that the CPCC90 Chlorella vulgaris cells grown in the culture,
as described in Equations (9) and (10), have characteristic ellipsoidal shapes, and are
composed of C, H, S, and O, as determined via combined CHNS and EDX analysis and
reported in Table 1.
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Table 1. Elemental analysis of the cells of CPCC90 Chlorella vulgaris using combined CHNS and
EDX elemental analysis. Reported results are average values between repeats with +0.003 being the
largest standard deviation.

Composition This Study Literature [29]
(%) CPCC Chlorella vulgaris Chlorella vulgaris
Carbon 55.1 46.1-50.39
Hydrogen 8.2 6.01-6.41
Oxygen 1 29.0 19.1-25.00
Nitrogen 71 9.01-14.77
Sulfur 0.6 0.4-6.05
Molar ratios
H/C 1.8 1.43
C/N 9.1
o/C 0.39 0.339

1 Data calculated from combined CHNS and EDX analysis.

Table 1 shows that the carbon, hydrogen, oxygen, and nitrogen elemental components
of the CPCC90 Chliorella vulgaris of the present study agree with the data reported in the
technical literature [29]. In particular, the observed nitrogen content in the CPCC90 C.
vulgaris confirmed the expected protein content [30]. In addition, the reported low sulfur
content in the CPCC90 C. vulgaris grown with NaHCO3; makes it a good biofuel feed-
stock [31] with low sulfur oxide emissions [30]. Finally, one can also notice the negligible
sodium content in the CPCC90 C. vulgaris elemental analysis. This allows one to anticipate,
consistent with Equation (3), the full sodium recycle in the CO, capture process.

Thus, and on this basis, a proximate formula for CPCC90 Chlorella vulgaris biomass
was established as CH; gO 39.

4.2. Inorganic Carbon Conversion and Kinetic Parameters

Green CPCC90 Chlorella vulgaris were grown with different concentrations of NaHCOj3
species, which acted as an inorganic carbon source. Figure 5 reports the increase in
inorganic carbon utilization with time as determined using Equation (2). It can be observed
that the inorganic carbon conversion increased with culture time, reaching a maximum
value of 27%, in the runs with 18 mM of NaHCOj3. A similar conversion of 29.6% was
reached for experiments with 28 mM of NaHCO3. On the other hand, when working with
a higher concentration of inorganic carbon, the conversion into organic carbon decreased.

B
5 = 18 mM NaHCO3
=30.0 ¢ 28 mM NaHCO, 3 |
) o 40 mM NaHCO, $
c
§250( . 60 mMNaHCO, ' 1
Q
£
® 20.0 {
c
5 } !
£ 150} s 2 |
d>> L}
€ 3
g10.0f ; 2 1
c
£ sor } -
8 f s d
0'0 1 1 1 1 L 1 1 1 1 1
01 2 3 45 6 7 8 9 10 11 12 13
Time (day)

Figure 5. Conversion efficiency of inorganic carbon provided as NaHCOj into organic carbon as per
Equation (2).
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Thus, when feeding sodium bicarbonate to microalgae, inorganic carbon species are
available for microalgae cell growth as bicarbonate HCO5 ions. Once these bicarbonate ions
diffuse through the cells, they can be converted to CO; in a reaction catalyzed by the enzyme
carbonic anhydrase, providing the required CO; for the carbon fixation process [32].

Table 2 reports the reaction order and the reaction rate constant for the inorganic
carbon (bicarbonate) consumption. One should note that few studies in the literature have
reported the inorganic carbon conversion kinetic parameters. One should mention that the
rate model obtained in our research is consistent with Jacob-Lopes, Gimenes Scoparo and
Teixeira Franco [13], who reported a first-order removal of gaseous CO, in the aqueous
phase by a cyanobacteria species.

Table 2. Kinetic parameters for inorganic carbon consumption.

Parameter Value
n 0.95 £ 0.09
C\005
ki (mmole L ) day 0.26 = 0.09

Moreover, Figure 6a—d report the NaHCO3 concentration changes with culture time, at
four different initial concentrations, showing the good agreement between the experimental
and the predicted concentrations.

(a) (b)

»
e
o

= o 300
s TN
k) 150 \\'L ==-Maodel £ Y === Model
o ~Jd a7 200 Y
g 100 ) g ~
< \xi o \‘.\
Z ~d L Z 100 &
5. mdeee. N T
% i § 3 "‘;----
O Q k4
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 9
Time (day) Time (day)
(¢) (d)
E 40.0 \\ * Experimental E 60‘"}
g & === Model & ~d
-~ 30.0 N - ~
o 4. O 400F NG
o ~\§ o s,
T 20.0 ~ad = L O
z ~-4. 7 200} e
5 10.0 "‘Lm}.. s i S
= =g = R S
e ] e -
o N o N S S
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 10
Time (day) Time (day)

Figure 6. NaHCOj3 concentration changes with culture time for nominal initial concentrations of
(a) 18, (b) 28 (c) 40, (d) and 60 mM. Note: reported results include at least 3 repeats.

Microalgae growth can be tracked using the progressive total organic carbon con-
centration increase with culture time. Table 3 reports the rate constants for the different
bicarbonate concentrations, which are consistent with the already described TOC observed:
(a) there is a kinetic constant increase in the 18 to 28 mM range, (b) there is a stable value of
kinetic constants for 28, 40, and 60 mM of NaHCOj3. Furthermore, the reported results con-
firm the effective applicability of the proposed zero-order model for the biotransformation
of inorganic carbon into organic matter by CPCC90 Chlorella vulgaris during the growth
phase, for all bicarbonate concentrations.

Total organic carbon increased with culture time during the growth phase, with the
predicted organic carbon concentration for the growth phase following the proposed zero-
order model closely, during the 2-10 days period. This consistent zero-order model agrees
with the Monod model, with bicarbonate carbon concentration supplied at relatively high
levels [12,14,19,23,33,34].
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Table 3. Reaction rate constants for total organic carbon formation and growth phase time.

. _ _ T

Nominal Conc. of NaHCO3 kor,jimmole L lday—1} (Day)
18 0.86 £0.13 6
28 1.18 + 0.05 7.2
40 1.06 4+ 0.08 8
60 1.02 +0.11 9

A maximum organic carbon concentration was reached in all cases, after 8 or 11 days of
algae culture. Consequently, this maximum organic carbon concentration can be influenced
by the initial bicarbonate concentration, which followed a nonlinear trend, as reported

in Figure 7. Therefore, the maximum organic carbon concentration (Cg;g) predicted by

the proposed kinetic model can be related to the initial inorganic carbon concentration,
provided as NaHCO3, using v and § parameters, and estimated with a nonlinear regression

as follows:
—oC:
CIM = Ciyy = YCigge’ o) (12)
* Experimental

10.0 | 4 Eq.(11) .
—_ ---Eq.(12)
= | ] e
E e o
J 8.0 e .
c L
[} et
o Ra

4
5
o 6.0f s 1
[ 4
© 7
o K4
/4
s 401 ]
(o] K
S 7
(@] /
. ‘I
3 /
E 2.0 r 'I', T
7
1.0/ ]
/

0 10 20 30 40 50 60
Initial conc. NaHCO3 (mM)

Figure 7. Maximum concentrations of total organic carbon as a function of initial NaHCOj3. Note:
v = 0.42 £ 0.04 and ¢ = 0.02 + 0.004 of Equation (12).

Figure 7 also shows the ability of the proposed model to predict maximum organic car-
bon concentrations using both Equations (11) and (12). Moreover, this figure demonstrates
the adequacy of the calculated y and é parameters estimated via nonlinear regression.

Furthermore, and regarding the selective conversion of inorganic carbon into

Chlorella vulgaris, a maximum selectivity ranging from 17.0% =+ 1.4% to 33.0% + 2.0%
Curg

iio—Cin)
in,o in)
sodium bicarbonate concentration. These results yielded stochiometric coefficients close
toa = 0.33, ¢ = 1, and B+ w = 1.67, in Equation (3), and showed the promise of the
bicarbonate conversion by Chorella vulgaris, via photosynthesis, in the PhotoBioCREC.

(Selectivity = © % 100) was obtained. The selectivity decreased with the initial

4.3. Kinetic Model

The kinetic modeling of microalgae allows the prediction of the PhotoBioCREC per-
formance and the efficiency of carbon uptake by microalgae. During the lag phase, mi-
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croorganisms adapt to the growth conditions (i.e., nutrients, temperature, and mixing)
that can result in a partial inhibition of cell division [15]. As a result, the Heaviside step
function included in the model, and presented in Equation (10), allows one to properly
account for this phenomenon, predicting a close to null increase in biomass or organic
carbon concentration during the lag phase. On the other hand, for the growth phase, the
proposed model allows the prediction of total organic carbon concentration until it reaches
the maximum value. After reaching the maximum concentration, there is a decline in the
growth rate, as a result of the depletion of inorganic carbon supply.

Consequently, the kinetic model proposed in this research allowed us, in principle,
to predict the CPCC90 Chlorella vulgaris growth rate, both for carbon conversion and
maximum carbon fixation. In addition, and given the experimental runs developed in
the PhotoBioCREC with concurrent macroscopic energy balances being established, this
strategy allowed the evaluation of photon utilization efficiency, observed to be as high as
3.6% [1].

Figure 8a—d report the good agreement between the total organic carbon concentration,
as predicted by the model developed in the present study and the experimental results
obtained in the PhotoBioCREC prototype.
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Figure 8. Comparison between experimental results and predicted values from the proposed kinetic
model, for the determination of total organic carbon concentration for different initial nominal
concentrations of NaHCOj: (a) 18, (b) 28, (c) 40, and (d) 60 mM.

Figure 9 provides a further validation of the organic and inorganic carbon concen-
tration model predictions, by comparing them with the experimental data. One can, on
this basis, confirm the adequacy of the model proposed for the CPCC90 Chlorella vulgaris
culture, ranging from 18 to 60 mM of NaHCO3. As a result, the proposed model of the
present study can be considered suitable for the prediction of carbon conversion and the
prediction of the selectivity of carbon capture by microalgae.
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Figure 9. Model validation for total organic carbon and bicarbonate experimental concentrations.

5. Conclusions

(a) Sodium bicarbonate solutions are valuable vectors for CO, capture by CPCC90
Chlorella vulgaris microalgae.

(b) A PhotoBioCREC with controlled mixing and radiation conditions provides a suitable ex-
perimental prototype for the establishment of CPCC90 Chiorella vulgaris culture kinetics.

(c) Measurements of bicarbonate and TOC changes with culture time show an up to
33.0% selective conversion of bicarbonates into microalgae, establishing Chlorella
vulgaris photosynthesis in a PhotoBioCREC, as a promising process for carbon capture.

(d) The developed experiments provide the needed data for the Chlorella vulgaris growth
kinetic model.

(e) The proposed kinetics allows one to predict both bicarbonate concentration changes
and organic carbon concentration changes, during various CPCC90 Chlorella vulgaris
growth phases, when using bicarbonate initial concentrations ranging from 18 to
60 mM.

(f)  The proposed model also reliably permits one to establish maximum CPCC90 Chlorella
vulgaris concentrations values, for various initial bicarbonate concentrations.
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Nomenclature

BBM  Bold Basal Medium

Cin Inorganic carbon concentration mmole Lt

Corg Organic carbon concentration mmole L!

Cin, Initial inorganic carbon concentration mmole Lt

Corg”  Maximum organic carbon concentration in mmole Lt

kin Reaction rate constant for inorganic carbon in mmole Lflday*1
korg,j ~ Reaction rate constant for organic carbon for each initial concentration j in mmole L lday !
K Constant L mmole ™!

Niy, Moles of inorganic carbon

Norg  Moles of organic carbon

Tin Molar rate of inorganic carbon consumption mmole Lflday*1
Torg Molar rate of organic carbon formation mmole L~ *day ~*

t Time day

tag Lag phase time day

tr Time representing the end of the growth phase (day)

TOC  Total organic carbon

u(t)  Two-value Heaviside function with u(t) =0 for t < 0and u(t) =1fort >0
Liquid hold-up (mL)
Stoichiometric coefficient
Stoichiometric coefficient
Stoichiometric coefficient
Stoichiometric coefficient

Model parameter

Model parameter

Growth phase duration time (day)
Carbon conversion efficiency (%)

>,
= A Q"%&‘UOQKS

Appendix A. Kinetic Models Reported in the Literature

Table A1l. Microalgae kinetic models reported in the technical literature.

Conditions of Runs Quantum Yield Kinetics
uantum Yie
Authors Mixing Evaluation Radiation Absorption Evaluation TOC/Biomass Substrate
& Evaluation (CO; or NaHCO3)
Novak and Brune [22] ? no No Flrs;/i);i(e)gand none
de Morais and Costa [12] No(mte.rmlt.t ent aeration No No First order None
with air-CO5)

Jacob-Lopes et al. [13] No(bubble column PBR) No No First order First order

Yeh et al. [23] Yes No No First order and None

Monod model

First order and
Chun-Yen et al. [34] Yes No No Monod model None

First order and

Kumar and Das [19] Yes No No . . None
logistic equation
Lam and Lee [14] Yes No No First order None
Chang et al. [20] ? No No Elrét order,. None
Logistic equation
Adamczyk et al. [2] ? No No Logistic equation None
This study Yes Yes Yes Zero order First order

Notes: (a) the “yes” corresponds to a quantitative evaluation of either “cell unit mixing” or “the cell unit radiation absorption” during runs;
(b) the “No” corresponds to the lack of provided data about “mixing” or “radiation absorption”; (c) the “?” symbol corresponds to cases
where there is uncertainty regarding “the mixing conditions” or “the radiation absorption”; and (d) the “zero order,” “first order,” or “the
Monod model” corresponds to observed kinetics during experiments.
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Appendix B. Determination of Parameters for Equation (3)

The proximate chemical formula for biomass, reported in Equation (3) as CH,Oj, was
determined based on the experimental elemental composition of biomass. The “a” and “b”
parameters represent the H/C = 1.8 and O/C = 0.39 molar ratios, respectively, as reported
in Table 3. As a result, the biomass chemical formula was established as CH; gOg39. To
arrive at this, the stoichiometric coefficients of Equation (3) were estimated, by considering
mole element balances and using experimental data as follows:

2NaHCO3 = aCH; 80¢ 39 + BCO2 + wNay;CO3 4+ ¢ NaOH + vH,O

In the first step, from the elemental balance for Na, it was found that 2 = ¢ + 2w. In
addition, when bicarbonate was consumed, ¢ = 1 and w = 0.5. From the experimental
runs, it was observed that the selectivity (moles of organic carbon formed/moles of sodium
bicarbonate consumed) was 33%, and as a result, &« = 0.33. Furthermore, from the carbon
balance, it was also postulated that 2 = « 4+ § + w. Thus, § = 1.17. Finally, from the hydrogen
balance, 2 = aa + ¢ + 2v was determined, and as a result, v = 0.20. Thus 8 + w = 1.67.

Appendix C. Determination of Reaction Rate Constants

The rate constants k,¢ and k;,, and the reaction order for inorganic carbon con-
sumption (n), were determined using a nonlinear regression. The integrated forms of
Equations (5) and (7) were used to estimate the concentration of inorganic carbon, during
culture time, and the concentration of organic carbon during the growth phase, respectively.
These equations are as follows:

1

1-n)
Cin (71 — 1)kint

= [ 41 (A1)
Cing Cz(i(;n)
Corg = Corg,in + korg (t - tin) (A2)

In the next step, the sum of the squared estimated residuals (S,) were calculated for
each model equation, considering the following:

n
Sy = Z[Cexp - Cmodel]2 (A3)
1

Thus, during nonlinear regression, the n and k;, parameters in Equation (Al) were
changed simultaneously, until the S, residual summation was minimized. Similarly, and
for ko, in Equation (A2), it was regressed until S, reached a minimum value.

Appendix D. The Heaviside Step Function u(t) involved in Microalgae Growth Kinetics

The “Heaviside step function” u(t) is a typical function used in process control and
reaction engineering [35]. This is a two-value function with two possible values “0” or “1”:

(@) Fort <0, theu(t)=0
(b) Fort>0,theu(t) =1
The adequacy of Equation (10) can be confirmed as follows:

(@) During the lag phase: t < t}4,

u(t—tlug> =0and u(t—tf) =0; Corg =0

(b) During the growth phase: t > f},,

u(t - t,ag) =1, and u(t - tf) = 0; Corg = ko,,j(t - tlag)
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(¢)  During the stationary phase: t > f,,

u(t — tlag) =1, u(t — tf) =1 Corg = Cg;izgx

Thus, and as shown here, the Heaviside step function provides the solution for the
three phases of microalgae culture.
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