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Abstract

The microalga Scenedesmus obtusiusculus AT-UAM efficiently captured CO, from two flue gas streams in a hybrid
photobioreactor located in a greenhouse. Uptake rates of CO,, NO, and SO, from a formulated gas stream were
160.7 mg L™ day ', 0.73 mg L™ day ', and 1.56 mg L™ day ", respectively, with removal efficiencies of 100% for all gases.
Exhaust gases of a motor generator were also removed with uptake rates of 111.4 mg L™ day ', 0.42 mg L' day ', and
0.98 mg L! dayfl, obtaining removal efficiencies of 77%, 71%, and 53% for CO,, NO,, and SO,, respectively. On average,
61% of the CO, from both flue gas streams was assimilated as microalgal biomass. The maximum CO, uptake rate of
182 mg L' day ' was achieved for formulated flue gas flow rate above 100 mL min'. The biomass recovery of 88% was
achieved using a 20-L electro-coagulation-flotation chamber coupled to a settler with a low specific power consumption of
0.27 kWh kg . The photobioreactor was operated for almost 7 months without contamination of invasive species or a decrease in

the activity. It is a very encouraging result for long-term operation in flue gas treatment.

Keywords CO, capture - Biomass harvesting - Microalgae - CO, fixation - Greenhouse gases

Introduction

At present, the concentration of carbon dioxide (CO,) in the
atmosphere is above 400 ppm, being this the highest value in
modern atmospheric records. Likewise, between 2007 and
2017, the average annual increase in atmospheric CO, was
2.3 ppm (Hartfield et al. 2018), and an alarming temperature
rise rate of 1.1 °C was recorded in 2016 (World
Meteorological Organization 2018). CO, is the most impor-
tant greenhouse gas accounting for approximately 77% of the
total emissions. The main industrial sources of CO, emissions
included flue gases from coal (40%), oil (35%), gas (20%),

Responsible editor: Ta Yeong Wu

>< Marcia Morales
mmorales @ correo.cua.uam.mx

Maestria en Ciencias Naturales e Ingenieria, Universidad Autonoma
Metropolitana Cuajimalpa, Av. Vasco de Quiroga 4871, Colonia
Santa Fe Cuajimalpa, 05300 Mexico City, Mexico

Departamento de Procesos y Tecnologia, Universidad Autonoma
Metropolitana Cuajimalpa, Av. Vasco de Quiroga 4871, Colonia
Santa Fe Cuajimalpa, 05300 Mexico City, Mexico

cement (4%), and gas flaring (0.7%) (Bekun et al. 2019).
Therefore, environmentally friendly CO, capture systems
have gained importance over the last few decades.
Microalgae are an interesting alternative due to their high ca-
pacity to assimilate CO, and produce biomass (Cheah et al.
2015; Aslam et al. 2017) with higher CO, fixation rates than
terrestrial plants (Li et al. 2008; Kao et al. 2014). However, the
cultivation of microalgae using flue gas emissions faces some
challenges that include tolerance to CO, (> 10-15%) (Huang
et al. 2016; Yun et al. 2016), toxic effects of NO, and SO,
concentrations (100-300 ppm) (Lee et al. 2002; Duarte et al.
2016), and resistance to fluctuations in pH, temperature, and
light intensity (Singh and Ahluwalia 2013) typically present in
systems for outdoor cultivation.

Algal cultivation systems are classified in open and closed
systems. Open circulating ponds or raceway ponds (RWPs)
are traditionally used for large-scale operation due to the low
capital and operating costs (Singh and Ahluwalia 2013;
Nagappan et al. 2019). However, they usually present low
biomass productivities related to poor mixing, low CO, mass
transfer, and problems to control the operating conditions
(Pandey et al. 2014). On the other hand, closed cultivation
systems, such as photobioreactors (PBRs), allow easier
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control of the operating conditions and exhibit higher biomass
productivities (Adesanya et al. 2014). Nevertheless, the oper-
ating and capital costs are higher, and in some PBR configu-
rations, accumulation of dissolved oxygen may induce cell
damage (Fernandez et al. 2012; Costache et al. 2013). The
latter reduces the carbon fixation efficiency of algal cultures
due to the production of reactive oxygen species and compet-
itive inhibition of carboxylation processes in the RUBISCO
enzyme (Morales et al. 2018). A promising strategy for over-
coming the shortcomings and enhancing the advantages of
traditional cultivation systems is hybrid photobioreactors
(HPRs). They combine two or more system configurations
allowing higher productivities and surface/volume relation-
ship besides lower energy demand and costs. HPRs include
the combination of a bubble column with different configura-
tions such as thin layer (Singh and Sharma 2012; Maroneze
et al. 2016; Morales-Amaral et al. 2015), illumination plat-
forms (Depra et al. 2019), or RWPs (Bahr et al. 2014; Liu
et al. 2019). In the first two configurations, high biomass
productivities are reported, but they are prone to
photoinhibition and have low working volumes. In a hybrid
configuration of a bubble column and RWP, the CO, mass
transfer is improved by overcoming the major drawback of
direct CO, injection into the RWP, where 80-90% of CO, is
lost to the atmosphere (Putt et al. 2011).

On the other hand, cost-effective microalgal biomass pro-
duction requires efficient and inexpensive harvesting
methods. This operation represents more than 20% of the total
production cost (Singh and Ahluwalia 2013). Low biomass
concentrations, which range between 0.5 g L™ in open ponds
and 4 g L™ in PBR (Vandamme et al. 2013), impose difficul-
ties on microalgal biomass harvesting. There are several tech-
nologies already developed, such as sedimentation, centrifu-
gation, flocculation, and flotation. However, some of these
methods pose economic and operational difficulties or are
energy-intensive processes (Rashid et al. 2019). Hence,
energy-efficient technologies for biomass harvesting must be
developed to reach the economic feasibility of microalgae-
based products. Electro-coagulation-flotation (ECF) systems
have been widely used for wastewater treatment by removing
suspended pollutants (Gao et al. 2010). ECF consists of a floc-
generating system through the release of aluminum or iron
ions from a metal sacrificial anode and microbubbles pro-
duced in situ by a gas-generating cathode (Vandamme et al.
2011; Marrone et al. 2018). The flocs formed from interaction
with metal ions float because hydrogen bubbles adhere to
them, and biomass can be easily recovered at the top.
However, the flocs will eventually fall to the bottom because
of their weight. In comparison with coagulation or floccula-
tion, which use compounds like alum, ECF has the advantage
of not requiring the addition of other chemicals, such as chlo-
ride or sulfate to water (Singh and Patidar 2018). This tech-
nology has been used for the removal and recovery of algal
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biomass and has been reported to be energy and time-efficient
(Marrone et al. 2018; Landels et al. 2019). However, most
studies on the recovery of microalgal biomass by ECF have
been performed on laboratory scale compared to centrifuga-
tion or other conventional harvesting techniques.

In previous studies, Scenedesmus obtusiusculus AT-UAM
showed the potential for CO, fixation from flue gas and bio-
diesel production because of its tolerance to high CO, con-
centrations and lipid accumulation (Toledo-Cervantes et al.
2013). It also proved to be resistant to a wide pH range, pho-
tosynthetic photon flux density (PPFD), and temperature
(Cabello et al. 2015) and was successfully grown outdoors
(Morales et al. 2018). However, this microalga has not yet
been cultivated in a hybrid photobioreactor nor fed with real
flue gas streams.

Therefore, this work aimed to develop a CO, capture sys-
tem using the microalga Scenedesmus obtusiusculus AT-
UAM for the treatment of flue gases from a formulated gas
stream or an exhaust gas of a portable liquefied petroleum gas
(LPG)—powered generator. It also comprised the use of a 100-
L hybrid photobioreactor with the incorporation of a biomass
harvesting stage by an electro-coagulation-flotation system.

Material and methods
Microorganism and culture medium

Scenedesmus obtusiusculus AT-UAM was grown on BG-11
medium, containing the following (in g L™"): NaNO;, 1.5;
K,HPO,42H,0, 0.04; MgSO,4 7H,0, 0.075; citric acid,
0.006; ferric ammonium citrate, 0.006; Na,EDTA-2H,0,
0.001; and Na,COs, 0.02, and 1 mL L' of A5 trace mineral
solution. The composition of A5 was as follows (in g L™'):
H3BO3, 2.86; MnCl,-4H,0, 1.81; ZnSO4-7H,0, 0.22;
NazMOO4'2H20, 039, CuSO4'5HZO, 0079, and CO(NO3)2'
6H,0, 49.4 (Toledo-Cervantes et al. 2013).

Hybrid photobioreactor

The HPR consisted of a 100-L RWP coupled to a 2.5-L bubble
column (BC) (Fig. 1a). Two peristaltic pumps were used to
recirculate the culture between the RWP and the bubble col-
umn; the liquid flow was 300 mL min ', The formulated or
real flue gas stream was measured using rotameters and dis-
tributed from the bottom of the BC through a porous glass
disk. A data acquisition system (AlgaeConnect®) was imple-
mented for data logging of pH, dissolved oxygen (DO), and
temperature. All sensors were located in the RWP, and the
PPFD impinging on the surface of HPR was measured by a
light meter (DL-2005; Sper Scientific, USA). The inoculum
for both experiments was generated separately in a 20-L bub-
ble column with a working volume of 18 L, supplied with 1%
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Fig. 1 Experimental system. a
Hybrid cultivation system (HPR).
b Electro-coagulation-flotation
chamber and settler

CO, atarate of 2.8 L minﬁl, and operated at 28 °C. The initial
biomass concentration in the HPR was 0.11 g L™", but when it
reached the level above 1 g L', 50 L of culture was removed
and replaced with fresh BG-11 medium to ensure that the HPR
maintained growth conditions over the entire operation period.
The experimental system was located in a rooftop greenhouse
at UAM Cuajimalpa in Mexico City (19° 21" 5.8” N, 99° 17’
0.2"” W) and exposed to the circadian cycle of temperature and
PPFD.

Flue gases

Two different sources of flue gases were used: (i) a formulated
flue gas stream from a 4.29-m” certified Praxair cylinder, hav-
ing the following composition: CO, (15%), NO (100 ppm),
and SO, (100 ppm) balanced with N,, and (ii) a real flue gas
obtained from the exhaust gas of a 3-kVA portable power
generator (Generac model LP3250). This generator used
LPG as fuel, and the flue gas was collected using a 50-L gas
sampling Tedlar® bag, after which the following composition
was quantified by a portable flue gas analyzer (see the section
“Gas phase analysis”): CO, (4-5%), CO (0.9-1.23%), NO
(12-25 ppm), NO, (0-25 ppm), and SO, (12—60 ppm). The
formulated flue gas was supplied for 10 h of daylight using a
flow rate of 100 mL min "', The real flue gas was delivered for
18 h at 150 mL min ' from samples previously collected in
three 50-L Tedlar bags, to avoid alkalinization of the culture
medium. In both cases, for the rest of the time, only air was
supplied.

Finally, different gas flow rates were tested to maximize the
simultaneous removal of CO,, NO, and SO, and to determine
the carbon fate in the HPR as well as the pH response. The
formulated flue gas was sparged into the BC at 100 mL min *,
130 mL minfl, 150 mL minfl, and 180 mL minfl, and these

(C)) (b)

flow rates were evaluated in ascending order until steady re-

movals. In all cases, the liquid flow rate was 300 mL min .

Biomass harvesting studies

Recovery assays were performed with a centrifuge
(Hettich Zentrifugen, model Rotina 380, type 1701-30),
using two plastic containers with a total working vol-
ume of 500 mL. The initial biomass concentration of
Scenedesmus obtusiusculus AT-UAM was adjusted to
1+0.05 g L' for every condition tested. Experiments
were performed at different rotational speeds (250 rpm,
500 rpm, 750 rpm, 1000 rpm, 1250 rpm, 1500 rpm,
2000 rpm, 3000 rpm, and 4000 rpm) and centrifugation
times of 5 min, 10 min, 15 min, and 20 min.

Biomass recovery was also made by ECF in a 0.6-L Pyrex
glass beaker with the same working volume and sampling
times used for centrifugation assays. The ECF system
consisted of 4 aluminum electrodes with a total effective area
0f 0.024 m. The following voltages and electric current were
applied: 12 Vand 0.1 A, 24 Vand 0.2 A, and 30 Vand 0.3 A.

Figure 1b shows the ECF chamber for biomass harvesting
after the cultivation stage. The system comprised three stages.
The first step was carried out in a 20-L ECF chamber,
consisting of 4 aluminum electrodes with a total effective area
of 0.16 mz, and operated at 16 V and 0.6 A for 40 min;
microalgal culture from the HPR was fed to this chamber at
a flow rate of 0.5 L min~". In the second stage, the biomass
flocs resulting from the ECF were passed through a mesh filter
screen (0.1 mm), and finally, the non-recovered biomass was
sent to a 25-L settler, where it remained for 10 h, and the
supernatant was purged.

The specific power input (SPI) was calculated according to
Fayad et al. (2017)

@ Springer



28564 Environ Sci Pollut Res (2020) 27:28561-28574
UxIxt H,S0,4 was added to 100 uL of the culture sample and boiled
SPI (kWhkg™') = for 15 min. Then, every sample was placed in an ice bath for

~ 1000 x V x BRE x X

where U is the voltage (in volts, V) and / is the electric current
used (in amperes, A). Vis the volume of treated culture (in L),
t is the time of exposure to the harvesting technique (in hours,
h), BRE is the biomass recovery efficiency, and X is the initial
biomass concentration at the beginning of the harvesting pro-
cess (g Lfl).

Control experiments were performed in a 1-L plastic set-
tling cone with a working volume of 0.5 L, at the same bio-
mass concentration used in the centrifugation and ECF assays.
Sampling was done every hour at 2 cm from the surface of
liquid until no change occurred in biomass concentration.

Analytical methods
Biomass content

Fifty milliliters of culture medium was collected daily from
the HPR and replaced with non-sterile water. Biomass was
quantified by the dry weight method, filtering a known vol-
ume of culture medium through a 0.8-um membrane, and
dried at 60 °C in a thermobalance (Sartorius model MA160)
until a constant weight was attained.

Liquid phase analysis

The supernatant retrieved from a prefiltered sample was
passed through a 0.2-pum membrane to quantify the total dis-
solved carbon and nitrate. The determination of total inorganic
carbon (TIC) was done by a TOC-VCSH analyzer (TOC-L
series; Shimadzu, Japan).

Biomass analysis

Protein was quantified by a modified Lowry method for
microalgal biomass (Lowry et al. 1951). Total carbohydrate
content was determined by a modified phenol-sulfuric acid
method (Dubois et al. 1956). Chlorophyll was extracted with
methanol 90% v/v. Five milliliters of methanol (90% v/v) was
added to 1 mL of the culture sample; this mixture was soni-
cated at 60 °C for 60 min. Afterward, the absorbance of the
supernatant retrieved from each sample was measured at
650 nm and 665 nm; absorbances were corrected for turbidity
by subtraction of absorbance values obtained at a wavelength
of 750 nm. Chlorophyll content was determined with the fol-
lowing equation: Chlorophyll (pg mL ) =16.5 (Aggs) — 8.3
(Ags0). All methods were described previously in detail
(Toledo-Cervantes et al. 2013).

The total lipid content was quantified with the sulfo-
phospho-vanillin assay. For that, 2 mL of concentrated
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5 min; subsequently, 5 mL of the sulfo-phospho-vanillin so-
lution was added and incubated at 37 °C and 200 rpm, for
15 min, and finally read at a wavelength of 530 nm (Mishra
et al. 2014). The calibration curve was prepared using com-
mercial olive oil.

Biomass was calcined at 400 °C for 4 h to gravimetrically
calculate the inorganic matter present in the biomass. All anal-
yses were performed in triplicate.

Gas phase analysis

Gaseous effluent of the BC was collected in a 10-L Tedlar®
bag, and the sample was pumped, precooled, and dried by a
portable flue gas analyzer (NOVA model 5006) to simulta-
neously measure gas composition, including oxygen pro-
duced by photosynthesis. O,, CO, SO,, NO, and NO, were
determined by electro-chemical sensors and CO, by a solid-
state infrared sensor.

Calculations

The specific growth rate (1, day ') and biomass productivity
(Py,, mg L' day™ ') were calculated for both cultures by
adjusting the biomass concentration kinetic data to the
Gompertz model (Auria et al. 2000). The flue gas removal
in the HPR was expressed in terms of volumetric uptake rate
(UR = (Ci, — Coup) / HRT) and removal efficiency (RE = (1 —
Cout / Cin) x 100). Here, C;, and C,, are the influent and
effluent gas concentrations in the BC, respectively; HRT is
the hydraulic residence time calculated as HRT = F, / Vi,
where Fy is the gas flow and V¢ is the total liquid culture
volume (RWP + BC).

Results and discussion

HPR batch operation with formulated and real flue
gases

Figure 2 shows the evolution of biomass, flue gas compound
removals, operating conditions (temperature and PPFD), and
response variables (pH and DO), related to the photosynthetic
activity of S. obtusiusculus AT-UAM in the HPR fed with for-
mulated (Fig. 2a) and real flue gases (Fig. 2b). The experiments
lasted 20 days and 30 days, respectively. As can be seen in both
experiments, the temperature was in the range of 11-32 °C,
although the average temperature for the formulated gas exper-
iment (19.9 °C) was slightly higher than that for real flue gases
(18.5 °C) and the maximum PPFD was 640 pmol m 2 s .
Variation in operating conditions of both experiments was as-
sociated with the circadian cycles and climate, with minimum
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Fig. 2 Time course of biomass concentration of Scenedesmus obtusiusculus AT-UAM, temperature, PPFD, pH, and dissolved O,, during operation of
HPR with a formulated flue gas and b real flue gas. X is the biomass concentration

values during the night and maximum values around noon. pH
and DO followed the same trend as a result of CO, and nitrate
consumption due to photosynthesis. The initial pH of 8 gradu-
ally increased to around 10, when formulated flue gas was fed,
and up to 12 in the case of real flue gas. A daily increase in DO
occurred from the saturation value (6 mg L) recorded at the
end of the night period when only air was supplied, up to
20 mg L during the early afternoon; after this time, the DO
gradually decreased. According to all the abovementioned

conditions, Scenedesmus obtusiusculus AT-UAM was not in
the optimum values of 620 pumol m2s !, 35°C, and pH of
7.5, previously reported by Cabello et al. (2015), and in some
cases, operation was close to the critical values (7'< 10 °C and
pH > 10), when photosynthesis diminished seriously.

The pH decreases when CO, solubilizes from the gaseous
phase to the liquid, according to the reversible reaction CO, +
H,O 2 H* + HCO;, then H* is consumed during HCO3~
conversion to CO,, which is ultimately fixed during
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photosynthesis. Thus, steady-state usage of HCO5; as the
original carbon source for photosynthesis leaves OH ™ in the
cell, and it is neutralized by H* uptake from the extracellular
environment. Therefore, the reduction of H* in the culture
medium unavoidably leads to an increase in pH. High pH
provides a greater drive for CO, transport due to the shift in
carbon dissolution in water. However, a neutral or acidic pH is
more favorable for carbon fixing microalgae at the cellular
level because bicarbonate and dissolved CO, are preferred
over CO5> (Imamura et al. 1983), which is present at ex-
tremely high pH, affecting microalgal growth. Nitrate con-
sumption during microalgal growth is also linked to a rise in
pH due to a net uptake of H* (Scherholz and Curtis 2013). On
the other hand, some of the problems associated with outdoor
algal cultivation that limit the CO, capture and biomass pro-
ductivity are light and temperature variations and DO accu-
mulation (Morales et al. 2018). Low PPFD reduces photosyn-
thesis, and extremely high PPFD on the surface causes
photoinhibition (Janssen 2016). Temperature influences both
the physicochemical CO, availability for the cells and the
metabolic processes within the cell (Costache et al. 2013;
Paliwal et al. 2017); therefore, non-optimal temperatures due
to climate or seasonal conditions affect the operation of culti-
vation systems. DO is an indicator of photosynthetic activity
by microalgae, but excessive oxygen buildup is one of the
major problems in obtaining CO, fixation rate and high bio-
mass productivity. DO may exceed 250% of saturation during
daytime (Fernandez et al. 2012; Costache et al. 2013), which
may lead to the photo-oxidative death of the culture under
prolonged exposure to full sunlight (Fernandez et al. 2012).
Figure 2a and b also shows the removal of the main com-
ponents in both flue gases. As can be seen in both experi-
ments, the microalgal culture quickly started to mitigate flue
gas compounds, particularly when the system was fed with the
formulated flue gas stream. RE of all compounds was keptat a
value of 100% after the first 10 days of operation until the end
of the experiment. Table 1 summarizes the main results for
both experiments. As can be seen, URs for CO,, NO,, and
SO, were 160.7 mg L™ day ', 0.73 mg L' day ', and
1.56 mg L' day ', respectively, when formulated flue gas
was fed. On the other hand, when real flue gas was supplied,
the maximum RE and UR for CO, (76.7%,
111.4 mg L' day "), NO; (72%, 0.42 mg L' day '), and
SO, (53.3%, 0.98 mg L' day ') were lower than those ob-
tained with formulated flue gas, which could be associated
with the pH value maintained during the culture (7-11 and
812 with formulated and real flue gas, respectively). In the
latter case, at a pH value of 12, 100% of the inorganic carbon
is found as insoluble CO5”", affecting the carbon availability
and cell activity. It could have contributed to the lower perfor-
mance when the real gas was fed. It is important to point out
that pH drop is commonly reported after the injection of flue
gas, reducing the CO, fixation and microalgal growth through
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the generation of acid compounds derived from the injection
of SO, and NO, into the culture medium (Lee et al. 2002; Yen
et al. 2015). However, acidification was not observed in our
case.

Flue gas removals obtained in this study were in the high
range of most values reported in the literature using RWP
systems (see Table 2), and normal values of UR were in the
range of 27 mg L' day ' to 69.54 mg L' day '. Similar
values to those obtained in our work were reported by
Cheng et al. (2018) for the treatment of a coal-fired power
plant—derived flue gas (12+2% CO,, 120+ 10 ppm NO,,
50£10 ppm SO,) by direct injection into an RWP
(2500 L min"', 310 m®). They found maximum CO,, SO,,
and NO, RE of 55%, 95%, and 66% with UR of
120.4 mg L™ day ', 0.715 mg L' day ', and
0.72 mg L' day ', respectively. However, REs of CO, and
NO, were lower than those obtained here with both
formulated and real flue gas. In a similar way to our work,
de Godos et al. (2014) studied the influence of a sump located
in an RWP to promote the CO, mass transfer of a flue gas
from a diesel-fueled heating boiler with a composition of
10.6% CO,, 18.1 ppm CO, and 38.3 ppm NO,, finding similar
UR values (see Table 2). Finally, in the study performed by
Suriya Narayanan et al. (2019), flue gas (10.6% CO,,
150 ppm NO,, 6 ppm SO,) generated by an LPG burner was
supplied directly to an open rectangular pond (200 L),
obtaining CO, UR values between 116 and
202 mg L' day'. A major difference with our work was
the temperature range recorded during the supply of flue gas
with values between 30 and 40 °C. In the case of our assays
with Scenedesmus obtusiusculus AT-UAM (see Table 1 and
Fig. 2), the temperature was below optimum values (Cabello
et al. 2015), which may partially account for the difference in
CO, UR.

Growth of Scenedesmus obtusiusculus AT-UAM fed
with formulated and real flue gas

Figure 2 also shows that Scenedesmus obtusiusculus AT-
UAM grew faster in the HPR fed with the formulated flue
gas than with the real flue gas, reaching similar biomass con-
centrations (=1.2 g LY in two thirds of the time. Table 1
shows the specific growth rates of 0.6 day ' and 0.38 day
and biomass productivities of 69 mg L' day ' and
41.8 mg L' day ! for the formulated and real flue gas, re-
spectively. The differences in growth rates and biomass pro-
ductivities could be explained by CO, concentrations and the
feeding period with each flue gas.

As with CO, UR, biomass productivity values obtained in
this work were in the range of those achieved in the experi-
ments performed in open systems with a supply of flue gas
(see Table 2). Zhu et al. (2014) studied the growth and lipid
accumulation in different strains of Nannochloropsis oceanica
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Table 1T Summary of cultivation conditions, flue gas removal, growth parameters, and biomass characterization of Scenedesmus obtusiusculus AT-
UAM growth in HPR with two different flue gas streams
Parameter range Formulated flue gas Real flue gas
Conditions
pH 7-11 8-12
Temperature (°C) 11-32 13-29
PPFD (umol m 2 s™") 0-600 0640
Response variables
pH 7-11 8-12
O, in gaseous effluent (%) 253+145 9.7+2
Maximum flue gas removal
CO, (RE* and UR**) 100/160.7 76.7/111.4
NO, (RE* and UR**) 100/0.731 72/0.416
SO, (RE* and UR*¥) 100/1.56 53.3/0.98
Growth parameters
w(day ™" 0.6 0.38
Volumetric productivity (Py, mg biomass L' day ") 69.0 41.8
X (g biomass LY 1.13 1.09
Biomass composition
Protein content (%) 44 43.5
Carbohydrate content (%) 32.7 358
Lipid content (%) 12.3 11.2
Chlorophylls (%) 2.13 1.48
Ashes 5 5
Others 3.8 3
Carbon fate
Carbon in biomass (%) 60+10 62+3
Dissolved carbon (%) 28+5 22+8
Nitrogen consumption
Final NaNO; (g LY (% consumed) 0.59 (61) 0.54 (64)

*RE max (%)
#+*UR max (mg L' day ')

in an RWP with the supply of flue gas (13% CO,, 129 ppm
NO,, and 30 ppm SO,), obtaining the values of P, between
15.09 and 17.14 mg L ™" day ', considerably lower than those
achieved in our study. Dineshbabu et al. (2017) reported a Py,
value of 35 mg L' day ' for the operation of a cylindrical
tank (550 L) inoculated with Phormidium valderianum and
fed with flue gas. Similar P, values (38-35 mg L' day ')
were reported by Pawlowski et al. (2014) for microalgal cul-
tivation in an RWP (20 m®) with the flue gas (100 L min ',
10.6% CO,, 38.3 ppm NO,). These results and the compari-
son with the operation of RWP without the bubble column
(biomass productivity around 25 mg L' day ') show the
advantage of coupling a bubble column to cultures grown in
RWP systems, not only in the enhancement of CO, UR but
also in growth parameters such as Py,

Table 1 also shows the microalgal biomass composition.
On average, protein, carbohydrate, lipid, and protein contents
were 43.75%, 34.25%, 11.75%, and 1.8%, respectively. This

is in agreement with the results previously reported by Toledo-
Cervantes et al. (2018a) for S. obtusiusculus AT-UAM.
However, the main difference was the high carbohydrate ac-
cumulation obtained in our work. Gonzalez-Fernandez and
Ballesteros (2012) suggested that in some microalgal strains,
both the supply of CO, and the light/dark cycles affect key
enzymes related to the biosynthesis of carbohydrates. Both
conditions were present in the experiments performed in this
study. According to the carbohydrate and protein percentages,
the biomass produced could be used either as a dietary sup-
plement or in energy production—related processes (Spolaore
et al. 2006).

Carbon fate
On average, the carbon fate for the experiments considering

biomass, inorganic carbon, and desorbed carbon was 61%,
23%, and 14%, respectively (see Table 1). These values are

@ Springer



Environ Sci Pollut Res (2020) 27:28561-28574

28568

Jojoeaiorqojoyd xepnqny Y47 ‘1ojoeaiorqojoyd uwunjod d[qqnq yJ0g ‘puod Kemooer JpMy

uonerodo AJrep Jo smoy pue ‘suonipuod sed [eapr ‘amssaid pue armyerodud) prepue)s Surinsse ‘poutIofrod a1om SUOLR[NO[E))

(se3 NWVN-LV
onjy perenuiIoy) SnjnosnIsnIqo
Apms st - - - C81-L°091 ¢l 18°C9¢'1 001 1€°1-€L°0 00T T ST01 UdH 81°0-1°0 Snuisapauadg
VNIV
(sed onpy SnjnosSnISNIqo
[ear) Apmjs sIy], ro'l 8¢0 81y 1L SV 860 09—¢l 917’0 0S¢l 1S7TOI ¥UdH S1°0 Snuisapauadg
(se3 INVN-LV
onfy peyenuIIoy) SnJnosSnISNIqo
Apms siq, srl 90 69 %L°091 SI 9¢'1 001 1€L°0 001 T1S701 “UdH 1’0 Snuisapauadg
19S. vo1uvaso
(¥107) T8 10 nyz 8€€0 690 YI'LL LETE €l - 0¢ - 61 10008 dmd 0Ll sisdo.opyoouupyN
TV Po1Unas0
(¥100) Tew Yz 91¢£0 - 60°S1 w'LT €l - 0¢ - 61 10008 dmd 0Ll sisdo.oyr0uupN
8- PI1UDIIO
(¥107) Te 10 nyz €20 81°0 SL9I1 $9°0¢ €l - 0¢ - 61 10008 dmd 0Ll sisdo.opysouupyN
AIm[no
(L100) T 00S “ue} optoud  NQg wnuvLopwa
e 39 nqequsauiq S 7o 33 89 - - - - - [eoLIPUI[AD paAjossia wnipiuLioyq
duns
(¥100) wT s wnnIosuos
Te 10 DISMOIMB] S6€°0-1CE0 - 8¢ 7§69 901 - 0 - €8¢ Q0T dMY USRI [eS[0IIA
(¥100) o1 WNIIOSUOD
‘e 39 SOpOD) °p (48! - S8 SesS1 901 - 0 - €8¢ RUNITAR Y SR LS S | [eS[eoIdIN
(e8107) Te 1 1601 snnbijqo
SAUBAII)-OP3[OL Sl - 00¢ xV9811 0¢ - 0 - 0 “ddL+¥dod S0'0 snuisapondy
(8100) vIpNI0
‘e 32 Suay) ¥'0 Lo oL 0Tl TFTI L0 01 F 08 SIL0 OIFOTI W OI€ dMd 00S¢ sisdo.opysouupyN
(6107) T& 19
ueueAeIeN BALNS /0 T-6S°0 LTH 0-LIY0 911-59 09Il 901 - 9 - 0ST ¥do SYC 691d “ds vjja.yspp0)
(Aep  _1%D (%) (Aep | T1°0S (wdd) ([ _Aep T*ON (wdd)
swyyn 8D swyyn 9O 3w) ¥n 3
(,_&ep | T ssewoiq oz1s (;_umu )
oowomy (19X (_Aep) Sw) 97 0D 208 “ON pueodf) yqd eI mo[]  seroads [eS[eoIdTA

SIOM SIY}) UT Pasn 9SOy} 0} JB[IWIS SWISAS B3 [L0IOIW JWOS AQ SISES anfJ JO [eAOWY ¢ d|gel

pringer

Qs



Environ Sci Pollut Res (2020) 27:28561-28574

28569

similar to those obtained by de Godos et al. (2014), with 66%
of carbon recovered as biomass. The outgassing in that work
was lower (4%), which could be associated with feeding strat-
egy since the flue gas was supplied on demand or with a
higher L/G ratio (=27). It suggests that increased CO, reten-
tion time significantly enhanced fixation efficiency. Although
this approach seems promising for CO, RE enhancement, the
volume of flue gas treated is lower. Cheng et al. (2018) found
that around 10% of the supplied CO, was utilized to produce
biomass and 0.2% as dissolved inorganic carbon; the rest of
the carbon (= 90.8%) was desorbed. Lower values for biomass
fixation (2.29% and 0.84%) were reported by Suriya
Narayanan et al. (2019) and Zhu et al. (2014), respectively;
as expected, a high percentage of carbon was desorbed in open
systems (Ali and Park 2017). The gas-liquid mass transfer,
promoted by the CO, injection system to the bubble column
coupled to RWP, reduced directly the CO, released to the
atmosphere, increasing the CO, fixation efficiency and the
environmental benefits for the flue gas mitigation.

HPR batch operation at different flow rates
of formulated flue gas

The performance of the HPR at different flow rates of formu-
lated flue gas is shown in Fig. 3. As can be seen, CO, RE
decreased from 100 to 63% for 100 mL min ' and
180 mL min *, respectively; besides, NO and SO, REs were
100% for all conditions tested (see Table 2), and although the
CO, load increased 1.8 times, the maximum CO, UR
(182 mg L' day ") was just 14% higher than the value for
100 mL m™!; this slight raise indicates that maximum CO,

capture was exceeded under the HPR operation conditions
(irradiance and temperature, pressure, flue gas CO, concen-
tration, and culture medium composition). Furthermore, the
pH increased from 7.2 to 7.9, depending on the flow rate
tested, to maximum temporary pH values between 10.5 and
9.2 (see Fig. 3) reached during daylight period for
100 mL min~' and 180 mL min"', respectively. As it was
previously mentioned, CO, and pH are two interdependent
factors that critically affect growth. Consequently, it is impor-
tant to achieve a suitable pH regulation to allow proper
growth, maximizing the CO, fixation rate and minimizing
losses from injected flue gas (Wang et al. 2018). In our case
(see Fig. 3), between 62 and 26% of the carbon fed in the flue
gas was fixed as biomass for 100 mL min ! to 180 mL min ',
respectively, and CO, losses by desorption in the RWP and
release in the BC gas phase increased globally from 20.9 to
54.1% for the abovementioned flow rates. All these experi-
ments allowed changing the L/G ratio between 3 and 1.7 and
proved that CO, absorption/capture was enhanced at a higher
L/G ratio. This behavior was also observed by Toledo-
Cervantes et al. (2016) with a maximum CO, RE of 98.8 at
an L/G ratio of 1 for photosynthetic biogas upgrading with
29.5% of CO,, using a similar HPR configuration.

Semicontinuous operation of the HPR
with Scenedesmus obtusiusculus AT-UAM

Figure 4 shows HPR performance under a
semicontinuous regime. Formulated flue gas was fed
during 3 cycles, after which the system was restarted
only with air, and finally, formulated flue gas was

Fig. 3 HPR performance at L/G
different flow rates of formulated 150 75 50 38 30 25 21 19 17
flue gas. Filled square, CO, UR; 200 — T T I T T T T T T —11
filled circle, CO, RE; empty ) 4 E - - 100
square, maximum pH during the <180 \ 2
daylight period. Vertical bars < r
indicate carbon fate: the black % 160 -
zone is biomass, the gray zone is Y= 10
dissolved inorganic carbon in S 140 - T
liquid, the white zone is desorbed £ oy
carbon, and the diagonal-stripe S 120 - g
pattern zone is carbon released in T =
the gas phase S 100 |- - 9'5
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L -

o S0
€ -8
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Fig. 4 Growth of Scenedesmus
obtusiusculus AT-UAM in an

HPR fed with a formulated flue

gas or air in semicontinuous
regime
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restored. As can be seen, the CO,, NO, and SO, REs
were 100%, keeping a CO, UR of 160.7 mg L™ day '
Scenedesmus obtusiusculus AT-UAM grew well during
these 3 cycles, in contrast to the period when the air
was fed, reaching 1 g biomass L' in approximately
50 days. The lower activity was reflected in the pH
with noticeably lower values compared to those ob-
served with the flue gas. This could be related not only
to the low CO, concentration but also to cultivation
conditions (7'< 10 °C). Toledo-Cervantes et al. (2018b)
operated an HPR system consisting of a tubular
photobioreactor (45.5 L) with an absorption column
(3.5 L), initially fed with biogas (29.5% CO,, 0.5%
H,S, and 70% CH,) and later with flue gas (20% CO,

@ Springer
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and 80% N,) during 150 days. The CO, RE was 100%
during the period when HPR was fed with flue gas
stream, and CO, UR was, on average, 115.8 mg
CO, L' day! during the whole experiment. This value
is slightly lower than the one maintained for 205 days
of operation in this study (152.7 mg CO, L' day ', RE
of 95%). Marin et al. (2018) reported the effect of sea-
sonal variations on CO, removal with the HPR system,
consisting of an RWP (180 L), connected to an absorp-
tion column (2.5 L) supplied with a formulated biogas
stream. The experiments were carried out during
330 days obtaining CO, RE between 66 and 99.7%
and a maximum CO, UR of 108.95 mg
CO, L' day . In our study, the lowest value for
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CO, RE was 95%, suggesting that the culture system
was effective at capturing CO, in the long term.

Biomass recovery

As can be seen in Fig. 5, the highest biomass recovery effi-
ciency (92%) was obtained for centrifugation at 4000 rpm
from ECF assays (Fig. 6). The highest value (81%) was
attained at 30 Vand 0.3 A. Both biomass recovery techniques
achieved similar values of recovery efficiency in a consider-
ably shorter time than in the control assay performed in a
settling cone (90% after 7 h).

As shown in Table 3, ECF is a more efficient technique
than centrifugation in terms of energy consumed for biomass
recovery. The specific power inputs were between 20 and 99
times lower than those required by centrifugation. Richardson
et al. (2014) analyzed the effect of centrifugation and ECF on
the economic viability of algae-based fuels and also found that
ECF was more efficient in terms of energy consumption,
resulting in a higher revenue return by 8.88%. Similarly, Shi
et al. (2019) showed that centrifugation required almost 4
times more electricity than ECF technologies.

Vandamme et al. (2011) studied the harvesting of Chlorella
vulgaris in an ECF system with two aluminum electrodes.
Ninety-five percent recovery efficiency was obtained after
20 min at a current density of 1.5 mA ¢cm ™2 and a power input
of 8.1 kWh kg™'. Although the biomass recovery efficiency
was higher, the time and the current density were higher than
any in our study (see Table 3). Fayad et al. (2017) achieved
100% recovery efficiency for Chlorella sorokiniana after
50 min of treatment with a current density of 2.9 mA cm ?
and a specific power consumption of 1 kWh kg '. This low
value was attributed to the addition of 1.5 g L™' NaCl to the
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Fig. 5 Biomass recovery efficiency during the centrifugation assays at
different rotational speed values
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Fig.6 Biomass recovery efficiency during the ECF assays at voltages (V)
and electric current (A)

culture medium at the beginning of the ECF process, which
would enhance conductivity in the liquid medium and facili-
tate the harvesting process. It is contrary to the results present-
ed in this study, where ECF was tested directly in the culture
medium without the addition of any salts or other compounds.

ECF system

An electro-coagulation-flotation system was implemented and
tested with 40 L of the biomass culture fed with real flue gases
(see Fig. 1b). The recovery efficiency of the ECF chamber
was 73%, and the global efficiency of 88% was obtained when
it was coupled to a settler. In comparison with the first ECF
assays, conducted on a smaller scale, the specific power con-
sumption was also improved by operating an ECF chamber in
continuous mode, with 0.27 kWh kg '. This value only takes
into account the energy supplied to the ECF chamber, while
biomass recovery efficiency was lower (73—83%). It is mainly
due to a reduction in the surface area (from 0.096 to
0.008 m* L") regarding the assays performed with a working
volume of 0.5 L, which resulted in a less efficient biomass
harvesting. Additionally, the continuous injection of the cul-
ture broth reduced the residence time of biomass in the ECF
chamber, resulting in a similar recovery efficiency in less time.
On the other hand, the reduction in specific power consump-
tion could be associated with the working volume (0.5-20 L),
which allowed retrieving a higher amount of biomass during
this assay, thus reducing the SPI. Marrone et al. (2018) report-
ed that a bench-scale ECF equipment (nominal flow of
568 L h™") required 5 times less power input per liter of proc-
essed culture than the centrifugation method and the energy
consumption was almost 9 times lower when a settling stage
was coupled. The results obtained in our study confirmed that
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Table 3 Energy consumption for biomass recovery with centrifugation and ECF
Technique Operational Electric current Voltage  Current density Retrieved Power input Specific power input
conditions (A) V) (mA cm %) biomass (g) (kWh) (kWh kgﬁl)
Centrifugation 2000 rpm 1.5 120 - 0.44 0.06 136
3000 rpm 2.1 120 - 0.46 0.084 183
4000 rpm 2.5 120 - 0.47 0.1 250
ECF 12V,0.1 A 0.1 12 0.42 0.38 4x107* 1.05
24 V,02 A 0.2 24 0.83 0.41 1.6x107 3.9
30 V,03 A 0.3 30 1.25 0.43 3x107 6.97

ECF harvesting is a promising approach to enhancing the
feasibility of algae-derived processes and products by reduc-
ing energy input and processing time. Although these results
are a forward step to couple cultivation/harvesting stages,
ECF application requires more studies to develop electrodes
with more efficient, non-fouling, and less-toxic properties.

Conclusions

S. obtusiusculus AT-UAM was able to grow in an HPR fed
with both formulated and real flue gas, exhibiting high remov-
al efficiencies for CO,, SO,, and NO,. CO, biomitigation is a
long-term ecological alternative for the treatment of combus-
tion effluents rich in CO,. Moreover, products of commercial
interest could be obtained from the harvested microalgal bio-
mass. Electro-coagulation-flotation is an energy-efficient
technique for the recovery of microalgal biomass that may
enhance the viability of microalgae-based biorefineries by re-
ducing the costs associated with energy consumption in the
biomass harvesting stage. This study demonstrated the possi-
bility of coupling a biomass recovery stage to the treatment of
flue gas streams as well as the use of an HPR configuration to
enhance microalgal growth and pollutant removal in long-
term operation.
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