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A B S T R A C T   

Aiming at eliminating the negative effect of SO2 on microalgae CO2 fixation caused by inappropriate SO2-feeding 
strategies, physiology-based step-wise SO2-feeding strategies were proposed to enhance the bioenergy produc-
tion of microalgae. The step-wise SO2-feeding strategy (four-step gradient increase from 100 to 400 ppm fol-
lowed by four-step gradient decrease from 400 to 100 ppm) successfully realized the gratifying proliferation of 
microalgae by maintaining a better activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), total 
adenosine triphosphatase (Total ATPase), superoxide dismutase (SOD), and catalase (CAT) enzyme. Moreover, 
the step-wise SO2-feeding strategy, which considered the microalgal tolerance to sulfur at different growth 
stages, reduced the accumulation rate of toxic S-compounds in the culture medium by 47.2% and ensured a 
favorable solution pH of around 7 without the addition of alkaline chemical reagents. Sulfur replenishment and 
utilization were well-matched (SO2 → HSO3

-+SO3
2-→SO4

2-→intracellular ammonia acid) under a step-wise SO2- 
feeding strategy, contributing to a maximum microalgal biomass concentration of 3.26 g L-1, a photosynthetic 
efficiency of 10.89 %, and biomass energy of 18.97 kJ, which was 85.2%, 185%, and 390% higher than the 
microalgae cells cultivated under 300 ppm SO2, respectively. Moreover, an increment of 81.4% in CO2 utilization 
efficiency was also achieved. Overall, this study provided an effective method for achieving microalgal carbon 
capture from industrial flue gas with high SO2 concentrations.   

1. Introduction 

As a promising Biomass Carbon Capture and Storage (BECCS) tech-
nique, microalgae-based CO2 bio-fixation has been widely used in car-
bon neutralization processes due to its impressive carbon capture and 
conversion capability [1–3]. Generally, 1.83 kg CO2 can be fixed by 1 kg 
photoautotrophic algal cells due to their outstanding photosynthetic 
efficiency, which is 10–50 times higher than terrestrial plants [4,5]. 
Subsequently, the intracellular inorganic carbon can be converted into 
various organic compounds, such as lipids, proteins, and carbohydrates, 
which can be further used to produce food, feed, biofuels, and other 
high-value-added products [6–8]. 

Flue gas waste streams from coal-fired power plants are a major 
source of anthropogenic CO2 emissions and exacerbate climate change 
[9]. Microalgae have been shown to successfully realize carbon capture 
from simulated or industrial flue gas with CO2 concentrations of 10–20% 
(v/v) [10,11]. However, the SO2 present in flue gas has been proven to 

be toxic to algae cells and to impede carbon fixation [12,13]. Specif-
ically, the sulfurous acid (H2SO3) is formed by a hydration reaction 
immediately after the water-soluble SO2 gas dissolves into the culture 
medium (SO2 + H2O⇌H2SO3). Whereafter, the occurrence of dissoci-
ation (H2SO3⇌HSO−

3 + H+, HSO−
3 ⇌SO2−

3 + H+) and oxidation 
(SO2 + H2O + 1

2O2⇒H2SO4⇒2H + + SO2−
4 ) reactions contributes 

to the accumulation of hydrogen (H+), bisulfite (HSO3
- ), sulfite (SO3

2-), 
and sulfate (SO4

2-) ions [14]. Among them, the sulfate ions can be 
assimilated by the algal cells as a sulfur source for the synthesis of amino 
acids and S-containing thylakoid lipids while the bisulfite and hydrogen 
ions are responsible for the inhibition of cell growth [15,16]. As previ-
ously reported, microalgal growth could be promoted at a low SO2 
concentration of 70 ppm while excess sulfur supply at 300 ppm SO2 led 
to a 58% and 30% decrease in biomass yield and CO2 fixation rate, 
respectively. Moreover, the cultivation collapsed when the SO2 con-
centration reached 400 ppm due to severe solution acidification and 
bisulfite accumulation. More specifically, SO2 and its hydrates can easily 
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intensify the acidification of the culture medium due to their high sol-
ubility and dissociation ability in water. For instance, under continuous 
aeration with simulated flue gas containing 400 ppm SO2 at 0.1 vvm, the 
pH of the culture medium decreases to below 3 within 24 h [17]. Under 
these circumstances, bisulfite accumulates, which has been shown to 
block microalgal growth and even cause cell death when the concen-
tration of bisulfite exceeds 1 mM [16,18]. Besides, the highly oxidative 
substances (e.g., superoxide anions, hydroxyl radicals, and hydrogen 
peroxide) generated in the conversion of bisulfite to sulfate have been 
confirmed to cause cell membrane damage and chlorophyll bleaching 
[16,19]. SO2 is known to directly affect CO2 fixation in plants by 
inhibiting the Rubisco enzyme and mitochondrial ATP production [16]. 
However, previous studies on the toxicity of SO2 on microalgae have 
remained limited to its effect on biomass production. The mechanism of 
its effect on photosynthetic processes (e.g., electron transport, enzyme 
activity, intracellular component accumulation, etc.) of microalgae is 
still lacking. 

Up to now, many efforts have been made to overcome SO2-induced 
toxicity and acidification, such as adding alkaline reagents like NaOH, 
KOH, or CaCO3, etc. to maintain a suitable pH of the culture medium 
[18,20,21], increasing the initial inoculation biomass concentration 
[22], decreasing the input SO2 concentration [23], and shortening the 
exposure time of algae cells to the SO2-containing flue gas by intermit-
tent aeration [24]. As reported by Lee et al., the pH of the culture me-
dium could be maintained at about 7 using NaOH which contributed to 
the growth of Chlorella KR-1 under the SO2 concentration of 250 ppm 
[20]. However, the addition of these chemicals gives rise to high ionic 
strength (e.g., Na+) which is unfavorable for microalgal growth and also 
increases the complexity and cost of microalgal cultivation. Increasing 
the inoculum concentration of microalgae may result in accelerated 
nutrient consumption (e.g., nitrate, phosphate, etc.) in the early stages 
of cultivation, which may not achieve ideal culture performance. 
Reducing the input SO2 concentration can alleviate the accumulation of 
bisulfite and sulfate and solution acidification, but directly adopting a 
low SO2 concentration for microalgae cultivation increases the cost of 
desulfurization in power plants. Adopting intermittent aeration allows a 
higher input SO2 concentration, but the solution mixing caused by 
intermittent aeration is poor compared to continuous aeration, which 
may result in cell sedimentation and thus limit the algal photosynthesis. 
Based on this, optimization of continuous SO2-feeding strategies is ur-
gently needed to ensure successful microalgal CO2 sequestration from 
SO2-containing flue gas. 

Traditionally, microalgae cultivation is carried out using flue gas 
with a constant SO2 concentration of 100–300 ppm [12]. Nevertheless, 
it is hard to obtain an ideal biomass yield and carbon fixation efficiency 
at an SO2 concentration of above 100 ppm without any pH-controlling 
methods [25]. Normally, freshwater microalgae cells contain only 
about 0.15 to 1.96% (w/w) of sulfur indicating a low sulfur requirement 
[14]. Hence, providing a low concentration of SO2 in the early stage of 
cultivation can maintain cell growth as the microalgae cells show weak 
tolerance to high SO2 concentrations in the early stage of cultivation due 
to low cell density and viability [20]. Once the microalgae successfully 
survive the early adaptation period, their demand for sulfur increases 
with increased biomass yield, and better cell viability allows them to 
tolerate higher SO2 concentrations and regulate the pH of the culture 
medium [26]. What is noteworthy is that microalgal tolerance to SO2 
gradually decreases in the late stage of cultivation when the cells enter 
the growth stagnation period [15]. Above all, ensuring that the supply of 
SO2 matches the requirement and tolerance of microalgae to sulfur at 
different physiological stages can be a promising way to enhance 
microalgae growth under flue gas with high SO2 concentration. 

Chlorella vulgaris is considered one of the most promising microalgae 
species for CO2 fixation from industrial flue gas due to its good adapt-
ability to high CO2 and SO2 concentrations [17,27,28]. Aiming to 
develop an effective SO2-feeding strategy to increase the biomass yield 
of Chlorella vulgaris FACHB-31 under the SO2 concentration of above 

100 ppm, four step-wise SO2-feeding strategies namely four-step 
gradient increase (Strategy I), four-step gradient increase followed by 
four-step gradient decrease (Strategy II), and two-step gradient increase 
(Strategy III and IV) in SO2 concentration were proposed in this study. A 
comprehensive investigation of the solution properties and cell physio-
logical responses under the step-wise and constant SO2-feeding strate-
gies was conducted, including the solution pH, SO4

2- accumulation, 
biomass yield, cell composition (e.g., chlorophyll, lipids, carbohydrates, 
proteins, etc.), chlorophyll fluorescence characteristics (e.g., maximum 
photosynthetic efficiency of photosystem II, photochemical quenching, 
non-photochemical quenching, and maximum potential relative elec-
tron transport rate), and enzyme activity (Rubisco, Total ATPase, SOD, 
and CAT). Moreover, the light-to-biomass conversion processes char-
acterized by light and CO2 utilization, microalgal biomass energy pro-
duction, and photosynthetic efficiency were assessed as well. 

2. Materials and methods 

2.1. Microalgae strain and cultivation 

Chlorella vulgaris FACHB-31 (C. vulgaris) obtained from the Fresh-
water Algae Culture Collection of Hydrobiology, Chinese Academy of 
Science (China) was adopted as the microalgae strain and cultured with 
modified BG11 medium [29]. Batch cultivation of C. vulgaris was con-
ducted in bubble column PBRs with a culture volume of 300 mL 
described in the previous study [17]. The initial inoculation cell density 
was 0.042 g L-1 and the initial pH was adjusted to 7.0 ± 0.1 using 1 M 
HCl or NaOH. Mixed gases containing different SO2 concentrations of 0, 
100, 200, 300, 400 ppm, and 15% (v/v) CO2 (balanced with N2) were 
continuously fed into the photoreactors at a flow rate of 50 mL min− 1 

controlled by a mass flow meter (FL-802, Flowmethod, Shenzhen, 
China). The incident light intensity was controlled at 120 µmol m− 2 s− 1 

using an irradiatometer probe (FZ-A, Photoelectric Instrument Factory 
of Beijing Normal University, China). The pH of microalgae suspension 
(i.e., the mixture of algal cells and culture medium) was daily monitored 
using a pH meter (FG2, Mettler-Toledo, Switzerland). All the cultivation 
experiments were operated in a phytotron with a constant temperature 
of 25 ± 1℃. 

2.2. Analytical methods 

2.2.1. Determination of algal growth characteristics 
The biomass concentration, daily growth rate, and specific growth 

rate of C. vulgaris were determined according to Sun et al [29]. Specif-
ically, 9 mL of microalgae suspension sample was daily collected and 
centrifuged at 8000 rpm for 10 min followed by washing twice with 
distilled water. The algae cells were then dried in an oven at 85 ◦C until a 
constant weight was obtained. The daily growth rate (DGR) and specific 
growth rate (µ) were then calculated as follows: 

DGR (gL− 1day− 1) =
ΔC
Δt

(1)  

μ(day− 1) =
lnCn − lnC0

Δt
(2)  

where ΔC(g L-1) is the variation in biomass concentration, Δt(day) is the 
variation in time, Cn (g L-1) is the biomass concentration at the end of the 
culture, and C0 (g L-1) is the initial biomass concentration. 

The CO2 fixation rate was calculated as follows [17]: 

RCO2 = CC⋅P⋅
(
MCO2

MC

)

(3)  

where RCO2 is the average CO2 fixation rate (g L-1 day− 1), CC is the 
carbon content in algal cells (%), P is the average biomass productivity 
(g L-1 day− 1), MCO2 is the relative molecular mass of CO2 (g mol− 1), and 
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MC is the relative atomic mass of C (g mol− 1). 
The chlorophyll content was determined using a UV spectropho-

tometer (Persee TU-1901, China) after 5 mL samples were treated with 
5 mL of 95% methanol and centrifuged at 8000 rpm for 5 min, which 
was then calculated as follows [30]: 

Chlorophyll content (mgL− 1
) = 17.32 × A645 + 7.18 × A663 (4)  

where A645 and A663 are the absorbances at 645 nm and 663 nm 
respectively. 

The SO4
2- concentration was analyzed by ion chromatography (ICS- 

5000, ThermoFisher, USA) equipped with an anion analytical column (4 
× 250 mm, AS11-HC) and a self-regenerating suppressor (4 mm, ASRS 
300) [17]. The CO2 utilization efficiency (Ec) was calculated as follows 
[31]: 

Ec =
ΔC/12

∑n
i=0MCO2/44

× 100% (5)  

where MCO2 (g) is the consumption of CO2, 12 is the molecular weight of 
carbon (g mol− 1), 44 is the molecular weight of CO2 (g mol− 1), and ΔC 
(g) is the content of carbon fixed by microalgae in the culture media, 
which can be calculated as follows: 

ΔC = ΔX × V × Cb +ΔDOC (6)  

where ΔX (g L-1) is the change of the biomass concentration over a 
growth slope, V (L) is the culture volume, Cb (g g− 1) is the carbon content 
of microalgae, and ΔDOC (g) is the change of the total dissolved organic 
carbon in the culture medium over the growth slope. The growth inhi-
bition ratio (IR) was defined to describe the inhibition of different SO2- 
feeding strategies on microalgal growth, which can be calculated as 
follows [32]: 

IR(%) = (1 −
WT

WC
) × 100% (7)  

where WT and WC are the final biomass concentration of the test group 
and control group, respectively. 

2.2.2. Measurement of lipid, carbohydrate, and protein content 
The lipid content (Lc) was measured using methanol, chloroform, 

and sulfuric acid according to Liao et al [33]. Specifically, 0.1 g of dried 
microalgae biomass was ground to powder and then mixed with 4 mL of 
chloroform, 4 mL of methanol, and 0.2 mL of sulphuric acid in a 
digestion reactor, which was then sealed and heated in an oven at 60 ◦C 
for 8 h, followed by cooling to room temperature. The product was 
washed at least three times with distilled water and dried at 60 ◦C to 
constant weight. The dried lipids were then measured gravimetrically. 
The protein content (Pc) was measured using a Quick Start Bradford 
Protein Assay kit purchased from Bio-Rad Pacific Limited (The United 
States) according to Lin et al [34]. 2 mL of the microalgal suspension was 
collected and centrifuged at 8000 rpm for 10 min. The algal cells were 
then mixed with deionized water and disrupted using the ultrasonic 
disruption method. Afterward, 0.1 mL of the disrupted microalgae sus-
pension and 5 mL of dye (Quick StartTM Bradford 1x Dye Reagent) were 
mixed in a 10 mL centrifuge tube for 20 min. The protein concentration 
was then measured using the spectrophotometer at an absorbance of 
485 nm. The carbohydrate content (Cc) was measured using a phe-
nol–sulfuric acid protocol described by Dubois et al [35]. 2 mL of the 
disrupted microalgae suspension, 50 µL phenol solution (90%, w/w), 
and 5 mL sulfuric acid were mixed in a 10 mL centrifuge tube for 30 min 
until the mixture was cooled to room temperature. The carbohydrate 
concentration was then measured using the spectrophotometer at an 
absorbance of 595 nm. 

2.2.3. Calculation of energy conversion from light to biomass 
The light energy utilization efficiency (LUE) of microalgae was 

calculated as follows [30]: 

LUE =
BE
LE

× 100% (8)  

where BE and LE are the biomass and light energy (kJ), respectively, 
which can be calculated as follows: 

BE = DCW × Cc × 15.7+Lc × 37.6+Pc × 16.7 (9)  

LE =
Pl

10000
× tl × 3600kJ/(kW⋅h) (10)  

where DCW is the dry cell weight (g), Cc is the carbohydrate content (%), 
Lc is the lipid content (%), Pc is the protein content (%), Pl is the power of 
light (W), and tl is the illumination time (h). 

The photosynthetic efficiency (PE) was calculated as follows [36]: 

PE =
(C1 − C0)⋅HG⋅V⋅103

Ein⋅S⋅(t1 − t0)
× 100% (11)  

where C0 and C1 are the biomass concentration (g L-1) at the initial time 
t0 (s) and the ultimate time t1 (s) of the cultivation period, respectively. 
HG is the enthalpy of the dry biomass of C. vulgaris (kJ g− 1). Ein is the 
areal light energy input during cultivation (W m− 2). 

2.2.4. Measurement of chlorophyll fluorescence 
Chlorophyll fluorescence parameters including maximum photo-

synthetic efficiency of photosystem II (Fv/Fm), photochemical quenching 
(qP), non-photochemical quenching (NPQ), and relative electron trans-
port rate of photosystem II (rETR), were measured using a chlorophyll 
fluorescence meter (Aqua Pen-C AP-C 100, Photon Systems Instruments, 
Czech Republic) after 15 min of dark adaptation for each sample (2 mL). 
The maximum potential relative electron transport rate of photosystem 
II (rETRmax) was calculated from rETR through nonlinear curve fitting 
[37]. The rETR was calculated as follows [38]: 

rETR = PAR× Y(II) × f1 × f2 (12)  

where PAR is the photosynthetically active radiation (µmol m− 2 s− 1), Y 
(II) is the actual photosynthetic efficiency of photosystem II, f1 (assumed 
to be 0.84) and f2 (assumed to be 0.50) are the ETR factors which refer to 
the proportion of light energy absorbed by photosystem II to the total 
incident PAR [39]. 

2.2.5. Measurement of enzyme activity 
20 mL algal samples were centrifuged at 10000 rpm for 10 min at 

4 ◦C and the algal pellets were re-suspended with pre-cooling phosphate 
buffer (pH 6.8) and sonicated (Medium 200 W, 3 s of sonication strokes 
with 10 s of intervals) for 10 min in an ice bath. The homogenate was 
centrifuged, and the supernatants were used for enzyme activity assays 
according to the user guides. The activity of catalase (CAT) and ribulose- 
1,5-bisphosphate carboxylase/oxygenase (Rubisco) were measured 
using the assay kits purchased from Beijing Solarbio Science & Tech-
nology Co., Ltd. (China). The activity of superoxide dismutase (SOD) and 
total adenosine triphosphatase (Total ATPase) were measured using the 
assay kits purchased from GENMED SCIENTIFICS INC. U.S.A. 

3. Results and discussion 

3.1. Assessment of microalgal growth under constant SO2 concentrations 

The growth curves of C. vulgaris under different constant SO2 con-
centrations of 0, 100, 200, 300, and 400 ppm are depicted in Fig. 1a. The 
results indicate that C. vulgaris cultured under 15% CO2 (control group) 
exhibited a rapid growth trend in the first five days, followed by growth 
stagnation in the last three days of the whole culture period owing to the 
diminishing nutrients and attenuated illumination [29]. The maximum 
biomass concentration of 3.06 g L-1 was reached on day 7. By 
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Fig. 1. Microalgal growth under constant SO2 concentrations. (a) Biomass concentration, (b) SO4
2- concentration, (c) pH of microalgae suspension, (d) Chlorophyll 

content, and (e) Average growth rate under different pH and SO4
2- concentrations. 
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comparison, the growth status of C. vulgaris cultured at 15% CO2 and 
100 ppm SO2 was slightly inhibited before day 5 but promoted after-
ward, accompanied by a maximum biomass concentration of 3.17 g L-1. 
Unfortunately, the biomass yield of C. vulgaris showed an apparent 
decrease throughout the cultivation period when the SO2 concentration 
increased to above 200 ppm. Specifically, compared to the control group 
(3.06 g L-1), the maximum biomass concentration obtained under 200 
ppm (2.73 g L-1) and 300 ppm (1.76 g L-1) decreased by 10.8% and 
42.5%, respectively. In particular, C. vulgaris could not accumulate 
biomass under 400 ppm. The decrease in biomass yield was related to 
the sulfate accumulation and acidification of the solution. As shown in 
Fig. 1b, the sulfate concentration in the culture medium continuously 
increased in the test groups (100–400 ppm) but decreased in the control 
group (15% CO2). Since sulfate can be utilized by microalgae cells as an 
S-source to maintain their basic physiological activities [15], the sulfate 
in the control group decreased from 45.3 to 0 mg L-1 in the first three 
days. The increase of sulfate in the test groups (100–400 ppm) was due 
to the continuous sparging with SO2. After 8 days of cultivation, the 
sulfate concentration increased from 45.3 to 584.35 (100 ppm), 711.85 
(200 ppm), 951.75 (300 ppm), and 1127.55 (400 ppm) mg L-1, respec-
tively. The accumulation of sulfate is because of the oxidation of bisul-
fite and sulfite, in which process the superoxide can be produced as well 
[16]. Bisulfite and superoxide are toxic to microalgae cells, especially in 
an acidic environment [19]. According to Fig. 1c, the pH of the control 
group (15% CO2) and the test group (100 ppm) was maintained in the 
range of 6.3 and 7.5, which is preferred by C. vulgaris [40]. However, the 
pH of the culture medium decreased to 4.64 and 3.21 when SO2 con-
centration increased to 200 and 300 ppm, respectively. In addition, the 
pH of the microalgae suspension decreased from 7.28 to 2.94 within 24 
h when the SO2 concentration increased to 400 ppm. The rapid acidi-
fication of the solution enhanced the toxicity of bisulfite to the algal 
cells, thereby inhibiting cell metabolism. Fig. 1d shows that the chlo-
rophyll content of C. vulgaris firstly decreased with increased SO2 con-
centrations in the first day. Generally, C. vulgaris exhibited low cellular 
activity and nutrients requirement in the adaptive phase and attempted 
to regulate the cell metabolism according to the environmental stimulus 
[40]. Lower solution pH and additional supplement of sulfate may 
inhibit the microalgal photosynthesis. In the middle stage of culture, the 
chlorophyll content increased with increased SO2 concentration within 
0–300 ppm while the chlorophyll was totally destroyed under 400 ppm 
SO2. Sulfate is important for the synthesis of chlorophyll and related 
proteins in algal cells, and the chlorophyll content and sulfate concen-
tration showed a positive correlation within a certain range of sulfate 
concentration [16,41]. In the later stage of culture, the excessive accu-
mulation of sulfate, the acidification of solution, the lack of nutrients, 
and the decrease of algal cell activity occurred. The chlorophyll was 
either decomposed as an internal nitrogen source for cell growth or 
destroyed by the high concentration of sulfate, which resulted in the 
decrease of its content [17,42,43]. 

Fig. 1e shows the relationship between the average growth rate 
(AGR) of C. vulgaris and the sulfate concentration and pH. It can be 
concluded that C. vulgaris can maintain a high growth rate of more than 
0.5 g L-1 day− 1 when the sulfate concentration is 0 to 400 mg L-1, and the 
pH is 6 to 8. In contrast, the growth of C. vulgaris can be inhibited when 
the sulfate concentration is more than 500 mg L-1 and the pH is lower 
than 5. The result is consistent with previous findings that the toxicity of 
S-compounds to microalgae cells can be enhanced in a lower pH of the 
culture medium [19]. Based on the above, the cultivation of C. vulgaris, 
fed with a constant SO2 concentration above 300 ppm, is inappropriate 
because the SO2 supply does not match the cell demand for sulfur. 
Hence, it may be possible to enhance the growth of C. vulgaris under high 
SO2 concentration by changing the SO2 concentration along with the 
physiological stages of C. vulgaris instead of keeping the SO2 concen-
tration constant throughout the cultivation cycle. 

3.2. Responses of microalgal growth under step-wise SO2-feeding 
strategies 

Based on the results above, step-wise SO2-feeding strategies I, II, III, 
and IV, namely four-step gradient increase (Strategy I) (Fig. 2a), four- 
step gradient increase followed by four-step gradient decrease (Strat-
egy II) (Fig. 2b), and two-step gradient increase (Strategy III and IV) 
(Fig. 2c and 2d) in SO2 concentration were adopted to investigate their 
influence on microalgal biomass production. The results in Fig. 2e 
indicate that the step-wise SO2-feeding strategies enhanced C. vulgaris 
growth to different degrees compared with constant SO2 concentrations 
of 100, 200, 300, and 400 ppm. Specifically, C. vulgaris cultured under 
the SO2-feeding strategy II exhibited the best growth status with a 
maximum biomass concentration of 3.26 g L-1, which was even better 
than the C. vulgaris cultured under a constant SO2 concentration of 100 
ppm (3.17 g L-1). Interestingly, C. vulgaris cultured under the SO2- 
feeding strategy III presented an unexpected growth trend. In other 
words, C. vulgaris successfully survived under 400 ppm SO2 after being 
cultured with 100 ppm SO2 for four days. Moreover, the maximum 
biomass concentration reached 2.95 g L-1, which was only 3.59% lower 
than that achieved in the control group (3.06 g L-1). The growth status of 
C. vulgaris cultured under the SO2-feeding strategy I and IV was not 
desirable compared to SO2-feeding strategies (II and III). However, the 
maximum biomass concentrations of SO2-feeding strategy I (2.61 g L-1) 
and IV (2.47 g L-1) were slightly lower than that of 200 ppm (2.73 g L-1) 
but higher than that of 300 ppm (1.76 g L-1). Although the biomass yield 
under SO2-feeding strategy I to IV has a clear difference, the step-wise 
SO2-feeding strategies enhanced the growth of C. vulgaris under an 
SO2 concentration of above 300 ppm. The explanation for these findings 
was that microalgae cells were sensitive to high SO2 concentrations at 
lower cell densities (i.e., during the initial growth phase), and the sulfate 
requirement of microalgae cells was relatively lower in the meantime 
[26], so a lower SO2 flux during the early cultivation process could not 
only guarantee sufficient sulfate for microalgal cells proliferation but 
also avoid the damage to the photosynthetic apparatus caused by S- 
induced toxicity resulting from high SO2 concentration. Therefore, for 
SO2-feeding strategies (I, II, and III), the lower SO2 concentration during 
the initial cultivation days ensured a lower accumulation of S-com-
pounds (Fig. 2f). Compared with the constant SO2 concentrations of 
200–400 ppm, the accumulation rate of SO4

2- decreased by 10.03%- 
44.60% under SO2-feeding strategy II. Furthermore, it was shown in 
Fig. 2g that the pH of the microalgae suspension was kept within 6–8 by 
adopting the step-wise SO2-feeding strategy II and constant SO2 con-
centrations of 0 and 100 ppm, which was preferred by the microalgal 
cells [40]. In contrast, the pH value showed different degrees of atten-
uation in the later stage of cultivation. Among them, the pH decrease 
under strategy I was the most severe, owing to the biomass decline from 
day 6 to day 8. As the culture proceeded, nutrient depletion, light 
attenuation, and cell senescence occurred [33], which limited the reg-
ulatory capacity and tolerance of microalgae cells to the environmental 
pH and toxic S-compounds. The chlorophyll content of C. vulgaris 
cultured under the step-wise SO2-feeding strategy I to IV showed an 
upward tendency before day 5 and then decreased until day 8, similar to 
that of constant SO2 concentrations of 0–300 ppm. The difference was 
that the step-wise SO2-feeding strategy II to IV ensured a higher level of 
chlorophyll content in the later culture period (Fig. 2h). However, a 
sharp decrease of chlorophyll content was observed under the step-wise 
SO2-feeding strategy I due to the death of algal cells caused by solution 
acidification and excessive accumulation of S-compounds. 

3.3. Comparison of cell metabolism under constant and step-wise SO2- 
feeding strategies 

By adopting the step-wise SO2-feeding strategy I, III, and constant 
SO2-feeding strategies (0 and 100 ppm), one-third of the microalgal 
daily growth rates (DGRs) were above 0.5 g L-1 day− 1 the other SO2- 
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feeding strategies contributed to 2/9 of the DGRs that were higher than 
0.5 g L-1 day− 1 (Fig. 3a). Moreover, 5/9 of the DGRs under step-wise 
SO2-feeding strategy II and SO2-feeding strategies (0–200 ppm) were 
in the range of 0 to 0.5 g L-1 day− 1 while 4/9 of the DGRs under the other 

SO2-feeding strategies were in the range of 0 to 0.5 g L-1 day− 1. More-
over, the average growth rate, average CO2 fixation rate, and average 
specific growth rate throughout the culture period were also calculated 
(Fig. 3b). The results indicate that the step-wise SO2-feeding strategy II 

Fig. 2. Microalgal growth under step-wise SO2-feeding strategies. (a) Strategy I, (b) Strategy II, (c) Strategy III, (d) Strategy IV, (e) Biomass concentration, (f) SO4
2- 

concentration, (g) pH of microalgae suspension, and (h) Chlorophyll content. 
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contributed to the highest average growth rate (0.40 g L-1 day− 1), 
average CO2 fixation rate (0.73 g L-1 day− 1), and average specific growth 
rate (0.54 day− 1), which was 5.2%-186%, 5.8%-192%, and 0.92%- 
30.7% higher than that under constant SO2-feeding strategies (0–300 
ppm). 

Fig. 4a shows the photosynthetic efficiency of C. vulgaris under 
different SO2-feeding strategies. It was found that the step-wise SO2- 
feeding strategy II also contributed to the highest photosynthetic effi-
ciency of C. vulgaris (10.9%) due to the best growth status and highest 
biomass yield, indicating an improved light-to-biomass conversion ef-
ficiency. Under that circumstance, a promotion ratio of 7.27% was 
achieved under the step-wise SO2-feeding strategy II compared to the 
control group (15% CO2), while the constant SO2-feeding strategies 
(200–400 ppm) resulted in the inhibition ratio up to 21%-99% (Fig. 4b). 

The sulfate assimilated by algal cells is also used to produce various 
amino acids (e.g., cysteine and methionine), proteins (e.g., S-containing 
enzymes), S-containing thylakoid lipids, etc. [16]. Therefore, the total 
lipid, protein, and carbohydrate contents of C. vulgaris were evaluated as 
well (Fig. 5a). The results indicate that a similar level of lipid content 
(about 26%) was achieved under step-wise SO2-feeding strategy II, III, 
and constant SO2-feeding strategies (0–100 ppm) due to a similar 
growth status throughout the culture period. In contrast, the lipid con-
tent under the other SO2-feeding strategies was within 14.5%-20.5%, 

indicating that adopting SO2 concentrations above 200 ppm throughout 
the culture period was inappropriate for lipid accumulation. The highest 
protein content of C. vulgaris (47.8%) was achieved under step-wise SO2- 
feeding strategy III, which was 0.84%-67% higher than the other SO2- 
feeding strategies. The results show that the significant difference in SO2 
concentration provided by the early and late stages of the culture period 
(i.e., 100 ppm in the first four days and 400 ppm in the last four days) 
favored protein accumulation. In contrast, step-wise SO2-feeding strat-
egy II contributed to the highest carbohydrate content (14.0%), 6.1%- 
119% higher than the other SO2-feeding strategies. The increase in 
carbohydrate accumulation revealed that the carbon assimilation by C. 
vulgaris was enhanced under the step-wise SO2-feeding strategy II. The 
biomass energy of C. vulgaris was proportional to the content of the three 
major components (i.e., lipid, protein, and carbohydrate), contributing 
to the maximum biomass energy of 19.0 kJ under the step-wise SO2- 
feeding strategy II, which was 8.6%-387% higher than the other SO2- 
feeding strategies (Fig. 5b). A further comparison of the CO2 and light 
energy utilization efficiencies were also conducted (Fig. 5b). The CO2 
and light energy utilization efficiencies were strongly related to the 
photosynthetic efficiency of C. vulgaris. As mentioned above, the step- 
wise SO2-feeding strategy II contributed to the highest photosynthetic 
efficiency (Fig. 4a), and thus the maximum CO2 utilization efficiency 

Fig. 3. Comparison of Microalgal growth and CO2 fixation characteristics 
under different SO2-feeding strategies. (a) Distribution of daily growth rate and 
(b) Average growth rate, CO2 fixation rate, and specific growth rate. Fig. 4. (a) Photosynthetic efficiency and (b) Inhibition ratio under different 

SO2-feeding strategies. 
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(1.9%) and light energy utilization efficiency (82.3%) was achieved as 
well. 

Chlorophyll fluorescence measurements are employed to gain insight 
into microalgal photosynthesis, which involves various interrelated 
biophysical and biochemical processes [44,45]. As shown in Fig. 6a, the 
photochemical quenching (qP) of C. vulgaris under different SO2-feeding 
strategies showed an increasing trend at the beginning and then 
continuously decreased except for the C. vulgaris cultured under a con-
stant SO2 concentration of 400 ppm. Compared with the control group 
(15% CO2), the C. vulgaris cultured under different SO2-feeding strate-
gies showed a decrease in photochemical quenching in the early culture 
period (before day 4), indicating the inhibition of S-compounds on cell 
photosynthesis. However, the photochemical quenching of C. vulgaris 
cultured with step-wise SO2-feeding strategy II and constant SO2 con-
centration of 100 ppm was higher than that of the control group (15% 
CO2) in the later period of the culture process. It revealed that adopting a 
decreasing or low SO2 concentration during the stable and declining 
phases of microalgal growth could promote the photosynthetic process 
since the excessive SO2 input causes chlorophyll bleaching and photo-
system destruction [17]. The non-photochemical quenching (NPQ) 
shown in Fig. 6b indicates that continuous feeding of SO2 resulted in a 
decrease in the ability of algal cells to convert excess light intensity into 
heat. In other words, the ability of photoprotection was weakened. It 
should be noted, however, that non-photochemical quenching is related 
to the accumulation of carotenoids, which compete with chlorophyll 
production. A lower NPQ indicated that more light energy was captured 
and used for photosynthesis rather than being dissipated as heat [11]. As 
for the maximum potential relative electron transport rate of photo-
system II (rETRmax), it can be concluded from Fig. 6c that the electron 

transport was hindered in the early stage of cultivation when SO2 was 
applied, resulting in the inhibition of microalgal photosynthesis and 
biomass accumulation. However, the rETRmax of C. vulgaris cultured 
with step-wise SO2-feeding strategies was higher than that cultured with 
constant SO2 concentrations above 100 ppm. In the late stage of culti-
vation, C. vulgaris cultured with step-wise SO2-feeding strategy II to IV 
still showed an increase in the rETRmax compared to that cultured with 
constant SO2 concentrations above 200 ppm. A higher rETRmax indi-
cated higher photosynthetic efficiency and contributed an adequate flow 
of ATP and NADPH to the pathways required to fix inorganic carbon into 
organic skeletons for cell growth [46]. Therefore, a higher maximum 
light conversion efficiency of photosystem II (Fv/Fm) was achieved 
(Fig. 6d). 

The enzyme activities shown in Fig. 7 were measured to investigate 
further the cellular metabolism of C. vulgaris under SO2-feeding strate-
gies. As shown in Fig. 7a and 7b, the SOD and CAT enzymes of the 
control group (15% CO2) exhibited low activity and gradually decreased 
as the cultivation proceeded. The decrease in enzyme activity is related 
to the cell senescence as no SO2-induced superoxides were formed. In 
comparison, the SOD and CAT enzyme activities of C. vulgaris cultured 
under step-wise SO2 feeding and constant SO2 concentration of 100 and 
200 ppm increased from day 0 to day 4 and then decreased. However, 
the SOD and CAT enzyme activities decreased throughout the culture 
period when the constant SO2 concentration increased to 300 ppm. 
Notably, the SOD and CAT enzymes were completely inactivated when 
the constant SO2 concentration increased to 400 ppm. The results 
indicate that the SOD and CAT enzyme activity can be promoted under 
low SO2 levels while inhibited under high SO2 levels due to the forma-
tion of a large number of superoxides and acidification of the culture 
medium [16]. The Rubisco and total ATPase enzymes are essential for 
CO2 fixation during photosynthesis. It can be concluded from Fig. 7c and 
7d that the activity of Rubisco and Total ATPase enzymes in the control 
group (15% CO2) was maintained at a high level but gradually inhibited 
as the constant SO2 concentration increased, indicating that the Rubisco 
and Total ATPase enzymes can be inhibited by SO2 at concentrations of 
200 to 400 ppm. By contrast, there was no significant inhibitory effect of 
the step-wise SO2-feeding strategy II, III, and low-SO2-concentration 
feeding strategy (100 ppm) on Rubisco and total ATPase enzyme ac-
tivities. The decrease in Rubisco and Total ATPase enzyme activities can 
directly limit or destroy microalgal photosynthesis. 

3.4. Comparison of the maximum microalgal growth rates achieved via 
step-wise SO2-feeding strategies with other regulation methods 

Previous studies have reported several regulation methods to alle-
viate the SO2-induced toxicity on microalgae, such as adding chemical 
reagents or buffers [10], increasing the initial inoculation biomass 
concentration [22], decreasing the input SO2 concentration [23], and 
shortening the exposure time of algae cells to the SO2-containing flue gas 
by adopting intermittent aeration strategy [24], etc. A comprehensive 
comparison of the maximum microalgal growth rate achieved by these 
methods and the step-wise SO2-feeding strategies proposed in this study 
is shown in Table 1. To sustain the growth of Desmodesmus spp. in 100% 
unfiltered coal-fired flue gas with an SO2 concentration of 270 ppm, 
Aslam et al. employed a 50 mM phosphate buffer (KH2PO4 & Na2HPO4) 
to stabilize the pH of the solution and gradually increased the flue gas 
concentration from 10% to 100%. A maximum growth rate of 0.045 g L-1 

day− 1 was acquired under 50% flue gas [10]. By increasing the inocu-
lation concentration of microalgae cells, Chlorella sp. obtained a 
maximum growth rate of 0.52 g L-1 day− 1 under the SO2 concentration 
of 90 ppm [22]. However, increasing the inoculation concentration led 
to accelerated consumption of nutrients (e.g., nitrate, phosphate, etc.) in 
the early stage of cultivation, which may not achieve an ideal culture 
performance. Song et al. cultured the Arthrospira under continuous 
aeration with a low SO2 concentration of 80 ppm, promoting biomass 
accumulation and a maximum growth rate of 0.65 g L-1 day− 1 [23]. 

Fig. 5. Analysis of light-to-biomass conversion under different SO2-feeding 
strategies. (a) Lipid, protein, and carbohydrate content, and (b) Biomass energy, 
CO2, and light utilization efficiency. 
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What was worth mentioning was that the immediate adoption of low 
SO2 concentration for microalgae cultivation might increase the cost of 
desulfurization in power plants. Intermittent aeration with a high SO2 
concentration of 400 ppm could be an alternative method, but the 
maximum growth rate (0.1 g L-1 day− 1) was unsatisfactory [24]. In this 
sense, the step-wise SO2-feeding strategy proposed in this study could be 
a good choice, which ensured a maximum microalgal growth rate of 
0.9645 g L-1 day− 1 under an SO2 concentration up to 400 ppm. 

3.5. Practical application and perspectives on the future research 

Compared with the constant SO2-feeding strategy, the step-wise SO2- 
feeding strategy could effectively alleviate the SO2-induced toxicity on 
microalgae by slowing down the accumulation of S-compounds while 
maintaining the activity of algal photosynthetic enzymes (e.g., Rubisco, 
SOD, etc.), which allowed microalgae to thrive under SO2 concentration 
up to 400 ppm. More importantly, the step-wise SO2-feeding strategy 
increased the efficiency of CO2 and light utilization and the synthesis of 
intracellular substances (e.g., proteins, carbohydrates, etc.) compared to 
a constant SO2 concentration above 200 ppm. Therefore, the step-wise 
SO2-feeding strategy was a promising method for efficient microalgae- 
based bio-decarbonization and bio-desulfurization from industrial flue 
gas. Moreover, from an economic perspective, the step-wise SO2-feeding 
strategy was feasible to reduce the cost of desulfurization for a coal-fired 
power plant and the consumption of sulfur-containing nutrients, 
meanwhile ensuring sufficient algal biomass for further production of 
biofuels or high-value products. 

For future research, the other beneficial or harmful substances in the 
flue gas (e.g., CO2, NOx, heavy metals, particulate matter, etc.) can also 

be regulated using the step-wise feeding strategy proposed in this study 
to enhance microalgal growth. However, it is worth noting that the 
requirement or tolerance of algal species to these substances at different 
growth stages should be investigated before applying the step-wise 
feeding strategy. Besides, the effect of light is still needed to be 
considered, as it is the driving force of photosynthesis and significantly 
impacts cell metabolism and CO2 fixation [47]. Hence, a comprehensive 
kinetic model considering the synergistic effect of multi-factors (light, 
CO2, SO2, NOx, heavy metals, and particulate matter, etc.) on microalgal 
growth is necessary to be established to provide a theoretical basis and 
optimization method for the step-wise feeding strategy. 

4. Conclusions 

The photosynthetic characteristics of Chlorella vulgaris FACHB-31 
under four step-wise SO2-feeding strategies were comprehensively 
evaluated and compared with those under constant SO2-feeding strate-
gies. The best growth status of Chlorella vulagris FACHB-31 was obtained 
under the step-wise SO2-feeding strategy II (i.e., four-step gradient in-
crease of SO2 concentration from 100 to 400 ppm followed by four-step 
gradient decrease of SO2 concentration from 400 to 100 ppm). By 
adopting the step-wise SO2-feeding strategy II, the pH value of the cul-
ture medium was maintained in the favorable range of 6 and 8 
throughout the culture period, and the accumulation rate of SO4

2- 

decreased by 10.03%-44.60% compared with the constant SO2 con-
centrations of 200–400 ppm, which ensured the better activity of SOD, 
CAT, Rubisco, and Total ATPase enzymes. In addition, the step-wise 
SO2-feeding strategy II slowed down the decomposition of chlorophyll 
while contributing to the accumulation of proteins and carbohydrates in 

qP NPQ

rETRmax Fv/Fm

Fig. 6. Responses of photochemical efficiency under different SO2-feeding strategies. (a) Photochemical quenching, (b) Non-photochemical quenching, (c) Maximum 
potential relative electron transport rate, and (d) Maximum photosynthetic efficiency of PSII. 
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the later cultivation period. Compared with a constant SO2 concentra-
tion of 200 ppm, an increase of 48.25% and 28.75% in the maximum 
potential electron transport rate and photochemical quenching was 
achieved under step-wise SO2-feeding strategy II as well. 
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Fig. 7. Evaluation of enzyme activity under different SO2-feeding strategies. (a) SOD activity, (b) CAT activity, (c) Rubisco activity, and (d) Total ATPase activity.  

Table 1 
Comparison of the algal growth rates under different regulation methods.  

Regulation method Microalgae species CO2 concentration 
(%) 

SO2 concentration 
(ppm) 

Maximum growth rate 
(g L-1 day− 1) 

Ref. 

Increasing inoculation concentration Chlorella sp. 10 90  0.52 [22] 
Intermittent SO2-feeding strategy Chlorella fusca 10 400  0.10 [24] 
Adding chemical reagents/buffers Desmodesmus spp. 11 270  0.045 [10] 
Decreasing input SO2 concentration Arthrospira 15 80  0.65 [23] 
Step-wise SO2-feeding strategy Chlorella vulgaris 15 100–400  0.96 This study  
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Prieto, A. Guzmán-López, M.G. Bravo-Sánchez, Techno-Economic Study of CO2 
Capture of a Thermoelectric Plant Using Microalgae (Chlorella vulgaris) for 
Production of Feedstock for Bioenergy, Energies 13 (2) (2020) 413. 

[29] Y. Sun, Q. Liao, Y. Huang, A. Xia, Q. Fu, X. Zhu, J. Fu, J. Li, Application of growth- 
phase based light-feeding strategies to simultaneously enhance Chlorella vulgaris 
growth and lipid accumulation, Bioresour. Technol. 256 (2018) 421–430, https:// 
doi.org/10.1016/j.biortech.2018.02.045. 

[30] L. Yang, Q. Su, B. Si, Y. Zhang, Y. Zhang, H. Yang, X. Zhou, Enhancing bioenergy 
production with carbon capture of microalgae by ultraviolet spectrum conversion 
via graphene oxide quantum dots, Chem. Eng. J. 429 (2022), https://doi.org/ 
10.1016/j.cej.2021.132230. 

[31] Z. Sun, D. Zhang, C. Yan, W. Cong, Y. Lu, Promotion of microalgal biomass 
production and efficient use of CO2 from flue gas by monoethanolamine, J. Chem. 
Technol. Biot. 90 (4) (2015) 730–738, https://doi.org/10.1002/jctb.4367. 

[32] H. Li, Y. Zhang, J. Liu, Z. Shen, A. Li, T. Ma, Q. Feng, Y. Sun, Treatment of high- 
nitrate wastewater mixtures from MnO2 industry by Chlorella vulgaris, Bioresour. 
Technol. 291 (2019), 121836, https://doi.org/10.1016/j.biortech.2019.121836. 

[33] Q. Liao, Y. Sun, Y. Huang, A. Xia, Q. Fu, X. Zhu, Simultaneous enhancement of 
Chlorella vulgaris growth and lipid accumulation through the synergy effect 
between light and nitrate in a planar waveguide flat-plate photobioreactor, 
Bioresour. Technol. 243 (2017) 528–538, https://doi.org/10.1016/j. 
biortech.2017.06.091. 

[34] K. Lin, A.o. Xia, Y. Huang, X. Zhu, K. Cai, Z. Wei, Q. Liao, Efficient production of 
sugar via continuous enzymatic hydrolysis in a microreactor loaded with cellulase, 
Chem. Eng. J. 445 (2022), https://doi.org/10.1016/j.cej.2022.136633. 

[35] M. Dubois, K.A. Gilles, J.K. Hamilton, P.A. Rebers, F. Smith, Colorimetric method 
for determination of sugars and related substances, Anal. Chem. 28 (3) (1956) 
350–356, https://doi.org/10.1021/ac60111a017. 

[36] J. Fu, Y. Huang, Q. Liao, X. Zhu, A.o. Xia, X. Zhu, J.-S. Chang, Boosting photo- 
biochemical conversion and carbon dioxide bio-fixation of Chlorella vulgaris in an 
optimized photobioreactor with airfoil-shaped deflectors, Bioresour. Technol. 337 
(2021), https://doi.org/10.1016/j.biortech.2021.125355. 

[37] A.D. Jassby, T. Platt, Mathematical formulation of the relationship between 
photosynthesis and light for phytoplankton, Limnol. Oceanogr. 21 (4) (1976) 
540–547, https://doi.org/10.4319/lo.1976.21.4.0540. 

[38] B. Genty, J.M. Briantais, N.R. Baker, The relationship between the quantum yield 
of photosynthetic electron transport and quenching of chlorophyll fluorescence, 
Biochim. Biophys. Acta 990 (1) (1989) 87–92, https://doi.org/10.1016/s0304- 
4165(89)80016-9. 

[39] J. Cheng, H. Lu, X. He, W. Yang, J. Zhou, K. Cen, Mutation of Spirulina sp. by 
nuclear irradiation to improve growth rate under 15% carbon dioxide in flue gas, 
Bioresour. Technol. 238 (2017) 650–656, https://doi.org/10.1016/j. 
biortech.2017.04.107. 

[40] J. Fu, Y. Huang, Q. Liao, A. Xia, Q. Fu, X. Zhu, Photo-bioreactor design for 
microalgae: a review from the aspect of CO2 transfer and conversion, Bioresour. 
Technol. 292 (2019) 121947, https://doi.org/10.1016/j.biortech.2019.121947. 

[41] V. da Silva Ferreira, C. Sant’Anna, Impact of culture conditions on the chlorophyll 
content of microalgae for biotechnological applications, World J. Microb. Biot. 33 
(1) (2016) 20, https://doi.org/10.1007/s11274-016-2181-6. 

[42] Y. Huang, L. Luo, K. Xu, X.C. Wang, Characteristics of external carbon uptake by 
microalgae growth and associated effects on algal biomass composition, Bioresour. 
Technol. 292 (2019), 121887, https://doi.org/10.1016/j.biortech.2019.121887. 

Y. Huang et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.rser.2022.112969
https://doi.org/10.1016/j.rser.2022.112969
https://doi.org/10.1016/j.biortech.2022.126777
https://doi.org/10.1016/j.biortech.2022.128118
https://doi.org/10.1016/j.rser.2017.03.065
https://doi.org/10.1016/j.rser.2017.03.065
https://doi.org/10.1016/j.rser.2017.04.063
https://doi.org/10.1016/j.rser.2020.110579
https://doi.org/10.1016/j.tibtech.2022.09.002
https://doi.org/10.1016/j.tibtech.2022.09.002
https://doi.org/10.1016/j.jenvman.2022.116757
https://doi.org/10.1016/j.cej.2022.140233
https://doi.org/10.1016/j.biortech.2017.02.111
https://doi.org/10.1016/j.cej.2021.131968
https://doi.org/10.1016/j.cej.2021.131968
https://doi.org/10.1016/s0960-8524(01)00158-4
https://doi.org/10.1016/j.biortech.2013.10.091
https://doi.org/10.1016/j.cej.2022.137751
https://doi.org/10.1021/acsomega.0c03492
https://doi.org/10.1016/j.biotechadv.2012.02.015
https://doi.org/10.1016/j.biotechadv.2012.02.015
https://doi.org/10.1016/j.renene.2022.08.057
https://doi.org/10.1016/j.renene.2022.08.057
https://doi.org/10.1016/j.biortech.2012.10.119
https://doi.org/10.1016/j.enzmictec.2004.03.014
https://doi.org/10.1385/abab:84-86:1-9:329
https://doi.org/10.1016/j.biortech.2017.05.147
https://doi.org/10.1016/j.biortech.2017.05.147
https://doi.org/10.1016/j.biortech.2011.06.091
https://doi.org/10.1016/j.biortech.2011.06.091
https://doi.org/10.1021/acssuschemeng.0c09197
https://doi.org/10.1021/acssuschemeng.0c09197
https://doi.org/10.1016/j.biortech.2016.04.078
https://doi.org/10.1002/biot.201400707
https://doi.org/10.1016/j.scitotenv.2018.10.070
https://doi.org/10.1016/j.cej.2021.130884
https://doi.org/10.1016/j.cej.2021.130884
http://refhub.elsevier.com/S1385-8947(23)02377-X/h0140
http://refhub.elsevier.com/S1385-8947(23)02377-X/h0140
http://refhub.elsevier.com/S1385-8947(23)02377-X/h0140
http://refhub.elsevier.com/S1385-8947(23)02377-X/h0140
https://doi.org/10.1016/j.biortech.2018.02.045
https://doi.org/10.1016/j.biortech.2018.02.045
https://doi.org/10.1016/j.cej.2021.132230
https://doi.org/10.1016/j.cej.2021.132230
https://doi.org/10.1002/jctb.4367
https://doi.org/10.1016/j.biortech.2019.121836
https://doi.org/10.1016/j.biortech.2017.06.091
https://doi.org/10.1016/j.biortech.2017.06.091
https://doi.org/10.1016/j.cej.2022.136633
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1016/j.biortech.2021.125355
https://doi.org/10.4319/lo.1976.21.4.0540
https://doi.org/10.1016/s0304-4165(89)80016-9
https://doi.org/10.1016/s0304-4165(89)80016-9
https://doi.org/10.1016/j.biortech.2017.04.107
https://doi.org/10.1016/j.biortech.2017.04.107
https://doi.org/10.1016/j.biortech.2019.121947
https://doi.org/10.1007/s11274-016-2181-6
https://doi.org/10.1016/j.biortech.2019.121887


Chemical Engineering Journal 468 (2023) 143646

12

[43] G. Rosero-Chasoy, R.M. Rodríguez-Jasso, C.N. Aguilar, G. Buitrón, I. Chairez, H. 
A. Ruiz, Growth kinetics and quantification of carbohydrate, protein, lipids, and 
chlorophyll of Spirulina platensis under aqueous conditions using different carbon 
and nitrogen sources, Bioresour. Technol. 346 (2022), 126456, https://doi.org/ 
10.1016/j.biortech.2021.126456. 
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