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Abstract
Hydrogen is a renewable fuel that can be biologically produced by green algae in closed anaerobic photobioreactors with 
light and organic carbon as energy sources. This research aimed to investigate the influence of sulfur concentration and light 
intensity on hydrogen and ethanol production, as well as on nutrient removal by Chlamydomonas reinhardtii (CC425) in 
batch cultures. The strain was cultivated in two phases: in the first step, the cultures were maintained under aerobic condi-
tions to obtain biomass; in the second step, the biomass was transferred to closed anaerobic photobioreactors for gas gen-
eration under continuous illumination. A factorial design was accomplished to improve the biomass production in the first 
step, with light variation, pH, and glucose addition. Afterward, light intensity and sulfur concentration were varied to test 
hydrogen production in the second step. The best hydrogen production occurred in photobioreactors without sulfur addition 
(average increase of 7 times in the production) and under higher light intensity the productivity was 37% higher than lower 
light intensity (39.64 ± 2.44 µmol  H2  L−1  h−1). There was an effect of sulfur concentration in the ethanol production and 
under higher light intensity the production was higher (203.20 ± 31.49 mg  L−1). Furthermore, under conditions with the 
presence of sulfur, there was greater removal of ammoniacal nitrogen (5.3%), phosphate (85.0%), COD (9.1%) and acetic 
acid (97.2%). This research demonstrates the efficient production of hydrogen by C. reinhardtii and it shows that the process 
can be associated with ethanol production and nutrient removal.
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Introduction

Microalgae are a highly diversified group of photoauto-
trophic microorganisms, which grow quickly when adapted 
to the environment and can be cultivated in different condi-
tions from open lagoons and even in closed photobioreactor 
systems [1]. They have the ability to accumulate lipids and 
sugars in their biomass, depending on the species and cul-
tivation conditions, which is a good option for biofuel pro-
duction, such as biodiesel, obtained from lipids in biomass, 
methane, from the biodigestion of algal biomass, ethanol 
by the fermentation of sugars and hydrogen from direct or 

indirect biophotolysis [1–4]. The advantage of using hydro-
gen as an energy source is because it is renewable and clean, 
generating only water in its combustion, and it is harmless 
to living beings and the environment [3].

Regarding the hydrogen production by microalgae, this 
biogas can be produced through the enzyme hydrogenase 
by direct or indirect biophotolysis pathways. Direct biopho-
tolysis occurs from the photolysis of water by photosystem 
II (PSII) in the chloroplast during photosynthesis, releasing 
oxygen, electrons and protons which are directed through the 
plastoquinone to photosystem I (PSI). The electrons in PSI 
pass through a transport chain to the final electron acceptor, 
ferredoxin, which reduces NADP to NADPH which is then 
oxidized in the  CO2 fixation reactions in the Calvin cycle [5]. 
Ferredoxin may also transport electrons to the hydrogenase, 
where protons are converted into molecular hydrogen [6]. 
However, hydrogenase is an oxygen-sensitive enzyme and 
the presence of oxygen can inhibit hydrogen production [7].
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Therefore, oxygen evolution needs to be minimized and 
the indirect biophotolysis is an alternative to hydrogen pro-
duction. In indirect biophotolysis, hydrogen production 
occurs from oxidation of organic carbon under anaerobic 
conditions and directs the flow of electrons through ferre-
doxin to the PSI (photofermentation) or to the fermentative 
pathway in dark (dark fermentation). Thus, the indirect path-
way in the PSI occurs regardless of PSII [5, 6, 8, 9]. Fur-
thermore, different types of ferredoxins and genes associated 
with the expression of the hydrogenase structure have been 
identified in C. reinhardtii [10, 11], and their expression 
interferes with hydrogen production in different algal strains.

Thus, for the continuous production of hydrogen the for-
mation of an anaerobic environment needs to be induced. 
Several researchers have reported that nutritional depriva-
tion, mainly of sulfur, supports the achievement of anaerobi-
osis [12, 13], as this element is a structural part of PSII pro-
teins in the chloroplast and its deprivation causes a decrease 
in photosynthetic activity [6, 7, 13]. Consequently, there is a 
decrease in oxygen production during photosynthesis which 
is then consumed by respiration, a function that is main-
tained under these conditions. Therefore, there is compensa-
tion between oxygen consumption and production, and the 
algal metabolism is responsible for providing an anaerobic 
environment and consequent hydrogen production [7].

However, for hydrogen production by indirect biophotoly-
sis to occur and in an anaerobic environment, it is necessary 
to grow the microalgae heterotrophically. Some green algae, 
such as Chlamydomonas, have this ability and can grow 
using acetate as the only organic carbon source, in addition 
to having a versatile fermentative metabolism [9, 14] and 
the potential for production of biofuels under autotrophic, 
mixotrophic or heterotrophic conditions [6, 15].

Therefore, considering the presence of specific cellular 
metabolism of Chlamydomonas microalgae and the com-
pensatory point between respiration and photosynthesis pro-
vided by sulfur deprivation, there are several factors that can 
interfere and are important in hydrogen production, such as 
pH [16], nutritional stress by phosphorus or nitrogen [17], as 
well as light intensity and the effect of low sulfur concentra-
tions, which are being investigated in order to the improve 
the process [8, 13, 18]. Furthermore, some researchers 
reported that a greater amount of biomass of microalgae 
allows higher hydrogen production efficiency [6–8, 19].

Moreover, the versatile fermentative metabolism of Chla-
mydomonas and its ability to use organic molecules such 
as acetate, allows this microalgae to generate other prod-
ucts, such as organic acids and ethanol, through fermenta-
tion pathways [7, 8, 20]. Thus, since part of the anaerobic 
metabolism occurs in the chloroplast, the electron flow can 
be directed to the PSI to reduce hydrogen or to form fermen-
tation by-products, in the process of photofermentation [6, 
9]. In addition to being potential hydrogen and by-product 

producers, green algae can also be used in wastewater treat-
ment, mainly when they are associated with bacteria [21, 
22], for example. In anaerobic digestion, acidogenic bac-
teria can break down the organic matter into organic acids, 
such as acetate, by acetogenesis process [23], and microal-
gae can use this acetate to grow heterotrophically and pro-
duce hydrogen by indirect biophotolysis [9, 14] and assist 
in removing nutrients.

Therefore, the purpose of this research was to improve 
biomass production of C. reinhardtii (CC425) and to evalu-
ate the influence of sulfur concentration and light intensity 
in hydrogen production in batch anaerobic photobioreactor 
closed systems under continuous illumination, as well as 
to evaluate the by-product production, such as ethanol and 
organic acids, and the nutrient removal efficiency by this 
organism to contribute to future research and applications 
of environmental and economic interest.

Material and Methods

Strain and Inoculum Maintenance

The strain of Chlamydomonas reinhardtii CC425 (cw15 arg2 
sr-u-2–60 mt +) was provided by the National Renewable 
Energy Laboratory. The strain was maintained in axenic cul-
ture Tris–acetate-phosphate, TAP medium [24], with argi-
nine supplementation (100 mg  L−1), at 24 ± 0.5 °C, pH 7.2, 
12 h light/dark cycle, and light intensity of 60 μmol  m−2  s−1 
obtained with cool white fluorescent tubular lamps in an 
air-conditioned room. The TAP medium has acetic acid as 
a source of organic carbon at a concentration of 17.5 mmol 
 L−1 and 506.5 µmol  L−1 of sulfur.

Biomass Improvement Experiment: Factorial Design

In order to improve the biomass concentration, a factorial 
design with a central point  (24 + 1) was used to generate a 
matrix with 17 experiments. Experiments were carried out 
in TAP medium [24] under continuous illumination at two 
levels of temperature (24 and 32 °C), pH (6.2 and 8.2), light 
intensities (200 and 500 μmol  m−2  s−1), and with or without 
glucose addition (0 and 1 g  L−1), as well as a central condi-
tion in the intermediate level of these 4 parameters (28 °C, 
pH 7.2, 350 μmol  m−2  s−1 and 0.5 g  L−1 of glucose). The 
strain maintenance conditions were used as the control con-
dition in the factorial design experiment. The experiment 
was performed with batch cultures in triplicate using glass 
tubes closed with screw lids (20 mL) until the stabilization 
of the stationary phase. The biomass concentration of facto-
rial design was measured by weighing the total suspended 
solids [25] and was calculated based on the difference 
between the final and initial biomass values.
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Experimental Procedure

The experiments were carried out in triplicate simultane-
ously in an incubator with temperature control (411 FPD 
Ethiktechnology). The strain was cultivated under two 
experimental steps with arginine supplementation (100 mg 
 L−1). The first step was utilized to obtain the biomass needed 
for the second step, which was to hydrogen production.

The First Step: Biomass Production

To obtain biomass in the first step, the culture was main-
tained under aerobic growth conditions in the TAP medium 
[24], according to the best result of the improvement bio-
mass concentration in the factorial design (continuous 
illumination of 200 μmol  m−2  s−1 with a cool white lamp; 
pH 6.2 and 32 ± 0.1 °C) in 500 mL Erlenmeyer flasks with 
300 mL of culture, until the middle of the exponential phase. 
In the first step, an Erlenmeyer flask was used to obtain bio-
mass for each photobioreactor of the second step.

The Second Step

The second step was performed to induce hydrogen produc-
tion through the anaerobic phototrophic process in batch 
cultures under either sulfur deprivation in TAP-S medium 
(0 µmol  L−1 of sulfur) or sulfur limitation in  TAP50S medium 
(50 µmol  L−1 of sulfur) (Table 1). The biomass of Erlen-
meyer flasks with 300 mL of culture from the first step was 
centrifuged in 2000 rpm for 10 min, washed twice with cul-
ture medium selected for each condition and suspended in 
500 mL Duran glass bottles with 300 mL of medium and 
sealed with a butyl cover (photobioreactor). The temperature 
and pH from the first step were maintained, and there was 
a variation of the concentration of the sulfur (0 or 50 µmol 
 L−1) and light intensity (60 or 200 μmol  m−2  s−1), as shown 
in Table 1 (12 photobioreactors: 4 conditions in triplicate). 
The atmospheric conditions of the photobioreactors’ head-
space were altered by adding nitrogen gas for 10 min. The 
nitrogen gas was previously sterilized in a filter with 0.2 μm 
porosity.

Biomass of the photobioreactors was estimated at the 
point when the algae were transferred from the  1st to the 
 2nd experimental step. Samples of 3 mL were taken from 
each photobioreactor for the analyses, and 0.5 mL of the 
samples were fixed with Lugol’s acetic solution and stored 
in the dark until cell count. The biomass, in terms of cell 
density was measured by cell counting using a Fuchs 
Rosenthal chamber in an Olympus BX5 microscope [25], 
and by the chlorophyll a amount, using the extraction 
method with 80% ethanol [26].

Hydrogen Production Aliquots of 500 µL of gas of head-
space of photobioreactors were collected every 12 h using 
a syringe and valve (push button valve 22,285) to meas-
ure the gas composition by gas chromatography (Shimadzu 
GC-2010) using a thermal conductivity detector (TCD) and 
argon as a carrier gas. Experiments were carried out until the 
hydrogen production was stabilized. The hydrogen results 
obtained by gas chromatography were calculated based on 
the regression method with calibration curves  (r2 = 0.996). 
The hydrogen production curves are shown in µmol  L−1 of 
hydrogen/mg  L−1 of chlorophyll a.

Furthermore, other parameters were calculated from the 
data, such as the maximum production of hydrogen per chlo-
rophyll a per liter of culture (in µmol of  H2/mg chlorophyll 
a, represented by  Pmax) and per mol (in µmol of  H2/liter 
of culture, represented by H), hydrogen volume (milliliters 
of  H2/liter of culture, represented by  VolH2), which were 
calculated using the ideal gas equation, and hydrogen pro-
duction rate (µmax) by Gompertz mathematical model [27] 
(Eq. (1)). Equation (1) represents the accumulated produc-
tion of hydrogen (H) (µmol  H2  L−1), t is the hydrogen pro-
duction time (hours), and e is Euler’s number (2.71828). 
The equation results in parameters A (hydrogen production 
potential in µmol  L−1), µmax (hydrogen production rate in 
µmol  H2  L−1  h−1) and k (lag phase time). The specific hydro-
gen production rate, µspecific (µmol  H2 mg Chl a−1  h−1), was 
calculated from the µmax divided by the initial biomass in 
chlorophyll a (mg  L−1) of the photobioreactor.

Table 1  Second step conditions

In sulfur deprivation conditions all sulfate reagents of medium were replaced by chlorides (TAP-S). In sul-
fur limitation conditions, magnesium sulfate was used to maintain the concentration of 50 µmol  L−1 of sul-
fur, the magnesium chloride to complement the magnesium concentration, and all the other sulfate reagents 
of medium were replaced by chlorides  (TAP50S)

Temperature (ºC) pH Culture medium Sulfur (µmol  L−1) Light (μmol 
 m−2  s−1)

Condition

32 6.2 TAP-S 0 60 1
Sulfur deprivation 200 2

TAP50S 50 60 3
Sulfur limitation 200 4
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By‑product Production: Ethanol and Organic Acids To ana-
lyze ethanol and organic acids concentrations, 2 mL of the 
sample at the end of the second step were collected from 
photobioreactors. For acetic acid, the same amount of sam-
ple was taken at the beginning and at the end of the photobi-
oreactors. All samples were filtered through a 0.2 µm mem-
brane before analysis. Afterwards, these compounds were 
detected using gas chromatography in a Shimadzu GC-2010/
FID with an HP-INNOWAX capillary column [28].

Biochemical Analysis The biochemical characterization of 
dry biomass was performed with the samples from the ini-
tial photobioreactor (sacrifice reactor) and at the end of the 
hydrogen production phase. The dry biomass was obtained 
by centrifuging the cultures followed by heat treatment in an 
oven at 60 °C for 24 h of the pelletized biomass until a con-
stant weight was achieved. Carbohydrates were determined 
using the phenol colorimetric method [29] and the total pro-
tein was estimated by the total nitrogen analysis TKN [25] 
with a protein conversion factor of 4.71 [30].

Nutrient Removal The ammoniacal nitrogen and phosphate 
concentrations, as well as chemical oxygen demand (COD) 
were analyzed from 10 mL of samples, filtered through a 
0.2 µm membrane, taken from the initial and at the end of 
photobioreactors of the second step, during the hydrogen 
production process. Nutrient removal was calculated based 
on the difference between the initial and final concentrations 
of nitrogen, phosphate, and COD, shown in percentage. The 
nutrient analyses were carried out according to APHA [25]. 
Furthermore, the acetic acid removal (analyzed as described 
above) was also calculated by the difference between the 
initial and final concentrations.

Analysis of Results

The Protimiza Experimental Design® software was used to 
analyze the factorial design of improvement of C. reinhardtii 
biomass and to find the parameters that had positive effects 
on the biomass concentration through the Pareto Chart with 
a significance level of 5%. Furthermore, the Statistica 7.0® 
software was used for the Analysis of Variance (ANOVA) 
and Tukey post-hoc tests to differences among the biomass 
concentration. The best result of biomass production was 
selected from the highest averages of biomass concentration 
combined with the Pareto Chart.

The results of the hydrogen production parameters were 
processed using the Gompertz mathematical model accord-
ing to Zwietering et al. [27] in the statistical software Ori-
gin Pro 8.0®. Analysis of Variance (ANOVA) and Tukey 

(1)H(t) = Aexp
{

−exp
[μmax.e

A
.(k − t) + 1

]} post-hoc tests were used to assess the differences among 
the hydrogen production parameters, such as the hydrogen 
production rate, maximum production of hydrogen, as well 
as biomass concentration by chlorophyll a and cell density. 
Furthermore, the same statistical comparisons were made 
of the amount of nutrient removal (ammoniacal nitrogen, 
phosphate, COD, and acetic acid) and ethanol produced. The 
T-Student test was used to compare the initial and final car-
bohydrate and protein amounts of the biomass in the photo-
bioreactors. The probability value (p) of ≤ 0.05 was adopted 
to indicate the significant differences.

Results

Improvement of C. reinhardtii Biomass

The results of factorial design of improvement of C. rein-
hardtii biomass (Table 2) showed that a higher temperature 

Table 2  Biomass concentration (mg  L−1) of C. reinhardtii from the 
factorial design with a central point  (24 + 1) and control condition

Condition 9 is the central point (CP) of factorial design. Symbols 
show statistical differences in the best results of biomass concentra-
tion according to ANOVA
 * Difference with control, 1, 2, 3, 4, 5, 6, 7, 8, 12, 15, 16 and 17 con-
ditions (p ≤ 0.043)
# Difference with control, 1, 3, 4, 5, 6, 7, 8, 15 and 16 conditions 
(p ≤ 0.025)

Tem-
perature 
(°C)

pH Light inten-
sity (µmol 
 m−2  s−1)

Glu-
cose (g 
 L−1)

Condition Biomass (mg 
 L−1)

24 7.2 60 0 Control 477.47 ± 23.66
24 6.2 200 0 1 798.77 ± 41.63

1 2 822.11 ± 50.33
500 0 3 652.25 ± 40.00

1 4 785.59 ± 46.199
8.2 200 0 5 422.21 ± 30.00

1 6 467.21 ± 34.64
500 0 7 359.45 ± 44.35

1 8 364.45 ± 40.00
28 7.2 350 0.5 9 (CP) 975.79 ± 90.92 #
32 6.2 200 0 10 1060.00 ± 58.88 

*
1 11 1073.33 ± 23.09 

*
500 0 12 892.94 ± 41.63

1 13 1042.94 ± 80.00 
*

8.2 200 0 14 899.44 ± 60.00
1 15 776.11 ± 110.15

500 0 16 749.62 ± 93.81
1 17 854.62 ± 105.04
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and more acidic pH improve the biomass concentration of 
C. reinhardtii. The ANOVA analysis confirmed that there 
was a difference in the biomass concentration between the 
conditions tested (17 experiments of design and control) 
 (F(17,37) = 51.27, p < 0.0001). In general, the best biomass 
concentration conditions, without any statistical differences 
between them, occurred at 32 °C and pH 6.2, regardless of 
the light intensity and glucose addition (conditions 10, 11 
and 13), except condition 12. The central point (condition 
9) also obtained a higher biomass concentration and there 
were no differences among the conditions mentioned above.

The analyze of Pareto Chart (Fig. 1) indicated effect 
positive of temperature (t = 11.62, p < 0.00001), effect 
negative of pH and light intensity ( t =  − 10.04 and − 3.75, 
p ≤ 0.0006), and a positive interaction of variables tempera-
ture and pH (t = 3.28, p = 0.0022). In addition, there was no 
effect of glucose addition. Although there is no difference in 
the biomass concentration among conditions 9, 10, 11 and 
13 (Table 2), the results from the Pareto Chart showed that 
higher pH values and light intensity can impair the biomass 
concentration. Therefore, condition 10 was chosen as the 
best one to obtain biomass in the first step (32 °C, pH 6.2 
and 200 μmol  m−2  s−1) instead of another condition with 
greater light intensity and glucose addition.

Hydrogen and Ethanol Production

There was no statistical difference in the initial biomass of 
the first step transferred to the photobioreactors between all 
conditions. The cell density was on average 6.9 ×  10−6 ± 0.49 
cell  mL−1 and chlorophyll a concentration 13.7 ± 1.09 mg 
 L−1. The experiments were carried out until the  H2 produc-
tion was stabilized (180 h).

The best result was obtained from the condition with-
out sulfur and under higher light intensity (condition 2: 
285.74 ± 27.01 µmol  H2 mg Chl a−1 and 3.16 ± 0.05 µmol  H2 
mg Chl a−1  h−1). The second-best result was obtained under 
the same conditions but under lower light intensity (condi-
tion 1: 209.79 ± 2.55 µmol mg Chl a−1 and 2.01 ± 0.10 µmol 
 H2 mg Chl a−1  h−1). The hydrogen production curves (Fig. 2) 
and the  VolH2, H and µmax (Table 3) also confirmed these 
results.

Fig. 1  Pareto Chart showing the effect of each factor and their inter-
actions in improving the biomass concentration of C. reinhardtii. 
The variables are indicated for X1 (temperature), X2 (pH), X3 (light 
intensity) and X4 (glucose addition). The bold vertical bar indicates 
the significance level of 5%

Fig. 2  Pmax (µmol  H2 mg Chl 
a−1). Conditions 1 to 4 are 
represented by cond. and were 
described in Table 1. The bars 
indicate the standard deviation 
(n = 3)
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Furthermore, the ANOVA analysis confirmed that there 
was an effect of light and sulfur concentration (Table 3). 
In all these parameters of hydrogen production, the second 
condition was statistically better than all other conditions 
(p ≤ 0.0008) and the first condition was better compared 
to the third and fourth conditions (p ≤ 0.0002) (Table 3).

The highest ethanol production occurred in the 
condition with sulfur and light of 200  μmol   m−2   s−1 
(203.20 ± 31.49 mg  L−1) (Fig. 3), although this number 
was statistically higher when compared only to conditions 
1 (139.30 ± 10.31 mg  L−1). According to the ANOVA 
analysis, only the sulfur concentration affected the ethanol 
production (F (1,8) = 8.08, p = 0.02). Under all conditions, 
there was simultaneous production of organic acids, such 
as isobutyric, butyric and isovaleric acids, but these were 
below the quantification limit of the method.

Biochemical Composition of Biomass

The initial, accumulated in the first step, and final carbohy-
drate and protein biomass composition in the second step 
were different under most of the conditions (Fig. 4). In gen-
eral, there was a consumption of carbohydrate in cultures, 
however only there were statistical differences in conditions 
under higher light intensity, regardless of the presence of 
sulfur (average consumption of 38%). The ANOVA analysis 
confirmed that there was an effect of light in consumption 
of carbohydrate  (F(1,8) = 30.20, p = 0.0006), while in protein 
consumption this effect occurred only of sulfur concentra-
tion  (F(1,8) = 133.13, p = 0.000003). However, in all condi-
tions, there was significant protein consumption during the 
hydrogen production, and this consumption was on average 
27% higher in conditions with higher hydrogen production 
(1 and 2 conditions).

Nutrient Removal

The percentage of ammoniacal nitrogen removal in the pho-
tobioreactors (Fig. 5), occurred only under conditions 3 and 4 
(6.11 and 4.57%, respectively), and there was an effect of the 
sulfur concentration in the photobioreactors  (F(1,8) = 73.45, 
p = 0.00003). However, the decrease in protein levels in bio-
mass may have obscured the results of ammoniacal nitrogen 
removal. Phosphate removal (Fig. 5), in general, was higher 
under conditions that yielded lower hydrogen production, 
and according to ANOVA analysis, there was an effect of 
sulfur concentration  (F(1,8) = 113.42, p = 0.000005), and of 
light intensity  (F(1,8) = 69.83, p = 0.000032).

The sulfur concentration and light intensity also affected 
organic carbon removal (Fig. 5), as measured by COD, 
according to ANOVA  (F(1,8) = 155.55 and 33.71, respec-
tively, p ≤ 0.0004). The higher organic carbon removal 
also occurred under lower hydrogen production conditions. 
Acetic acid, with an average initial concentration of 910 mg 
 L−1 in the photobioreactors, was consumed in all conditions 

Table 3  Hydrogen production 
parameters:  Pmax (µmol  H2 mg 
Chl a−1), H (µmol  H2  L−1), 
 VolH2 (mL  H2  L−1), μmax (µmol 
 H2  L−1  h−1) and μspecific (µmol 
 H2 mg Chl a−1  h−1), according 
to Gompertz model. The effect 
of light intensity and sulfur 
concentration on hydrogen 
parameters according to 
ANOVA

Symbols indicate statistical differences according to ANOVA
* Difference with all conditions (p ≤ 0.0008)
# Difference with conditions 3 and 4 (p ≤ 0.0002)

Condition Pmax H VolH2 µmax µspecific

1 209.79 ± 2.55 # 2623.66 ± 1.77 # 52.46 ± 1.12 # 25.09 ± 0.82 # 2.01 ± 0.10 #
2 285.74 ± 27.014 * 3573.07 ± 314.73 * 68.75 ± 2.92 * 39.64 ± 2.44 * 3.16 ± 0.05 *
3 41.09 ± 5.24 555.91 ± 27.22 12.31 ± 1.26 4.31 ± 0.36 0.32 ± 0.06
4 25.38 ± 1.68 384.14 ± 17.26 8.14 ± 0.13 3.72 ± 0.35 0.25 ± 0.01
Light F(1,8) = 14.20 F(1,8) = 35.88 F(1,8) = 38.84 F(1,8) = 163.71 F(1,8) = 249.60
effect p = 0.005 p = 0.0003 p = 0.00025 p = 0.000001 p < 0.0000001
Sulfur F(1,8) = 720.48 F(1,8) = 1639.39 F(1,8) = 2683.91 F(1,8) = 2707.83 F(1,8) = 4939.86
effect p < 0.0000001 p < 0.0000001 p < 0.0000001 p < 0.0000001 p < 0.0000001

Fig. 3  Concentration (mg  L−1) of ethanol under conditions 1 to 4. 
The bars indicate the standard deviation (n = 3). Symbols show statis-
tical differences, according to ANOVA. * Difference with condition 1 
(p = 0.034)
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(Fig. 5). Under conditions with sulfur addition there was 
statistically the highest consumption of acetic acid (aver-
age consumption of 97.2%) compared to conditions without 
sulfur addition (mean consumption of 57.2%). The ANOVA 
analysis confirmed there was an effect of sulfur concentra-
tion in the acid acetic removal  (F(1,8) = 186.55, p = 0.000001) 
and there was no light intensity effect.

Discussion

The biomass improvement experiment showed that mainly 
the pH and the light intensity interfered in obtaining bio-
mass, corroborating with previous research that claims that 
physical and chemical factors affect the growth of micro-
algae [31, 32]. Thus, a higher amount of biomass was 
obtained in the first step with a lower pH (6.2) and light 

intensity of 200 μmol  m−2  s−1. It is believed that the result 
of improved biomass of C. reinhardtii applied in the first 
step of the experimental procedure provided the inoculation 
of a greater amount of biomass in the photobioreactors and 
favored the hydrogen production in the second step as stud-
ies have reported that an increased amount of biomass can 
improve the hydrogen production yield [6–8, 19].

The results described above demonstrate a significant 
influence of sulfur concentration and light intensity in hydro-
gen production by C. reinhardtii (CC425). The best results 
were obtained with sulfur-deprived (0 µmol  L−1 of sulfur), 
and higher light intensity supported better hydrogen produc-
tion, 3573.07 µmol  L−1, and 2623.66 µmol  L−1 at the lowest 
light intensity (conditions 2 and 1, respectively) for 180 h, 
agree with previous literature that used similar methodol-
ogy, and were even higher compared to some of the reported 
results [33, 34].

In order to improve photobiological hydrogen produc-
tion, there must be a balance between respiration and pho-
tosynthesis, and this can be achieved by varying the concen-
tration of nutrients in the culture medium, such as sulfur, 
nitrogen and phosphorus [17]. Sulfur deprivation decreases 
photosynthetic activity and consequently decreases oxygen 
production, which is consumed by respiration. There is a 
compensatory point between photosynthesis and respira-
tion that results in an anaerobic environment [5, 7, 8, 35]. 
Reports show that low sulfur concentrations (around 12.5 to 
100 µmol  L−1) can improve the compensatory point between 
photosynthesis and respiration and obtain better results in 
hydrogen production [12, 13].

However, other researchers obtained negative results 
when low sulfur concentration was added when compared 
to total sulfur deprivation [35]. The addition above 50 µmol 
 L−1 of sulfur can delay the onset of hydrogen production 
and decrease the final yield of hydrogen produced [12]. The 
same occurred in this research, and when comparing the 
conditions without or with sulfur addition (comparison of 
conditions 1 with 3 and 2 with 4), it was observed that the 
hydrogen productivity was on average 6 times higher when 
there was total sulfur deprivation.

The lowest hydrogen production in sulfur limitation con-
ditions (50 µmol  L−1 of sulfur) could be due to an increased 
photosynthetic rate caused by sulfur presence. Consequently, 
an increase in oxygen production may have occurred, thus 
resulting in the inhibition of hydrogen production. Another 
factor associated with sulfur concentration is light intensity, 
which must be varied in parallel with the sulfur concentra-
tion, so that the best compensatory point between photosyn-
thesis and respiration to make the anaerobic environment 
can be achieved [6, 8, 35]. Wild and mutant strains may also 
respond differently to sulfur concentrations and light inten-
sities, and variations in this compensatory point may also 
occur. It has been stated that approximately 27 µmol  m−2  s−1 

Fig. 4  Carbohydrate (A) and protein (B) (mg) per mg of algal bio-
mass under conditions 1 to 4. The biomass compositions accumulated 
in the first step is represented by initial bars (black), and biomass 
compositions at the end of the second step (gray bars). The bars indi-
cate the standard deviation (n = 3). Symbols show statistical differ-
ences, according to ANOVA. * Difference between the initial and the 
final biomass of the bioreactors in each condition (p ≤ 0.013)
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is the best light intensity to achieve this compensation point 
with the CC425 strain [32], which is lower than the intensi-
ties used in this study and which possibly prevented from 
obtaining positive results upon sulfur addition.

In this research, it was evident that the light intensity was 
another factor that interfered in hydrogen production, mainly 
in sulfur-deprived conditions in which the production was, 
respectively, 73.4% higher under 200 µmol  m−2  s−1 com-
pared to 60 µmol  m−2  s−1. Although higher light intensities 
can inhibit the hydrogenase due to higher photosynthetic 
rate [36], in sulfur-deprived cultures there is low evolution 
of oxygen through photosynthesis, then this inhibition by 
light is not expected to occur [18]. Several researchers ana-
lyzed the influence of light intensity in hydrogen production 
in sulfur deprived cultures, with different strains of Chla-
mydomonas, and some obtained better results at lower inten-
sities (around 12 to 40 µmol  m−2  s−1) [18, 37] and others at 
higher intensities (around 100 to 300 µmol  m−2  s−1) [7, 38], 
although researchers affirm that the optimal light intensity 
is 50 to 200 µmol  m−2  s−1 for hydrogen production [39].

Different light intensities, light:dark cycles, light absence, 
and sulfur deprivation are also factors that aid in the inves-
tigation of metabolic pathways involved in hydrogen and 
other fermentation by-products. In this study, acetic acid was 
used as a source of organic carbon and it was consumed 
in all conditions, although the consumption was higher in 
the photobioreactors containing sulfur (average consump-
tion of 57.2% under sulfur-free conditions and 97.2% with 
sulfur addition). As discussed above, under these conditions 

hydrogen production was lower, probably due to the increase 
in the photosynthetic rate, as previously discussed. This 
consumption is one of the factors responsible for maintain-
ing the anaerobic environment and providing reductant for 
hydrogen production via indirect photoproduction (photofer-
mentation) [5]. Furthermore, acetic acid can also be used by 
microalgae as a substrate for respiration and starch accumu-
lation, and after 24 h of anoxia acetate, acetate production 
by the fermentative acidogenic pathways can be observed, 
and there is a superposition between its consumption and 
production [8]. Therefore, the results suggest that in the 
presence of additional sulfur, the higher acetic acid con-
sumption rate is probably due to its lower production by the 
fermentation pathway, justifying and corroborating the lower 
hydrogen production that occurs under these conditions.

As the system becomes anaerobic, the ability of micro-
algae to modify their metabolism to anaerobic fermentation 
can lead to the generation of organic acids, ethanol, carbon 
dioxide and hydrogen through multiple fermentation path-
ways through anaerobic decomposition of pyruvate [7, 8, 
20, 40]. However, considering that an important part of the 
pyruvate anaerobic metabolism occurs in the chloroplast, 
where the hydrogenase is located, there is competition for 
a reductant between the hydrogen production and other fer-
mentation pathways [6, 9].

The production of ethanol measured under all experi-
mental conditions in this work confirms the occurrence 
of the alternative fermentative metabolic pathways. Etha-
nol production was higher under higher light intensity and 

Fig. 5  Percentage of nutrient removal, ammoniacal nitrogen, phos-
phate, chemical oxygen demand (COD), and acetic acid under con-
ditions 1 to 4. The bars indicate the standard deviation (n = 3). 
Symbols show statistical differences, according to ANOVA. * Dif-
ference with conditions 1 and 2 in the ammoniacal nitrogen uptake 
(p ≤ 0.004). # Difference with condition 2 in the orthophosphate 

uptake (p ≤ 0.0002). λ Difference with conditions 1, 2 and 4 in the 
COD uptake (p ≤ 0.006). γ Difference with conditions 1and 2 in the 
COD uptake (p ≤ 0.007).  ε Difference with condition 2 in the COD 
uptake (p = 0.038). α Difference with conditions 1 and 2 in the acetic 
acid uptake (p ≤ 0.0003)
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with sulfur (average of 203.2 mg  L−1). The results of this 
research were better, compared to those of other research-
ers that utilized similar methodology and the same strain, 
who reported 37 mg  L−1 [8] and 57 mg  L−1 of ethanol [40], 
but under lower light intensity (100 µmol  m−2  s−1) and a 
more basic pH (around 7.2 to 7.7). It is known that low pH 
favor ethanol production, which explains the better ethanol 
production results in this study. However, it has also been 
shown that high ethanol production decreases hydrogen pho-
toproduction due to the competition for the reductant that 
occurs between these two pathways [16]. An alternative to 
increase ethanol production is to produce this compound 
from microalgal biomass as they accumulate carbohydrate 
in the biomass [4]. Biorefineries can use residual microalgal 
biomass in bioethanol production processes and obtain more 
satisfactory results, such as 3.83 g  L−1 of ethanol from Chlo-
rococum sp. biomass by fermentation [41] and 4.17 g  L−1 
of ethanol from Chlorella vulgaris biomass by enzymatic 
hydrolysis and fermentation [4, 42].

Besides hydrogen and ethanol production by the fermen-
tative pathways, the more acidic pH and nutritional sulfur 
limitation modify the protein metabolic pathway causing an 
increase in the degradation of proteins and carbohydrates 
[16]. It has been reported that the decrease in carbohydrates 
and protein content occurs concomitantly with hydrogen 
photoproduction in sulfur-deprived cultures [15, 16, 43], 
although the carbohydrate accumulation can occur dur-
ing the hydrogen production due to the presence of acetic 
acid and mixotrophic metabolism of Chlamydomonas [38]. 
This information corroborates the results obtained in this 
research, in which there was a decrease in protein concen-
trations in all photobioreactors, especially under deprived 
sulfur, which show higher hydrogen production (consump-
tion of protein 111 times higher in deprived sulfur condi-
tions than conditions with sulfur). Carbohydrate consump-
tion, also observed in all conditions, probably occurred for 
ATP generation needed to conduct metabolic processes that 
require energy during anaerobiosis [9, 15, 43].

In addition to the hydrogen and ethanol production by the 
CC425 strain in this research, the results also demonstrated 
that it is possible to associate the cultivation of microalgae 
with wastewater treatment. Recent studies have shown the 
application of microalgae in wastewater treatment, mainly 
using Chlorophyceae [21, 22, 44]. However, there is a lack 
of research on Chlamydomonas genus in the literature.

The results demonstrated mainly the removal of acetic 
acid, as previously discussed, and the occurrence of phos-
phate uptake, with an average removal of 72.8%, which may 
have occurred by its adsorption to the cell surface and assim-
ilation into biomass [44]. Phosphate enters the cell by active 
transport through the cell membrane and can be used in the 
formation of ATP molecules [22]. Nitrogen uptake was not 
observed at significant levels, possibly due to the increased 

accumulation of nitrogen compounds in the liquid medium 
caused by the decrease in biomass protein under all tested 
conditions. Furthermore, it was observed that the nitrogen 
removal occurred under the conditions, in which there was 
less decrease in biomass protein, corroborating the results. 
Indeed, organic matter uptake was greater under conditions 
of lower hydrogen production. Under higher hydrogen pro-
duction conditions, an increase in acetic acid production, as 
previously discussed, may have occurred due to the acido-
genic pathway and may have influenced this result, as previ-
ously discussed.

In general, the greatest removal of nutrients occurred in 
the photobioreactors under sulfur limitation, in which there 
was the lowest hydrogen production. These data can be an 
indication that under these conditions there was a higher 
photosynthetic rate, and consequently it did not provide a 
totally anaerobic environment [6, 12]. Thus, it may have 
contributed to the greater removal of nutrients, since photo-
synthetic microorganisms can be efficient for this purpose 
in aerobic conditions, although a high concentration of dis-
solved oxygen may limit the removal [22, 44, 45]. Therefore, 
a microaerobic environment may have reduced the hydrogen 
production, due to the inhibition of hydrogenase, conse-
quently causing metabolic deviations to fermentative path-
ways and higher production of ethanol in these conditions, in 
addition to having provided greater nutrient removal.

It has been shown that microalgae biomass biofloccula-
tion, or immobilized-cell cultivation systems, can improve 
the reduction in nutritive agent in media [21]. In this 
research, the assays were performed with suspended-cell 
cultivation systems, which may have decreased the nutrient 
removal in media. Therefore, research with flocculated bio-
mass of CC425 strain in the wastewater treatment is the aim 
of future research. In addition, the microalgae may be asso-
ciated with other microorganisms. Algal–bacterial consortia 
can be combined for biohydrogen generation and wastewater 
treatment. In this case, the aerobic bacteria can consume the 
oxygen produced by the algae in photosynthesis, providing 
an anaerobic environment and contributing to the hydro-
gen production [45]. Furthermore, if there is an anaerobic 
digestion pathway, fermentative bacteria break down organic 
matter in wastewater into soluble acids, alcohols, hydrogen 
gases and carbon dioxide. Acetate can be generated from 
these products by acidogenic bacteria through the process 
of acetogenesis during the dark fermentation step [23, 46]. 
In the second step, microalgae having mixotrophic or het-
erotrophic metabolism, such as Chlamydomonas, are able to 
grow in closed systems and use this acetate produced as an 
organic carbon source to produce hydrogen by photohetero-
trophic pathway (indirect biophotolysis) [9, 14, 46].

Therefore, the results of this research confirm that hydro-
gen production occurs through direct water biophotolysis 
and from carbohydrates breakdown, from the starch reserve 
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or from acetic acid. The occurrence of each pathway may 
vary according to the different conditions studied. The rela-
tive contribution of each of the electron sources may depend 
on factors such as the strain, extent of damage of PSII, cul-
ture conditions and metabolic restrictions [46], such as light 
intensity and sulfur concentration, all of which affected the 
results obtained in this research. In addition, the results of 
this research demonstrate applicability of C. reinhardtii cul-
tivation (CC425) in anaerobic photobioreactors and provide 
an important discussion of factors that influence hydrogen 
production, as well as the contribution of using this strain 
for other purposes of environmental and economic interest.

Conclusion

The improvement of obtaining biomass in the first step may 
be an important measure to obtain better hydrogen produc-
tion in the second step. Factors such as sulfur concentration 
and light intensity influenced the production of hydrogen 
by C. reinhardtii (CC425), and the best results occurred in 
the absence of sulfur and under higher light intensity. The 
results also demonstrate that it is possible to produce ethanol 
and remove nutrients with this green algae strain in closed 
anaerobic systems. The most efficient ethanol production 
occurred in photobioreactors under higher light intensity 
and in the presence of sulfur, and acid acetic and phosphate 
removal efficiency were mainly observed, regardless of 
the condition tested. Therefore, this research demonstrates 
the efficient hydrogen production by strain C. reinhardtii 
(CC425) and shows that hydrogen production by this micro-
organism can be associated with ethanol production and 
wastewater treatment in closed anaerobic photobioreactors.
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