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Abstract
The effects of NO3

− and/or NH4
+, and nickel on the growth and photosynthesis-respiration metabolism of Botryococcus 

braunii were analyzed. NO3
−, NH4

+ and Ni(II) removal capacity are described in terms of metabolic and non-metabolic 
processes. Results demonstrate that B. braunii can live in a pH range from 3 to 9. The total productivity (P) and the produc-
tivity of the growth phase (Pv) are higher (≈ 58 and 61 mg L−1 day−1, respectively) when the medium contains NH4

+, than 
when it contains NO3

− (≈ 45 and 51 mg L −1 day−1, respectively). NH4
+ consumption results in a decrease of the pH of the 

medium from 7 to 3. Botryococcus braunii reverse the acidic conditions of the medium when NO3
− is metabolized (pH from 

5 to 8–8.5). Ni(II)-specific removal is mainly due to adsorption and increases along with pH and initial metal concentration. 
The Hill model best describes the adsorption experimental data. The stoichiometric correlations between H+ desorption 
and nickel adsorption were 1:5, 1:3 and 1:2 for pH values of 5, 6 and 7, respectively. The present work is a new contribution 
on the biotechnological potential of B. braunii to live and grow at different pH and to remove NO3

−, NH4
+, and Ni(II) by 

metabolic and non-metabolic pathways.

Keywords  Botryococcus braunii · Chlorophyta · Ni(II) · NO3
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Introduction

The discharge of wastes into natural water bodies, for example 
effluents containing heavy metals and/or high concentrations 
of non-toxic compounds such as nitrogen, have been affecting 
water quality and transforming, damaging, or even destructing 
aquatic ecosystems (Renuka et al. 2013; Gonçalves et al. 2017).

Nitrogen in natural waters can be found mainly as NH4
+, 

NO2
−, NO3

−, other nitrogen oxides and organic forms. One of 
the main problems related to high nitrogen concentrations in 
water bodies is eutrophication, causing the degradation of fresh-
water ecosystems and posing a public health risk for the nearby 
populations, since eutrophication may cause algal blooms (Cai 
et al. 2013; Dsikowitzky et al. 2015; Kheriji et al. 2015).

Many industrial applications such as milling, mining, and 
surface finishing industries use different heavy metals in their 
production processes (Malik 2004). Among them, Nickel is 
considered an essential micronutrient, since it participates in 
different biological processes in trace amounts, but at higher 
concentrations it can cause several problems in nature and 
health (Hussain et al. 2013). This metal is present in nature 
and may reach soils and natural water bodies through the 
alteration of the parent rock, but the main problem regarding 
nickel contamination are the numerous anthropogenic activi-
ties that lead to nickel accumulation (Küpper and Kroneck 
2007; Helaoui et al. 2020). The environmental chemistry of 
nickel is mainly associated to Ni(II), which, like many heavy 
metals, is poorly soluble in aqueous matrices at neutral pH. 
Its concentration in water depends on the pH, being soluble 
at pH < 8, insoluble as Ni(OH)2 (between other oxides and 
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hydroxides) from pH 8 to 10, and soluble as Ni(OH)4
–2 and 

other anions at very alkaline pH (Ciesielczyk et al. 2013). In 
water and sewage nickel can be attached to suspended matter 
or as insoluble compounds, mainly oxides and hydroxides. 
The particles may be transported or sink in the sediments, 
where they become truly "chemical time bombs” (Ter Meu-
len 1993; Tufo et al. 2018).

Dissolution, precipitation, and sorption processes are 
the main factors responsible for heavy metal mobility in the 
environment and the fate of nickel in contaminated effluents 
and its impact on environment is closely related to them. 
Knowledge about microorganisms capable of adsorbing 
nickel or modify ionic aqueous equilibria leading to nickel 
precipitation are of great importance to understand these 
processes and design potential remediation techniques. In 
this context, many studies in the literature report on the 
removal of nickel from wastewater produced by metal plat-
ing industries, where metals are concentrated in the effluents 
(Moersidik et al. 2020; Ates and Basak 2021; Pérez Jiménez 
et al. 2021). Adsorption is a widely studied technique for the 
removal of heavy metals from wastewater (Long et al. 2018; 
Ates and Basak 2021; Pérez Jiménez et al. 2021).

These contamination trends clearly evidence the need for 
effective treatment methods before discharging contaminants 
into natural bodies. Many of these metals are expensive, then 
their recovery from effluents and wastes, is of economic impor-
tance. In recent years, the development of new technologies 
for the removal of contaminants from natural waters have 
been studied (Gomes et al. 2016; Jais et al. 2017; Zhang et al. 
2018). Microalgae may offer a new approach for the treatment 
of wastewater from a variety of industries, agriculture and the 
food industry and also for municipal wastewaters. Microal-
gae assimilate carbon (C), nitrogen (N) and phosphorus (P) 
(Morales-Amaral et al. 2015; Cheng et al. 2017) and, have the 
capacity to remove heavy metals (Areco et al. 2018; Daneshvar 
et al. 2019; Urrutia et al. 2019; Mariam et al. 2021) and some 
toxic organic compounds (Matamoros et al. 2015; Sutherland 
and Ralph 2019; Xie et al. 2019). Furthermore, microalgae 
may be cultivated in wastewaters under proper conditions, 
avoiding the use of huge amounts of clean water, reducing the 
costs implied in biomass cultivation.

Botryococcus braunii is a green planktonic freshwater 
microalga that has a worldwide distribution. It is known for 
its capacity to generates hydrocarbons in the outer layers 
of the cell wall (Maxwell et al. 1968), but since its growth 
is slow the use of this alga as a natural source of hydro-
carbons is still considered to be quite difficult (Nakamura 
et al. 2017). Nevertheless, this extensively studied alga 
may be considered for other purposes such as remediation 
rather than just for hydrocarbon production and other bio-
technological potentials of this algae have been partially 
explored, for example its heavy metals removal capacity. 
The capacity of B. braunii to remove zinc and copper from 

solution through metabolic mechanisms has been also stud-
ied (Areco et al. 2013, 2018), since microalgae metabolize 
inorganic carbon which affects the inorganic carbon equi-
librium and therefore, the pH of the medium (Decostere 
et al. 2013). On the other hand, little has been published 
regarding the capacity of B. braunii to remediate nutrients 
such as nitrogen from wastewaters. Cheng et al. (2017) have 
compared the ammonium and total phosphorus removal effi-
ciency of B. braunii, Chlorella vulgaris and Desmodesmus 
sp. from piggery wastewater, while Massa et al. (2017) stud-
ied ammonium removal from liquid digestate. Botryococ-
cus braunii also has been studied as a tertiary treatment 
for livestock wastewater, where ammonium (Kim and Kim 
2017) and/or nitrate were the nitrogen sources (Órpez et al. 
2009; Drexler et al. 2013). Thus, B. braunii may be used in 
bioremediation processes of waters containing high con-
centrations of nitrate and ammonium, and heavy metals, but 
further studies need to be conducted to evaluate its applica-
tion for the remediation of effluents or natural waters.

Even though the ability of B. braunii to remove nutrients 
has been studied (Mennaa et al. 2015; Kim and Kim 2017; 
Rinna et al. 2017), little has been published regarding its 
preference for different nitrogen sources, or about its capac-
ity to remove nickel from solution while reverting the acid 
conditions of the effluent. Since B. braunii has been widely 
studied for its capacity to produce hydrocarbons, exploring 
new biotechnological approaches may lead to the develop-
ment of a variety of biotechnological processes where the 
concept of circular economy may be applied.

The present work aims to determine the effects of different 
nitrogen sources (NO3

− and/or NH4
+) and nickel concentrations 

on the growth and the photosynthesis-respiration metabolism 
of B. braunii. Its capacity to fluctuate the pH of the medium, 
depending on the nitrogen source used, and to remove nickel 
from wastewater by metabolic processes and by its adsorption 
capacity (non-metabolic removal) is also studied.

Materials and methods

Metal solution and metal quantification

Stock nickel solutions were made with NiCl2.6H2O and dis-
tilled water. The concentration of the solutions ranged from 
0.035 to 9.5 mM at a pH of 6.0 ± 0.3. Ni(II) concentrations 
in solution were measured with atomic absorption spectros-
copy (AAS) (Rice et al. 2017).

Algal strain and stock culture conditions

Botryococcus braunii (strain MB3N Stock B 2441) was origi-
nally obtained from the Algal culture Center of the University 
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of Texas. Stock cultures were kept in liquid and solid Bold 
Basal Medium (BBM, Medium composition—see Table in 
Online Resources 1) and were sub-cultured every 3 or 4 weeks.

Experimental design

All liquid cultures were kept at 25 ± 1 °C, 130 rpm, and 
under light:dark cycles (16:8  h and 30  μmol photons 
m−2 s−1), unless otherwise indicated.

Biomass estimation and specific growth rate

The growth of the biomass was determined by turbidim-
etry; measuring optical density at 680 nm (OD680nm); cell 
counting (Neubauer chamber) and dry weight that was 
measured gravimetrically (centrifugation at 10,000 × g for 
5 min) or after filtration on a cellulose acetate filter (GF/C 
0.45 µm, Whatman), that was rinsed with distilled water 
and dried (60 °C) till constant weight.

To establish the correlation between cell counting and bio-
mass dry weight (mg), 100 mL of BBM was added to each 
of 13 Erlenmeyer flasks containing a sample of the origi-
nal B. braunii inoculum (25%). Samples were incubated as 
described in “experimental design” section. Samples were 
taken at different time intervals (0, 7, 10, 14, 21, 25, 28, 35, 
43, 53, 67, 97 and 112 days), and cell counts and dry weight 
were measured. Correlation analysis between alga growth 
measured gravimetrically and by cell counting demonstrated 
a linear correlation (R = 0.998). The equation obtained was:

The biomass volumetric productivity (P, mg L−1 day−1) 
was calculated (Choi and Yu 2015) using Eq. (2):

where X0 and X1 are the initial and final biomass concentra-
tion (mg L−1), and t0 and t1 (day) are the initial and final 
cultivation times, respectively.

Effect of nitrogen source and concentration on the biomass 
growth

Cultures were grown with different NO3
− (NaNO3) and 

NH4
+ ((NH4)2SO4) proportions (0% of NO3

− and 100% 
of NH4

+; 0% of NH4
+ and 100% of NO3

−; and 50% 
NO3

−/NH4
+) and with different nitrate concentrations 

(NO3
− = 0.7–7 mM).

To analyze the growth of B. braunii under low nitrogen con-
centrations respect to the control (BBM Medium) experiments 

(1)Cell number = 3 × 10
8 ∗ dry weight − 4 × 10

7

(2)P =

(

X
1
− X

0

)

(

t
1
− t

0

)

were carried out in a 7-L stirred-tank bioreactor (BioFlo 110, 
New Brunswick Scientific; USA), interfaced with Biocom-
mand Bioprocessing software (New Brunswick Scientific) for 
the control of parameters and the obtention of the data (see 
bioreactor diagram in Online Resources 2). Experiments were 
performed in batch mode using modified BBM (NO3

− con-
centration = 0.7 mM), and under light:dark cycles (16:8 h and 
30 μmol photons m−2 s−1). 400 mL of a concentrated culture of 
B. braunii in late growth phase (4 × 108 cells mL−1) was used 
to inoculate the bioreactor with 4 L of medium. Both tempera-
ture and pH were not adjusted throughout the culture. Agitation 
was maintained (75 rpm) to prevent the settling of microalgae. 
Filter-sterilized (0.22 μm) air was supplied at a constant flow 
(0.25 vvm). The pH was measured in situ using a pH electrode 
(Mettler-Toledo GmbH, Germany) and the dissolved oxygen 
level (dO2, % saturation) was determined with a polarographic 
probe (InPro6110/320, Mettler-Toledo).

The nitrate concentration in solution was determined 
by the cadmium reduction method (Rice et al. 2017) and 
ammonium concentrations were determined by a colorimet-
ric method (Wiener Lab, Argentina).

Effect of nickel on biomass growth

Cultures were exposed over 50 ± 1 days to several nickel 
concentrations (0, 0.035, 0.05, 0.085, 0.17 and 0.25 mM). 
Cultures were kept at 25 ± 1  °C, 130  rpm, and under 
light:dark cycles (16:8 h and 30 μmol photons m−2 s−1).

In all the experiments described in the present section, 
aliquots (3 mL) were taken at different time periods to evalu-
ate the pH variation, growth (OD680 nm, cell counting and/or 
dry weight), biomass productivity (Eq. 2) and final NO3

−, 
NH4

+or Ni(II) concentration in solution.

Remediation of nitrogen and nickel

Nitrogen removal  All the experiments were conducted with 
B. braunii cultivated in Erlenmeyer flasks containing BBM 
and incubated in batch mode at pH 5.00 ± 0.25, with the cor-
responding variation of NO3

− and/or NH4
+ concentrations.

Nickel toxicity and removal  All the experiments were made 
in batch mode using 1 g L−1 of living or dead biomass.

Nickel removal efficiency by B. braunii. Live biomass  Experi-
ments were conducted as depicted in Areco et al. (2018) 
in BBM medium, using different nickel initial concentra-
tions (0, 0.035, 0.05, 0.085, 0.17 and 0.3 mM). Samples 
were incubated for 50 ± 1 days at initial pH of 5.0 ± 0.3, and 
were kept at 25 ± 1 °C, 130 rpm, and under light:dark cycles 
(16:8 h and 30 μmol photons m−2 s−1).
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Nickel biosorption experiments. Dead biomass  For sorption 
experiments the biomass was suspended in solutions with 
different Ni(II) concentrations (between 0.035 and 9.4 mM) 
at pH 6 ± 0.3, to avoid metal precipitation. Algal biomass was 
separated from metal solutions by centrifugation (443 RCF 
for 10 min) and filtration (0.45 µm). Then the final metal 
concentrations in solutions were measured and metal uptake 
(q) was determined (Eq. 3) (Davis et al. 2000).

where Ci and Ceq are the initial and equilibrium metal con-
centration (mM), respectively; V the volume of the solution 
(L) and m is the dry weight of the algae (g).

The net sorption capacity of B. braunii was determined 
as depicted by Areco et al. (2018) using 0.150 ± 0.05 g L−1 
of protonated dead biomass. The initial Ni(II) concentration 
used was 1.7 ± 0.1 mM, at initial pH of 4, 5, 6 or 7 that were 
adjusted using NaOH (0.058 ± 0.001 M). Experiments were 
carried out by triplicate for each pH value.

Control experiments were conducted in the absence of the 
adsorbent (microalgae) and a second control experiment was 
performed with biomass and without nickel.

Photosynthesis and respiration activity measurement. 
Respirometric studies

In order to study the effect of two different nitrogen sources 
(NO3

− or NH4
+) and/or different nickel concentrations (0, 0.085 

and 0.17 mM) on the respiration and photosynthesis metabolism of 
B. braunii, experiments were conducted at pH 5.0 ± 0.3 as in Areco 
et al. (2018). The gas concentrations (CO2 and O2) were measured 
over 26 h with a Micro-Oxymax gas analyzer (Columbus Instru-
ments). Estimations of gas consumption or production rates were 
made following time course of gas composition.

Surface characterization: SEM–EDS and Zeta potential 
analysis

Dehydrated microalgae (60 °C till constant weight) with no 
Ni(II) (control) or with Ni(II) (1 mM) adsorbed, were visu-
alized by a field emission gun scanning electron microscope 
(FEI, Quanta 250 ESEM) with combined energy dispersive 
RX-ray analyzer (EDS) Thermo Scientific UltraDry model 
(voltage of 15.0 kV.). The metal distribution and the elemental 
composition of the surface of the microalga (mapping), before 
and after metal adsorption, were determined using Thermo 
Scientific Pathfinder X-ray microanalysis software.

The electrical charge on the surface of B. braunii at dif-
ferent pH values (4.4 to 10.5) were determined using a Zeta 
Potential Analyzer (ZetaPlus. Brookhaven Instruments 

(3)q =
(Ci − Ceq) ∗ V

m

Corporation). Determinations were made using an electric 
field of 16 V cm−1, a current of 15 mA, at 25 °C and at 
constant ionic strength (10–3 M KCl). pH of the different 
microalgae suspensions (1 g L−1) was adjusted using HCl 
or KOH. The resulting zeta potential values at each pH are 
the mean value of 21 replicates.

Statistical analysis

Results are the mean values from three replicate experi-
ments, unless otherwise indicated. One-factor ANOVA was 
performed (GraphPadPrism 7 software package) for the sta-
tistical analysis of the results obtained (growth of B. braunii 
exposed to different Ni(II), NO3

− and/or NH4
+ concentra-

tions); Kolmogorov-Smirnovf and Barlett test were used to 
verified normality and homoscedacity assumptions; means 
were compared using Tukey test.

Results

Botryococcus braunii growth and culture conditions

The growth of B. braunii in BBM (control conditions, see 
Online Resources 1) reached a plateau after 35 days (see 
Online Resources 3). The final biomass concentration 
obtained was 1580 ± 50 mg L−1 and the biomass volumetric 
productivity (P) (Eq. 2) obtained was 45 ± 2 mg L−1 day−1. 
The specific growth rate (μ) was not calculated since the 
growth of B. braunii was not exponential but linear, probably 
due to a limitation of CO2 transfer rate during the growth 
stage. In these conditions the growth rate (rx) remains con-
stant and equal to the productivity in the growth phase (Pv) 
and the specific growth rate (μ) decreases throughout the 
culture (rx = μ X). The productivity of the linear growth 
phase (Pv) obtained (Eq. (2)) was 47 ± 2 mg L−1 day−1. Since 
the lag phases of the cultures were short, the total produc-
tivities and the productivities in the growth phase obtained 
were similar in all cases.

Effect of nitrogen concentration on biomass growth, 
photosynthesis, and respiration

Botryococcus braunii was cultivated in BBM under 
0.7–7 mM NO3

− to determine the biomass growth, changes 
in the pH of the media, the rate of nitrogen consumption, 
and total N consumption in different time intervals (Fig. 1a, 
b, c and d, respectively (NO3

−)) as well as the rates of pho-
tosynthesis and respiration (Figure in Online Resources 4).

There were significant differences (n = 3, p < 0.01) in the 
productivities (P and Pv) of the cultures exposed to initial 
NO3

− concentrations higher than 1.25 mM compared to 
those exposed to NO3

− concentrations lower than 1.25 mM 
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(Table 1). Even though nitrogen was totally consumed in the 
first 12 days when NO3

− initial concentrations were 0.7 and 
1.25 mM, the algae kept on growing till the stationary phase 
was reached after 30 days (Fig. 1a and c). When NO3

− initial 
concentrations were higher than 1.25 mM, the stationary 
phase was reached before total nitrogen consumption. In all 
cases studied, growth, culture pH and nitrogen consumption 
show an inflection on day 12 (Fig. 1a, b and c).

Three different cases were observed: Presence of nitro-
gen with active growth or in stationary phase (cases 1 and 
2, respectively); or nitrogen depletion (case 3). In the first 
case, (systems 0.7 and 1.25 mM till day 12; and systems 3.5, 
5 and 7 mM till days 25–30) (Fig. 1d light grey columns) 
the ratio of NO3

− consumption increased proportionally 
to initial NO3

− concentrations, from 0.4 to 0.8 mmol N g 
biomass−1. The uptake rate remained between 0.04—
0.07 mmol N day−1 (Table in Online Resources 5). The 

growth of all cultures stopped after 25 days ( ±), probably 
due to the inhibition caused by an increase in the medium pH 
till values ≈ 8.5. When maximum growth was reached, all 
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Fig. 1   Botryococcus braunii cultivated in BBM varying the ini-
tial nitrate concentration in the culture media (0.7, 1.25, 3.5, 5 and 
7  mM): a: growth; b: pH; c: nitrogen (NO3

−) consumption and d: 
total N consumption over 112 days (black bars), N consumption till 

maximal growth (light-grey bars), N consumption over 100  days 
(dark-grey bars). Error bars represent the mean standard deviation 
(n = 3)

Table 1   Biomass total productivity (P) after 120  days, and produc-
tivity in the growth phase (Pv) obtained for B. braunii cultivated in 
BBM varying the initial NO3

− concentration in the culture media 
(0.7, 1.25, 3.5, 5 and 7 mM)

N-NO3 Initial Concen-
tration (mM)

Total Productivity
(mg L−1 day−1)

Productivity in 
growth phase (Pv)
(mg L−1 day−1)

0.7 42 ± 3 43 ± 3
1.25 45 ± 2 47 ± 2
3.5 52 ± 4 57 ± 4
5 50 ± 5 52 ± 5
7 53 ± 4 56 ± 4
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cultures presented similar ratio of NO3
− uptake to generated 

biomass. From this point on the culture that still had nitrogen 
(case 2) continued its metabolization. The uptake rate and 
the stoichiometric ratio of nitrogen to biomass uptake were 
proportional to initial nitrate concentration (Fig. 1d dark 
grey columns). This result is important when non-growing 
living biomass is used for nutrient bioremediation.

In cultures with lower nitrogen concentrations (0.7 
and 1.25 mM NO3

−), all nitrogen is consumed in the first 
12 days. Nevertheless, the cells continued to grow for ≈ 17 
more days, and stopped when the medium pH reached values 
between 8—8.5 (Fig. 1a and b).

The respiration and photosynthesis rates of B. braunii, 
regarding O2 production/consumption and CO2 consumption/
production (mg g−1 h−1), when cultivated with (black) or with-
out nitrogen (grey) where measured (Figure in Online Resources 
4). Results show that there is a basal CO2 consumption even 
when there is no NO3

− in the medium. The physiological activ-
ity of microalgae affects the pH of the medium, Fig. 1b shows 
a continuous increase in pH of the solution till values around 
8—8.5, in the first 10 days. Figure 2a and b show the dO2 and 
the pH daily fluctuations, respectively, due to photosynthesis and 
respiration in an open system. Figure 2c shows NO3

− consump-
tion and algal growth over time. Figure 2b shows an increase in 
pH from ≈ 6 to ≈ 7.8 in the first 12 days.

Effect of nitrogen source on biomass growth, 
photosynthesis, and respiration

The growth of B. braunii after 35 days was higher when 
the N source was a mixture of equal proportions of 
NO3

− and NH4
+, and the lowest growth was observed 

when NO3
− was the only N source. The productivities 

(Pv and P) obtained for B. braunii exposed to different 
N sources were higher (≈ 61 mg L−1  day−1 and 58 mg 
L−1 day−1, respectively) when the culture media contained 
NH4

+, than the productivities (Pv and P) obtained when the 
N source was only NO3

− (≈ 51 mg L−1 day−1 and 45 mg 
L−1 day−1, respectively). These results demonstrate that 
NH4

+ at the concentrations and pH range studied was not 
toxic for B. braunii (Fig. 3a). NH4

+ consumption resulted 
in pH decrease from 7 to 3 (Fig. 3b). In this pH range, the 
growth of this alga was not affected (Fig. 3a).

When the biomass was grown in culture media con-
taining equal amounts of NO3

− and NH4
+, B. braunii 

first consumed NH4
+ (favored nitrogen source due to its 

reduced state and energetically favorable assimilation, 
as previously discussed) and then NO3

− (Fig. 3c). When 
NH4

+ was totally consumed the biomass started to con-
sume NO3

− (Fig. 3c and d), resulting in an increase in the 
medium pH (Fig. 3d and Eq. 6).

The knowledge of nitrogen uptake by B. braunii from dif-
ferent nitrogen sources and its associated pH changes are of 

great importance for the design of bioremediation processes 
of nutrients and heavy metals.

When the metabolism of B. braunii was analyzed in 
terms of photosynthesis and respiration, it was found that, 
even though the growth of the algae was not affected when 
NH4

+ was used as the nitrogen source (Fig. 3a), the rate 
of CO2 uptake during the light cycles (photosynthesis) was 
considerably affected, since total CO2 fixation decreases 
about 70%. Furthermore, there was an increased (≈ 65%) in 
O2 respiratory uptake (with respect to the control) when B. 
braunii was grown with NH4

+ as the nitrogen source (Table 
in Online Resources 6).

Nitrogen remediation by B. braunii

As shown above, B. braunii can grow under a wide range of 
nitrate concentrations, which are metabolically used by the 
biomass, reducing nitrates concentrations in solution along 

Time (days)

0 5 10 15 20 25 30 35 40

iinuarb.
B

01(
ht

worg
7

L
m

sllec
1-
)

0

20

40

60

80

100

N
O

3-
)

M
m(

noitartneno
C

0.0

0.2

0.4

0.6

0.8

Algae growth. Initial Conc. NO3
-: 0.7 mM   

N consumption along time

c

Fig. 2   Variations over time of a: dO2 (% saturation) b: pH and c: 
growth and nitrate consumption; due to B. braunii photosynthetic and 
respiration metabolism. Mean and standard deviation (n = 3)

2946 Journal of Applied Phycology (2022) 34:2941–2954



1 3

time. Figure 3c shows the consumption of variable nitrogen 
sources (NO3

−, NH4
+, or NO3

− and NH4
+) over time.

Nickel toxicity and removal

Figure 4a shows the effect of variable Ni(II) concentrations 
(0 or control, 0.035, 0.05, 0.085, 0.17 and 0.25 mM) added 
to BBM, on the growth of B. braunii over 50 days. Nickel 
exposure at concentrations higher than 0.05 mM signifi-
cantly affected (ANOVA (n = 3, p < 0.001)) the growth of 
B. braunii.

The respiration and photosynthetic rates (in terms of O2 
consumption (▲) and CO2 assimilation (•) (mg g−1 h−1) of 
B. braunii decrease when Ni(II) concentration in solution 
increases (Fig. 4b). The net balance between the rates of CO2 
production (respiration) and consumption (photosynthesis) 

in the presence of nickel, agree with the growth curves 
obtained at the same conditions. Results indicate that the 
metabolism of B. braunii is affected when nickel is present 
in the medium (Fig. 4b). Nevertheless, B. braunii can live 
under high Ni(II) concentrations (up to 0.05 mM).

Nickel removal efficiency by B. braunii. Live biomass

Figure 4c shows total Ni(II) (mM) removed by B. braunii 
(1 g L−1) and final pH after 50 days of being exposed to dif-
ferent Ni(II) concentrations. The metal removal capacity of 
B. braunii increases with initial metal concentrations (mmol 
metal removed by 1 g of biomass). Furthermore, the increase 
in the metal concentration in the medium decreases the 
growth of B. braunii (Fig. 4a) leading to a smaller increase 
on the final pH of the medium.
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Nickel biosorption experiments. Dead biomass

The adsorption capacity of Botryococcus braunii  Ni(II) 
adsorption capacity of B. braunii dead biomass was studied 
in batch mode (130 rpm), at room temperature and at pH 
6 ± 0.25 to identify the extent of non-metabolic processes in 
the metal removal capacity of this microalga. The quantity 
of Ni(II) adsorbed increased rapidly during the first hour and 
then reached a plateau (data not shown).

Figure 5a represents the nickel adsorption isotherm by 
B. braunii. The Hill isotherm model (Eq.  (1) in Online 
Resources 7) (Foo and Hameed 2010) was applied and 
it fitted the experimental data (R2 = 0.998). The highest 
Ni(II) adsorption capacity (qSH) obtained for B. braunii 

when the Hill model was applied to experimental data was 
1.23 ± 0.04 mmol g−1 and the sorption at very low initial 
metal concentrations was q0 = 0.08 ± 0.03 mmol g−1.

When adsorption was analyzed at low Ni(II) concentra-
tions (Figure in Online Resources 8) the adsorption capac-
ity (q) is very low respect to concentrations higher than 
3—4 mM. This may be interpreted as a distribution of few 
binding sites of high affinity (available at low Ni(II) con-
centrations) and many binding sites of low affinity, that are 
available for Ni(II) concentrations higher than 3–4 mM.

To estimate the quantity of protons released from the sur-
face of the microalga when metal adsorption takes place, 
pH was kept constant (4, 5, 6 or 7) by the addition of NaOH 
(0.058 ± 0.001 M). The amount of proton released from the 
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surface is proportional to the base added to the solution. At 
pH 4 there is no net adsorption on the biomass (Fig. 5b). At 
pH 5, 6 and 7 there is a stoichiometric correlation between 
nickel uptake and H+ release by protonated biomass. This 
correlation changes with pH (Fig. 5b), being 1:5, 1:3 and 
1:2 for pH values of 5, 6 and 7, respectively. These results 
assume that there is a process of ion-exchange between pro-
tons and nickel on the surface of the biomass.

Zeta potential results showed that the net charge of the 
surface is negative in all pH range studied (Figure in Online 
Resources 9). When zinc adsorption by B. braunii was pre-
viously studied (Areco et al. 2018), it was shown that the 
stoichiometric relationship between H+ released from the 

surface and the Zn(II) uptake by protonated biomass was 
1:1. In the present work the main nickel ion in solution at 
this pH range is Ni2+, and even though ion-exchange is the 
main binding mechanism implicated in the biosorption of 
Ni(II) by B. braunii, it is not the only one, since there are 
other physical and chemical binding mechanism(s) impli-
cated in the process (Davis et al. 2003).

Surface characterization. SEM–EDS

The surface of B. braunii was analyzed by scanning elec-
tron microscopy (SEM) (Fig. 5c), where the structure of the 

Fig. 5   a: Ni(II) adsorption 
isotherm by B. braunii dead 
biomass, at pH 5.5. Data shown 
are the mean values from two 
replicates experiments. Solid 
lines were calculated using Hill 
model (R2: 0.998); b: Ni(II) 
adsorption capacities (q) by B. 
braunii dead biomass obtained 
at different pH values (4, 5, 6 
and 7); c: Scanning Electron 
Microscopy (SEM) of B. brau-
nii at 3000X and 15.0 kV where 
the structure of the surface of 
B. braunii within a matrix of 
polysaccharide can be seen.; 
and B. braunii EDS images: (d) 
before treatment and (e) after 
Ni(II) removal experiment
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surface of B. braunii within a matrix of polysaccharide can 
be seen. In order to verify Ni(II) adsorption, energy-disper-
sive X-ray spectroscopic (EDS) (Fig. 5d and e) and the metal 
surface recovery images (Fig. a and b in Online Resources 
10) of B. braunii were conducted before and after nickel 
(initial metal concentration of 1 mM) adsorption. EDS show 
that there is no metal present on the surface of B. braunii in 
control experiments (Fig. 5d and Fig. a in Online Resources 
10). After nickel adsorption experiments, the presence of the 
metal on the surface of the alga was demonstrated (Fig. 5e 
and Fig. b in Online Resources 10) and the relative amount 
of metal on the surface of B. braunii was ≈ 8%, relative to 
the total surface composition. These results are consistent 
with those previously presented in the present paper, where 
Ni(II) adsorption plays a key role in metal removal.

Discussion

The preset study shows a low B. braunii biomass productivity 
when it was cultivated with different nitrogen sources and con-
centrations. This slow growth and the linear kinetic observed 
suggest a limiting gas transfer rate (kinetic limitation) (Posten 
2009; Le Gouic et al. 2021). Some authors have studied the 
effect of nitrogen source on the growth and hydrocarbon accu-
mulation (Zhila et al. 2005; Cheng et al. 2014; Ruangsomboon 
2015), others have studied the influence of nitrogen source and 
photoperiod on the synthesis of exopolysaccharides (Lupi et al. 
1994; Wijihastuti et al. 2017) and Podder and Majumder (2017) 
studied the toxicity and bioremediation of arsenic by B. brau-
nii. However, the extent of nickel or nitrogen remediation were 
not extensively studied, nor the physicochemical changes in the 
surrounding media due to nitrogen source in the culture media 
and how these changes affect the remediation processes. Since 
B. braunii has been widely studied for its capacity to produce 
hydrocarbons, exploring new biotechnological approaches may 
lead to the development of a variety of algae-based processes 
where the concept of circular economy may be applied.

The most common inorganic N sources assimilated 
by photosynthetic organisms are NO3

−, NO2
−, and NH4

+ 
(Raven and Giordano 2016). The availability and concen-
trations of these N sources, which in general are small and 
change depending on environments, usually limit productiv-
ity and growth. (Sanz-Luque et al. 2015).

Our results show that there were significant differences 
(p < 0.01) on the productivities (P and Pv) of the cultures 
exposed to higher NO3

− initials concentrations (Table 1). In 
all cases studied the cultures continue to grow for more than 
25 days, even when nitrogen was totally consumed in the first 
12 days. Then, if the culture grew (measuring cell number) 
under nitrogen starvation (when initial NO3

− concentrations 
were 0.7 and 1.25 mM), there must have been a decrease in the 
cell size or a change on cellular composition. When nitrogen 

(NO3
−) in the media were totally consumed (Fig. 1c) the algae 

may have reacted to the lack of nitrogen by the degradation of 
previously accumulated molecules containing nitrogen, such 
as glutamate (Sanz-Luque et al. 2015). This would explain 
why the algae kept on growing (Fig. 1a) when nitrogen (NO3

−) 
was consumed at day 12 (Fig. 1c), even though there was a 
reduction on the photosynthesis rate when there was a lack of 
nitrogen (Fig. 1 Online Resources 4).

During the light periods (photosynthesis), CO2 consump-
tion resulted in a consequent rise in the pH (Eq. 4). When CO2 
concentration in solution is close to zero, the CO2 transfer rate 
reaches a maximum, causing the kinetic limitation in growth 
that has already been mentioned. (Decostere et al. 2013; Le 
Gouic et al. 2021). During the dark periods (respiration) the 
intake of dissolved oxygen and simultaneous CO2 release 
shifted the H2CO3/HCO3

− equilibrium to the right (Eq. 5) 
(Decostere et al. 2013), resulting in a decrease of the pH during 
the dark cycles. This behavior is clearly seen in Fig. 2a and b.

When NO3
− was the only nitrogen source in the medium 

an increase in pH was observed. This increase in pH is due 
to the metabolism of NO3

− uptake that produces OH− as 
Eq. (6) shows:

When nitrate was totally consumed (Fig. 2c), the pH 
remained constant with fluctuations associated with CO2 
uptake or release due to the light:dark cycles.

Results demonstrate that NH4
+ at the concentrations and pH 

range studied in the present work was not toxic for B. brau-
nii and also demonstrate the ability of this microalgae to live 
in acid environments, since the use of NH4

+ as the nitrogen 
source (mainly on low-buffered media) results in the decrease 
of the pH of the media till values of ≈ 3 (Eq. 7) (Barsanti and 
Gualtieri 2014). The low pH in the system affects the NH4

+ / 
NH3 equilibrium, decreasing the concentration of NH3, which 
is most toxic for microalgae. These results are different from 
others cited in the literature, where the use of NH4

+ as N source 
decrease the algal biomass, with an irreversible toxicity in the 
late exponential growth (Lupi et al. 1994; Cheng et al. 2014).

Knowledge and prediction of pH changes associated with 
the uptake of different nitrogen sources by B. braunii is very 
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important to design potential effluent treatment processes in 
which, they can be also used for the removal of heavy metals or 
will need post-process pH adjustment. Our results also demon-
strate that B. braunii first consumed NH4

+ and then NO3
−. The 

interaction between NO3
− and NH4

+ uptake indicates that NH4
+ 

itself inhibits NO3
− uptake, maybe because NH4

+ assimilation 
caused the feedback, inhibition and repression of the enzymes 
responsible for NO3

− reduction (Stewart and Markello 1974; 
Sanz-Luque et al. 2015).

Microalgae biomass productivity is closely related with 
photosynthesis, and the photosynthesis- respiration metabo-
lism can be affected by the presence of NO3

− or NH4
+. In the 

present study it was found that even though the growth of the 
algae was not affected when NH4

+ was used as the nitrogen 
source (Fig. 3a), the rate of CO2 uptake during the light 
cycles (photosynthesis) was considerably affected, decreas-
ing about 70%. As depicted in Eqs. 4 and 5 the dissolution 
of gaseous CO2 into water induces principally three carbon 
species: CO2, HCO3

−, and CO3
2−. The concentration of total 

inorganic carbon and each component depends on the pH 
of the solution (Borowitzka 2016). CO2 transfer rate from 
the atmosphere to the culture is a kinetic limiting factor for 
photosynthesis rate and it is regulated mainly by CO2 solu-
bility. Both temperature and pH influence solubility and the 
rate of hydration of CO2. Increasing pH enhances the rate of 
CO2 transfer into liquid phase (Borowitzka 2016). In the pre-
sent work, when NH4

+ was the only nitrogen source, the pH 
of the medium decreased till values bellow pH = 3 (Fig. 3d), 
then CO2 transfer rate should have dropped, decreasing the 
total CO2 uptake rate by the microalgae. Results also show 
an increased (≈ 65%) in O2 respiratory uptake (respect to 
the control—BBM) when B. braunii was grown in media 
with NH4

+ as the nitrogen source (Table Online Resources 
5). These results agree with those obtained by Ohmori et al. 
(1984), where total CO2 fixation decreased about 60% and 
respiratory uptake of O2 increased by about 70% when B. 
braunii was cultivated with NH4

+ as the nitrogen source.
Even though the metabolism of B. braunii is affected when 

nickel is present in the medium (Fig. 4b), B. braunii can live 
under high Ni(II) concentrations (up to 0.05 mM), and this is an 
advantage over other microalgae susceptible to low Ni(II) con-
centrations such as Chlorella vulgaris and Chlorella sp. (Santos 
et al. 2019; Macoustra et al. 2020), Scenedesmus quadricauda 
(Strejckova et al. 2019), Phaeocystis antarctica and Cryotheco-
monas armigera (Koppel et al. 2018), among others, making 
it suitable to be used in some industrial wastewater treatment.

Nickel is generally found at very low concentration levels 
(ppb) in the environment. In water and sewage, nickel can be 
dissolved or attached to suspended matter in the water. The 
concentration of nickel in river and lake water is very low, with 
the average being generally less than 10 ppb (smaller than the 
concentration used in the present work) (Küpper and Kroneck 
2007). Nevertheless, many studies are reported in literature on 

the removal of nickel from wastewater produced by metal plat-
ing industries, where metals are concentrated in the effluents 
(Adeli et al. 2017; Ates and Basak 2021; Pérez Jiménez et al. 
2021). In this sense, adsorption is a widely studied technique for 
the removal of heavy metals from wastewater (Long et al. 2018; 
Pérez Jiménez et al. 2021).

The main processes for the removal of different heavy met-
als by B. braunii are different. While Zn(II) removal is mainly 
due to metabolic processes (Areco et al. 2018), Ni(II) removal 
is mainly due to adsorption processes.

In this study the nickel adsorption capacity of B. brau-
nii pretreated biomass at pH values of 4, 5, 6 and 7 were 
analyzed. When pH of the solution is higher than pKa of 
the functional groups present on the surface of the biomass, 
there are more deprotonated binding sites on the cell wall 
of the algae (Trinelli et al. 2013), which favors the uptake 
of cations present in solution and leads to a decrease in the 
pH of the medium. When zinc adsorption by B. braunii was 
previously studied (Areco et al. 2018), it was shown that the 
stoichiometric relationship between H+ released from the 
surface and the Zn(II) uptake by protonated biomass was 
1:1. In the present work the main nickel ion in solution at 
this pH range is Ni2+, and even though ion-exchange is the 
main binding mechanism implicated in the biosorption of 
Ni(II) by B. braunii, it is not the only one, since there are 
other physical and chemical binding mechanism(s) impli-
cated in the process (Davis et al. 2003).

Conclusions

The results obtained in the present work are a part of a series of 
experiments that lead to a full comprehension of the mechanisms 
involved in the ability of B. braunii to remove heavy metals and 
nutrients from contaminated environments. In previous works, 
we demonstrated its capacity to remove Zn(II) and Cu(II). The 
present work shows its capability to grow in a wide range of pH, 
its ability to use NO3

− and/or NH4
+ as nitrogen sources as well 

as to remediate them. The results also show that B. braunii was 
able to live and grow in media containing Ni(II), even when res-
piration and photosynthesis are affected by the metal. This dem-
onstrates the feasibility of using B. braunii for the remediation 
of effluents containing variable Ni(II) concentrations, by means 
of metabolic (precipitation) and mainly non-metabolic (adsorp-
tion) approaches. EDS proved the existence of Ni(II) ions on the 
surface of the biomass after being exposed to the metal. Bot-
ryococcus braunii also can metabolically remove NO3

−, NH4
+ 

from aqueous solutions and that the pH of the medium varies 
depending on the nitrogen source: it became acid when the algae 
consumed NH4

+; and basic when it consumes NO3
−.

These results, along with those previously obtained by us 
are a novel approach to the potential of B. braunii to be used 
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in the remediation process of effluents containing a wide range 
of NO3

−, NH4
+, and heavy metals such as Cu(II), Zn(II) and 

Ni(II) and an advance on the study of this alga. Further studies 
need to be pursued in order to establish the applicability of this 
new technology in real effluents. For example elucidating the 
mechanism of adsorption and the extent of the exopolysaccha-
rides on the adsorption of heavy metals, such as Ni(II) is a key 
finding to understand the physicochemical processes involved. 
Furthermore, including the main B. braunii biotechnological 
features proposed in the literature within the context of circu-
lar economy may lead to the development of a new microal-
gae-based technology, where the production of hydrocarbons 
(energy), lipids and other metabolites may be produced while 
remediating acid effluent loaded with variable concentrations 
of different pollutants.
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