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Abstract
The aim of this study was to determine the combined effects of iron and sulfur on microalgal biomass concentration and removal
efficiency of nitrogenous compounds using factorial design. Scenedesmus acuminatus (currently accepted name Tetradesmus
lagerheimii) was separately cultivated in batch photobioreactors using modified N-8 media with two nitrogen sources, nitrate,
and ammonium. To study the interaction effect between iron and sulfur and to reduce the total number of experimentally studied
combinations, a factorial design was used. Three iron (0.1, 1, and 1.9 mg L−1) and three sulfur concentrations (3.7, 20, and
35.8 mg L−1) were employed to the modified N-8 media in this study. The results show that the final microalgal biomass
concentration and nitrogen removal efficiency were more sensitive to the changes in iron and sulfur concentrations in the media
with nitrate than with ammonium possibly because of the different assimilation mechanisms used by microalgae for these two
nitrogen sources. The created models demonstrated that iron had a statistically significant effect on the microalgal biomass
concentration and nitrate removal efficiency while sulfur did not. In addition, the interaction effect between iron and sulfur was
not significant on microalgal biomass concentration and nitrogen removal. In synthetic medium with nitrate as nitrogen source,
the highest microalgal biomass concentration was obtained with 1.0 mg L−1 iron and 35.8 mg L−1 sulfur.
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Introduction

Microalgae have gained increasing attention in the past de-
cades as a promising feedstock for, e.g., bioenergy and
biofuels, as well as for wastewater treatment (for reviews,

see Lakaniemi et al. 2013; Abinandan and Shanthakumar
2015). Despite the wide range of potential applications for
microalgae-based technologies, maximizing growth of
microalgae is often critical to ensure a profitable and efficient
process. Many algal studies have focused on changing phys-
icochemical parameters such as pH, temperature, light, and
medium composition in order to optimize microalgal growth
(Liu et al. 2008; Bartley et al. 2016; Schnurr et al. 2016). Of
the studies that deal with medium composition, most have
focused on optimizing the concentration of primary nutrients,
nitrogen, and phosphorus to enhance microalgal biomass pro-
duction (Rhee 1978; Hulatt et al. 2012; Lv et al. 2019).
Micronutrients such as iron, magnesium, sulfur, zinc, and cop-
per are typically supplied to growth media at low levels be-
cause they are essential for microalgal growth (Mandalam and
Palsson 1998; Yeesang and Cheirsilp 2011). However, at too
high concentration, many metals, such as iron, magnesium,
and copper, are toxic to microalgae (Yeesang and Cheirsilp
2011; Gorain et al. 2013; Huang et al. 2014). This study fo-
cuses on the micronutrients iron and sulfur because they are
constituents of enzymes required for nitrogen utilization by
microalgae (Padmavathi et al. 2008; Shibagaki and Grossman
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2008) and reported to have impacts on microalgal growth
(Yeesang and Cheirsilp 2011; Mera et al. 2016).

In addition to nitrogen assimilation, iron is important for
microalgae as a building block in the enzymes required for
photosynthetic electron transfer and assimilation of sulfur
(Raven 1990; Padmavathi et al. 2008). For example, when
compared to a medium lacking iron, low levels of iron addi-
tion (0.00067–0.67 mg L−1) enhanced biomass production
and lipid accumulation in Chlorella vulgaris, resulting in 3
to 7-fold higher lipid content (56.6%) when grown in the
media containing 0.67 mg L−1 FeCl3 than in other media
(Liu et al. 2008). Singh et al. (2015) confirmed that iron sig-
nificantly affected lipid productivity of microalgae and that a
high iron concentration (9 mg L−1) with 750 mg L−1 nitrogen
and 0 mg L−1 phosphorus resulted in the highest lipid content
of 59.6% and highest lipid productivity of 74 mg L−1 day−1 in
Ankistrodesmus falcatus.

Sulfur is also essential for microalgal growth as it is re-
quired for the production of proteins, lipids, and polysaccha-
rides (Shibagaki and Grossman 2008). The addition of sulfate
as a source of sulfur has been shown to increase microalgal
biomass production as well as nitrogen and phosphorus re-
moval efficiencies (Mera et al. 2016; Lv et al. 2017). The
highest biomass concentration of Chlamydomonas moewusii
was obtained in a medium with ammonium as the nitrogen
source when sulfur concentrations were between 3.2–
96 mg L−1 (Mera et al. 2016), while the final Chlorococcum
sp. biomass concentration and specific growth rates were sim-
ilar in a synthetic wastewater with nitrate as nitrogen source
when sulfur concentration was 6, 15, 25.7, 45.3, and
90.3 mg L−1 (Lv et al. 2017). The highest biomass concentra-
tion was obtained in similar sulfur concentration range with
the two different microalgal species (Mera et al. 2016; Lv et al.
2017). However, Tao et al. (2017) observed different
microalgal biomass concentration and ammonium removal
efficiencies were obtained when Scenedesmus acuminatus
was grown in two kinds of liquid digestates from pulp and
paper industry and one potential reason for the difference was
different initial sulfur concentration of the digestates.

Ammonium and nitrate are the form of nitrogen most often
studied for microalgal growth as they are often present in
natural waters and various wastewaters (Hulatt et al. 2012;
Cai et al. 2013). Ammonium seems more widely utilized by
algae compared to nitrate (Raven and Giordano 2016).
However, in some cases, ammonium may not be an appropri-
ate nitrogen source for microalgae due to the growth inhibition
caused by, e.g., low pH in un-buffered solutions (Hulatt et al.
2012; Raven and Giordano 2016; Lv et al. 2019) and ammo-
nium loss via volatilization from the medium at high pH (>
8.0) and temperature (Emerson et al. 1975; Zimmo et al.
2003). However, ammonium is considered as an energetically
preferred nitrogen source for microalgae (Flynn and Hipkin
1999) because ammonium can be directly incorporated into

amino acids using enzyme glutamine synthetase, while nitrate
assimilation by microalgae requires two additional reduction
reactions via nitrate reductase and nitrite reductase after which
it is utilized as ammonium by the cells (Rowell et al. 1977;
Hellebust and Ahmad 1989; Solomonson and Barber 1989).
In the first reaction, nitrate is reduced into nitrite using nico-
tinamide adenine dinucleotide phosphate as reducing agent
and ferredoxins are used to catalyze nitrite to ammonium in
the second reaction (Hellebust and Ahmad 1989; Barsanti and
Gualtieri 2014). The ferredoxins (iron-sulfur clusters) are the
catalysts used during nitrate reduction, which indicates that
the micronutrients iron and sulfur may have a combined in-
fluence on how nitrogen is utilized by microalgae. In addition,
the combined effects of iron and sulfur on microalgal growth
and nitrogen removal efficiency might vary between nitrate
and ammonium supplied cultures. However, most studies
looking at the impact of iron and sulfur on microalgal growth
have only focused on one form of nitrogen (e.g., ammonium
or nitrate) (Liu et al. 2008; Yeesang and Cheirsilp 2011; Mera
et al. 2016; Lv et al. 2017). In addition, the combined effects
of iron and sulfur on microalgal growth and nitrogen removal
have not been previously investigated.

The aim of this study was to assess the combined effect of
iron and sulfur on microalgal growth and nitrogen removal
efficiency using two different nitrogen sources: ammonium
and nitrate. The specific research questions addressed were
the following: (1) What is the effect of iron and sulfur on
microalgal growth and nitrogen removal efficiency? (2) Is
there any combined effect of iron and sulfur on microalgal
growth and nitrogen removal efficiency? (3) Do the effects
of iron and sulfur vary with different nitrogen sources? The
factorial experimental design used in this study allows for
greater insight into potential relationships between the factors
and reveals the optimal levels of both elements, while also
limiting the number of experiments required (Bezerra et al.
2008). Scenedesmus acuminatus was used in this study due
to its high growth rates and yields observed with pulp and
paper mill biosludge digestates (Tao et al. 2017).

Materials and methods

Microalgal strain and medium

Scenedesmus acuminatus (SAG 38.81) (note that the currently
accepted name is Tetradesmus lagerheimii (Wynne and Guiry
2016)), was obtained from the SAG Culture Collection of
Algae at the University of Göttingen, Germany. The stock
culture was maintained in 100 mL modified N-8 medium in
250-mL Erlenmeyer flasks on an orbital shaker (150 rpm) at
room temperature and at a light intensity of 40 μmol photons
m−2 s−1. The modified N-8 medium consisted of KNO3,
0.5055 g L−1; KH2PO4, 0.7400 g L−1; Na2HPO4,
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0.2598 g L−1; MgSO4·7H2O, 0.0500 g L−1; CaCl2·2H2O,
0.0175 g L−1; FeNaEDTA·3H2O, 0.0115 g L−1, ZnSO4·
7H2O, 0.0032 g L−1; MnCl2·4H2O, 0.0130 g L−1; CuSO4·
5H2O, 0.0183 g L−1; and Al2(SO4)3·18H2O, 0.0070 g L−1

(Praveenkumar et al. 2014). As S. acuminatus did not grow
in the modified N-8 medium with a natural pH of 6.5, the pH
was adjusted to an optimal value of 8.0 (Xu et al. 2015) by
adding 5 M NaOH.

Photobioreactors

Photobioreactors used consisted of a 1-L glass bottle (Pyrex)
and a plastic cap with two holes serving as the gas inlet and
outlet. Air at a flow rate of 0.2 L min−1 was sparged from the
bottom of the bottle by a glass distribution tube (porosity 0, ⌀
22 mm, Duran Group, Germany) that was inserted into the
photobioreactor through one of the holes in the cap. White
fluorescent lamps (Osram L 18 W/965 De Luxe Cool
Daylight, Germany) were used to continuously illuminate
the photobioreactors from two sides of the glass bottles with
a light intensity of 240 μmol photons m−2 s−1, which is the
optimal light intensity for Scenedesmus dimorphus based on
Xu et al. (2015). Scenedesmus acuminatus was inoculated
from the stock cultures to the photobioreactors to provide an
initial optical density of 0.27–0.29 at a wavelength of 680 nm
(OD680). The initial total culture volume in the reactors was
700mL. The temperature of the reactors was maintained at 22
± 2 °C.

Experimental design and data analysis

To reveal potential interactions between the effects of iron and
sulfur, a 22 full-factorial experimental design was used. This
method allows for a minimum number of total experiments
while still differentiating between the effects of individual
variables and revealing any possible interaction between the
variables. In a 22 factorial design, two independent variables
are evaluated at two different levels.

The study started with a set of experiments (the first exper-
imental phase) that evaluated the response surface of
microalgal growth and nitrogen removal efficiency based on
low (coded as − 1) and medium (coded as + 1) levels of iron
and sulfur (added as FeNaEDTA·3H2O and Na2SO4, respec-
tively) in the media with nitrate or ammonium as the nitrogen
source. KNO3 and NH4Cl were used as the nitrogen sources in
the NO3

− assay and the NH4
+ assay, respectively. MgSO4·

7H2O in the modified N-8 mediumwas replaced by equimolar
concentrations of MgCl2·6H2O to keep same amount of mag-
nesium as in the modified N-8 medium used for stock cultures
while the sulfur concentration was varied according to the
experimental design. As iron and sulfur did not show a signif-
icant effect on microalgal growth or nitrogen recovery when
using ammonium as the nitrogen source, the second phase of

experiments was conducted using only the medium with ni-
trate. During the second experimental phase, wider ranges of
iron and sulfur including the medium (+ 1) and high (+ 3)
levels were tested with the aim to optimize biomass growth
and nutrient removal efficiency. When taken together, the ex-
periments with nitrate as nitrogen source consisted of iron and
sulfur factors at low (− 1), medium (+ 1), and high concentra-
tions (+ 3) (e.g., FeL&SL represents: low concentration of iron
and low concentration of sulfur) as represented in Table 1.

The low andmedium levels of iron (0.1 and 1mgL−1) were
selected based on previous studies where the highest growth
rates were observed at iron concentrations between 0.67 to
1.2 mg L−1 and followed by those with iron concentrations
from 0.067 to 0.12 mg L−1 (Liu et al. 2008; Ren et al. 2014).
The high level of iron was set to 1.9 mg L−1 in this study
because iron concentrations between 2.07 and 41.4 mg L−1

were shown to negatively affect microalgal growth (Ren et al.
2014; Islami and Assareh 2019). To minimize chemical
changes from inoculum medium to modified medium, the
low level of sulfur (3.7 mg L−1) was chosen to be the same
as the sulfur concentration used in the modified N-8 medium
used for stock cultures. The medium level of sulfur
(20 mg L−1) was close to the sulfur concentrations (15–
18 mg L−1) used in previous studies in which high microalgal
concentrations have been obtained (Mera et al. 2016; Tao et al.
2017). The results of the first batch of low and medium sulfur
levels were used to determine the high level of sulfur
(35.8 mg L−1) using the surface response plot and the linear
models indicating a local optimal growth point in response to
a higher sulfur concentration (NIST/SEMATECH 2012).

The duration of the batch cultivations was 7 days in the first
experimental phase, and 14 days in the second experimental
phase, as stationary phase of microalgal growth was not
reached and nitrogen was not completely consumed within
the 7 day incubations of the first experimental phase. In the
first experimental phase, water evaporated at a rate of 15 mL
per day during the cultivation. To ensure proper biomass and
nutrient concentration calculations, distilled water was added
during the second experimental phase to compensate for the
evaporated water volume (marked with lines on the
photobioreactors) each time before taking final samples.

Table 1 The concentrations of iron (Fe) and sulfur (S) including low
(L), medium (M), and high (H) with coded units (− 1, + 1, and + 3) for
experimental design of microalgal growth and nitrogen removal efficien-
cy optimization

Factor Concentration (coded unit)

Low (− 1) Medium (+ 1) High (+ 3)

Iron concentration (Fe) 0.1 mg L−1 1 mg L−1 1.9 mg L−1

Sulfur concentration (S) 3.7 mg L−1 20 mg L−1 35.8 mg L−1
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The results of the microalgal biomass concentrations and
nitrogen removal efficiencies were evaluated using R
Statistical Software (version 3.5.1). The effects of independent
factors on the dependent factors were analyzed by linear (first-
order models) or quadratic equations (second-order models):

Y ¼ a0 þ a1X 1 þ a2X 2 þ a12X 1X 2 ð1Þ
Y ¼ a0 þ a1X 1 þ a2X 2 þ a11X 1

2 þ a22X 2
2 þ a12X 1X 2 ð2Þ

where Y is the response variable (microalgal biomass concen-
tration or nitrogen removal efficiency), a0 is Y-intercept, a1
and a2 are linear coefficients, a11 and a22 are the squared term
coefficients, and a12 is the interaction coefficient. X1 and X2

are iron and sulfur concentrations, respectively. In the obtain-
ed models, coefficient of determination (R2) or adjusted R2

were used to evaluate the model fit to the experimental data
(Carley et al. 2004; González-Fernández et al. 2011). p values
less than 0.05 indicated that a model term was significant for
the response variable and the overall model p values were used
to choose the best model fit (González-Fernández et al. 2011).

Analytical methods

The culture pH was measured using a WTW 330 pH
meter (WTW, Germany) with a Slimtrode electrode
(Hamilton, Germany). The light intensity was calculated
by measuring the average value of six sites on two sides
of the photobioreactor outer surface by a MQ-200 quan-
tum meter (Apogee, USA).

Determination of microalgal growth

The microalgal biomass concentration was measured using
both OD680 and ash-free dry weight (AFDW). OD680 was
measured using a Shimadzu UV-1700 Pharmaspec spectro-
photometer from non-filtrated samples. The non-filtrated sam-
ples were diluted with distilled water to give absorbance
values between 0.2–0.7. The AFDW was measured by filter-
ing 10–15 mL of culture solution through a glass fiber filter
(Whatman GF/A). Each filter containing the suspended solids
was dried at 105 °C overnight, then weighed and combusted
in a 550 °Cmuffle furnace for 2 h before being weighed again.
The AFDW was determined gravimetrically as the difference
between the filters after treatment at these two temperatures.

The growth rates were calculated using the following
equation:

μ ¼ ln X 2=X 1ð Þ
t2−t1

ð3Þ

where X1 is the concentration of biomass measured as
AFDW (g L−1) at time t1 and X2 is the concentration of
biomass at a time t2.

Determination of carbon and nutrient removal efficiency

The supernatant after the AFDW filtration was used for the
analysis of dissolved organic carbon (DOC), dissolved in-
organic carbon (DIC) and nutrient (N, P, S) concentrations.
DOC and DIC were measured with a total organic carbon
analyzer (Shimadzu Model TOC-5000) with an ASI-5000
autosampler. Ammonium-nitrogen (NH4

+-N) was measured
with an ion-selective electrode (Thermo Scientific Orion
ISE meter). Nitrate (NO3

−), nitrite (NO2
−), phosphate

(PO4
3−) and sulfate (SO4

2−) were measured using an ICS-
1600 ion chromatograph (Dionex, USA) with an AS-DV
autosampler, Ion-Pac AS4A-SC anion exchange column,
and ASRS-300 suppressor (2 mm). The system was oper-
ated in isocratic mode using an eluent containing 1.9 mM
Na2CO3 and 1.7 mM NaHCO3 and an eluent flow rate of
1 mL min−1.

Results

The effects of iron and sulfur at low and medium
levels on the microalgal biomass concentration
and nitrogen removal

During the first experimental phase, the effects of iron and
sulfur at low and medium levels (FeL&SL, FeL&SM,
FeM&SL and FeM&SM) on the microalgal biomass con-
centration and nitrogen removal efficiency were studied
separately with NO3

− and NH4
+ as the nitrogen source.

The different iron and sulfur concentrations resulted in
varied AFDW with both NO3

− and NH4
+. The OD680

and ADFW values showed linear correlation (R2 > 0.96)
in all of the cultures. The final AFDW in the NH4

+ assay
(0.83 ± 0.15–0.99 ± 0.02 g L−1) was higher than that ob-
tained in the NO3

− assay (0.57 ± 0.11–0.80 ± 0.13 g L−1)
(Fig. 1a, b). The microalgal growth reached the stationary
phase during the 7-day cultivation only in FeM&SM with
NO3

−.
The final NH4

+-N removal efficiency was higher than
the final NO3

−-N removal efficiency after the 7-day cul-
tivations (Fig. 2a, b). The final NO3

−-N removal effi-
ciencies in the media with higher iron concentration
(FeM&SL: 71.4%, FeM&SM: 75.1%) were higher than
those in the media with lower iron concentration
(FeL&SL: 43.5%, FeL&SM: 46.4%). However, the stud-
ied iron and sulfur concentrations did not significantly
affect the final NH4

+-N removal efficiency, which was
in the similar range (82.9–93.2%) in all cultures. Also,
the ammonium removal rate was very similar in all of
the cultures with the different Fe and S concentrations
(Fig. 2b).
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The effects of iron and sulfur on the microalgal
biomass concentration and nitrogen removal
with nitrate as nitrogen source

The second experimental phase focused on the effect of high
levels of iron and sulfur with nitrate as the nitrogen source on

microalgal growth and nitrate removal. The AFDW on day 7
ranged from 1.07 ± 0.14 to 1.15 ± 0.04 g L−1, which was
slightly higher than obtained in the first experimental phase
(Fig. 3b) andmore than 99% nitrate was consumed by day 9 in
all cultures (Fig. 3c). Compared to microalgal growth in the
second experimental phase, in the first experimental phase, a

Fig. 2 a NO3
−-N and b NH4

+-N concentrations during the cultivation of
Scenedesmus acuminatus in the modified N-8 media (FeL&SL: low conc.
of iron and low conc. of sulfur, FeL&SM: low conc. of iron and medium
conc. of sulfur, FeM&SL: medium conc. of iron and low conc. of sulfur,
and FeM&SM: medium conc. of iron and medium conc. of sulfur) with

NO3
− and NH4

+ as nitrogen source, respectively. The results of NO3
−-N

are presented as the means of n = 4 (2 cultivations, 2 measurements from
each); error bars represent standard deviation. The results of NH4

+-N are
presented as the means of n = 2 (2 cultivations, 1 measurement from
each); error bars represent standard error

Fig. 1 Ash-free dry weight (as g L−1) during the cultivation of
Scenedesmus acuminatus in the modified N-8 media with different iron
and sulfur concentrations (L refers to low and M refers to medium con-
centration of iron/sulfur) with a NO3

− and bNH4
+ as the nitrogen source.

The results of ash-free dry weight are presented as the means of n = 4 (2
cultivations, 2 measurements from each); error bars represent standard
deviation
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Fig. 3 a pH, b ash-free dry weight (as g L−1), and c NO3
−-N during the

cultivation of Scenedesmus acuminatus in the modified N-8 media. The
results of pH are presented as the means of n = 2 (2 cultivations, 1 mea-
surement from each); error bars represent standard error. The results of

ash-free dry weight and nitrate are presented as the means of n = 4 (2
cultivations, 2 measurements from each); error bars represent standard
deviation
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lag phase of 1 day in microalgal biomass concentration was
observed (Fig. 3b). Therefore, the highest specific growth
rates were observed during the second experimental phase a
few days earlier than during the first experimental phase
(Table 2). However, the highest specific growth rates of
FeM&SM during both experimental phases were similar.

Microalgal biomass concentration and nitrate
removal efficiency models with nitrate as nitrogen
source

First-order model in NO3
− assay

The equation with iron and sulfur at low and medium concen-
trations representing as coded unit for the nitrate removal ef-
ficiency was:

NO3
−removalef f iciency %ð Þ

¼ 58:762þ 13:838� ironþ 1:338� sul fur ð4Þ

The p value for the model in the NO3
− assay was 0.00017 (<

0.001), which shows the regression analysis is statistically sig-
nificant. The adjusted R2 = 95.68% indicates that the model
explaining effects of iron and sulfur on nitrate removal efficiency
fits well to the experimental data. In this model, the most signif-
icant factor affecting nitrate removal efficiency was iron (p val-
ue = 0.00006) followed by sulfur (p value = 0.282). However,
the interaction effect between iron and sulfur was not a signifi-
cant variable and was not therefore included in the model.

Second-order models in NO3
− assays

Results of microalgal biomass concentration and nitrate re-
moval efficiency from the first and second experimental

phases were used to generate quadratic models for the NO3
−

assays. To consider lag phase in the NO3
− assay and reduce

the influences of nitrate deficiency on microalgal growth after
day 7, the measured microalgal biomass concentrations from
days 6 and 5 were used for statistical analysis for the first and
second experimental phase, respectively (Table 2). Meanwhile,
the statistical analysis of nitrate removal efficiency was con-
ducted using experimental results from days 5 and 4 for the
first and second experimental phases, respectively. The dates
for biomass concentration and nitrate removal efficiency were
different due to the different sampling dates.

The regression results of the AFDW are listed in
Online Resource 1. The model with the best fit is presented
as contour plot (Fig. 4). The quadratic polynomial equation
(iron and sulfur concentrations representing as coded units)
was derived from the regression results based on the p value
of overall model and adjusted determination coefficient and
was the following:

Ash−free dry weight g L−1� �

¼ 0:611þ 0:146� ironþ 0:039� sulfur − 0:039� iron2

ð5Þ

The p value for the overall model was 0.0004 (< 0.05), thus
the statistical relation was at 95% confidence level, which
indicates that the regression analysis is statistically significant.
The value of the adjusted determination coefficient R2 =
71.1% indicates that the model can explain more than 70%
of the total variation, and thus the model fits the experimental
data. In this study, iron (p = 0.0006) and iron2 (p = 0.007) af-
fected the AFDW more significantly than sulfur (p = 0.074).

The regression results for the models of nitrate removal effi-
ciency are listed in Online Resource 2, while the model with the

Table 2 Comparison of experimental and predicted ash-free dry weight
based on the model obtained using quadratic equations at different iron
and sulfur concentrations in the modified N-8 media with nitrate as
nitrogen source. Due to the lag phase observed during the first

experimental phase, data used to create the model were taken in the
NO3

− assay during the first and second experimental phases on days 6
and 5, respectively

No. Iron and sulfur content Iron in coded unit Sulfur in coded unit Ash-free dry weight
(g L−1)

Maximum specific growth ratea (day−1)

Experimental value Predicted value

1 FeL&SL − 1 − 1 0.434 (day 6) 0.387 0.411 (day 2–3)

2 FeL&SM − 1 + 1 0.418 (day 6) 0.465 0.349 (day 2–3)

3 FeM&SL + 1 − 1 0.620 (day 6) 0.679 0.379 (day 3–4)

4 FeM&SM + 1 + 1 0.761 (day 6) 0.757 0.528 (day 3–4)

5 FeM&SM + 1 + 1 0.815 (day 5) 0.757 0.530 (day 1–2)

6 FeM&SH + 1 + 3 0.828 (day 5) 0.835 0.517 (day 0–1)

7 FeH&SM + 3 + 1 0.740 (day 5) 0.737 0.564 (day 0–1)

8 FeH&SH + 3 + 3 0.805 (day 5) 0.815 0.473 (day 1–2)

a The maximum specific growth rates were calculated according to Eq. (3)
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best fit is presented as contour plot (Fig. 5). The quadratic poly-
nomial equation (iron and sulfur concentration representing as
united codes) which had the best fit was the following:

NO3
−removalef f iciency %ð Þ

¼ 43:058þ 14:446� ironþ 2:796� sul fur−3:469

� iron2−1:169� sul fur2 ð6Þ

Iron (p< 0.0001) and iron2 (p < 0.001) significantly con-
tributed to predicting about 84.3% of the variation in nitrate
removal efficiency, while the p value for the overall model
was less than 0.0001. The order of influencing factors for
nitrate removal efficiency was iron > sulfur.

Discussion

This study was carried out to understand the combined effect of
iron and sulfur on microalgal growth and nitrogen removal effi-
ciency using factorial experiment design. The whole study was
divided into two experimental phases. The results during the first
experimental phase showed that the obtainedmicroalgal biomass
concentration was slightly more sensitive to the changes in iron
and sulfur concentration in the media with NO3

− than with NH4
+

because the variation of final biomass concentration in the NO3
−

assay (0.23 g L−1) was higher than that in the NH4
+ assay

(0.16 g L−1). Regardless of nitrogen source and sulfur concentra-
tion, the final microalgal biomass concentration increased when
the iron concentration was increased. At the same iron concen-
tration, higher microalgal biomass concentration was obtained in
the medium with NH4

+ than with NO3
−. In addition, the lag

phase was observed in NO3
− assay (Fig. 1) likely due to the

additional enzymatic steps required for nitrate assimilation by
the microalgae (Rowell et al. 1977; Hellebust and Ahmad
1989; Solomonson and Barber 1989). The similar phenomenon
was also observed in the study by Lv et al. (2019). Flynn and
Hipkin (1999) also indicated via theoretical calculations that
higher iron concentrations were required in algal growth simula-
tions for nitrate assimilation to achieve the same growth rate as
for ammonium assimilation. However, Kim et al. (2013) obtain-
ed higher microalgal biomass concentration in a medium with
nitrate than with ammonium when batch-cultivating Chlorella
sorokiniana, while in a study by Hulatt et al. (2012), Chlorella
vulgaris did not grow at all in a medium with ammonium due to
poor buffering capacity of the medium (Hulatt et al. 2012). Thus,
it seems to depend on the growth conditions and microalgal
species whether the microalgae grow more efficiently with
NO3

− or NH4
+ as their nitrogen source.

In the NO3
− assay, the highest AFDW by cultivation day 5

was obtained in FeM&SM but the biomass concentration
started to decline after that. This demise was likely due to
carbon limitation caused by pH increase on day 5. Culture
pH in FeM&SM of the NO3

− assay increased likely due to fast

Fig. 5 Contour plot showing the nitrate removal efficiency (%) as a
function of iron and sulfur. Independent variables are represented by
their coded values and concentration values (mg L−1) inside brackets.
The different colors represent the varied levels of nitrate removal
efficiency. For example, the level increases from 30 to 50 with color
changing from green to orange

Fig. 4 Contour plot showing the ash-free dry weight (g L−1) as a function
of iron and sulfur. Independent variables are represented by their coded
values and concentration values (mg L−1) inside brackets. The different
colors represent the varied levels of microalgal biomass concentration.
For example, the level increases from 0.5 to 0.8 with color changing from
green to orange
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nitrate uptake by the microalgae (Goldman and Brewer 1980)
and at high pH (e.g., > 8.7) specific carbon uptake rate by
microalgae decreases with increasing pH (Azov 1982).
Compared to air, air supplemented with CO2 could promote
the microalgal growth by providing sufficient inorganic car-
bon source and adjusting pH in un-buffered solution.

During the first experimental phase, the results also show
that the nitrogen removal efficiency was more sensitive to the
changes of iron and sulfur in the media with NO3

− than with
NH4

+ as the nitrogen source. The results are consistent to the
theoretical knowledge that ferredoxins (iron-sulfur proteins)
contribute more to nitrate assimilation than ammonium assim-
ilation due to additional reduction steps of nitrate into amino
acids (Rowell et al. 1977; Hellebust and Ahmad 1989;
Solomonson and Barber 1989). In addition, Jin et al. (1998)
reported that the algal nitrite reductase is a ferredoxin-
dependent enzyme and the concentration of ferredoxins may
be the limiting factor for nitrite reduction rate.

In the NO3
− assay, the initial iron concentration was

shown to have more significant effects on both the
microalgal biomass concentration and nitrate removal effi-
ciency when compared to sulfur. The reason could be re-
lated to the different roles and uptake mechanisms of iron
and sulfur in microalgal cells. Iron is an important trace
element for microalgae because it is used in cells as a
building block for many proteins (i.e., iron-sulfur proteins)
required for photosynthetic electron transfer, as well as ni-
trogen and sulfur assimilation (Raven 1990; Padmavathi
et al. 2008). Sulfur is involved in the production of protein,
lipids and polysaccharides, and sulfate as the most stable
sulfur form in nature can be taken up by microalgae
(Shibagaki and Grossman 2008).

Iron uptake by microalgae likely includes two pathways: a
passive adsorption process on the microalgal cell surface and
an active absorption process through the membrane (Li and
Zheng 2011; Sutak et al. 2012). The active process of iron
uptake is further divided into two systems: a low-affinity
transport and a high-affinity transport according to the avail-
ability of inorganic Fe species and iron sufficiency in cells
(Marchetti and Maldonado 2016). In algal cells, sulfate is first
activated with adenosine triphosphate to 5′-adenylsulfate
(APS), which is then reduced to sulfite by APS reductase
(Schiff and Hodson 1970). After sulfite is reduced to sulfide
by sulfite reductase (SiR), the generated sulfide is incorporat-
ed into cysteine (Schiff and Hodson 1970). The iron-sulfur
proteins consist of iron and sulfur, the latter of which is
desulfurized from cysteine (Lill and Mühlenhoff 2008).
Before the reduced sulfur is incorporated into cysteine, how-
ever, iron-sulfur proteins are also involved in sulfate assimila-
tion to provide electrons for SiR when reducing sulfite to
sulfide (Padmavathi et al. 2008). This indicates that iron as
the iron-sulfur protein is involved in sulfate assimilation, thus,
the availability of iron can affect sulfate assimilation in cells

while sulfate seemed to not affect iron transport in cells ac-
cording to current reported studies (Giordano et al. 2008).

Themeasured data during the first experimental phase were
expected to create four first-order models: final microalgal
biomass concentration in the NO3

− assay, nitrate removal ef-
ficiency, final microalgal biomass concentration in the NH4

+

assay, and ammonium removal efficiency. However, the com-
bined effects of iron and sulfur on ammonium removal effi-
ciency and microalgal biomass concentration in the media
with NH4

+ or NO3
− could not be described with the first-

order models as the overall p values were > 0.05. This indi-
cates that the linear functions did not accurately describe the
relationship between iron-sulfur concentrations and ammoni-
um removal efficiency/microalgal biomass concentration. The
first-order model could not describe the effects of iron and
sulfur on ammonium removal efficiency and microalgal bio-
mass concentration due to the insignificant regression analy-
ses obtained in this study likely because the data have curva-
ture or no model is suitable in the studied factors’ range.

Based on the obtained first-order model, the sulfur concen-
tration was not a significant factor influencing nitrate removal
efficiency and the combined effects of iron and sulfur on the
microalgal growth in the media with nitrate were not clear.
Therefore, the second experiment phase included wider iron
and sulfur concentration range and the fitted second-order
models using the NO3

− assay data from the first and second
experimental phases proved that the data set presented
curvature.

The highest specific growth rate was obtained at high iron
concentration likely due to the sufficient iron availability in
the initial medium (Table 2). However, the bioavailable iron
and sulfur may be deficient in the late-exponential growth
(Hasegawa et al. 2018), thus, did not result in the highest final
biomass concentration in this batch study. It is reasonable to
optimize the medium composition for microalgal growth as
the provided iron and sulfur may not be completely utilized
for microalgal growth and nitrogen assimilation. In large-scale
systems, optimal iron content should be applied for microalgal
cultivation as iron is a significant factor for both growth and
nitrate removal. The presence of sulfur can promote
microalgal growth and no inhibition on microalgal growth
was observed at high concentration of sulfur in this study.
Further work should be carried out to study the effects of
sulfur at higher concentrations (more than 1 g L−1) on
microalgal growth, as microalgae may be used to treat waste-
water containing high amounts of sulfur, e.g., from pulp and
paper mill (Thompson et al. 2001).

Conclusions

The varied iron and sulfur concentrations in the medium with
nitrate affectedmicroalgal biomass concentration and nitrogen
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removal efficiency more than in the mediumwith ammonium.
This was likely due to the different assimilation mechanisms
used by microalgae for these two nitrogen species. Iron and
sulfur concentrations affected the microalgal biomass concen-
tration and nitrate removal efficiency, while iron was the only
statistically significant factor. The models describing com-
bined effects of iron and sulfur on microalgal biomass con-
centration and nitrate removal efficiency, which fitted best the
experimental data, did not indicate any interaction effect be-
tween iron and sulfur. In the medium with nitrate as the nitro-
gen source, the highest final microalgal biomass concentration
was obtained with initial iron and sulfur concentrations of
1.0 mg L−1 and 35.8 mg L−1, respectively.
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