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Abstract
Neochloris minuta and Neochloris alveolaris grown in nitrogen-rich (+ N) and nitrogen-depleted (-N) media were tested for 
their heavy metal maximum biosorption capacities  (qmax) and adsorption percent efficiencies (R%). By removing nitrogen 
from the growth media, both algal species showed an increase in their lipid content and a decrease in their protein content. 
Langmuir and Freundlich adsorption isotherms were used to determine the  qmax and adsorption efficiencies of the + N and 
−N algae in the recovery of  Pb2+,  Cd2+,  Zn2+,  Cu2+, and  Ni2+. When comparing the two types of algae, N. alveolaris showed 
the highest adsorption capacities for all five metals either in + N or -N media. The maximum adsorption efficiency percentage 
of the lowest concentration metal ions for N. alveolaris was 87.10% for  Pb2+, 64.98% for  Cd2+, 59.50% for  Zn2+, 60.08% for 
 Cu2+, and 50.61% for  Ni2+. In both algae, nitrogen depletion (-N) caused an increase in the  qmax values for  Zn2+ and  Cu2+. 
Additionally, the  qmax of N. minuta for  Cd2+,  Zn2+,  Cu2+ and  Ni2+ increased by the nitrogen depletion demonstrating that the 
treatment can be applied to improve the biosorption capacity of a particular alga for multiple heavy metals. The biosorption 
capacity for these algae for heavy metals was also discussed in terms of their biomass compositions and the type of hard or 
soft metal acid based on the Pearson theory of Hard and Soft, Acid and Bases (HSAB).
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Abbreviation
N. minuta  Neochloris minuta
N. alveolaris  Neochloris alveolaris
qmax  Maximum adsorption capacity

Introduction

Heavy metals are considered persistent contaminants and 
emerging environmental pollutants because they cannot be 
destroyed or degraded (Ahmed et al. 2017; Park et al. 2010; 
Barrios-Estrada et al. 2018). The contamination of waters 
by heavy metals has been proven to affect the bioaccumula-
tion of these pollutants in the food chain and human body 
(Jinsong He 2014). Conventional physiochemical methods 

of removing heavy metals from water include ion exchange 
(Dabrowski et al. 2004), chemical precipitation (Charerntan-
yarak 1999), electrokinetics (Yuan and Weng 2006), adsorp-
tion (Lee et al. 2012), and membrane processing (Abu Qdais 
and Moussa 2004). The applications of these techniques are 
limited due to the expensive chemicals required for treat-
ment and the removal of heavy metals is often incomplete, 
which has shifted attention to “green agenda” strategies for 
the sustainable development of all modern societies.

A low cost and environmentally friendly alternative for 
sequestering heavy metal pollutants from water is through 
biosorption using dead biomass (Davis et al. 2003; Gupta 
et al. 2012). Algal biomasses have high sorption capaci-
ties and can be grown easily in open and closed bioreac-
tors (Zeraatkar et al. 2016). Algal biomass has shown great 
promise as a biosorbent material to remove heavy metals 
from contaminated water due to their diverse multifunc-
tional groups for binding metals, ease of growth for large 
scale cleanup, recyclability of captured metals, and excel-
lent retention capacity (Nazal 2019; Samia Richards 2019; 
Rangbhashiyam 2019; Jinsong He 2014; Muhammad Bilal 
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2018). Additionally, dry algal biomass can be stored for a 
long period and can be recycled.

Research in the field has primarily focused on brown 
algae (inter alia, Chromophyta) but has expanded to green 
algae (Chlorophyta), red algae (Rhodophyta) and even fungi 
and bacteria (Romera et al. 2007). For example, the blue-
green algae Spirulina maxima has been shown to remove up 
to 81.7% of the copper from wastewater (reducing the con-
centration from 42.7 ppb to 7.8 ppb) after 10 days while the 
green algae Chlorella vulgaris removed up to 94.1% of the 
zinc (reducing the concentration from 9.54 ppb to 0.6 ppb)
(Chan et al. 2014). In some cases, algae can effectively 
remove metals from water in a matter of minutes. In one 
study, a dry powder of microalga Chlamydomonas micro-
sphaera was able to remove  Cu2+ at maximum adsorption 
capacity of 57.3 mg g−1 in less than an hour (Jiang et al. 
2019).

Algal biomass is known to interact with heavy metal ions 
via surface precipitation, ion exchange, and/or complexation/
coordination (Jinsong He 2014). The functional groups of 
carbohydrates, proteins and lipids, which include amino, car-
boxyl, thiols, hydroxyl, sulfhydryl, imidazole, phosphate and 
phenolic groups, are responsible for coordinating with heavy 
metals (Rangbhashiyam 2019). In green algae, these func-
tional groups play a dominant role in their metal-binding 
capacity (Gupta and Rastogi 2008; Sheng et al. 2004). It was 
shown the –OH, COO–, –CH and phosphate groups were the 
primary functional groups used for the biosorption of Cd(II) 
by Nannochloropsis oculate (Kaparapu and Prasad 2018).

The interactions between metal and algae can be observed 
microscopically as was the case during the biosorption of 
chromium by Chlorella sp. and Neochloris sp. (Kasimani 
et al. 2017). Using SEM, algal cells were seen to disaggre-
gate and the cell surface became shorter with roughness fol-
lowing chromium absorption. The biosorption proceeded by 
a reduction of hexavalent chromium via complexation with 
carboxyl or amide or hydroxyl moieties of algal biomass. 
Similarly, during the process of copper biosorption by the 
surface of Chlorella vulgaris, the cell became more compact 
after the biosorption of  Cd2+ to its porous surface; however, 
its surface became smoother (Kumar et al. 2018). Carboxyl, 
carbonyl, hydroxyl, amine and amido groups were identi-
fied as functional groups responsible for forming bonds with 
the  Cd2+ ions. As an added benefit, the biosorption of  Cd2+ 
by Chlorella vulgaris remained unaffected after five cycles 
of regeneration showing the suitability of algal biomass for 
commercial applications.

There are other factors, such as algae surface area, pore 
size, and nutrients, present in growth media that contribute 
to algae’s ability to sequester metals. For Chlorella pyrenoi-
dosa microalgae, the physical adsorption of cadmium ions 
was due to its 1.868 μm macropores (Moreira et al. 2019). 
In another study, the removal of  Pb2+ binding by Chlorella 

sp. was dependent on phosphorus concentration used in the 
growth medium for biomass production (Li et al. 2019). 
The highest density of carboxyl and phosphoryl functional 
groups and therefore the largest maximum biosorption 
capacity of  Pb2+ were obtained at 280 mg  L−1 of P. The 
increase in polyphosphate content of algal biomass was 
accompanied with substantial decreases in carbohydrate 
and protein content.

In this paper, we have studied the relationship between 
the biosorption of different heavy metals  (Pb2+

,  Cd2+,  Cu2+, 
 Zn2+, and  Ni2+) with the algal biomass composition. We 
chose two closely related species of green algae, Neochlo-
ris minuta and Neochloris alveolaris, and the most com-
mon non-biodegradable heavy metal contaminants found 
in water resources with different divalent ionic sizes 
 (Pb2+  > Cd2+  > Zn2+  > Cu2+  > Ni2+) and polarizabilities. 
Algal cells were grown in nitrogen-rich (+N) or nitrogen-
depleted (-N) media to change their biomass compositions. 
We had previously shown that removing nitrogen from the 
growth medium caused an increase in the lipid content of N. 
minuta from 11 to 26% and decreases in the protein and the 
starch contents from 28.5% to 11.2% and from 45 to 41%, 
respectively (Hastings 2018). For N. alveolaris -N, the lipid 
content increased from 17 to 55% while its protein and starch 
content decreased from 30.8% to 9.0% and 27% to 14%, 
respectively. This allowed us to evaluate how the biomass 
composition of an alga can affect its heavy metal biosorption 
capacities, adsorption efficiencies and capabilities by using 
Langmuir and Freundlich isotherm studies. These isotherm 
studies were used to predict the efficiency of the alga to 
remove these heavy metals from water (Romera et al. 2007; 
Gupta et al. 2011; Ncibi et al. 2008).

Materials and methods

Chemicals

Certified reference (TraceCert) metal standards of 1000 ppm 
for lead, copper, nickel, zinc, and cadmium were purchased 
from Sigma Aldrich. Metal ion solutions were prepared by 
serial dilutions using 18 MΩ deionized water from a Barn-
stead water purification system. The solutions were adjusted 
to a pH = 5, using aqueous sodium hydroxide purchased 
from Sigma Aldrich.

Algal growth and preparation

N. minuta (UTEX 776) and N. alveolaris (UTEX B 836) 
cells were obtained from the culture collection of the Univer-
sity of Texas, Austin. The cells were cultured in a modified 
Bristol medium with the amounts of nutrients increased by 
six times and supplemented with trace metal ions of BG-11 
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medium (Supplementary Tables S1 and S2)(Anderson 2005). 
The primary purpose of increasing the amount of nutrients 
was to avoid reaching nutrient-limiting conditions during 
growth. Pyrex round media bottle (2-L wide-mouth bottles, 
Sigma Aldrich CLS13972L) was altered to culture bottles 
by fitting their screw caps with inlet and exit port connec-
tions for air (Supplementary Figure S1). An Active AQUA 
AAPA110L pump delivering an airflow of 80 mL/min bub-
bled through a 12-mm coarse air stone (Fisher Scientific 
11-138B) supplied air. The air was passed through a 50 mm 
inline PTFE membrane with 0.45 μm pore size (Fisher Sci-
entific 09–740-37L) to prevent introducing contamination. 
The temperature of the culture was maintained at 30 ± 2 °C. 
The cultures were illuminated from both sides with two T5 
high output fluorescent lighting systems (EnviroGro) each 
having four light tubes. The incident light intensity on the 
surface of the bottle was 180 ± 20 µE  m−2 s−1 measured 
by a MQ-200 Quantum Sensor (Apogee Instruments Inc. 
Logan, UT, USA). The light sources were switched on and 
off by a time-controlled outlet strip to give cultures 14 h of 
light. The N. minuta and N. alveolaris cells were first col-
lected from agar plates and grown for 5 days in +N medium 
(with the addition of  NaNO3) at 30 ± 2 °C (Supplementary 
Figure S1). The algal cells were collected by removing the 
growth medium by centrifugation at 5000 rpm, for 5 min, at 
15ºC using a Beckman Coulter Optima Max-XP refrigerated 
centrifuge. The cell pellets were washed with milli-Q water 
before they were regrown for an additional 5 days in + N or 
–N media. Overnight sedimentation and centrifugation were 
then applied to harvest the cells. The harvested algal cells 
were dried under high vacuum (1 × 10–4 torr) in a  500C water 
bath using a Schlenk line and a Welch DuoSeal 1402 high 
vacuum pump for 3–5 h in a 100 mL Pyrex round bottle. The 
dry biomass yield was determined using an analytical scale. 
The dried algal cells were stored in 20 mL scintillation vials 
at −20 °C and when ready to use, sieved to obtain uniform 
particles of 0.75–1.00 mm average diameter.

Total triacylglyceride measurements

Total triacylglyceride (TAG) concentrations were measured 
using the infinity triglycerides reagent (TR-22421 Fisher 
Scientific). Initially, 10 mg of dried algae was suspended in 
1 mL of 4 M NaOH and heated at 80 °C for 1 h. The solu-
tion was then neutralized with 2 M HCl. 180 μL of sample 
was mixed with 1.5 mL of triglycerides reagent in a 2 mL 
microcentrifuge tube and incubated on a shaker at 37 °C for 
10 min and 200 rpm. Absorbance readings were taken at 
600 nm and the total concentration of TAGs was calculated 
from a calibration graph constructed from different concen-
trations of glycerltripalmitate (T5888 Sigma-Aldrich). The 
10 mg/mL glycerltripalmitate standard was treated with 

the same saponification procedure explained above prior to 
reacting it with the Infinity Triglycerides Reagent.

Starch measurements (Hastings 2018)

Starch was measured by digesting 0.3 mL of algal sample 
prepared for TAG measurements with 50 μL of amyloglu-
cosidase enzyme (A7095 Sigma-Aldrich) in 1 mL (total 
volume) of 50 mM acetate buffer (pH = 4.8) on a shaker 
at 60 °C for 30 min and 200 rpm. The amyloglucosidase 
enzyme was dialyzed three times against 50 mM acetate 
buffer (pH = 4.8) at 4 °C overnight. 0.1 mL of the digested 
sample was mixed with 0.9 mL of glucose reagent and incu-
bated at 37 °C for 5 min. The starch concentration was cal-
culated by converting the absorbance reading at 340 nm to 
glucose concentration using ƐNADH = 6.22 mM−1 cm−1. 
As a control, a calibration graph was constructed from a 
10 mg/mL solution of starch made in 1 mL of 4 M NaOH 
and heated at 80 °C for 5 min. The starch solution needs to 
be neutralized with 2 M HCl prior to the digestion with the 
amyloglucosidase enzyme.

Protein measurement (Hastings 2018)

The percentage nitrogen for the algal samples was deter-
mined by triplicate elemental analyses of the dried algae by 
Micro-Analysis Inc., Wilmington, DE. The % protein in the 
algae was calculated using 4.78 as the nitrogen-to-protein 
conversion factor defined for microalgae (Lourenco et al. 
2004).

Biosorption experiments

Algal cells (20 ± 0.1 mg) were added to scintillation vials 
with 20 mL of the metal ion solution at a known con-
centration ranging from 10–250 ppm. Several trials were 
performed to determine the maximum adsorption using 
Langmuir isotherms. The ideal concentration ranges were 
50–250 ppm for lead, 20–100 ppm for cadmium, 30–70 ppm 
for zinc, and 10–50 ppm for copper and nickel. The solutions 
were stirred with a stir bar at a speed of 1200 rpm at room 
temperature (22–23 °C) for 1 h. The solutions were then cen-
trifuged at 5000 rpm and 15 °C to separate algal cells before 
they were filtered with a 0.22 µm pore size 30 mm sterile 
syringe filter to remove any residual algal cells. The concen-
tration of the remaining metal ion solution was determined 
using atomic absorption spectroscopy (Shimadzu AA-6200) 
with the instrumental parameters given in Supplementary 
Table S3. The performance of algal biomass for the removal 
of metal ions from the solution was quantitatively evaluated 
using the amount of metal ions adsorbed on the mass unit 
of algal biomass  (qe, mg/g), Eq. 1 and percent of metal ions 
adsorbed (R %, adsorption efficiency), Eq. 2:
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where Co is the initial metal ion concentration (mg/L), Ce 
the final metal ion concentration (mg/L), V the volume of 
the metal ion solution (L), and m the mass of algal cells (g).

Biosorption isotherms

Langmuir and Freundlich adsorption isotherm models were 
used to describe how algae adsorb metal ions. The Langmuir 
model assumes monolayer adsorption of a uniform surface 
with a finite number of adsorption sites. Once a site is filled, 
no further sorption can take place. The surface will reach 
saturation point where the maximum adsorption of the sur-
face will be achieved  (qmax). The linear form for the Lang-
muir model is described as Eq. 3:(Langmuir 1918)

where qmax is the maximum monolayer adsorption capacity 
(mg/g) or the amount of metal that algae can bind;  KL is the 
Langmuir isotherm constant (L/mg), representing affinity 
and the energy of adsorption;  qe is the equilibrium adsor-
bent phase concentration of the metal (mg/L); and  Ce is the 
equilibrium aqueous-phase concentration of metal (mg/L). 
To predict the affinity between sorbate (heavy metals) and 
sorbent (algae), the separation factor or dimensionless equi-
librium parameter  RL is calculated using the following Eq. 4:

where Co is the maximum initial concentration of metal ions 
(mg/L). The value of separation parameter  RL indicates the 
type of isotherm to be favorable (0 < RL < 1). Values of the 
Langmuir parameters qmax and KL were calculated from the 
slope and intercept of the linear plot of Ce/qe versus Ce.

The Freundlich model assumes adsorption on heterogene-
ous surfaces and the application of the Freundlich equation 
suggests that sorption energy exponentially decreases on 
completion of the sorption centers on an adsorbent. The lin-
ear form for the Freundlich model is described as Eq. 5:(Hel-
ler and Wilfried 1939)

where KF is the Freundlich isotherm constant that represents 
the sorption capacity of the metal ions or the binding energy. 
1/n is the heterogeneity factor and n (g/L) is a measure of 
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the deviation from linearity of adsorption. Freundlich equi-
librium constants were determined from the plot of log qe 
versus log Ce. The n value indicates the degree of nonlinear-
ity between solution concentration and adsorption. If n = 1, 
adsorption is linear, if n > 1 adsorption is a physical process, 
and if n < 1 adsorption is a chemical process.

Results and discussion

Biomass composition

Table 1 provides the biomass composition (starch, lipid, 
and protein content) data for N. minuta and N. alveolaris 
grown in nitrogen-rich (+ N) and depleted (-N) media. To 
create these two different growth conditions, algal cells 
were first grown in + N medium. Algal cells were then 
collected under nonsterile conditions transferred into –N 
medium and grown for five additional days. Overnight sed-
imentation, centrifugation and washing were then applied 
to harvest and store algal cells. The harvested algal cells 
were dried, weighed, and stored until biomass composition 
analysis and use.

The data shows that N deprivation caused a sub-
stantial decrease in protein content from 28.5% ± 0.2 
to 11.2% ± 0.1 and 30.8% ± 0.2 to 9.0% ± 0.1 for N. 
minuta and N. alveolaris, respectively. These relatively 
large decreases in the protein content are accompanied 
with large increases in lipid content. Nitrogen depletion 
caused a larger increase in the lipid content in N. alveo-
laris (from 17.0% ± 0.2 to 55.0% ± 2.4) than N. minuta 
(11.0% ± 0.8 to 26.0% ± 1.1). A decrease in the starch 
content was observed for N. alveolaris (from 27.0% ± 2.8 
to 14.0% ± 3.1) but not for N. minuta (from 45% ± 5.6 to 
41% ± 2.8) when cells were subjected to nitrogen dep-
rivation. These modifications to biomass composition 
provided four algal samples: N. minuta and N. alveolaris 
in + N and -N media.

Table 1  Biomass composition after 10 days of growth of N. minuta 
and N. alveolaris algae cells in nitrogen-rich (+ N) and nitrogen-
depleted (-N) media

Algae Lipid % Starch % Protein %

N. Minuta, + N 11 ± 0.8 45 ± 5.6 28.5 ± 0.2
N. Minuta, -N 26 ± 1.1 41 ± 2.8 11.2 ± 0.1
Ratio (-N/ + N) 2.36 0.91 0.39
N. Alveolaris, + N 17 ± 0.2 27 ± 2.8 30.8 ± 0.2
N. Alveolaris, -N 55 ± 2.4 14 ± 3.1 9.0 ± 0.1
Ratio (−N/ + N) 3.24 0.52 0.29
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Chemical composition and metal ion influence 
on absorption efficiency

The metal ion concentration plays an important role on the 
adsorption efficiency and the amount of metal ions adsorbed 
from the medium. The algal cells exhibited the highest 
adsorption efficiencies at lower concentrations while the 
gradual increase in the metal ion concentrations led to a 
decrease in adsorption efficiencies, which is a result of satu-
ration. Saturation occurs because the number of adsorbent 
sites is constant and the continuous increase in the metal 
ion concentration leads to the utilization of all of the active 
adsorption sites (Abbas 2017).

Figures 1, 2, 3, 4 and 5 show the effect of the initial ion 
concentrations on the adsorption efficiencies of the five 

heavy metals onto N. minuta (+ N and –N) and N. alveolaris 
(+ N and –N). The maximum adsorption efficiency percent-
age of the lowest concentration metal ions for all four types 
of algae ranged 67.37–87.10% for  Pb2+, 53.84–64.98% for 
 Cd2+, 50.50–59.50% for  Zn2+, 45.13–60.08% for  Cu2+, and 
41.12–50.61% for  Ni2+ (Table 2). The highest adsorption 
efficiency (87.10% metal ion removed) was achieved for 
 Pb2+ with the lowest concentration of metal ion (50 ppm) 
and the lowest adsorption efficiency (41.12% metal ion 
removed) occurred with  Ni2+ (10 ppm). When compar-
ing the two species of algae, N. alveolaris provided higher 
adsorption capacities for all the metals, which is interpreted 
as having the most active sites. Of the two compositions of 
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N. alveolaris, the + N had the highest adsorption efficien-
cies overall for all the metals, except for  Cd2+, where –N 
provided the highest value.

When assessing whether changing the composition of 
algae could improve the adsorption efficiency of any the 
metals, the results showed that -N type algae were able 
to increase the adsorption efficiency of some of the met-
als. Specifically, N. minuta -N improved the adsorption 
efficiency of  Pb2+,  Cd2+, and  Ni2+ and N. alveolaris -N 
improved for  Cd2+.

By comparing the adsorption efficiencies with the com-
position of the algal types (+ N vs.–N), we were able to 
provide some insight on how the two were related. For  Pb2+ 
and  Ni2+, the starch content inversely effected the adsorption 
efficiency. N. alveolaris + N had nearly twice the amount of 
starch than N. alveolaris -N, resulting in a decline in absorp-
tion efficiency for the -N type. However, the starch content 
was practically unchanged for N. minuta algae grown in -N 
medium, which resulted in an unaffected adsorption effi-
ciency. For  Cd2+, the lipid content effected the adsorption 
efficiency. By growing the algae in a nitrogen-depleted (-N) 
environment, the lipid content increased, which improved 
the adsorption efficiency of  Cd2+ for both N. alveolaris and 
N. minuta. For  Zn2+ and  Cu2+, the protein content affected 
the adsorption efficiency. In a nitrogen-depleted environ-
ment, the protein content of each algae drastically decreased, 
which also lowered the adsorption efficiency for both N. 
alveolaris -N and N. minuta -N types.

Algal composition is significant when considering which 
algae to use to remove heavy metals from contaminated 
waters. Their adsorption efficiencies will depend on the spe-
cies of the algae and the nitrogen content in the water, since 
nitrogen deprivation changes their biomolecular composi-
tion. For both N. alveolaris and N. minuta species, nitrogen 
deprivation increased the adsorption efficiencies for  Cd2+ 
and decreased for  Zn2+ and  Cu2+. In the cases for  Pb2+ and 
 Ni2+, the adsorption efficiencies decreased for N. alveolaris 
-N and increased for N. minuta –N compared to the nitrogen-
rich species.

Linear fitting of the isotherm models and biomass 
affinity

An adsorption isotherm was used to understand the mecha-
nism of adsorption of the heavy metal ions onto the algae 
and to quantitatively assess the distribution of the metal ions 
at equilibrium between the liquid and solid phase. The iso-
therms determine the maximum capacity of metal adsorption 
on the algae in terms of the amount of metal ions taken up 
by the algae per unit mass (mg  g–1) of the algae. The data 
were fitted to both Langmuir and Freundlich isotherms to 
find the most appropriate model for the metal ions adsorp-
tion on the algae. Figures 6, 7, 8, 9, 10, 11, 12, 13, 14 and 15 

0.00

10.00

20.00

30.00

40.00

50.00

60.00

0.00 10.00 20.00 30.00 40.00 50.00 60.00

A
ds

or
pt

io
n 

Ef
fic

ie
nc

y 
%

Concentration, ppm

Alv +N

Alv -N

Min +N

Min -N

Fig. 5  Effect of initial ion concentration on the adsorption efficiency 
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Table 2  The maximum adsorption efficiency % of the lowest concen-
tration metal ions tested with each algae and their biomass compo-
sition: Neochloris alveolaris + N (Alv + N), Neochloris alveolaris -N 
(Alv -N), Neochloris minuta + N (Min + N), and Neochloris minuta -N 
(Min -N)

Metal and Algae Adsorption 
Efficiency %

Lipid % Starch % Protein %

Pb
Alv + N 87.10 17 27 30.8
Alv –N 67.37 55 14 9.0
Min + N 73.70 11 45 28.5
Min –N 76.97 26 41 11.2
Cd
Alv + N 53.84 17 27 30.8
Alv –N 64.98 55 14 9.0
Min + N 54.41 11 45 28.5
Min –N 63.18 26 41 11.2
Zn
Alv + N 59.50 17 27 30.8
Alv -N 50.50 55 14 9.0
Min + N 55.57 11 45 28.5
Min -N 50.67 26 41 11.2
Cu
Alv + N 60.08 17 27 30.8
Alv -N 59.73 55 14 9.0
Min + N 58.54 11 45 28.5
Min -N 45.13 26 41 11.2
Ni
Alv + N 50.61 17 27 30.8
Alv –N 41.12 55 14 9.0
Min + N 47.31 11 45 28.5
Min –N 49.95 26 41 11.2
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show adsorption isotherms of the four algae type by linear 
analysis. Table 3 summarizes the corresponding isotherm 
parameters and their correlation coefficients (R2) for each 
parameter. The R2 values that fitted the Langmuir isotherms 
were 0.869–0.998 and the ones fitted the Freundlich iso-
therms were 0.805–0.997. The data indicated that the Lang-
muir isotherm model was the best fit to the adsorption pro-
cesses since it had a higher regression coefficient (R2). The 
Langmuir isotherm model assumes a monolayer adsorption 
of the metal ions onto the algae surface containing a finite 
number of identical adsorption sites that are energetically 
equivalent and once these finite adsorption sites are filled, no 
further adsorption can take place (Hameed 2007). Since the 
RL values for the Langmuir isotherms ranged 0.067–0.458 
(0 < RL < 1) the adsorption mechanisms are said to form a 
monolayer on the algae surface. The Freundlich isotherms 
indicate that the adsorption is a physical process since the 
values ranged 1.23–4.31 (n > 1).

Table 3 shows the values of qmax and KL (L/mg) obtained 
from Langmuir isotherms for the biosorption values of the 
five heavy metals per algae. Again, qmax is the biosorption 
capacity, or amount of metal algae can bind, and KL is the 
Langmuir isotherm constant, which represents the affinity 
of each algae for the different metal cations (the lower the 
value of KL the higher the affinity). The maximum adsorp-
tion capacities match very well with the high affinity of 
biosorption of the metals by the algae shown in Table 3 
and highlighted in bold. The higher the affinity (low  KL) of 
biosorption, the larger the maximum adsorption capacity 
(qmax) of the algae for the specific metal ion, which is the 
best-case scenario. N. alveolaris -N had an increase of qmax 
and  KL for  Zn2+ and  Cu2+ and a decrease for  Cd2+ and  Ni2+. 
On the other hand, N. minuta -N had an increase of qmax 
and KL for all metals except  Pb2+. This may be related to 
the degree of affinity of a specific biomass for each metal. 
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Fig. 12  Freundlich isotherm for cadmium ions onto N. alveolaris + N, 
N. alveolaris –N, N. minuta + N, and N/ minuta –N algae
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Fig. 16  a) Bar graphs of the 
Langmuir isotherm biosorption 
capacities  (qmax) of five metal 
ions for Neochloris alveola-
ris + N (Alv + N), Neochloris 
alveolaris -N (Alv -N), Neochlo-
ris minuta + N (Min + N), and 
Neochloris minuta -N (Min -N) 
and b) biomass composition 
(lipid, starch, and protein) after 
10 days of growth of Neochlo-
ris alveolaris + N (Alv + N), 
Neochloris alveolaris -N (Alv 
-N), Neochloris minuta + N 
(Min + N), and Neochloris 
minuta -N (Min -N) Pb Cd Zn Cu Ni

Alv N+ 110.73 146.62 40.07 22.65 11.40
Alv N- 72.19 123.64 47.99 38.02 10.56
Min N+ 171.36 65.09 71.24 37.83 12.23
Min N- 103.23 135.99 104.24 64.18 14.98
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Table 3  The Langmuir and 
Freundlich isotherm data 
for five heavy metals tested 
with each algae: Neochloris 
alveolaris + N (Alv + N), 
Neochloris alveolaris -N (Alv 
-N), Neochloris minuta + N 
(Min + N), and Neochloris 
minuta -N (Min -N)

Metal and Algae Langmuir Isotherm Data Freundlich Isotherm Data

R2 qmax (mg/g) KL (L/mg) R2 R2 n Kf(mg/g)

Pb
Alv + N 0.947 110.73 0.106 0.137 0.956 2.79 22.93
Alv -N 0.976 72.19 0.056 0.209 0.997 3.30 14.87
Min + N 0.972 171.36 0.028 0.296 0.886 2.25 15.67
Min -N 0.979 103.23 0.072 0.178 0.935 2.83 19.23
Cd
Alv + N 0.998 146.62 0.009 0.458 0.985 1.23 1.92
Alv –N 0.979 123.64 0.017 0.426 0.954 1.41 3.65
Min + N 0.980 65.09 0.070 0.294 0.874 2.27 9.23
Min –N 0.897 135.99 0.011 0.450 0.820 1.61 3.76
Zn
Alv + N 0.750 40.07 0.431 0.067 0.805 4.31 18.20
Alv -N 0.992 47.99 0.155 0.151 0.963 3.00 13.21
Min + N 0.869 71.24 0.023 0.373 0.858 1.37 2.46
Min -N 0.966 104.24 0.011 0.427 0.945 1.29 1.84
Cu
Alv + N 0.893 22.65 0.123 0.310 0.918 1.63 2.86
Alv -N 0.964 38.02 0.056 0.391 0.957 1.38 2.47
Min + N 0.916 37.83 0.038 0.420 0.792 1.60 2.43
Min -N 0.991 64.18 0.023 0.449 0.960 1.37 2.12
Ni
Alv + N 0.969 11.40 0.134 0.271 0.967 2.93 3.04
Alv -N 0.977 10.56 0.169 0.322 0.998 2.39 1.99
Min + N 0.932 12.23 0.115 0.300 0.775 3.05 3.16
Min -N 0.918 14.98 0.111 0.318 0.900 2.32 2.42
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The total amount of metal attached to its surface will also 
depend on the number of active sites and how easily they can 
be accessed (Romera et al. 2007). Maximum adsorption of a 
metal ion by a biosorbent would help if maximum recovery 
of metal ions were the priority even if the affinity is low. 
Ideally, both maximum adsorption and high affinity would 
be the best-case scenario, if the recovery of large amounts 
of metals while achieving low equilibrium concentrations 
at the same time were of the highest importance. The only 
time when the  qmax and the affinity (KL) did not improve 
simultaneously occurred between N. alveolaris -N and  Pb2+, 
where the  qmax decreased but the affinity increased (KL was 
smaller).

Chemical composition and metal ion influence 
on biosorption capacities

The chemical composition of the algae can play an important 
role in heavy metal biosorption. Microalgae biosorb by two 
main mechanisms: (i) ion exchange wherein ions (such as 
 Na+,  Mg2+, and  Ca2+) become displaced by heavy metal 
ions, and (ii) complexation between metal ions and various 
functional groups (Abbas 2014). For our case, we focus on 
the complexation of the metal ions with functional groups 
based on the composition of the algae. The mechanism of 
biosorption is based on the number of metal-binding pro-
cesses taking place with components of the algae’s cell wall. 
The algae cell walls can reversibly biosorb metals, func-
tioning in a similar way to an ion-exchange resin. Thus, the 
biosorption mechanism can be considered as being depend-
ent on the composition of the algal cell wall (Abbas 2014). 
As the algae lipid, protein, and starch content changes in 
the absence of nitrogen, its surface functional groups also 
change. It has been suggested that these biomolecules that 
are distributed on the cell wall surface of algal biomass assist 
with binding (Rangbhashiyam 2019) so changing the surface 
functional groups could change the biosorption capacities 
of the algae.

Based on the Langmuir isotherm constants (Table 3) and 
the biomass composition of the algae (Figs. 16a, b), the 
algae grown in nitrogen (+ N) gave the largest biosorption 
capacities  (qmax) for lead (N. minuta and N. alveolaris) and 
cadmium (N. alveolaris), while the nitrogen-depleted (-N) 
algae did the same for zinc, copper, and nickel (N. minuta 
only). The + N algae had a higher protein content when com-
pared to their -N counterparts, with N. alveolaris having 
the greatest protein content (30.8 ± 0.2%), while nitrogen-
depleted (-N) algae had a higher lipid content (more than 
doubled). These modifications to the composition of algae 
influenced the absorption capacity of the metals.

The Pearson theory of Hard and Soft, Acid and Bases 
(HSAB) is a theory that can predict significant degree of 
selectivity that occurs in acids (such as metal ions) and bases 

(such as functional groups) interactions (Pearson 1990). 
Based on this concept, metal ions and reactive molecules 
such as the functional groups are assessed on the basis of 
their respective polarizability in such manner, that acids 
(electrophiles) and bases (nucleophiles) are classified as 
either soft (relatively polarizable) or hard (relatively non-
polarizable). Hard acids are small and highly charged metal 
ions while soft acids are larger and more polarizable than 
lower charged metal ions. Hard bases contain smaller, less 
polarizable donor atoms like oxygen or nitrogen and soft 
bases contain larger, more polarizable donor atoms, such as 
sulfur or phosphorus. Based on HSAB theory,  Cd2+ is con-
sidered a soft metal ion acid and  Pb2+,  Zn2+,  Cu2+, and  Ni2+ 
are considered borderline hard/soft metal ion acids, Table 4. 
 Pb2+ is well known to interact with both soft (sulfur based) 
and hard (oxygen based) molecules, creating compounds like 
anglesite  (PbSO4) and cerussite  (PbCO3), with a preference 
for soft [i.e., the well-known and abundant galena (PbS)] 
(Pearson 1990). Algal proteins contain functional groups 
such as alcohols, thiols, thioethers, amides, and carboxylic 
acids. The presence of thiols and thioethers in the proteins 
would make them soft bases that would preferentially bind 
with soft metals such as  Cd2+ and  Pb2+. On the other hand, 
hydroxyl and acetal functional groups of starch and carboxyl 
groups of lipids are considered hard bases and would bind 
with hard acids.

Based on this theory, we anticipated that the softer metal 
ions  Pb2+ and  Cd2+, which are also the lager metal ions, 
should prefer a higher protein content alga, + N (softer 
bases), and indeed the data shows that N. minuta + N 
biosorbed the greatest amount of  Pb2+ (qmax = 171.36 mg/g) 
and N. alveolaris + N biosorbs the greatest amount of  Cd2+ 
(qmax = 146.62 mg/g). To explain the high biosorption of 
lead, it has been well documented that anionic polysaccha-
rides that are distributed widely in the cell walls of brown 
and green algae have a high affinity for  Pb2+ ions (Romera 
et al. 2007). This could be due to the ion-exchange mecha-
nism rather than the complexion between metal ions and 
various functional groups. Interestingly, N. minuta + N has 

Table 4  Crystal and effective ionic radii of 6-coordinate 
ions(Shannon 1976) and Hard and Soft, Acid and Bases (HSAB) 
Pearson theory of the metal ions

Metal Ion Crystal ionic 
radii (pm)

Effective ionic 
radii (pm)

HSAB

Pb2+ 133 119 Borderline 
(soft and 
hard)

Cd2+ 109 95 Soft
Zn2+ 88 74 Borderline
Cu2+ 87 73 Borderline
Ni2+ 83 69 Borderline
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the most starch (hard base) and adsorbed  Cd2+ (soft acid) 
the least, which follows the HSAB theory.

For the harder metal ions, the HSAB theory leads us to 
predict borderline hard/soft acids  (Zn2+,  Cu2+, and  Ni2+) 
should prefer a higher starch and lipid content present in -N 
algae (harder bases) and in fact they did. N. minuta -N gave 
the highest  qmax for  Zn2+ (104.24 mg/g),  Cu2+ (64.18 mg/g), 
and  Ni2+ (14.98 mg/g). N. minuta species had the greatest 
amount of starch (nearly double that of N. alveolaris) and 
when coupled with higher lipid content from growing the 
algae in a nitrogen-depleted (-N) environment, it resulted in 
high biosorption capacities for the hard metal acids.

To evaluate the results, the sorption capacities of each 
algae  (qmax) were measured and organized in decreasing 
order of  qmax for each alga, Table 5:

N. alveolaris + N:  Cd2+  > Pb2+  > Zn2+  > Cu2+  > Ni2+

N. alveolaris –N  Cd2+  > Pb2+  > Zn2+  > Cu2+  > Ni2+

The metal sequence is identical for both N. alveolaris + N 
and –N species. In this instance, the amounts of lipids, pro-
teins and carbohydrates did not change the sequence of metal 
sorption capacity (in decreasing order); however, N. alveola-
ris -N was able to increase the biosorption capacity of  Zn2+ 
and  Cu2+ and decrease the capacity of  Pb2+,  Cd2+, and  Ni2+.

N. minuta + N:  Pb2+  > Zn2+  > Cd2+  > Cu2+  > Ni2+

N. minuta –N:  Cd2+  > Zn2+  > Pb2+  > Cu2+  > Ni2+

For N. minuta the metal sequence is identical for  Zn2+, 
 Cu2+, and  Ni2+, which are all borderline hard/soft acids, so 
the composition of the specific algae does not affect the rela-
tive biosorption of these metals. However, there is a notice-
able difference in the sorption capacity for  Pb2+ and  Cd2+. 
 Pb2+, which can bind to both hard and soft bases, binds bet-
ter with N. minuta + N, which contains significantly more 
proteins, more starch, and much less lipids.  Cd2+, which is 
a softer acid than lead, unexpectedly adsorbed better with 
N. minuta –N. Based on the HSAB theory, it should have 
adsorbed better onto N. minuta + N because it contains 
higher levels of soft proteins, but it did not.

When comparing the biosorption capacities between the 
two type of algae, N. minuta had the highest values for four 
out of the five metals  (Pb2+,  Zn2+,  Cu2+, and  Ni2+), Table 5, 
while N. alveolaris adsorbed the most  Cd2+. This may be 

due to  Cd2+ being the softest acid of the five metal ions and 
preferred the algae with the highest protein composition (N. 
alveolaris + N).

These results indicate the type of algae species (N. minuta 
vs. N. alveolaris) have significant effects on the biosorption 
capacities but the composition of the algae (+ N versus –N) 
also plays a role for  Pb2+ and  Cd2+, which are both larger 
and more polarizable ions.

When algae are placed in waters that are contaminated 
with heavy metals their biosorption capacities will depend 
on the species of the algae and the nitrogen content in the 
water. For both N. alveolaris and N. minuta, nitrogen dep-
rivation increased the biosorption capacities for  Zn2+ and 
 Cu2+ but decreased it for  Pb2+. In the cases for  Cd2+ and 
 Ni2+, the biosorption capacities decreased for N. alveolaris 
-N and increased for N. minuta –N compared to the nitrogen-
rich species. As algae grow in metal-contaminated waters, 
the nitrogen content will be consumed and start decreasing 
causing a change to the biomass composition. As a result, 
these biomass composition changes so will impact the 
biosorption capacity and adsorption efficiency.

Comparison of biosorption capacities

The maximum adsorption capacities qmax (mg metal/g 
algal) of N. minuta and N. alveolaris ranged  Pb2+ 
72.19–171.36  mg/g,  Cd2+ 65.09–146.62  mg/g,  Zn2+ 
40.07–104.24  mg/g,  Cu2+ 22.65–64.18  mg/g, and  Ni2+ 
10.56–14.98 mg/g, Table 5. Literature  qmax values of other 
green algal cell species for the same metals, Table 6, ranged 
 Pb2+ 26.9–131.36 mg/g (253.6 mg/g when the algae was 
immobilized on alginate beads),  Cd2+ 0.7–88.8  mg/g, 
 Zn2+ 1.3–43.43 mg/g,  Cu2+ 14.6–114.4 mg/g, and  Ni2+ 
12.03–59.69 mg/g. When comparing with literature values 
of both N. minuta and N. alveolaris, our results agree with 
previously reported values for all of the metals, such that 
lead has the highest and nickel the lowest adsorption capaci-
ties. However, this work achieved adsorption capacities that 
exceeded reported values for  Cd2+,  Zn2+, and  Pb2+, but were 
lower than reported for  Ni2+.

Both species of algae had high adsorption capacities for 
 Cd2+ (N. alveolaris being favored) and  Zn2+ (N. minuta 
being favored). It is evident that the species of the algae 
favor different metal ions. This might be due to the size of 
the metal ions and/or their polarizabilities favoring the spe-
cific algae binding sites. The  Pb2+  qmax values are higher 
than previously reported ranges for green algae, but it seems 
that N. minuta + N was highly favored, with preference for 
both the + N species that contained higher amounts of pro-
teins. The biosorption capacities of both algae for  Cu2+ are 
in the range of the literature values with N. minuta –N being 
favored. Both algae species adsorb  Ni2+ poorly and are in the 
low range of the literature values.

Table 5  Langmuir isotherm biosorption capacities of five metal ions 
 (qmax, mg/g) for the algae: Neochloris alveolaris + N (Alv + N), Neo-
chloris alveolaris -N (Alv -N), Neochloris minuta + N (Min + N), and 
Neochloris minuta -N (Min -N)

Metal Alv + N Alv -N Min + N Min –N

Pb 110.73 72.19 171.36 103.23
Cd 146.62 123.64 65.09 135.99
Zn 40.07 47.99 71.24 104.24
Cu 22.65 38.02 37.83 64.18
Ni 11.40 10.56 12.23 14.98
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Table 6  Sorption parameters in monometallic systems for a number of green algae

Metal Ions Species of Algae pH Eq. Time (min) qmax (mmol/g) qmax (mg/g) References

Pb(II) Ulva lactuca 4.5 – 0.61 126.4 (Jinsong He 2014)
Cladophora glomerata 4.5 – 0.35 72.5 (Jinsong He 2014)
Ulva sp. 5.0 – 1.46 302.5 (Jinsong He 2014)
Codium vermilara 5.0 – 0.30 62.2 (Jinsong He 2014)
Spirogyra insignis 5.0 – 0.24 49.7 (Jinsong He 2014)
Spirogyra neglecta 5.0 60 0.56 116.0 (Jinsong He 2014)
Caulerpa lentillifera 5.0 – 0.13 26.9 (Jinsong He 2014)
Spirogyra sp. 5.0 – 0.43 89.1 (Jinsong He 2014)
Cladophora sp. 5.0 – 0.22 45.6 (Jinsong He 2014)
Spirogyra sp. 5.0 – 0.46 94.3 (Matei et al. 2015)
Caulerpa lentillifera 5.0 30 1.07 28.98 (Monika et al. 2014)
Chlamydomonas reinhardtii 6.0 60 0.47 97.38 (Monika et al. 2014)
Chlorella vulgaris 5.0 – 0.63 131.36 (Monika et al. 2014)
Cladophora glomerata 4.5 180 0.35 73.50 (Monika et al. 2014)
Microcystis novacekii 5.0 240 0.39 80.00 (Monika et al. 2014)
Ulva lactuca 4.5 30 0.61 126.50 (Monika et al. 2014)
Spirogyra insignis 5 120 0.25 51.5 (Romera et al. 2007)
Codium vermilara 5 120 0.30 63.3 (Romera et al. 2007)
Scenedesmus quadricauda 6 10 0.14 28.36 (Kızılkaya et al. 2012)
Neochloris pseudoalveolaris 6 10 0.14 28.67 (Kızılkaya et al. 2012)
Chlamydomonas reinhardtii 5 60 1.22 253.6 (Bilal 2018)
Ulva lactuca 5 60 0.17 34.7 (Bilal 2018)
Chlorella vulgaris 4 – 0.47 97.38 (Romera et al. 2006)
C. fasicularis – 120 0.151 31.250 (Nirmal Kumar et al. 2009)
U. lactuca – 120 0.142 29.412 (Nirmal Kumar et al. 2009)
Chaetomorpha sp. – 120 0.179 37.037 (Nirmal Kumar et al. 2009)
C. sertularioides – 120 0.103 21.277 (Nirmal Kumar et al. 2009)
V. pachynema – 120 0.402 83.333 (Nirmal Kumar et al. 2009)
C. vulgaris 5–6 30 0.47 97.384 (Klimmek et al. 2001)

Cu(II) Ulva sp. 5.0 – 0.75 47.7 (Jinsong He 2014)
Codium vermilara 5.0 – 0.26 16.5 (Jinsong He 2014)
Spirogyra insignis 4.0 – 0.30 19.1 (Jinsong He 2014)
Spirogyra neglecta 4.5 60 1.80 114.4 (Jinsong He 2014)
Ulva fasciata 5.5 – 1.14 72.4 (Jinsong He 2014)
Ulva fasciata 5.0 – 0.42 26.7 (Jinsong He 2014)
Caulerpa lentillifera 5.0 – 0.08 5.1 (Jinsong He 2014)
Spirogyra sp. 5.0 – 0.60 38.1 (Jinsong He 2014)
Cladophora sp. 5.0 – 0.23 14.6 (Jinsong He 2014)
Spirogyra sp. 5.0 – 0.53 33.7 (Jinsong He 2014)
Spirogyra sp. 5.9 – 0.56 35.6 (Matei et al. 2015)
Caulerpa lentillifera 5.0 30 0.13 8.26 (Monika et al. 2014)
Chlorella vulgaris 5.0 15 0.93 58.80 (Monika et al. 2014)
Codium vermilara 5 120 0.27 16.9 (Romera et al. 2007)
Spirogyra insignis 4 120 0.30 19.3 (Romera et al. 2007)
Ulva fasciata 6 180 1.16 73.5 (Bilal 2018)
Chlorella vulgaris 6 – 0.295 18.75 (Romera et al. 2006)
Chlorella vulgaris 2 – 0.254 16.14 (Romera et al. 2006)
Chlorella vulgaris 4 – 0.549 34.89 (Romera et al. 2006)
Chlorella vulgaris 4.5 – 0.758 48.17 (Romera et al. 2006)

Cd(II) Ulva sp. 5.5 – 0.58 65.2 (Jinsong He 2014)
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Table 6  (continued)

Metal Ions Species of Algae pH Eq. Time (min) qmax (mmol/g) qmax (mg/g) References

Chaetomorpha linum 5.0 – 0.48 54.0 (Jinsong He 2014)
Codium vermilara 6.0 – 0.19 21.4 (Jinsong He 2014)
Spirogyra insignis 6.0 – 0.20 22.5 (Jinsong He 2014)
Ulva lactuca 5.0 – 0.25 28.1 (Jinsong He 2014)
Oedogonium sp. 5.0 – 0.79 88.8 (Jinsong He 2014)
Caulerpa lentillifera 5.5 – 0.04 4.5 (Jinsong He 2014)
Spirogyra sp. – – 0.006 0.7 (Jinsong He 2014)
Spirogyra sp. 5.5 – 0.20 22.5 (Matei et al. 2015)
Caulerpa lentillifera 5.0 30 0.042 4.70 (Monika et al. 2014)
Chaetomorpha linum 5.0 24 0.48 53.75 (Monika et al. 2014)
Chlamydomonas reinhardtii 5.0 60 0.38 42.71 (Monika et al. 2014)
Chlorella vulgaris 4.0 1440 0.77 86.60 (Monika et al. 2014)
Caulerpa lentillifera 5.0 30 0.042 4.70 (Monika et al. 2014)
Spirogyra insignis 6 120 0.20 22.9 (Romera et al. 2007)
Codium vermilara 6 120 0.19 21.8 (Romera et al. 2007)
Scenedesmus quadricauda 6 10 0.22 24.37 (Kızılkaya et al. 2012)
Neochloris pseudoalveolaris 6 10 0.25 27.58 (Kızılkaya et al. 2012)
Chlorella vulgaris (live) 5 105 0.15 16.34 (Bilal 2018)
Chlorella vulgaris (dead) 5 105 0.15 16.65 (Bilal 2018)
Ulva lactuca 5 60 0.26 29.2 (Bilal 2018)
Chlamydomonas reinhardtii – – 0.59 66.5 (Bilal 2018)
Chlorella vulgaris (G) 4 – 0.30 33.72 (Romera et al. 2006)
C. fasicularis – 120 0.041 4.587 (Nirmal Kumar et al. 2009)
U. lactuca – 120 0.074 8.264 (Nirmal Kumar et al. 2009)
Chaetomorpha sp. – 120 0.182 20.408 (Nirmal Kumar et al. 2009)
C. sertularioides – 120 0.024 2.667 (Nirmal Kumar et al. 2009)
V. pachynema – 120 0.168 18.868 (Nirmal Kumar et al. 2009)
C. vulgaris 5–6 30 0.30 33.723 (Klimmek et al. 2001)

Zn(II) Ulva sp. 5.5 – 0.54 35.3 (Jinsong He 2014)
Codium vermilara 6.0 – 0.36 23.5 (Jinsong He 2014)
Spirogyra insignis 6.0 – 0.32 20.9 (Jinsong He 2014)
Caulerpa lentillifera 5.0 – 0.04 2.6 (Jinsong He 2014)
Spirogyra sp. - – 0.02 1.3 (Jinsong He 2014)
Caulerpa lentillifera 5.0 30 0.041 2.66 (Monika et al. 2014)
Chlorella vulgaris 5.0 – 0.66 43.43 (Monika et al. 2014)
Spirogyra insignis 6 120 0.32 21.1 (Romera et al. 2007)
Codium vermilara 6 120 0.36 23.8 (Romera et al. 2007)
Ulva sp. 5.5 120 0.45 29.63 (Bilal 2018)
Chlorella vulgaris 4 – 0.37 24.19 (Romera et al. 2006) (Klimmek 

et al. 2001)
Ni(II) Ulva sp. 5.5 – 0.29 17.0 (Jinsong He 2014)

Codium vermilara 6.0 – 0.22 12.9 (Jinsong He 2014)
Spirogyra insignis 6.0 – 0.29 17.0 (Jinsong He 2014)
Ulva lactuca 4.5 – 1.14 66.9 (Jinsong He 2014)
Chlorella vulgaris 5.0 1440 0.10 58.40 (Monika et al. 2014)
Spirogyra insignis 6 120 0.30 17.5 (Romera et al. 2007)
Codium vermilara 6 120 0.22 13.2 (Romera et al. 2007)
Neochloris pseudoalveolaris 6 10 0.92 53.93 (Kızılkaya et al. 2012)
Scenedesmus quadricauda 6 10 1.09 64.25 (Kızılkaya et al. 2012)
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In general, nitrogen depletion (-N) for both species of 
algal cells causes a decrease in biosorption capacities for 
 Pb2+ but an increase for  Zn2+ and  Cu2+. In the cases of  Cd2+ 
and  Ni2+, nitrogen depletion (−N) causes a decrease in the 
biosorption capacity for N. alveolaris but an increase for N. 
minuta.

Conclusions

The results of this study indicate that the type of algae, N. 
minuta and N. alveolaris, and the composition of the algae 
based on nitrogen deprivation (+ N versus –N) changes the 
biosorption capacities and percentage adsorption efficiencies 
for five heavy metals. As algae start growing in contami-
nated waters with heavy metals, their nitrogen source can get 
depleted affecting their biosorption capacities and adsorp-
tion efficiencies. In the cases of N. minuta and N. alveolaris, 
nitrogen depletion causes a decrease in biosorption capaci-
ties for  Pb2+ but an increase for  Zn2+ and  Cu2+. In the cases 
of  Cd2+ and  Ni2+, nitrogen depletion causes a decrease in the 
biosorption capacity for N. alveolaris, but an increase for N. 
minuta. The nitrogen content needs to be adjusted depend-
ing on the algal species and the metal being adsorbed. The 
metal ion biosorption capacities,  qmax, of the four algae fol-
lowed the sequence:  Pb2+ > Cd2+  > Zn2+ > Cu2+ > and  Ni2+. 
The maximum adsorption capacities match the high affinity 
of biosorption of the metals. These results demonstrate that 
biomass modified algae can be used to selectively improve 
the biosorption capacities and adsorption efficiencies of cer-
tain metal ions.
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