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a b s t r a c t

Heavy metals are among the most common pollutants found in large concentrations in waste-
water of industries, causing damage to the ecosystem. The aim of this study was to investigate 
the level of lead adsorption by Chlorella vulgaris from industrial wastewater. To determine the 
degree of lead adsorption by Chlorella adsorbent, the algae was brought in to contact under var-
ious conditions (pH, contact time, lead concentration, the adsorbent’s level). Then, the residual 
amount was measured using atomic adsorption device. The experiments were performed under 
real conditions on a sample of battery industry wastewater in Kerman. The adsorption isotherms 
and the kinetic modeling of the metal ions on the adsorbent were determined based on Langmuir 
and Freundlich isotherm models as well as first-order and second-order kinetics. At the constant 
temperature of 25°C, optimal pH of 6, equilibrium contact time of 60 min, and adsorbent’s level 
of 2 g/L, the lead removal efficiency in the real and synthetic samples was reported to be 89.26 
and 93.2%, respectively. Based on the obtained results, lead adsorption followed Langmuir model 
and second-order kinetic equation. According to the results obtained from this study, it can be 
stated that Chlorella can be used effectively as an adsorbent for lead removal from industrial 
waste waters. 
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1. Introduction

Emission of heavy metals in the environment, which is 
result of industrial development and population growth, is 
one of the major environmental problems in many coun-
tries. These metals are released in different industrial pro-
cesses including melting, purification, and extraction of 
metals through emission of polluted gases or industrial 
waste waters in the environment. These metals are not bio-
degradable and their toxic effects are chronic in the body of 
living creatures [1]. 

Lead is a systemic toxin which attacks the majority of 
body organs following absorption. This element has a great 
tendency to blend with sulfuryl group (SH). The activity 
of the enzymes that are dependent on SH group halts or 
diminishes under its influence. This element acts in the 
place of calcium in the biological system of the body, such 
that around 90% of it accumulates in human skeleton. Fur-
ther, it reacts with nucleic acid, thereby affecting protein 
levels and the biosynthesis. In children, lead mainly affects 
the central nervous system. It also influences the digestive 
system and causes colitis, loss of appetite, nausea, vomit-
ing, and, constipation [2–5]. 
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The typical methods used in the treatment of wastewater 
containing heavy metals include chemical deposition, coag-
ulation, ion exchange, solvent extraction, absorption and 
adsorption processes, microbial desalination cell (MDC), 
and reverse osmosis [6–8]. As physical and chemical meth-
ods are not efficient in eliminating low concentrations of 
heavy metals and are also very expensive [9], therefore in 
recent years, biological methods have been recommended 
for removing toxic metals [10,11]. 

Biological adsorption has attracted a great deal of atten-
tion thanks to the metal attachment capacities of various 
biological compounds such as algae, fungi, bacteria, and 
yeast which are highly efficient and cost effective espe-
cially at low concentrations of metals. Among these biolog-
ical compounds, the capacity for adsorbing heavy metals 
has been proven to be greater through use of micro-algae 
[12,13]. 

Algae are employed considering their availability, high 
adsorptivity of metals, and inexpensiveness [6–14]. Mal-
akootian et al. studied the efficiency of lead biosorption 
from industrial wastewater by micro-alga Spirulina platensis 
[15]. Al-Homaidan et al. studied the efficiency of Spirulina 
platensis alga in copper removal from aqueous solutions 
[16]. Qiao-Hui Shen et al. employed nonliving Chlorella 
vulgaris for hexavalent chromium detoxification [17]. Mal-
akootian et al. used Ulothrix Zonata algae for removing 
heavy metals from industrial wastewater [18]. Rodrigues 
et al. in a study in Brazil compared dry biomass of Chlo-
rella vulgaris and Spirulina platensis in removal of heavy 
metals [19]. Similarly, Ferreiraa et al. studied the efficacy 
of Chlorella vulgaris in heavy metal removal [7]. Aksu and 
Donmez examined the effect of concurrent adsorption of 
cadmium (II) and nickel (II) on dry biomass of Cholera vul-
garis in Turkey [20]. 

As industrial wastewater is contaminated with heavy 
metals and considering the significance of this issue, 
This research examines the efficiency of Chlorella vulgaris 
micro-algae in removing lead from industrial wastewater. 

2. Methods

2.1. Materials

This study has been experimental, conducted on labo-
ratory scale and at the Environmental Health Engineering 
Research Center of Kerman University of Medical Sciences. 
In this study, the green-bluish micro-algae of Chlorella vul-
garis were prepared from the Research Center of Caspian 
Sea Ecology and then cultured in The Minouche Research 
Laboratories (TMRL) culture medium. Thereafter, the result-
ing medium was kept at 25 ± 2°C, optical intensity of 1500 
lux with a lighting period of 14 h and 10 h of darkness with 
regular aeration.

The stock solution of lead 1000 ppm was prepared by 
dissolving 1.59 g Pb(No3)2 (Merck Co, Germany) in 1 L of 
distilled water (pH = 7, EC = 9 µS, TDS = 3 ppm). Next, 
this stock solution was employed in order to prepare dif-
ferent concentrations of the lead solution. For adjusting pH, 
NaOH and nitric acid 0.1 normal were used.

Adsorption studies investigated the effect of different 
parameters including the concentration of the contami-
nant (50, 100, 150, 200, and 250 mg/L), the amount of the 

adsorbent (0.1, 0.5, 1, 1.5 and 2.0 g (dry weight)/L), contact 
time (5, 15, 30, 60, 120, and 180 min), and pH (3,4,5,6,7) in 
a batch system [21]. This range of parameters was deter-
mined having inspected the literature. All experiments 
were conducted on the synthetic wastewater with optimal 
conditions obtained. Then, under optimal conditions, the 
test was performed on a real battery wastewater.

A solution containing 90 mL of the contaminant and 
10 mL of the adsorbent was poured into a flask with a 
capacity of 250 mL which was then placed on a shaker at 
180 rpm within regular intervals.

Next, the contacted adsorbent was separated through 
a centrifuge device (centrifuge-150, Iran) and then the 
top liquid was passed through Wattman filter paper 0.45 
micron. The residual concentration of lead in the experi-
mented solutions was analyzed by flame atomic absorber 
device at the wavelengths of 283.3 nm (Youngling AAS 
8020). The concentration of metals was stated in terms of 
mg/L in the liquid. The real sample was then taken from 
the wastewater equalizer reservoir of Kerman battery 
industry [15]. Thereafter, the quality of the wastewater 
was determined in terms of cations and anions present in 
it, as provided in Table 1.

To detect the functional groups involved in the adsorp-
tion by the adsorbent, Fourier transform infrared (FT-IR) 
spectroscopy device (VECTOR22, Bruker Co., Germany) 
was utilized, where the adsorbent was analyzed before and 
after contact with lead.

All of the experiments were performed based on the 
standard methods of physical and chemical experiments 
of water and wastewater, 20th edition (1998). For data 
analysis, SPSS 18 was employed, where first the data 
normality was determined and if the data were normal, 
Pearson test was used with an error percentage of 5%. To 
determine the adsorption isotherm, Langmuir and Freun-
dlich adsorption isotherms were used, calculated in the 
form of Eqs. (1) and (2).

C
q q k

c
q

e

e m

e

m

= +
1

( ).

 (1)

where qe represents the adsorption capacity at the time of 
equilibrium in terms of mg/g, ce denotes the equilibrium 
concentration (mg/L), qm is the adsorption capacity, and k 
shows the Langmuir constant. 

Table 1
The quality of wastewater of Kerman battery industry in terms 
of the anions and cations present in it

Parameters of battery 
industry wastewater

Amounts

Pb2+ (mg/L) 52 ± 3

Cd2+ (mg/L) 20.32 ± 1

Cu2+ (mg/L) 2.8 ± 0.50
Temperature (oC) 22 ± 0.50
pH 5.5 ± 0.50
BOD (mg/L) 180 ± 15
COD (mg/L) 350 ± 19
TDS (mg/L) 1100 ± 116
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where, K and n are the Freundlich constants [22]. The 
adsorption kinetics was obtained by analyzing pseudo-first 
order and second-order kinetic models. Eq. (3) was used to 
determine the pseudo-first order kinetics: 
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where, qe and qt represent the adsorption capacity at the time 
of equilibrium and the time of t, respectively, with k1 being 
the constant coefficient. Eq. (4) was employed to determine 
the pseudo-second order kinetics [23,24]: 
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where, k2 represents the pseudo-second order adsorption 
constant rate (g/mg min). 

2.2. Measurement methods

To measure the concentration of lead before and after 
contact with the adsorbent, atomic adsorption device 
(youngling AAS 8020) was used. This device has a gas tank 
on which two valves are devised specifically designed for 
turning the gas flow on and off and adjusting the pressure. 
As the first valve opens, the gas flow starts. Once the spe-
cific lamp of each metal with a specific number was installed 
on the device, in the part of adjusting the wavelength and 
flow of each lamp, the wavelength (nm) and specific current 
(mA) of the experimented metal were adjusted according to 
the catalog of the device. 

After half an hour, when the device was warmed up, 
the degree of absorption of metal ions was measured by the 
device, where the standard curve was used for calculating 
the concentration of every metal ion. To detect the func-
tional groups involved in the absorption by the adsorbent, 
FT-IR spectroscopy device (VECTOR22, Bruker, Germany) 
was used to analyze the adsorbent before and after contact 
with lead. FTIR spectrum is usually obtained from samples 
in the form of a film, which is usually thinner than 50 µm. 

To prepare a suitable film out of the thicker samples or 
granules, this sample was heated up to above the softening 
temperature. It was then pressed in order to prepare films 
thin enough to be used directly in FTIR spectroscopy. Nota-
bly, one can also use solvent films. In this state, a small piece 
of the sample of interest is dissolved in a suitable solvent 
and by putting it on potassium bromide pills with com-
plete evaporation of the solvent, the thin film of the sample 
directly forms on the KBr pill, since KBr has no absorption 
within the infrared region. 

3. Results and discussion

3.1. The effect of pH on removal efficiency 

The effect of pH on the capacity of lead adsorption is 
indicated in Fig. 1.

The effect of pH on Pb uptake capacity by algae Chlo-
rella vulgaris was studied at a concentration of 50 mg/L, 

25°C, 60 min contact time and adsorbents’ concentration 
2 g/L. The results of investigation of pH on the adsorption 
capacity of lead on the Chlorella vulgaris algae indicated 
that the greatest degree of removal and adsorption capacity 
occurred at pH = 6 (removal efficiency = 93.2%), while at 
values above and below this level, the adsorption capacity 
diminished.

Statistical analysis showed a significant relationship 
between pH and adsorption efficiency (pv = 0.26). 

The pH exerts its influence on adsorption mechanism 
through affecting levels of cells, representing physiochemi-
cal-like reactions in the solution and the adsorption sites of 
the cells. Various strains of the algae might have different 
optimal pHs. Further, the optimal pH of adsorption is an 
organism-dependent parameter, as different microorgan-
isms have also different adsorption sites [25]. 

Numerous studies have suggested that pH is the most 
important factor influencing the adsorbent’s capacity. The 
effect of pH is usually determined considering the type of the 
adsorbate and the functional groups on the adsorbent [26]. 
Malakootian et al. examined copper removal using Chlorella 
vulgaris microscopic green algae from industrial wastewater. 
Congruent with the results of this research, they observed 
that at pH = 6, the adsorption of copper had the greatest level 
[27]. Mohseni et al. investigated the role of Chlorella algae 
and removing lead contamination as well as the parameters 
influencing it. They found that at pH = 6, the lead adsorption 
degree had the greatest efficiency [28].

3.2. The effect of contact time on removal efficiency

The effect of contact time on removing metal ions is 
demonstrated in Fig. 2.

With lengthening the contact time between the adsor-
bent and the lead-containing solutions, the adsorption effi-
ciency was enhanced. This was due to increased contact 
and greater collision between the adsorbent body and lead, 
where 50% of the lead metal ions were removed in the first 
five minutes of contact. The most optimal degree of adsorp-
tion of lead ions occurred within 60 min of contact. The sta-
tistical analysis revealed no significant relationship between 
the contact time and adsorption efficiency (pv = 0.92). 

Fig. 1. The effect of pH on removing the lead ions (t = 60 min, m 
= 2 g/L and C = 50 mg/L).
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In the research by Shokuhi et al. [29], it was also found 
that with the increase in the contact time, removal efficiency 
grew, and after 60 min it reached equilibrium. Across all 
concentrations over 0.85, the adsorption happened within 
the first 5 min [29]. Malakootian et al. indicated that the 
efficiency of zinc (Zn2+) removal by Chlorella vulgaris algae 
reached its maximum within 60 min [30].

3.3. The effect of initial concentration on removal efficiency

To determine the maximum capacity of lead adsorption 
by Chlorella algae, the adsorption equilibrium data were 
investigated across different concentrations of the metal 
(Fig. 3).

As the initial concentration of lead increased from 50 to 
250 mg/L, the degree of lead removal diminished from 93.2 
to 38.56%. The statistical analysis revealed a significant rela-
tionship between initial concentration of lead and adsorp-
tion efficiency (pv = 0.001).

It was also observed that any elevation in the initial 
concentration of lead results in increased residual level of 
this metal in the solution. The reason might be the fact that 
with the increase in the superficial charge (adsorbate com-
pounds) on the adsorbent, the adsorbent sites of the top 
levels on the adsorbent become saturated, and hence the 
removal efficiency of the adsorbent declines rapidly [31].

Ferreira et al. observed that increased initial concentra-
tion of each of the metals including lead, zinc, and nickel 
caused decreased removal efficiency and increased adsorp-
tion capacity of them [7]. Malakootian et al. examined 
lead adsorption from industrial waste waters by the green 
micro algae Spirulina Platensis. They observed that with the 
increase in the initial concentration of lead, the removal effi-
ciency diminished while the adsorption capacity rose [15]. 

3.4. The effect of the amount of adsorbent on removal efficiency

The effect of adsorbent level on the lead removal is indi-
cated in Fig. 4. 

In any adsorption process, another important param-
eter is the amount of adsorbent. With the increase in the 
amount of the adsorbent, the removal efficiency and the 
adsorption capacity grew, such that with the increase in the 

adsorbent’s level from 0.1 to 2 g, the degree of lead removal 
rose from 44.5 to 93.2%. At the adsorbent level of 0.1 g, the 
removal level was very low and equilibrium was obtained 
more rapidly. At lower doses, the adsorption sites are fewer, 
resulting in less adsorption [33].

Malakootian et al. investigated zinc removal in indus-
trial wastewater using the microscopic green algae of Chlo-
rella vulgaris, and reported 2 g/L as the optimal value of 
the adsorbent. They also showed that with the increase in 
the amount of the adsorbent, the removal efficiency also 
developed [30]. Further, the greatest level of adsorption was 
achieved at the adsorbent value of 2 g. The similar results 
obtained by Rezaei et al. confirm the validity of this claim 
[33]. 

3.5. Lead removal efficiency in the real sample

Table 1 presents the results obtained from investigating 
the wastewater quality of Kerman Battery Manufacturing 
Factory in terms of the anions and cations present in it. 
According to this table, the level of lead in raw wastewater 
is 52 mg/L. By applying optimal conditions (pH = 6, con-
tact time = 60 min, adsorbent value = 2 g/L) to it, the lead 
removal efficiency in this factory was reported to be 89.26%. 
The efficiency of removing metal ions in the real wastewater 
sample has been lower compared to removing the synthetic 
sample. This is due to the competitive effect of metal ions 
with each other at adsorption sites on the adsorbent [15]. 

Fig. 4. The effect of the adsorbent weight (g/L) on the adsorp-
tion at the contact time = 60 min, lead initial concentration = 50 
mg/L, and pH = 6.

Fig. 3. The effect of the initial concentration of metal ions on the 
adsorbent at 60 min of contact time, adsorbent dose of 2 g/L, 
and the optimum pH.Fig. 2. The effect of contact time (min) on removing lead at pH 

= 6, adsorbent dose = 2 g/L, and initial concentration of lead = 
50 mg/L.
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3.6. Equilibrium and kinetic studies

For equilibrium studies, Langmuir and Freundlich iso-
therm models were used for lead removal efficiency. Fig. 5 
displays the Langmuir and Freundlich isotherm models. 

Comparing Langmuir and Freundlich isotherm models 
based on Fig. 5, it can be concluded that in removing lead 
by the microscopic green algae Chlorella vulgaris with R2 = 
0.99, it mainly follows the Langmuir model. Table 2 summa-
rizes the parameters of isotherm models. 

The equilibrium information obtained from adsorption 
of lead on Chlorella indicates that the process of lead adsorp-
tion mainly follows Langmuir rather than Freundlich model 
(R2 = 0.99). Naeimi et al. in Iran investigated the degree of 
biological adsorption and the physiological effects of lead 
in green algae Chlorella. They concluded that the adsorption 
isotherm followed Langmuir model [35]. The qm obtained 
from Langmuir models represents the degree of adsorption 
of metal ions required for mono layer formation. This value 
for lead adsorption was 49.26 mg/g. In comparison with 
other adsorbents, it has a high adsorption capacity. Table 3 
outlines this comparison.

The value of 1/n represents the intensity of adsorp-
tion. If it is equal to zero, then this is irreversible, while if 
it is between zero and one, then this is desirable. Finally, if 
is above 1, then this is undesirable [38]. The value of 1/n 
in this research has been below 1, suggesting desirable 
adsorption. Fig. 6 illustrates the pseudo-first-order and sec-
ond-order kinetics.

The experimental results indicated that the adsorption 
kinetics with R2 = 0.99 had the greatest correspondence with 
pseudo-second order reaction. Table 4 provides the param-
eters of the kinetic reactions.

Table 4 presents K1 and qe values obtained from the 
log graph (qe – qt) versus t as well as the correlation coef-
ficient (R2) along with K2, qe and correlation coefficient 
by plotting the t/qt graph against t. qe and qt represent 
the adsorption capacity at time of equilibrium and time 
t with k1 constant coefficient, respectively. k2 denotes 
the second-order constant rate of adsorption (g/mg 
min) [15]. The experimental results indicated that the 
adsorption kinetics with R2 = 0.99 had the greatest corre-
spondence with pseudo-second order reaction. The corre-
spondence of the adsorption process with pseudo-second 
order model suggests that in the adsorption process, both 
reactions in parallel are effective in adsorbing the adsor-

bate on the adsorbent, rapidly reaching equilibrium. The 
second has a slow rate and continues for a longer time 
[32]. Malakootian et al. investigated adsorption of lead 
from industrial wastewater using the microscopic green 
algae of Spirulina Platensis. They found that adsorption of 
lead by this algae followed second-order kinetic adsorp-
tion model [15]. Naeimi et al. investigated the biological 
adsorption and physiological effects of lead in green algae 
Chlorella. They observed that adsorption of lead by these 
algae followed second-order kinetic adsorption model 
[35]. In the study by Chen et al. to determine the kinetic 
behavior of the adsorption of metals, it was found that 
adsorption of heavy metals in aqueous solutions fol-
lowed second-order kinetics [39].

    

Fig. 5. Langmuir (a) and Freundlich (b) isotherm models for lead removal efficiency.

Table 3
Comparison of adsorption capacity of Chlorella vulgaris with 
that of other adsorbents

Entry Adsorbent Adsorption 
capacity 
(mmol/g)

References

1 Pseudomonas 
aeruginosa

0.33 [36]

2  Rhizopus arrhizus 0.15 [36]
3 Chlorella vulgaris 0.47 [current study]
4 Brown algae 

Cladophora 
glomerata 

0.35 [37]

5  Galaxaura 
marginata

0.12 [36]

6 Red algae Gracilaria 
corticata

0.26–0.20 [37]

Table 2
The constant coefficients and correlation coefficients of 
Freundlich and Langmuir isotherms in the adsorption of lead

Freundlich isotherm Langmuir isotherm

1/n Kf (mmol/g) R2 qm (mg/g) k R2

0.18 0.11 0.87 49.26 0.22 0.99
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3.7. FT-IR analysis 

The results of Chlorella vulgaris FT-IR analysis before 
and after lead adsorption are represented in Fig. 7.

The peaks at the wavelength of 3430 cm–1 represent the 
presence of OH-stretching vibration group, which is a type of 
hydroxyl group. The picks at the wavelengths of 2984–2780 
cm–1 reflect the CH-stretching vibration group. The strong 
bands at the wavelengths of 1651.92 and 1545.25 cm–1 can be 
attributed to types I and II vibrating amid. At 1455.82 cm–1, 
COO- group, at the wavelengths of 1820–1660 cm–1 carbonyl 
group, at the wavelengths of 2600–1800 cm–1 C=N and C=O 
groups, at the peaks of 1250–1050 cm–1 C-C and C-O groups, 
and at peaks lower than 1000 cm–1 phosphate, -PO, O-P-O 
and C-X groups are active [7,40].

The comparison of the two spectra of the adsorbent 
before and after adsorption of the metal ions indicates that 
the reason of OH band widening is the high adsorption of 
lead. On the other hand, metal cations can develop one or 
several dual bonds simultaneously (i.e. development of 
ligand). The reduction in the relative intensity of 1649 cm–1 
can be a result of the interaction between the cation and 
non-bonding electron pairs of oxygen as well as nitrogen 
atoms, carboxyl group, and amide. The transformation and 
displacement of the bands of phosphate and carbohydrate 
groups is the result of metal adsorption in the spectra. The 
changes in the coordination of phosphate and hydroxyl 
groups might have happened due to attachment with the 
metal. Eventually, it can be stated that with the increase in 
the OH bond, the hydroxyl group could have been more 
involved in lead absorption. Based on this research and 
other studies performed on the adsorption of metal ions 
by the micro algae green Chlorella vulgaris and other algae 

in aqueous solutions, it can be concluded that adsorption 
of lead ions on the adsorbent is mainly dependent on exis-
tence of the functional groups including hydroxyl (OH–), 
carboxyl (–COO–), amide, and phosphate [7,15,40].

4. Conclusion 

According to the obtained results, the lead removal by 
green algae Chlorella vulgaris followed Langmuir model and 
the second-order kinetic equation. These algae have a suit-
able efficiency for removing lead from the wastewater of the 
battery industry. Furthermore, as the degree of adsorption 
of metals using this adsorbent is highly dependent on the 
pH of the solution, the initial concentration of the metal ion, 
contact time, and adsorbent levels, it can be concluded that 
adsorption of lead ions on the adsorbent is mainly depen-

Fig. 6. First-order kinetics (a), second-order kinetics (b) of the lead removal reaction by Chlorella vulgaris algae.

Fig. 7. FTIR spectra of algae Chlorella vulgaris before (a) and after 
(b) the adsorption.

Table 4
The constant coefficients and correlation coefficients of the 
pseudo-first-order and second-order kinetic model in the 
adsorption of lead

Pseudo-first order kinetics Pseudo-second order 
kinetics

k1 (1/min) qe(mg/g) R2 k2(g/mg 
min)

qe(mg/g) R2

0.78 7.03 0.84 0.68 24.21 0.99
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dent on existence of the functional groups of hydroxyl 
(OH–), carboxyl (–COO–), amide, and phosphate. It is sug-
gested that for achieving a greater removal efficiency, the 
optimal states of the mentioned variables be investigated 
when using Chlorella vulgaris as the biological adsorbent in 
removing heavy metals from other industrial waste waters.
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