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Abstract
Dead cells of Chlorella vulgaris were used experimentally to remove cadmium (Cd2+), copper
(Cu2+) and lead (Pb2+) ions from aqueous solution under various conditions of pH, biosorbent
dosage and contact time. C. vulgaris was isolated from Lake Manzala (Egypt) and then cultivated outdoors, in growth media, maintaining pH of nearly 7.5. After cultivation, the cells were
harvested by coagulation and prepared to make an experiment with different variants of pH,
contact time and adsorbent dose. The adsorption specific characteristics of C. vulgaris were examined using Fourier Transformation Infrared Spectroscopy (FTR) and Scanning Electron Microscopy (SEM). The FTIR and SEM data showed vibration frequency changes for the peaks
corresponding to the surface functional groups and morphological changes of C. vulgaris, respectively, after its exposure to metal ion solution. The maximum removal efficiency for copper and
lead at ambient room temperature was recorded at pH 5 and 20-minute contact time, while the
contact time of 120 minutes at pH 6 created the most suitable conditions for cadmium biosorption. On the other hand, 2 g dm-3 of C. vulgaris under optimum conditions was sufficient to
remove 95.5%, 97.7% and 99.4% of Cd2+, Cu2+ and Pb2+, respectively, from a mixed solution of
50 mg dm-3 of each metal ion. The removal trend was in order of Pb2+ > Cu2+ > Cd2+. The results
suggested that the biomass of C. vulgaris is an extremely efficient and environmentally friendly
biosorbent for the removal of Cd2+, Cu2+ and Pb2 from aqueous solutions, which may be applied
on a large, industrial scale.
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INTRODUCTION
Metal pollution is one of the most critical environmental problems due to
metal accumulation throughout the food chain (Wai Lynn Aung et al. 2012).
Heavy metals polluting aqueous solutions have become a serious threat and
a great environmental concern as they are non-biodegradable and will persist
in nature (Gautam et al. 2015). Singh et al. (2011) observe that Cd, Cu, Ni,
Pb and Zn are especially common metals that tend to accumulate in organisms, causing numerous diseases and disorders. Toxic metal ions can cause
physical discomfort and sometimes life-threatening illnesses, which can lead
to some irreversible damage to the vital body systems.
Several methods for the removal of heavy metals from aquatic (e.g. Duda-Chodak et al. 2012) or other environments (e.g. polluted soils; Wińska-Krysiak et al. 2015) have been developed. Conventional treatment technologies for heavy metal removal are not economic and can generate huge quantities of toxic chemical sludge. Biosorption of heavy metals by some metabolically inactive, non-living microbial or plant biomass is seen as an innovative
and alternative technology used to extract these pollutants from aqueous
solutions (e.g. Raize et al. 2004, Ahluwalia, Goyal 2007, Saravanan et al.
2011, Deepa, Suresha 2014).
Microalgae are fundamental to most freshwater and marine ecosystems.
Recently, the use of microalgae in biotechnology has been rapidly increasing.
These organisms were widely used in risk assessments and, following the
development of some environmental regulations concerning metals, they
serve as sensitive indicators of environmental change as well as a biological
sensor for detecting potentially toxic effects of selected heavy metals
(Durrieu et al. 2011).
Chlorella vulgaris Beyerinck [Beijerinck] (Chlorophyta) is a planktonic
unicellular green alga that can be grown in fresh and marine waters, to be
later used as food resource or in the cosmetics industry, aquaculture, pharmaceutical industry, etc., owing to its numerous health benefits. Additionally, it can be used for removal of various heavy metal ions from contaminated
water (Wai Lynn Aung et al. 2012).
This study aimed to determine the use of inexpensive natural material
such as dead algal cells of C. vulgaris to remove three ions of toxic metals
(Cd, Cu and Pb) from an aqueous system, and to explore the effect of various
parameters such as contact time, pH, and biomass dosage on the extraction
process.
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MATERIAL AND METHODS
Culture condition, cultivation and harvesting
The microorganism used in the present study was C. vulgaris. It was
isolated from the northern side of Lake Manzala (brackish coastal lake), the
largest of the Delta Lakes in Egypt. This lake was chosen because of the
Chlorella presence and very high contamination with heavy metals (Ali
2008). The amount of these elements discharged into the lake together with
treated sewage has been found to exceed the national water quality threshold values.
Isolation and purification were achieved by dilution and the planting
technique. Enriched seawater medium according to Sen et al. (2005) was
used for algal cultures. The algae were grown in 500 ml flasks containing
250 ml of enriched seawater medium. The culture flasks were aerated by an
air pump and incubated at 25 ± 1°C under continuous illumination provided
by a daylight fluorescent tube generating light of the intensity of 80 µmol
photon m-2 s-1 (Kuhl, Lorenzen 1964). The pH was adjusted to 7.5 with 1N
NaOH or HCl.
Cells of C. vulgaris (lag phase) were transferred, adapted in fresh culture medium and then cultivated outdoors in the growth media with ammonium sulfate NH4 SO4 – 0.05 g dm-3, urea CO (NH2)2 – 0.2 g dm-3, T-super
P2O5 – 0.05 g dm-3 made up in distilled water. The pH of the media was maintained at nearly 7.4 by aeration.
The cultures were prepared in two Erlenmeyer flasks (2 dm3) containing
1500 cm3 of the culture medium. When the required density of algae was
reached, the algae from 2 flasks were tranferred to a 20 dm3 glass tank and
their cultivation continued. Each batch was cultivated for one week.
The cells were harvested by coagulation with sodium hydroxide and filtered through Whatman cellulose nitrate membrane filters with the pore size
of 45 μm, after which they were washed with deionized water. After washing, the biomass was dried at 105°C for 48 h, ground in an electric mill
and passed through a 100 mesh size sieve. Thus, uniform powdered biomass
material was produced and stored in a refrigerator.
Adsorbent characterization
The adsorption specific characteristics of C. vulgaris have been examined. The surface area and the pore volume of dry C. vulgaris samples were
determined by a Quantachrome instrument, model NOVA 3200, with surface
area analyzers using N2 as adsorbate at -196°C (i.e. the liquid nitrogen temperature) – Table 1. Dried C. vulgaris surface was submitted (after and before sorption) to diffuse Fourier-transform infrared analysis (FTIR) in order to
determine qualitatively the functional groups. To this aim, a JASCO FT/IR6300 FTIR spectrometer, set in the frequency range from 4000-400 cm-1, was
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Table 1
Physical properties of dried Chlorella vulgaris samples (n = 3)
Physical properties
Density

0.43 g cm-3

Bulk density

0.813 g cm-3

Surface area

16.2 m2 g-1

Pore volume

0.0116 cc g-1

applied. Each sample was mixed with KBr crystals and pelletized under
the pressure of 150 kg cm-2 so as to explore the chemical characteristics of
C. vulgaris significant for biosorption.
The Fourier Transformation Infrared Spectroscopy (FTIR) analysis was
carried out in order to identify different functional groups present in C. vulgaris, which were responsible for the adsorption process, and to detect possible interaction between the metals and the functional groups. Scanning
electron microscopy (SEM) was carried out on C. vulgaris samples to study
the surface morphology before and after adsorption, using a JEOL- JSM
6510LV scanning electron microscope. SEM has a high resolution, making
higher magnification possible for densely spaced materials.
Adsorption study
The batch equilibrium experiment was performed as a function of pH,
contact time and adsorbent dose. 1000 mg dm-3 of analytical grade solutions
of the metals Cd, Cu and Pb from Sigma-Aldrich were used to prepare mixed
synthetic wastewater solutions, containing 50 mg dm-3 of each metal, Cd, Cu
and Pb, and each stock was diluted with deionized water. Then, batches of
50 cm3 of such synthetic water were transferred to 150 cm3 flasks with different amounts of powdered C. vulgaris. 0.1 N NaOH and HCl were used to
adjust the pH values. The flasks were magnetically agitated at a constant
speed of 200 rpm, at ambient temperature. The adsorbent samples were filtered and concentrations of the metal ions in the remaining solutions were
determined using a GBC atomic absorption reader (a SavantAA AAS model
with a GF 5000 Graphite Furnace).
The removal rate of heavy metal ions was calculated from the following
formula:

The adsorption capacity or the removal efficiency of C. vulgaris was calculated using the equation:
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where: R – removal percentage of metal (%), Co – the initial concentration of
metal in the solution (mg dm-3), Ct – the equilibrium concentration of metal
in the solution (mg dm-3) after t – a period of time; v – the volume of solution
in oscillated flask (dm3), m – the mass of the of powdered C. vulgaris in the
flask (g) and qe – the adsorption capacity, mg of metal adsorbed per g of biosorbent (Metcalf, Eddy 2003).

Statistical analysis
The effects of pH and adsorbent dosage on the removal of heavy metals
from aqueous solution with C. vulgaris were tested with non-linear regression. Furthermore, the significance of changes in the removal rate of heavy
metals relative to pH and absorbent dosage were tested with the non-parametric Kruskal-Wallis test (because data were not normally distributed). It
was assumed that statistically significant changes were at the 0.05 significance level.

RESULTS AND DISCUSSION
The peaks appearing in the FTIR spectrum (Figures 1a,b) were assigned
to various functional groups according to their respective wave numbers
(Ghoniem et al. 2014). The peaks corresponding to the functional groups of
Chlorella vulgaris showed some vibration frequency changes after treatment
with Cd, Cu and Pb ions, which may be attributed to possible interactions
between the metals and the functional groups (Figure 1b). After the exposure
of the cells of C. vulgaris to metal sorption, the following were observed: the
absorption peak at 3413.39 cm-1 corresponding to an overlap between the
–N-H groups and –OH groups shifted to 3428.81 cm-1; 2937.06 cm-1 corresponding to the C-H alkane groups shifted to 2964.05 cm-1. Also, the peak of
1644.02 cm-1 corresponding to the –C=C groups shifted to 1644.98 cm-1;
1527.35 cm-1 corresponding to the N-O groups shifted to 1479.13 cm-1 after
the loading of metals. This observation indicates the involvement of these
functional groups in the biosorption process. Our findings coincide with the
results of metal biosorption with non-living algal cells (Murphy et al. 2007)
or even other adsorbents, e.g. garden grass (Abbas et al. 2014). It is noteworthy that after the biosorption process some peaks were shifted and other
peaks disappeared, and further new peaks were detected suggesting that
binding occurred on the surface of C. vulgaris.
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Fig. 1. FTIR spectrum of Chlorella vulgaris (a) before and (b) after biosorption of metals

The present study of C. vulgaris surface morphology using the SEM
technique showed distinct changes between before and after the adsorption
processes (Figures 2a,b). The cells before adsorption were smooth with well
-defined dimensions. After biosorption, morphological changes occurred, probably due to the exposure of a heavy metal to dead algal cells, and they became distended and wrecked with a sinuosus surface. Similar changes were
observed in other algae (Raize et al. 2004, Saravanan et al. 2011). It was
clear that Cd, Cu and Pb had been sorbed on the active sites of C. vulgaris
cells.
a

b

Fig. 2. SEM micrograph of Chlorella vulgaris (a) before and (b) after sorption of metals
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Effect of pH
The replicates of 50 cm3 synthetic solution samples containing 50 mg dm-3
of Cu, Cd and Pb were put in flasks at pH values of 2, 3, 4, 5 and 6 at room
temperature, respectively. 0.05 g C. vulgaris was added in these flasks for
the purpose of determining the removal rate of cations after 120 min of oscillation adsorption. Similar conditions were set for blank solution.
The pH is one of the most important parameters of the biosorption of
heavy metals (Aksu 2001) or other compounds (Shaheen et al. 2012, Mann,
Mandal 2014). The biosorption of Cd, Cu and Pb by C. vulgaris at different
pH values is illustrated in Figure 3. The removal rate was mainly controlled
100
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Fig. 3. Effect of pH on removal of heavy metals from aqueous solution using 1 g dm-3
Chlorella vulgaris at 120 min retention time

by the pH of a solution (the coefficient of determination R2 > 0.9 for all metals implicating very strong relationships), namely, the removal efficiency of
metals ions increased from 22.7% and 29.9% to 87.7% and 96.4% for Cu and
Pb respectively, while the pH increased from 2 to 5. For Cd, it increased
from 13.7% to 84.7% when the pH rose from 2 to 6. This indicates that the
optimal pH for removal Cu+2 and Pb+2 was 5, and pH 6 was the best for Cd+2.
The sorption process decreased with any further increase of pH (> 6). According to Farooq et al. (2010), the decrease of metal biosorption at higher pH
values may be related to the precipitation of metals in the form of metal
hydroxide due to the reaction of metal ions with OH- (where the amount
of OH‑ increases at high pH). On the other hand, when the pH value is low
(pH = 2), the H+ concentration is high; H+ will competitively exchange cations
on the surface of algae. As the solution’s pH increases, the process is reversed, metal ions will start to replace hydrogen ions. Furthermore, when
the pH of the adsorbing medium increased from 2 to 6, there was a corresponding increase in the de-protonation of the adsorbent surface, leading to
a decrease in H+ ions on the adsorbent surface. This creates more negative
charges on the adsorbent surface, which favours the adsorption of positively
charge species (Abdus-Salam, Adekola 2005). Similar results were found by
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Goher et al (2015), who reported that at pH higher than 3-4, carboxylic
groups (– COOH) are de-protonated and negatively charged. Consequently,
the attraction of positively charged metal ions would be enhanced (Norton
et al. 2004). Ho (2005) recorded that pH values in the range of 4 to 7 were
adequate for binding lead, for which pH 4.9 is the optimum value for biosorption with tree fern. Edris et al. (2012) obtained positive results of lead and
cadmium biosorption using C. vulgairs at pH adjusted to 7, and Fraile et al.
(2005) proved a greater heavy metal uptake at a higher pH.
Effect of adsorbent dose
The batch experiments with different adsorbent doses (0.25, 0.5, 1, 1.5,
2, 3 and 4 g dm-3 of test solution) were conducted to determine their effect on
the removal of Cu2+, Pb2+ and Cd2+ (Figures 4a,b). Figure 4a shows that the

Fig. 4a. Effect of adsorbent dosage on the percentage removal of heavy metals
with Chlorella vulgaris at pH 5 and 120 min retention time

removal efficiency increased from 32.4%, 33.4% and 23.8% to 97.7%, 99.4%
and 95.5% for Cu2+, Pb2+ and Cd2+, respectively, as the adsorbent dosage increased from 0.25 g dm-3 to 2 g dm-3. An additional increase of the amount of
adsorbent did not change the removal efficiency. However, the removal efficiency was strongly related to the dosage levels (the coefficient of determination R2 exceeded 0.9 for all the metals). Generally, it can be concluded that a
higher dose of adsorbent significantly increased the removal percentage
(Figure 5a; test K-W(6;21) = 14.7120; p = 0.0226) similarly to pH (Figure 5b,
test KW-H(4;15) = 10.4667; p = 0.0333). This was because more surfaces and
functional groups were available on the adsorbent with which the metals
could interact (Onyeji, Aboje 2011). Furthermore, Figure 4b indicates that
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Fig. 4b. Effect of adsorbent dosage on the adsorption capacity of heavy metals
with Chlorella vulgaris at pH 5 and 120 min retention time

Fig. 5. Changes in the removal rate of heavy metals from aqueous solution
with Chlorella vulgaris relative to absorbent dosage (a) and pH (b)

the adsorption capacity decreased from 129.7, 133.8 and 95.2 mg g-1 to 24.4,
24.9 and 23.9 mg g-1 for Cu2+, Pb2+ and Cd2+, respectively, as the adsorbent
dose increased from 0.25 g dm-3 to 2 g dm-3. The best adsorption capacity was
recorded at the lowest adsorbent dosage. Similar findings were given by
Fraile et al. (2005). The data are also in agreement with those of Li (2008),
Mousavi et al. (2010) and Edris et al. (2012). They proved that some equilibrium adsorption capacities decreased along with the adsorbent mass/dose
increase. This might be due to the presence of a higher density of solids that
could lead to fewer opportunities for contacting all adsorption sites.
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Effect of retention time
The variations of metals removal percentage at a different retention
oscillation time with C. vulgaris are shown in Figure 6. Only 0.1 g of C. vul100
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Fig. 6. Effect of the retention time on the removal of heavy metals from aqueous solution by
using 2 g dm-3 sorbent dosage of Chlorella vulgaris at pH 5

garis were added to 10 flasks of 50 cm3 synthetic solution at pH 5. The rapid
reduction of the concentration of Cu and Pb in the solution was at the first
2 min (ca. 90%) and up to 20 min, whereby the removal rate reached up to
98% and 99%, respectively, whereas the complete Cd removal was achieved
in 120 min. The fast removal at the beginning may be attributed to a larger
adsorbent surface area being available for the adsorption of the metals as
well as a high number of available adsorptive sites. The adsorption kinetics
changed rapidly along with the contact time, after that they decreased. This
was probably caused by the decrease in the concentration gradient between
the initial concentration and the equilibrium concentration of the solution
with the progress of the adsorption process and the metal ion absorption
onto the adsorbent surface (Li 2008, Li, Champagne 2009).

CONCLUSION
The FTIR spectrum and differences in the surface morphology of biosorbent indicated that some binding took place after the biosorption process on
the surface of C. vulgaris. The retention time and pH were the main factors
in the removal of heavy metal ions from aqueous solution by non-living algal
cells. Under the optimum conditions, a C. vulgaris dose of 2 g dm-3 was sufficient to give the maximum removal percentage. Biosorption affinity for the
metal ions by C. vulgaris was in the order of Pb2+ > Cu2+ > Cd2+. It could be
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concluded that dead cells of C. vulgaris are effective, low-cost and environmentally friendly materials and can be used efficiently for the elimination of
heavy metal ions such as Cd2+, Cu2+ and Pb2+ from aqueous solutions.
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