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Abstract This paper investigates the potential of alginate-
immobilised Chlorella sorokiniana for removing Cu*t,
Ni** and Cd*" ions from drinking water solutions. The
effects of initial metal concentrations, contact times and
temperatures on the biosorptions and removal efficiencies
of the tested metals were investigated at initial pH values
of 5, and pH effects were studied within the range of 3-7.
When studying the effects of initial metal concentrations,
the highest experimental removal yields achieved for Cu®™,
Ni** and Cd** ions were 97.10, 50.94 and 64.61 %,
respectively. The maximum biosorption capacities
obtained by the Langmuir isotherm model for the
biosorptions of Cu?", Ni*" and Cd*" ions by alginate-
immobilised C. sorokiniana were found to be 179.90, 86.49
and 164.50 mg/g biosorbent, respectively. The experi-
mental data followed pseudo-second-order kinetics. At an
initial metal concentration of 25 mg/L, immobilised algae
could be used in at least 5 successive biosorption—desorp-
tion cycles. SEM and EDS analyses revealed that the
metals bonded to the biosorbent. Bi- and multi-metal sys-
tems of Cu*t, Ni>* and Cd** were investigated at initial
metal concentrations of 30, 50 and 100 mg/L. The removal
of Cd*" as well as Ni*" in such systems was negatively
affected by the presence of Cu®". The removal efficiency
for Cu®" in multi-metal systems decreased by 5-7 %,
whilst in the cases of Cd*" and Ni*" the efficiencies
decreased by up to 30 %. Nevertheless, the results obtained
show that alginate-immobilised C. sorokiniana can
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efficiently remove the metals tested from polluted drinking
water sources.
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Introduction

Pollution of the environment and surface water resources by
toxic contaminants such as heavy metals has resulted in a
number of environmental problems. The presence of these
contaminants within the water supply is the consequence of
several factors, mainly discharge from metallurgical, textile,
plastics, mining, and other industries (Aksu and Doénmez
2006; Kaewsarn and Yu 2001). As a result of their chemical
characteristics, toxic effects and accumulation tendencies
throughout the food chain, heavy metals represent a serious
problem to human health (Mane and Bhosle 2011). They can
cause various health problems such as accumulative poi-
soning, cancer and brain damage when found to be above
tolerance levels. Heavy metals such as cadmium, copper and
nickel are amongst the more toxic heavy metals responsible
for causing these problems. For example, exposure to nickel
can lead to dermatitis and allergic sensitisation, whilst
exposure to copper can cause stomach and intestinal distress,
kidney damage and anaemia (Al-Rub et al. 2004, 2006;
Kaewsarn and Yu 2001). Because heavy metals cannot be
biodegraded by micro-organisms within the natural envi-
ronment, the research and development of technologies that
can remove these pollutants from water sources is currently a
worldwide priority (Gupta et al. 2012a, b; Gupta et al. 201 1c;
Saleh and Gupta 2011).

A number of physico-chemical methods have been used
for the removal of heavy metals from polluted water
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sources, including chemical precipitation, coagulation,
solvent extraction, ion exchange, adsorption, and others
(Gupta et al. 2013; Gupta and Saleh 2013; Saleh and Gupta
2014). These methods have several disadvantages; they are
expensive, harmful to the environment, consume a large
amount of energy, and provide incomplete metal removal
(Wan Maznah et al. 2012); therefore, using micro-organ-
isms as biosorbents for heavy metals offers a potential
alternative to existing methods for removing these com-
pounds from water. Biosorption is the process of adsorp-
tion by either living microbial biomass or dead microbial
biomass. The advantages of biosorption, which is based on
ionic interactions and complex formations between metal
ions and the functional groups of the biosorbent, are low
operating cost, selectivities for specific metals, relatively
high efficiencies, and minimisation of the volumes of
chemical and biological sludge (Flouty and Estephane
2012; Mane and Bhosle 2011).

Several live micro-organisms (algae, bacteria, fungi and
yeast) have been investigated for metal adsorption from
polluted waters, and algae especially have proven to be
very useful for this purpose because of their availability,
low costs and ability to uptake large quantities of heavy
metals (Monteiro et al. 2011). Compared to fungi and
yeast, algae have been proved to have higher heavy metal
biosorption capacities because of their cell walls, which are
composed of a fibre-like structure and an amorphous
embedding matrix of various polysaccharides (Akhtar et al.
2008). Moreover, heavy metal removal by algal biomass is
comparable to or sometimes even higher than that of
chemical sorbents (Wan Maznah et al. 2012).

Different natural immobilisation media, such as algi-
nates, carrageenan, chitosan, chitin and cellulose deriva-
tives, have been used for algal cell immobilisation
nevertheless, and alginate is still one of the more frequently
used carriers because of its advantages such as very simple
preparation, biocompatibility and cost-effective immobili-
sation (Akhtar et al. 2003). Cell immobilisation may
enhance biosorption capacity and offer opportunity for
biomass retention within the working environment because
of its easy separation of products from cells and relatively
high local cell density (Al-Rub et al. 2004; Kumar and Das
2012). The diameter and biomass concentration of algal
beads may also influence the metal removal efficiency of
biomass (Mehta and Gaur 2001). In addition, other envi-
ronmental parameters such as pH and temperature, contact
time, and initial metal concentration play significant roles
within this process (Sart and Tuzen 2009).

A number of microalgal species such as Chlorella vul-
garis (Aksu 2002; Rodrigues et al. 2012), Scenedesmus
sp.(Chong et al. 2000; Monteiro et al. 2011), Chlamy-
domonas sp. (Flouty and Khalaf 2015), Spirullina sp.
(Mane and Bhosle 2011) and Chlorella sorokiniana
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(Akhtar et al. 2004; Carfagna et al. 2013; Chong et al.
2000; Yoshida et al. 2006) has been used during biosorp-
tion studies on heavy metals and showed varying removal
efficiencies.

Despite C. sorokiniana being reported as an adequate algae
species for biosorption of heavy metals, only a few studies
about this species have been available to date. Yoshida et al.
(2006) reported that cells of C. sorokiniana isolated from soil
were highly resistant to heavy metals and were capable of
taking up heavy metal ions such as Cd**, Zn*" and Cu™.
During another study, a series of batch experiments was
conducted comparing the abilities of 11 microalgal species,
including C. sorokiniana, in removing nickel and zinc from
synthetic wastewater (Chong et al. 2000). Physiological and
morphological responses of lead or cadmium-exposed C.
sorokiniana were studied by Carfagna et al. (2013). Loofa
sponge immobilised biomass of C. sorokiniana, isolated from
industrial wastewater, was investigated as a biosorbent for the
removal of chromium and nickel from aqueous solutions. The
effects of environmental factors on metal uptake capacity
were studied and compared with free biomass of C.
sorokiniana (Akhtar et al. 2004, 2008). The potential of
microalgal cells immobilised in the biostructural matrix of
Luffa cylindrica for sequestering cadmium was also examined
in one study (Akhtar et al. 2003).

Whilst the uptake of metals from solutions containing
single-metal ions by algae as a biosorbent has been exten-
sively studied to date, less attention has been paid to the
biosorption of multi-metal systems by complex uptake
mechanisms. The competitive biosorption of Cd** and Ni*™
metal ions by dried Chlorella vulgaris from binary metal
mixtures was studied and compared to the single-metal ion
situation within a batch-stirred system by Aksu and Donmez
(2006). In another study, a comparative evaluation of
bioaccumulation and biosorption of Cu®* and Pb>* ions by
algal cells of Chlamydomonas reinhardtii was conducted
within binary metal systems (Flouty and Estephane 2012).
Binary and ternary systems of Ni**, Zn** and Pb*" were also
investigated at different initial metal concentrations with
competitive adsorbates using Arthrospira platensis and
Chlorella vulgaris as biosorbents (Rodrigues et al. 2012).
However, biosorption studies on C. sorokiniana free cells
have been performed only on single and bi-metal systems
according to these papers, and there has been no study on
multi-metal systems. Moreover, none of the investigations
examined heavy metal biosorption by C. sorokiniana algal
cells entrapped in Ca-alginate, and no investigations have
been performed on drinking water sources.

Since immobilisation technology could protect algal
cells and enhance their biosorption capacity, the aim of this
study was to explore the feasibility of alginate-immobilised
Chlorella sorokiniana for removing Cu®", Cd*" and Ni**
ions from drinking water samples. Because these heavy
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metals are widely used in industry and thus often appear in
sources of drinking water, they were chosen for biosorption
studies with C. sorokiniana under various experimental
conditions such as different initial metal concentrations,
pH, temperature and contact time. Langmuir, Freundlich,
Dubinin—Raduskhevich and Redlich—Peterson isotherm
models were applied in order to describe the equilibrium
data obtained. For the first time, multi-metal systems of
Cu®™, Ni** and Cd*" ions were investigated with this algae
species, the interactions between tested metals were stud-
ied, and their impacts on biosorption efficiencies and
capacities were evaluated. This study therefore presents an
important contribution to the research and better under-
standing of metal uptake by this algae species. The
research was implemented between 2012 and 2015 at the
Faculty of Chemistry and Chemical Engineering at the
University of Maribor, Slovenia.

Materials and methods
Algal culture and immobilisation of cells

Biosorption experiments on drinking water were performed
using the freshwater algae species Chlorella sorokiniana. As
C. sorokiniana is capable of growth under different growth
conditions (Kim et al. 2013; Lizzul et al. 2014), is able to
remove various heavy metals from water (Akhtar et al. 2004,
2008; de-Bashan and Bashan 2010) and can tolerate highly
polluted environments and extreme conditions (i.e. temper-
ature and light) (de-Bashan et al. 2008; Riafio et al. 2012), it
was an appropriate choice for the present study. Cells of
Chlorella sorokiniana were delivered from the local algal
technology centre (AlgEn, Slovenia) and cultivated in
Bold’s Basal growth media under room conditions (Bischoff
and Bold 2003). After 10 days of cultivation when the
microalgae were acclimatised, the algal cells were harvested
by centrifugation (at 3500 rpm for 10 min).

The harvested algal cells were immobilised in sodium
alginate, which offers various benefits: in the case of its
application to drinking water treatment, the most important
thing is that it is non-toxic and it allows simple, fast and cost-
effective immobilisation. Immobilised algal beads were
prepared using the procedure described in one of our previ-
ous studies, whereby algae-alginate gel suspension (2 %
alginate) was dropped into 2 % CaCl, solution (Petrovi¢ and
Simonic¢ 2015). Prepared beads with diameters in the range
of 3.5 £ 0.5 mm (with cell numbers of around 4.5 x 10° -
cells bead™") were transferred to the algal growth medium
and incubated under room conditions for 3—4 days. After a
short incubation, the beads with immobilised algal cells were
removed from the medium and washed twice with saline
solution (0.85 %) and finally with distilled water.

Analytical procedures

Several analyses were carried out throughout the experi-
ment. The samples were filtered through GF-3 filters
(Macherey—Nagel) in order to exclude most of the solids
present in the water and diluted before analysis if necessary.

The metal contents within the solutions (residual concen-
trations of copper, nickel and cadmium) were determined by
an atomic absorption spectrophotometer (Perkin-Elmer,
AAnalyst 400). The calculations for all three metals were
made according to a previously prepared calibration curve.
The metal concentration removed by immobilised algal beads
was determined by subtracting the residual metal concentra-
tion from the initial metal concentration within the solution.
The pH and temperature were measured by a WTW InoLab
Multi 720 measuring instrument (the instrument’s accuracy
for pH measurements was =0.01). The number of algal cells in
the beads was counted using a Neubauer haemocytometer
after dissolving the alginate beads in 10 mL of 0.1 M triso-
dium citrate solution (Mehta and Gaur 2001).

Characterisation studies

The water content of the algal beads was determined after
drying a weighed sample in a vacuum oven at 60 °C until
constant weight was achieved (for approx. 48 h). Finally,
from the difference between the weights of the wet and dry
samples, the water content was calculated.

The specific surface area, the pore sizes and the pore vol-
ume of the C. sorokiniana immobilised alginate beads were
measured using a Micromeritics ASAP 2020MP surface area
apparatus according to the following procedure. After
obtaining hydrogel spheres, the alcogels were formed by
solvent exchange using 100 % ethanol. The hydrogel spheres
were dehydrated by immersion within a series of successive
ethanol-water baths of increasing ethanol concentrations (10,
30,50,70,90and 100 %). Ethanol was then removed from the
alcogels (algal beads) by supercritical drying with carbon
dioxide at 40 °C and 100 bar for 6-7 h. Gas adsorption
measurements were applied for defining the surface area and
pore-size distributions of the material in a Micromeritics
ASAP 2020MP at —196 °C after degassing the sample at
70 °C for 660 min under vacuum, until a stable 10 um Hg
pressure was obtained. The BET (Brunauer, Emmett and
Teller) equation was used for determining the surface area by
assuming a 0.162 nm*/molecule as the molecular area of N,.

Scanning electron microscopy (SEM) combined with
energy dispersive X-ray spectroscopy (EDS) analysis was
used to identify the effects of metal sorption on the surface
morphologies of the algal beads. The algal beads were first
exposed to certain metal ion concentrations (30 mg/L of
each metal, exposure time 180 min) and then dried with
tissue paper in order to remove the excess surface water.
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The specimens were attached to a stainless steel carrier and
coated with a thin layer of gold under vacuum to increase
the electrical conductivity of each sample and to protect the
sample’s structure from electron beam damage and dehy-
dration within a vacuum. The specimens were observed
using a Quanto 2003D FEI scanning electron microscope,
equipped with a Sirion 400 FEI energy dispersive micro-
analysis system (Oxford Instruments, UK) at 15 kV.

The Fourier transform infrared (FTIR) spectra of the
immobilised alginate beads exposed to metals (at initial
metal concentrations of each metal 30 mg/L, exposure time
180 min) and those non-exposed to metals were obtained
using an FTIR spectrophotometer (FTIR Shimadzu
IRAffinity —1, Japan). The samples were then dried within
a vacuum oven at 60 °C until constant weight. The dry
sample of immobilised algae was afterwards gently mixed
with KBr powder (at a ratio of 1:30) and pressed into tablet
form at a force of 98 kN for 6 min using a manual tablet
presser. Finally, the FTIR spectra were recorded at room
temperature in the range of 400-4000 cm ™.

Biosorption studies
Single-metal systems

Stock solutions of Cu®", Cd** or Ni*" ions (with con-
centration of 1 g/L) were obtained by dissolving exact
amounts of high-purity CuSO, (Merck), 3CdSO4 x 8H,O
(Merck) and Ni(NO3), x 6H,O (Merck), in 1 L of distilled
water, respectively. The working solutions of 250 mL were
obtained by diluting the appropriate amount of each stock
solution with the drinking water sample, in which initial
metal concentrations varied between 5 and 320 mg/L. The
biosorption experiments were performed in 300-mL
Erlenmeyer flasks with 250 mL of working solutions stir-
red by a magnetic stirrer at 150 rpm. All tests, except when
studying the impact of temperature, were conducted at
room temperature (23 £ 1.2). The biosorption tests were
carried out with 15 £ 1.5 g of wet algal beads. Otherwise,
in the calculations, the dry weight of biosorbent was used
(~0.3 g) since water content was taken into account. The
error bars given for the temperature and biosorbent weight
represent the standard deviation of the measurements.

The samples for the analysis of metal content were
withdrawn at the beginning of the biosorption (zero time)
and then at different time intervals, until the equilibrium
state was established in the solution. Before being used in
the analysis, the samples were filtered through glass fibre
filters marked as GF-3. The metal content within the
solutions was then analysed by an atomic absorption
spectrophotometer.

The effect of contact time on the biosorption of Cu2+,
Cd>" or Ni*" ions by alginate-immobilised C. sorokiniana
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was studied at an initial metal concentration of 50 mg/L
(pH = 5), and the contact time increased from 0 min up to
300 min. All other experiments were performed with
contact times of 180 min.

The impact of pH was examined at an initial metal
concentration of 25 mg/L at pH varying from 3 to 7. The
pH of each test solution was adjusted to the required value
with dilute H,SO, and NaOH solutions.

In order to study the effect of temperature, biosorption
studies were carried out for each heavy metal at three
different temperatures, 20, 30 and 40 °C, at an initial metal
concentration of 25 mg/L and pH values of 5 (at contact
time of 180 min). The temperature of the solutions was
controlled by using a water bath.

The impact of the initial metal concentration on
biosorption by alginate-immobilised C. sorokiniana was
studied within the range of 5-320 mg/L for Cu®" ions, for
the Ni*™ ions between 8200 mg/L and for the Cd*" ions
within the range of 10-280 mg/L. These experiments were
performed at the same pH value and temperature as those
experiments in which the influence of contact time was
studied, except the contact time was lower (180 min).

In order to study the impact of repeated biosorption
cycles on biosorption efficiency, several biosorption—des-
orption cycles were performed under the same conditions.
The biosorptions were conducted at pH 5, initial metal
concentration of 25 mg/L and at contact time of 180 min.
The desorption of each metal was performed by using
appropriate amounts of 0.02 M EDTA solution contacted
with biosorbent at room temperature and stirred at 150 rpm
for 1.5 h. The algal beads were then washed with deionised
water and regenerated with 2 % CaCl, solution (1-2 h) to
strengthen the beads. Before being used in the next
biosorption cycle, the algal beads were again washed with
deionised water, then with 0.85 % NaCl, and finally with
deionised water.

Bi-metal and multi-metal systems

The biosorption experiments on bi-metal and multi-metal
systems were performed in an Erlenmeyer flask using
250 mL of drinking water solution containing known
concentrations of each metal (Cu®*, Ni*T and Cd**) at
room temperature and pH 5. The concentrations of pre-
pared stock solutions were the same as in the case of sin-
gle-metal systems (1 g/L). The biosorption tests were
carried out with the same amount of biosorbent as used in
those experiments on single-metal systems. In order to
ensure equilibrium conditions, the solutions were mixed by
a magnetic stirrer (150 rpm) for 180 min. The concentra-
tion of metals in the filtered samples was measured at
similar time intervals as for the single-metal solutions
(from O up to 180 min).
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Biosorption experiments on bi-metal systems were
conducted with solutions in which the initial concentra-
tion of a chosen metal was held constant at 30 mg/L,
whilst the initial concentration of other, i.e. competing
metal ion was varied (30, 50 or 100 mg/L). In addition,
the biosorption experiments were also conducted wherein
the initial concentrations of both metals present in the
solution were the same (at initial concentrations of 30, 50
and 100 mg/L). The biosorption experiments on multi-
metal systems were performed in the same way as those
experiments on bi-metal systems and at the same initial
metal concentrations (30, 50 and 100 mg/L), except that
in this case the solutions contained all three metals at
once. The initial concentration of one of the metals was
varied, whilst the initial concentrations of other two
metals were constant.

Biosorption capacity, isotherm and kinetics models

The sorption capacity of biosorption by the alginate-im-
mobilised C. sorokiniana was obtained using the following
equation (Eq. 1) (Al-Rub et al. 2006):

q:(Co*Ce)V (1)

m

where g is the sorption capacity (the amount of metal
adsorbed onto the unit amount of biosorbent) in mg/g, cg
and ¢, are the initial metal concentration and concentration
at equilibrium (both in mg/L), V is the volume of solution
(L) and m is the amount of biosorbent (g).

The Langmuir, Freundlich, Dubinin—Radushkevich and
Redlich—Peterson sorption isotherm models (Blanes et al.
2011; Dubinin 1960; Foo and Hameed 2010; Freundlich
1926; Langmuir 1916) were used for modelling equilib-
rium data obtained from the biosorptions of Cu®", Ni*"
and Cd>" ions (Table 1; Egs. 5-8).

The Freundlich isotherm model (Eq. 6) is the earliest
known relationship describing non-ideal and reversible
adsorption. This empirical model can be applied to multi-
layer adsorption, with non-uniform distribution of adsorp-
tion heat and affinities over the heterogeneous surface (Foo
and Hameed 2010; Freundlich 1926). If the value of 1/n is
less than one (see Table 1, Eq. 6), it indicates a normal
adsorption, when 1/n > 1 then it indicates cooperative
adsorption and when 1 > n <10 it indicates a favourable
sorption process (Saleh 2015a).

The Langmuir isotherm model (Eq. 5) assumes mono-
layer adsorption (the adsorbed layer is one molecule in
thickness) taking place at a finite number of binding sites
that are identical and equivalent, with no lateral interac-
tions between the adsorbed molecules, nor is there trans-
migration on the surface of adsorbent (Foo and Hameed
2010; Langmuir 1916). The Langmuir parameter b can be

used to express the affinity between the sorbate and sorbent
using the dimensionless separation factor Ry, which indi-
cates the isotherm shape that predicts whether an adsorp-
tion system is favourable or wunfavourable. The
dimensionless separation factor Ry is determined according
to Eq. 2 (Al-Rub et al. 2004; Hall et al. 1966):

Ri = 1/(1 + beo) (2)

An Ry value less than 1 indicates favourable adsorption.
The dimensionless separation factor for each of the metals
was calculated at initial metal concentration of
co = 50 mg/L.

The Redlich—Peterson triple parameter equation (Eq. 8)
incorporates the features of the Langmuir and Freundlich
isotherms into a single equation. Thus, this model is cap-
able of representing adsorption equilibrium over a wide
concentration range and can be applied either in homoge-
neous or heterogeneous systems because of its flexibility
(Blanes et al. 2011; Foo and Hameed 2010).

The Dubinin—Radushkevich isotherm model (Eq. 7)
assumes that adsorption has a multilayer character,
involves van der Waals forces and is applicable to physical
adsorption processes (Abdel-Ghani and El-Chaghaby
2014). Therefore, it is generally applied to express the
adsorption mechanism with a Gaussian energy distribution
onto a heterogeneous surface. By using the Dubinin—
Radushkevich constant Kpg, the mean free energy of
biosorption E [kJ/mol] was calculated (see Eq. 3), giving
information about the biosorption mechanism, i.e. type of
biosorption (Aksu 2002; Blanes et al. 2011; Sar1 and Tuzen
2009):

E = (2Kpr)~/? (3)

The models’ constants were determined by fitting the
equilibrium data of each of the metals (least squares fitting)
to respective equations using MATLAB software. The
equilibrium data for the biosorption of metal ions were
obtained from the biosorption experiments at various initial
metal ion concentrations, pH 5, constant room temperature
23 £ 1.2 °C and contact time 180 min.

In order to study the biosorption kinetics of Cu
and Cd*" ions, pseudo-first-order and pseudo-second-order
kinetic models (Table 1, Eqs. 9 and 10) were applied to the
sorption data (Ho and McKay 1998, 1999; Lagergren
1898). The parameters of the pseudo-second-order kinetic
model (g. and k) were determined from the slope and the
intercept of the linear plots #/g, versus f, whilst for the
pseudo-first-order model the linear plots of log(g.—q,)
against t were applied. The kinetic parameters of pseudo-
first model (k; and ¢g.) were obtained in the same way as
before. These calculations were obtained from the data
achieved in biosorption of Cu**, Ni** and Cd*" ions at
initial metal concentration of 50 mg/L (pH = 5, contact

24 N2+
, Ni
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time 180 min, room temperature). Finally, the model with
the highest correlation coefficient value (R2) was consid-
ered to be the most appropriate model to describe the
obtained data.

The separation factors o) for bi-metal systems were
calculated by using Eq. 4:

1 ge,1Ce2
o, = 4
: 4e2Ce 1 ( )

if oc; > 1, then metal 1 is preferred, and when océ < 1, metal
2 is preferred (Rodrigues et al. 2012). The separation fac-
tors o} of chosen bi-metal systems were calculated for the
experiments conducted at initial metal concentrations of
30, 50 and 100 mg/L and also at different combinations of
these concentrations.

Results and discussion
Single-metal biosorption

Effect of contact time for single-metal systems
The effect of contact time on the biosorption of Cu**, Ni*"
and Cd*" ions by alginate-immobilised C. sorokiniana is
shown in Fig. 1. The experiments were performed at initial
metal concentrations of 50 mg/L, biosorbent amount of
0.3 g and pH 5.

The sorption capacities of metals by alginate-immobilised
algae increased up to 37.85, 19.34 and 29.08 mg/g for Cu*™,
Ni** and Cd*" ions as the contact time increased from 0 min
to 300 min. The efficiencies for Cu®", Ni*" and Cd** ions

Table 1 The isotherm and kinetics models used in modelling the sorption data (Blanes et al. 2011; Dubinin 1960; Foo and Hameed 2010;
Freundlich 1926; Ho and McKay 1998, 1999; Lagergren 1898; Langmuir 1916)

Model Equation Eq. no.

Constants/parameters

_ gmbee 6))

Langmuir e = {25

g.—Dbiosorption capacity at equilibrium [mg/g]

gm—maximum theoretical biosorption capacity of sorbent under the given
conditions [mg/g]

b—equilibrium biosorption constant related to the affinity between the sorbent
and sorbate [L/mg]

ce—equilibrium concentration of metal [mg/L]

Freundlich Ge = Kpcé/" (6)

g.—biosorption capacity at equilibrium [mg/g]

Kg—Freundlich isotherm biosorption constant for relative biosorption capacity
[(mg/g)(mg/L)"]

n—Freundlich model exponent related to the biosorption intensity (i.e.
heterogeneity factor)

c.—equilibrium concentration of metal [mg/L]

Dubinin—
Radushkevich

e = (Qm)exp(_KDREZ) (7

g.—Dbiosorption capacity at equilibrium [mg/g]

Kpr—Dubinin—Radushkevich constant, inversely related to the mean free energy

of biosorption [mol?/kJ?]

gm—maximum theoretical biosorption capacity [mg/g]
&—Polanyi potential (¢ = RTIn(1 + 1/c.))
c.—equilibrium concentration of metal [mg/L]
R—gas constant [8.314 x 1073 kJ/mol*K]
T—absolute temperature [K]

Redlich-Peterson ¢, = lf‘jl—"“i ®
RPCY

g.—Dbiosorption capacity at equilibrium [mg/g]

Krp—Redlich—Peterson isotherm constant [L/g]

agp—Redlich—Peterson isotherm model constant [L/mg]

n—~Redlich—Peterson isotherm model exponent

c.—equilibrium concentration of metal [mg/L]

Pseudo-first

log(ge — i) = logge — (755)t (@)

g.—Dbiosorption capacity at equilibrium [mg/g]

ki—the rate constant of pseudo-first order biosorption [min ']

g—biosorption capacity at time ¢ [mg/g]

order
Pseudo-second R . (10)
4 4e kg
order

g.—Dbiosorption capacity at equilibrium [mg/g]
k,—the rate constant of pseudo-second-order biosorption [g/(mg*min)]

g—biosorption capacity at time ¢ [mg/g]
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Fig. 1 Removal of Cu®>", Ni** and Cd>" ions from drinking water by
alginate-immobilised C. sorokiniana as a function of contact time
(initial metal concentration of 50 mg/L, pH 5)

achieved under these experimental conditions were 84.16,
41.58 and 64.61 %, respectively. For all three tested metals,
the experimental data indicated that the amounts of each
heavy metal biosorbed increased rapidly with the contact
time up to 25 min, and after that the biosorption rate became
slower. The highest values were obtained between 180 and
300 min. After 180 min, no noticeable increase in metal
removal by algal beads was observed, indicating that equi-
librium conditions had been achieved. Thus, 180 min is
considered to be adequate for the biosorption of metals by
alginate-immobilised C. sorokiniana. Similar contact times
have been used in other investigations (Aksu 2001; Bulgariu
and Bulgariu 2012; Chong et al. 2000; Romera et al. 2007).

The mechanism of heavy metal biosorption process can be
described as follows: firstly, the metal ions are transferred
from the solution to the biosorbent surface, which contain
various functional groups that act as active binding sites, and
depending on pH, cationic or anionic sites are available for
biosorption, wherein physical sorption, chemosorption, or
ion-exchange occurs rapidly. The functional groups that
have previously been reported to be effective at attracting
heavy metal ions are mainly carboxyl, hydroxyl, sulphate,
phosphate, amino, amido and phenolic groups (Romera et al.
2007; Wan Maznah et al. 2012). The first step is mostly
affected by metal ion concentration, agitation period and rate
(Bayramoglu and Yakup Arica 2009). The second step
includes transport, i.e. diffusion of metal ions into pores of
adsorbent, whilst the last stage is related to the diffusion of
the metal ions on the internal surface of the material and is
considered to be a rate-limiting step (Flouty and Estephane
2012; Mane and Bhosle 2011).

Effect of pH and temperature for single-metal systems

The pH of the aqueous solution is considered to be one of
the most important factors for heavy metal biosorption,

since pH affects the charge on the surface of the biosor-
bents and the metal chemistry in water and thus the solu-
bility of metal ions (Bulgariu and Bulgariu 2012; Kaewsarn
and Yu 2001; Romera et al. 2007). The impacts of initial
pH on the biosorption capacities of Cu*", Cd*" and Ni*"
ions by alginate-immobilised C. sorokiniana are shown in
Fig. 2a. The pH effects were studied within a range of 3-7
at initial metal concentrations of 25 mg/L. As Fig. 2a
shows, the removal capacities for copper increase with pH
up to 5 but at pH values around 5.5 or higher, a precipi-
tation effect was observed; therefore, in this case the pH
effect was not studied at pH 7. The problem of copper
precipitation at pH higher than 5.5 has been noticed in an
earlier biosorption study on C. vulgaris (Al-Rub et al.
2006). Otherwise, the maximum capacity (efficiency) for
Cu”" ions was calculated to be 20.24 mg/g (98.86 %). This
is in agreement with previous investigations which showed
increased metal sorption with increasing pH of the solution
(Wan Maznah et al. 2012). Thus, the increase in the initial
solution pH will result in an increase in the dissociation
degrees of functional groups from the biosorbent surfaces,
and as a consequence, the number of electrostatic interac-
tions will increase (Bulgariu and Bulgariu 2012). Another
aspect that should be considered in the biosorption of
metals is metal speciation in solution, since metals in water
solutions may occur in different metal ion species
depending on the solution pH (Abdel-Ghani and El-Cha-
ghaby 2014; Gupta et al. 2011a, b; Saleh et al. 2011). For
instance, Cu(Il) appears in water solutions as Cu”" at pH
values up to 5, whilst at pH 4-5 other Cu(Il) species like
Cu(OH)" are present, and Cu(OH), can be found at
pH > 6 (Abdel-Ghani and El-Chaghaby 2014). A decrease
in adsorption could therefore be observed after a certain pH
owing to the hydrolysis of metal ions as well as the
increased concentration of hydroxyl ions or anionic species
in the medium.

In the case of Cd*" biosorption, the highest capacity for
Cd** ions, 19.22 mg/g, in this study was measured at pH 4,
and then with increasing pH, the values decreased. How-
ever, the strongest pH effect on biosorption capacities was
observed in the biosorption of cd>* ions, whilst in the case
of Ni*" biosorption the capacities were less obviously
affected. The forms of Cd(II) species that are mainly pre-
sent in water solutions are Cd>", Cd(OH), and Cd(OH)*.
Cd>™" is the predominant species at low pH range (3.5-5),
but at higher pH values (pH > 7) Cd(Il) ions have a ten-
dency to precipitate Cd(OH), (Ihsanullah et al. 2015). On
the other hand, nickel is predominantly present in the pH
range 2-3 as Ni** but at higher pH range (4.5-6), partial
hydrolysis of the metal ions occurs, and the removal of
nickel is possibly accomplished by simultaneous precipi-
tation of Ni(OH), and sorption of Ni(OH)* (Abdel-Ghani
and El-Chaghaby 2014). The biosorption experiments on
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Fig. 2 The effect of initial pH (a) and temperature (b) on biosorption of Cu>*, Ni*™ and Cd*" ions from drinking water by alginate-immobilised
C. sorokiniana (initial metal concentration of 25 mg/L, contact time of 180 min)

nickel in this study were not executed at pH > 7 to avoid
metal ion precipitation. Maximum capacity of Ni*T
biosorption was 10.35 mg/g, and the maximum efficiency
was 41.63 % (both at pH 5). The highest capacities for
Cu?" and Ni?* ions were obtained at pH 5, and because the
capacity for Cd*" ions at pH 5 was close to that at pH 4,
the appropriate pH for further experiments, at which the
optimum removal efficiencies can be achieved, is sug-
gested as being pH 5.

The reactions of the metal ions within the solution with
the biosorbent can be described by the following equilib-
rium (Eq. 11) (Bayramoglu and Yakup Arica 2009):

H,B+Mn"' — MB +nH" (11)

where M denotes the metal, n its charge and B the available
metal binding sites (functional groups) on the biosorbent.
According to this equation, pH affects metal biosorption
because of the competitive effect between the metal ions
and H;O" ions for the same active metal binding sites
(Onyancha et al. 2008). At low pH values, the H;O" ion
concentration exceeds the concentrations of the metal ions;
therefore, functional groups, i.e. ligands, are closely asso-
ciated with the hydronium ions which occupy free binding
sites and repulsive forces limit the approach of the metal
ions. With increasing pH, the competing effect of H;O"
ions decreases. More functional groups would be exposed
and thus negative charges would result and attraction
between negative charges and the metals would increase
biosorption (Kaewsarn and Yu 2001; Sar1 and Tuzen 2009).

The same pH as in this study was found to be optimal in
previous studies on heavy metal biosorption by alginate-
immobilised algal cells. Bayramoglu and Yakup Arica
(2009) found that biosorption of Cu*", Zn*" and Ni** ions
by the alginate-immobilised Scenedesmus quadricauda
showed the highest values at pH 5. The same value was
found to be the most appropriate for Ni** biosorption by
immobilised Chlorella vulgaris (Al-Rub et al. 2004).
However, a slightly lower pH value (4.5) was used for the
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removal of Ni** and Cu®* by sodium alginate-immobilised
C. vulgaris cells (Mehta and Gaur 2001).

The temperature of the biosorption medium can be
important for metal biosorption by algal cells and can
affect the removal efficiencies of heavy metals. The effect
of temperature on the removal of Cu?*, Ni** and Cd*"
ions (at the initial concentration 25 mg/L for each metal)
by immobilised algae is shown in Fig. 2b.

The biosorption capacity for Cu®" ions increased from
15.45 to 16.56 mg/g, and the removal efficiency from
72.91 % to 80.61 % as temperature was increased from 20
to 40 °C. According to Sar1 and Tuzen (2009), the increase
in biosorption with rise in temperature may be caused by
the strengthening of biosorptive forces between the active
sites of the biosorbents and sorbate species, and between
adjacent molecules of the sorbed phase. The effect may
also be caused by the fact that at higher temperatures, an
increase in active sites occurs because of bond rupture
(Aksu 2002).

The maximum biosorption capacity of Ni*"T ions,
9.21 mg/g, was found at 20 °C, decreasing with temper-
ature (up to 40 °C) to 6.57 mg/g. Similarly, the biosorp-
tion capacity and efficiency for Cd*" ions decreased in
part when the temperature increased from 20 to 30 °C,
but the capacity at 40 °C was similar to that at 30 °C.
Adsorption is generally an exothermic process. The
decrease in biosorption efficiency with increase in tem-
perature is caused, most probably, by the desorption
tendencies of heavy metals from biosorbent surfaces
(Bulgariu and Bulgariu 2012). As in this study, the
removal percentage of cadmium decreased with rising
temperatures in the biosorption study performed by Aksu
(2001). However, since in our study there were no drastic
decreases or increases in biosorption capacities with
temperature during biosorptions of the chosen metals by
alginate-immobilised C. sorokiniana, it was concluded
that a temperature range of 20-30 °C allows sufficient
removal efficiencies.
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Effect of initial metal concentration on single-metal
systems

In order to study the effect of initial metal concentration on
biosorption capacity by alginate-immobilised C. sorokini-
ana, experiments with different concentrations of Cu2+,
Ni** and Cd*" metal ions in the biosorption medium were
performed, wherein the initial metal concentrations were
varied within a range of 5-320 mg/L.

As seen in Fig. 3, the biosorption capacities of all the
tested metals increased with increases in the initial metal
concentration, whereby the equilibrium metal concentra-
tion also increased. Higher initial concentrations provided
the driving force for overcoming mass transfer resistance
of a metal ion between the aqueous solution and the solid,
thus increasing the metal uptake. In addition, increasing
initial metal ion concentrations also increases the number
of collisions between metal ions and sorbent, which
enhances the sorption process (Kumar and Das 2012;
Onyancha et al. 2008). The experimental maximum
biosorption capacities obtained during biosorptions of
Cu®*, Ni** and Cd*" ions by alginate-immobilised C.
sorokiniana cells were found to be 150.07, 48.87 and
101.73 mg/g biosorbent, respectively. These results indi-
cate that biosorption capacities for the metals tested fol-
lowed the order: Cu>" > Cd*" > Ni*". A similar order of
biosorption capacities was noticed in a previous study on
the biosorption of heavy metals using different types of
algae conducted by Romera et al. (2007). They claimed
that the differences when binding metal ions to active sites
of the cell wall, i.e. differences in capacities, is closely
related to certain intrinsic metal properties such as the ionic
radii, atomic weights and electro-negativities of atoms.
Moreover, the properties of the biosorbents, for instance
structure, functional groups and surface properties, also
play important roles during this process.
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Fig. 3 The equilibrium biosorption capacities as functions of equi-
librium concentrations for Cu®*, Ni>* and Cd** removal from
drinking water by alginate-immobilised C. sorokiniana (pH =5,
contact time of 180 min)

When studying the effects of initial metal concentrations
on biosorptions, the highest removal yields achieved for
Cu”*, Ni** and Cd*" were 97.10, 50.94 and 64.61 %,
respectively. In general, when increasing initial metal
concentrations, the removal yields decreased, as the
available sites on the surfaces of the biosorbents became
saturated and further adsorptions of the metal ions pre-
vented (Onyancha et al. 2008). Despite the good maximum
biosorption capacities achieved, at higher initial metal
concentrations when testing, the toxicity effects of these
metals were observed on cells of C. sorokiniana. These
could be seen in the ways that the algal beads lost their
green colour as the number of cells, and thus the content of
chlorophyll, decreased. The lowest toxicity effect on algal
cells was noticed in the case of Cd>* ions, whilst Ni>* and
Cu®" jons showed slightly higher toxicities to C.
sorokiniana. Although insufficient information is available
on the genetics of metal uptake and resistance in algae and
the mechanisms remain largely unknown, the biosorption
of heavy metals by immobilised algae presents a promising
alternative in regard to other biosorption systems. How-
ever, when working with live algal cells, the toxicity effect
on the algal cells cannot be ignored; therefore, optimum
initial metal concentrations are necessary for determination
regarding each new biosorption system, as no particular
concentration can be specified as applicable to all species.

Comparisons between capacities achieved during this
investigation with previous studies on metal removal by
alginate-immobilised C. sorokiniana are almost impossible,
as there have been no studies with these algae species
immobilised on such a carrier. In addition, most studies with
other algae were performed with dead algal cells. However,
the capacities for Cu®>" and Ni** ions during these experi-
ments were higher than those capacities achieved during the
biosorptions of these two metals by Scenedesmus quadri-
cauda immobilised within the same matrix, wherein the
maximum biosorption capacities were found to be 75.6 and
30.4 mg/g biosorbent, respectively (Bayramoglu and Yakup
Arica 2009). In another study, the biosorption capacity of
Chlorella sp. for Cu" ions after 6 h of biosorption in an
alginate-immobilised system was even lower, at 33.4 mg/g
(Wan Maznah et al. 2012). On the other hand, during the
removal of Ni** and Cu®" ions by alginate-immobilised
Chlorella vulgaris, the capacity for Ni*T was around
110 mg/g and was higher than the capacity for Cu** (65 mg/
g) (Mehta and Gaur 2001). In one of the rare studies on C.
sorokiniana cells (non-immobilised), which have been pro-
ven to be highly resistant to heavy metals such as Cd*™", these
algae were capable of taking up the heavy metal ions Cd*™,
Zn** and Cu®" at 43, 42 and 46.4 mg/g dry weights,
respectively (Yoshida et al. 2006). Otherwise, the capacities
from the present study were higher, probably because of the
immobilisation of algal cells.
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Table 2 Kinetic parameters\ for Metal® Pseudo-second order Pseudo-first order Geexp [Mg/g]
pseudo-second and pseudo-first

order obtained from the ky [g/(mg*min)]  geq» [mg/g] R ky (min™'1 geqr [mg/gl R

biosorptions of Cu**, Ni*™ and

Cd2+ ions from drlnklng water (jl.lz+ 0.0019 39.84 0.9986 0.0200 24.57 0.8914 37.85

by alginate-immobilised C. Ni** 0.0054 20.24 0.9992  0.0312 13.27 0.8550 19.34
sorokiniana Cd®™  0.0050 30.03 0.9988  0.0315 16.71 0.7491  29.08

* Initial metal concentration of 50 mg/L, pH = 5

The impacts of repeated biosorption—desorption cycles
on single-metal systems

In order to study the impacts of repeated biosorption cycles
on algae and removal efficiency, and to determine the
reusability of the used biosorbent, five biosorption—desorp-
tion cycles were conducted with initial concentrations of
each metal of 25 mg/L (at pH value 5, contact time 180 min).
The results show that the removal efficiencies varied during
the cycles and somewhere even increased as in the cases of
Cd** and Cu®* removal. This improvement may be attrib-
uted to the fact that regeneration or desorption using acid
could free up more active sites by removing some contami-
nants that might have been bound previously to the algal cells
(Al-Rub et al. 2004). After each desorption, the alginate
beads were treated with 2 % CaCl, solution in order to
strengthen the algal beads; thus, the number of active sites
present on the biosorbent could change.

The removal efficiencies for all three metals after five
biosorption—desorption cycles performed by immobilised
algal beads generally decreased by 5-10 %, compared with
the highest efficiency achieved (91.70 % for Cu?* ions,
39.26 % for Ni** ions and 60.3 % for Cd*" ions). The
capacities achieved for the Cu®* ions were within the range
of 17.10-22.21 mg/g, for Ni** between 8.17 and 9.55 mg/
g and for Cd** 11.04-12.75 mg/g. A trend of decreasing
efficiency with the number of performed cycles was also
noticed in the cases of biosorption capacities.

After five cycles, a small decrease in algal cell numbers
was observed; thus, the removal efficiency consequently
decreased. This effect was noticed as being strongest in the
cases of those experiments performed on Cu®" and Ni*™
removal. When algal beads were stored for some days
within a growth medium, the algal cells slowly regener-
ated. Nevertheless, five or even more cycles could be
efficiently implemented with alginate-immobilised cells of
C. sorokiniana.

Biosorption kinetics for single-metal systems
In order to clarify the biosorption kinetics of the Cu?*,
Ni** and Cd*" ions by alginate-immobilised C. sorokini-

ana, pseudo-first-order and pseudo-second-order kinetic
models were applied to the experimental data. Biosorption
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kinetics is expressed as the solute removal rate that controls
the residence time of the sorbate at the solid-solution
interface (Samuel et al. 2013). A comparison of the kinetic
parameters estimated from the pseudo-first and pseudo-
second-order kinetic models (Eqgs. 9 and 10) and experi-
mental biosorption capacities obtained at 50 mg/L of initial
metal concentration is shown in Table 2. The correlation
coefficients for the pseudo-second-order model were
>0.9986, whilst for the pseudo-first-order the R? values
were within the range of 0.7491-0.8914. High correlation
coefficients for the pseudo-second-order model for all three
metals suggest that this model provides a better fit to the
experimental data than a first-order model. It can be seen
from Table 2 that the theoretical biosorption capacities
(geq2) of the pseudo-second-order kinetic model were
closer to the experimental values (g cxp) than the values of
pseudo-first-order for all the heavy metals studied. There-
fore, it can be concluded that the pseudo-first-order kinetic
model is unsuitable for the biosorption of chosen metals
onto alginate-immobilised C. sorokiniana and that
biosorption follows the kinetics of the pseudo-second-order
model. The rate-controlling step during the biosorption
process is assumed to be a chemical sorption involving
valance forces through sharing or exchanging electrons
between functional groups of biosorbent and metals
(Onyancha et al. 2008; Samuel et al. 2013).

Biosorption isotherm models for single-metal systems

The biosorption mechanism of metal ions by immobilised
algae is quite complex, so analysis of equilibrium data are
important for better understanding this process. Heavy
metal sorption data are typically described and modelled by
adsorption isotherms which are characterised by constants,
the values of which express the surface properties and
affinity of the biosorbent (Aksu 2001). In this study, four
biosorption isotherm models were selected to fit the equi-
librium experimental data of the biosorption system in
order to predict the biosorption efficiency and potential of
an adsorbent: Langmuir, Freundlich, Dubinin-Raduskhe-
vich and Redlich—Peterson (see Table 1, Eqs. 5-8).

The parameters of the chosen isotherm models are col-
lated in Table 3. The values of correlation coefficients (R>)
show that the biosorption isotherm data of the heavy metals



Int. J. Environ. Sci. Technol. (2016) 13:1761-1780 1771
Table 3 The constants and Metal Cut+ Niz* Ccdz+
correlation coefficients obtained
from Langmuir, Freundlich, Isotherm constants
Dubinin—Raduskhevich and Freundlich
Redlich—Peterson isotherm .\
models for the biosorptions of K [(mg/g)(mg/L)"] 19.8000 1.8580 4.4980
Cu®", Ni*" and Cd*" by n 2.4200 1.5130 1.5950
alginate-immobilised C. R2 0.9899 0.9968 0.9747
sorokiniana .
Langmuir
gm [mg/g] 179.90 86.49 164.50
b [L/mg] 0.0324 0.0088 0.0108
R * 0.3858 0.6726 0.6416
R? 0.9865 0.9943 0.9942
Dubinin—Raduskhevich
Kpg [mol*/J%] 0.5233 1.0510 1.1000
gm [mg/g] 157.30 54.33 119.30
E [kJ/mol] 0.9775 0.6897 0.6742
R? 0.9661 0.9417 0.9771
Redlich—Peterson
Krp [L/g] 87.14 1.43 1.84
agp [L/mg] 3.8220 0.2201 0.0180
n 0.6140 0.5374 0.9019
R? 0.9906 0.9981 0.9933

* The Ry value was calculated at 50 mg/L of initial metal concentration

studied can be well represented by the Freundlich, Lang-
muir and Redlich—Peterson isotherm model. The maximum
theoretical biosorption capacities for Cu?*, Ni** and Cd*"
ions calculated from the Langmuir equation were 179.90,
86.49 and 164.50 mg/g biosorbent, respectively. The
equilibrium biosorption constant (b) related to the affinity
of the binding sites was the highest in the case of Cu®"
biosorption (0.0324 L/mg), and the lowest in Ni*"
biosorption. Thus, the affinities for the Cu?* ions were
evidently higher than those of the other two metals. Fur-
thermore, the dimensionless separation factor, R; was
calculated according to Eq. 2 in order to predict the affinity
between the sorbate and sorbent. The values of the
dimensionless separation factors for Cu?*, Ni*™ and Cd*"
ions calculated at 50 mg/L of initial metal concentration
were within the range of 0 < Ry < 1 (Table 3), which
indicates that the biosorbent is a favourable adsorbent for
the removal of these ions from drinking water solutions. As
already mentioned, the Langmuir model refers to a
monolayer sorption of heavy metal ions which take place at
the functional groups on a surface containing a limited
number of binding sites, whilst the Freundlich equation
refers to sorption on heterogeneous surfaces (Bulgariu and
Bulgariu 2012; Sar1 and Tuzen 2009). The heterogeneity
factor n, determined by using the Freundlich equation, was
in the case of Cu®* biosorption ions 2.4200, whilst for Ni**
and Cd*" ions the values were lower and quite close to
each other. The correlation coefficients for Freundlich

isotherms were >0.9747, whereas similar or even higher
values were calculated in the cases of the Langmuir and
Redlich—Peterson isotherms.

The Redlich—Peterson model was used, since it is cap-
able of representing adsorption equilibrium over a wide
concentration range. The Redlich—Peterson constants Krp
[L/g] and agp [L/mg] were found to be 87.14 and 3.822 for
Cu”" ions, 1.43 and 0.2201 for Ni** and 1.84 and 0.0180
for Cd** ions, respectively.

The Dubinin—Radushkevich (D-R) isotherm is also
widely applied in adsorption studies because it does not
assume a homogeneous surface or constant adsorption
potential. However, the D-R adsorption isotherm model
did not fit very well to the experimental data obtained in
this study, as the correlation coefficients were significantly
lower (0.9417-0.9771) than those of the other three mod-
els. The mean free biosorption energies E [kJ/mol] for
Cu?", Ni** and Cd** ions, calculated from D—R constants
(Kpr) by Eq. 3, were found to be <8 kJ/mol.

As three of the four isotherm models used were suit-
able for describing the biosorption equilibriums of Cu*™,
Ni** and Cd** ions by alginate-immobilised C. sorokini-
ana within the studied concentration range, it can be
assumed that both monolayer biosorption and heteroge-
neous surface biosorption occur during biosorption exper-
iments by immobilised algae. Such a complicated
mechanism of biosorption was previously noticed for Ni*™
biosorption on C. vulgaris (Aksu 2002).
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Characterisation of the biosorbents for single-metal
systems

Scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDS) and Fourier transform infrared
spectroscopy (FTIR) analyses are the most useful methods
for the surface characterisation and elemental analysis of
materials (Saleh and Gupta 2012a, b), especially for those
materials that are involved in adsorption studies. SEM and
EDS analyses were therefore applied to study the surface
morphologies of the biosorbents after the biosorptions of
each metal. The SEM images of alginate beads exposed to
Cu?*, Ni** or Cd*" ions presented in Fig. 4 show that the
surfaces of such beads were relatively dynamic and rough
compared to the unexposed beads, the surfaces of which
were more uniform and smooth. The EDS spectra of the
alginate-immobilised C. sorokiniana beads exposed to

Au

Cu®™, Ni** or Cd*" ions confirmed the presence of these
ions on the biosorbent’s surface. The peak for gold within
the EDS spectra occurred because of gold sputtered on the
surfaces of the samples. Besides the metal, the spectra also
showed peaks for Ca*", C and O. This can be explained by
the chemical composition of the algal beads. Alginate, i.e.
alginic acid, is a heteropolysaccharide consisting of 1 — 4
linked f-p-mannuronic acid and its C-5 epimer o-L-gu-
luronic acid (Pawar and Edgar 2012) and is thus rich in C
and O. Algae contain these and many other elements, as the
main components of the cell walls are peptidoglycan, tei-
churonic acid, teichoic acid, polysaccharides and proteins,
which contain various functional groups (Aksu and Don-
mez 2006). The presence of Ca>" ions appears from the
CaCl, used during the preparation procedure of the
biosorbent as the hardening agent of the alginate beads. As
the alginate beads were, before the biosorption
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Fig. 4 SEM and EDS analyses of alginate-immobilised C. sorokiniana beads exposed to: a Cu*", b Ni**, ¢ Cd*" ions and d shows an SEM

image of the unexposed algal bead
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experiments, stored within a growth medium containing
various compounds and rinsed with NaCl solution, resid-
uals of KT, Mg2+ and Cl™ ions were also found within the
specimen.

In addition, some other basic properties such as specific
surface area and pore sizes, the water content and the
diameters of the algal beads were also determined in order
to characterise the biosorbents before being used in these
experiments. The specific surface area of the C. sorokini-
ana immobilised alginate beads was measured as
562.0034 m*/g. The pore sizes of the beads amounted to
14.4130 nm, and the pore volume was 1.8421 cm®/g. The
measured diameters of the algal beads were within the
range of 3.5 £ 0.5 mm. The water content of the beads
was determined after drying the sample until constant
weight and was found to be around 98 %.

Bi-metal and multi-metal biosorptions
Binary biosorption of Cu® /Ni*

The experiments on binary biosorption of Cu®™/Ni** by
alginate-immobilised C. sorokiniana showed that the
biosorption capacities for Ni*™ jons were considerably
affected by the presence of Cu®" ions within the drinking
water solution (Fig. 5a; Table 4). The equilibrium uptake
capacity of Ni*™ (at a constant initial Ni*™ conc. of 30 mg/
L) decreased noticeably with increasing concentrations of
Cu®" ions from 30 to 100 mg/L (Fig. 5a). The highest
capacities of Ni*™ ions (30.4 mg/g) within the bi-metal

solution were achieved in cases when the initial
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concentration of Ni*™ jons was the highest and that of Cu*"
the lowest (100 and 30 mg/L, respectively). The increase in
inhibition of Ni*™ biosorption with increase in concentra-
tion of Cu”" in the solution implies that these two metals
were competing for the binding sites present on the surface
of the biosorbent. According to Flouty and Estephane
(2012), the primary species involved in the biosorption
mechanism of copper are the amino groups. However, the
competition amongst different metal ions depends highly
on ionic characteristics, and biosorption can also decrease
with increasing ionic strength of the aqueous phase because
of the presence of different cations within the solution
(Onyancha et al. 2008). The greater the electronegativity or
ionic radii, the greater the affinity usually is. Thus, as the
jonic radius of Cu®" jons is greater (0.73 A) than that of
Ni2* jons (0.69 A), a stronger physical affinity for Cu>*
ions is expected at the biosorption sites on the cells.
However, inhibition of Ni*" sorption due to Cu*" ions was
stronger than the inhibition of Cu®" sorption by Ni*™, as
the removal capacities and efficiencies for Cu?" achieved
at higher concentrations of Ni*™ were very similar to those
at the lowest concentration (Fig. 5b). When both metals
within the solution were at the same concentration (i.e.
30 mg/L), the removal efficiency (capacity) for Cu*" was
89.68 % (21.47 mg/g) and 39.66 % (11.15 mg/g) for the
Ni** ions but when increasing the Cu?* concentration up
to 100 mg/L, then the efficiency for Ni*" decreased to
21.03 % (5.45 mg/g). On the other hand, the removal
efficiency for Cu>™ ions at 100 mg/L of Ni*" and 30 mg/L
of Cu?" was still higher than 85 %. Insignificant or low
inhibitory effect of Ni*™ ions on Cu”" sorption was

b
K, B
g 16 > 16
= —&—Ni 0 mg/L £
& " ——NidomglL & 2
O 3 —%—Ni 50 mg/L 3
& —o—Ni 100 mg/L -
S5
4 4
0 0
0 50 100 150 200 0 50

t [min]

t [min]

€ 2
—&-Cu0 = 2 —=-Cd0
mg/L S 16 mg/L
——Cu30 g ——Cd 30
mg/L =12 mg/L
——Cu50 & —%—Cd 50
mg/L z 8 mg/L
—-o—Cu100 & —o—Cd 100
mg/L 4 mg/L
0
150 200 0 50 100 150 200
t [min]
f o2
20
—_
>
S 16
£
—&—Cd 0 mg/L o2
—a—Cd 30 mg/L B —=—Ni 0 mg/L
——cdsomgL O 8 —5—Ni30 mg/L
—0—Cd 100 mg/L T, —%—Ni 50 mg/L
—0—Ni 100 mg/L
0
150 200 0 50 100 150 200

t [min]

Fig. 5 The influences of: a Cu®>" on Ni** biosorption, b Ni** on Cu®" biosorption, ¢ Cu>* on Cd*" biosorption, d Cd*" on Cu* biosorption,
e Cd*" on Ni** biosorption, f Ni>* on Cd** biosorption. Initial conc. of primary metal: 30 mg/L
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Table 4 Equilibrium biosorption capacities and removal efficiencies for the bi-metal and multi-metal systems of Cu®", Ni*" and Cd*" ions
depending on the initial metal concentrations

Metal system® co [mg/L] qe [mg/g] Efficiency (%) Separation factor

Cu2+ Cd2+ Ni2+ Cu2+ Cd2+ Ni2+ Cu2+ Cd2+ Ni2+ 1%
Cu®*/Ni>* 30 / / 22.21 / / 91.70 / / /

/ / 30 / / 12.07 / / 49.70 /

30 / 30 21.47 / 11.15 89.68 / 39.66 13.22

50 / 30 39.96 / 8.77 78.27 / 32.59 7.45

100 / 30 68.96 / 5.45 71.40 / 21.03 9.38

30 / 50 21.97 / 15.60 87.12 / 31.36 14.80

30 / 100 21.84 / 30.40 85.18 / 34.60 10.86

50 / 50 35.32 / 15.31 69.60 / 30.78 5.15

100 / 100 67.67 / 19.54 67.30 / 18.93 8.82
Cu*t/cd*t 30 / / 2221 / / 91.69 / / /

/ 30 / / 18.33 / / 73.40 / /

30 30 / 22.16 17.06 / 85.30 62.31 / 3.51

50 30 / 36.54 16.70 / 91.50 64.09 / 6.03

100 30 / 67.12 8.18 / 76.44 25.84 / 9.31

30 50 / 22.62 25.53 / 85.25 52.65 / 5.20

30 100 / 20.22 24.86 / 90.11 28.23 / 23.16

50 50 / 39.13 15.11 / 91.53 32.64 / 22.30

100 100 / 59.91 19.82 / 75.81 23.55 / 10.17
Cd*/Ni*T / 30 / / 18.33 / / 73.40 / /

/ / 30 / / 12.07 / / 49.70 /

/ 30 30 / 15.10 11.77 / 63.03 42.08 2.35

/ 50 30 / 25.25 9.10 / 64.55 31.91 3.89

/ 100 30 / 53.78 5.35 / 53.78 18.57 6.41

/ 30 50 / 12.30 17.65 / 49.56 41.29 1.41

/ 30 100 / 12.43 26.63 / 50.85 29.97 242

/ 50 50 / 23.18 24.15 / 61.18 39.18 245

/ 100 100 / 31.87 16.62 / 39.54 18.33 2.86
Cu*t/Cd*/Ni?+ 30 30 30 24.30 12.59 8.25 84.51 47.41 3243 /

30 30 50 18.03 10.48 10.39 71.02 38.81 22.89 /

30 30 100 19.37 11.73 21.29 78.01 4523 24.41 /

50 50 30 9.94 16.86 245 46.30 40.39 9.81 /

50 30 30 30.09 10.09 19.22 75.99 35.75 69.89 /

100 30 30 73.27 13.85 442 76.72 48.10 17.41 /

30 50 50 76.82 18.18 7.66 93.50 41.84 25.84 /

30 50 30 34.98 20.36 14.68 84.22 4581 32.64 /

30 100 30 21.63 4137 5.77 89.01 47.11 22.48 /

50 30 50 62.92 18.11 20.81 75.81 62.00 23.55 /

50 50 50 35.91 21.46 13.09 83.99 48.11 29.66 /

100 30 50 72.92 10.48 15.91 77.29 35.82 37.65 /

50 30 100 33.02 11.97 32.66 89.32 44.41 37.16 /

100 50 30 79.35 16.90 6.39 88.30 36.60 27.94 /

30 50 100 19.67 20.92 25.51 7474 43.79 29.28 /

50 100 30 3273 37.63 2.64 80.12 41.39 11.17 /

30 100 50 16.11 36.29 10.71 66.89 41.10 27.59 /

* The first metal in the bi-metal system represents the preferred metal (marked with 1) in the separation factor. For example, in the bi-metal
system Cu®*/Ni*>", Cu®* represents metal 1 and Ni** represents metal 2
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likewise reported by some other researchers (Flouty and
Khalaf 2015; Mehta and Gaur 2001). In addition, they
found that total metal (Ni 4+ Cu) sorbed from the binary
metal solution by immobilised Chlorella vulgaris always
remained lower than the total sorption of individual metals
from single-metal solutions, thereby suggesting strong
competition between these ions for common binding sites
on the biosorbent. The same can be said for the results
obtained from these experiments (those at 30 mg/L of
initial metal concentration).

Since experiments on single-metal systems show that
pseudo-first-order kinetic model is inappropriate to
describe biosorption of the chosen metals, the biosorption
kinetics of bi-metal systems were studied only by using a
pseudo-second-order kinetic model (data not shown). As in
single-metal systems, the values of theoretical biosorption
capacities for a Cu>"/Ni*" system were in excellent
agreement with the experimental ones (the correlation
coefficients were higher than 0.9933) and the same applies
to the other two bi-metal systems. The rate constants for
pseudo-second-order biosorption (k,) in Cu>*/Ni*" sys-
tems, with some exceptions, decreased with increasing
initial concentration of the chosen metal, and the highest
values for Cu*" were obtained when both metals were in
the solution at the lowest initial metal concentration.

The preference for Cu?* ions in binary biosorption of
Cu®"/Ni** by alginate-immobilised algae was also con-
firmed with the separation factors océ (see Table 4), which
were calculated by Eq. 4. Otherwise, when comparing the
results of this experiment with the results of single-metal
biosorption (at initial metal conc. 30 mg/L), the removal
efficiency for Ni*™ ions within a single-metal system was
significantly higher (around 49 %), whilst the removal
efficiency for Cu** was comparable.

Binary biosorption of Cu**/Cd**

The results of biosorption capacity, removal efficiency and
separation factor obtained from biosorption of the bi-metal
system Cu”™/Cd** for each of these two metals are col-
lated in Table 4.

As can be seen, a preference for Cu?* ions was observed
in comparison with Cd** ions in biosorption by alginate-
immobilised C. sorokiniana. Despite the ionic radius of
Ccd*t being larger (0.95 A) than that of Cu®" (0.73 A),
Cu" ions had a higher affinity than Cd*" ions and the
binding sites were first occupied by Cu®" ions, and only the
remaining sites were available for Cd** ions. Thus, the
biosorption capacities for Cu®" during this study were
usually higher than those for Cd*" except in the experi-
ments where the concentration of Cd** ions was higher
than that of Cu®' ions. For example, when both metals

were in solution at equal concentrations of 50 mg/L, the
biosorption capacity for Cu®" ions was 39.13 mg/g and for
Cd*" 15.11 mg/g. Higher selectivity for Cu®" than for
ca*t ions, when using C. sorokiniana cells as biosorbent,
were also determined by Yoshida et al. (2006). They
reported that C. sorokiniana cells could adsorb Cd*" ions
on the cell surface and also incorporate them
intracellularly.

On the other hand, as seen from Fig. 5d, the biosorption
of Cu®" was not apparently affected by the presence of
Cd** ions in the solution, although the concentration of
Cd** ions was increasing. In addition, the removal effi-
ciency for Cu”* ions in the Cu®*/Cd*" system was always
greater than 75 %, whilst the efficiencies for Cd>** ions
varied from 23 % up to 64 %. Otherwise, the biosorption
capacities and the removal efficiencies for both metals
involved in this bi-metal system were at their lowest con-
centrations quite close to those values obtained under the
same conditions in a single-metal system. When increasing
the concentration of one of the metals present within the
solution, the differences also became greater.

In comparison to the Cu®"/Ni*" system, several differ-
ences were observed in kinetics properties of the Cu®"/
Cd** system, since the rate constants of pseudo-second
order, contrary to expectations, were not decreased with
increasing initial metal concentration, and sometimes even
increased. This indicates that the type of competing metal
has an appreciable influence on biosorption properties.
However, Cu** was more rapidly biosorbed than Cd2+,
whereas in the case of Cu2+, the rate constants were gen-
erally higher.

Binary biosorption of Cd**/Ni*™

In experiments on the biosorption of Cd*"/Ni** by algi-
nate-immobilised algae, an inhibitory effect of Cd*" ions
was observed on Ni*" biosorption. The equilibrium uptake
of Ni*" decreased regularly with increasing concentrations
of Cd*" ions (Fig. 5e; Table 4). However, when the con-
centration of Ni’>* ions in the solution increased, the
inhibitory effect of Cd>* ions was minimised. Otherwise,
the decrease in uptake of Cd*" ions at the initial concen-
tration of 30 mg/L. was much lower in the presence of
higher Ni2* concentrations. Thus, like the metals from
previous bi-metal systems, these two metals also bound to
the same sites on the biosorbent surface and competition
between them occurred for free sites. The competition for
free biosorbent sites amongst various metals has been
reported in the literature to date, but limited to the binary
biosorptions of nickel and cadmium. As in this study, Aksu
and Donmez (2006) investigated the sorption behaviour of
cadmium and nickel ions on C. vulgaris. Only weaker
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competition in the adsorption capacity of nickel in the
presence of cadmium was noticed, whilst the uptake of
nickel was reduced much more by the addition of cad-
mium. Rodrigues et al. (2012) examined binary and ternary
systems of Ni**, Zn*" and Pb®" as competitive adsorbates
using Arthrospira platensis and Chlorella vulgaris as
biosorbents, whereas Ni>* and Zn?" interference during
Pb>" sorption was lower in contrast, probably because of
preference for Pb>*. Flouty and Estephane (2012) studied
the biosorption of a copper-lead system by algae Chlamy-
domonas reinhardtii. Interestingly, no competitive effect of
Pb>" on the biosorption of Cu®" was identified during this
study, indicating that these two metals were not competing
for the same adsorption sites. According to Chong et al.
(2000), Ni** removal by different microalgae species was
suppressed by the presence of Zn>" ions. In another study,
Cd>" and Zn" uptake by C. sorokiniana was progressively
and negatively affected by Cu”", indicating that this strain
had a higher affinity for Cu*" than for Cd*" and Zn>"
(Yoshida et al. 2006).

Furthermore, the removal efficiencies for Cd** ions
were, in almost all cases except at the highest initial metal
concentration of 100 mg/L, between 49 and 65 %, whilst
the uptake of Ni*" jons in the bi-metal solution was less
efficient (<50 %). The capacities and the removal effi-
ciencies obtained herein were poorer than those in the
single-metal solutions. In addition, the smallest efficiencies
and capacities were achieved in this system amongst all
three tested bi-metal systems. The separation factors of the
Cd*"/Ni** system were, in comparison with the other two
binary systems, also considerably lower. The affinity for
Cd** ions was, compared to Ni*" ions, lower than the
affinity for Cu®" ions in regard to Ni*" and Cd**. Thus, the
affinity order of metals tested in these bi-metal systems can
be written as follows: Cu®" > Cd*" > Ni*™.

However, a kinetics study of collected data shows that
rate constants of pseudo-second order for Cd*™ ions were
the highest in single-metal system but in bi-metal systems
they decreased considerably; thus, biosorption of Cd*" ions
in Cd*"/Ni*" and Cu®™/Cd*" systems was less effective
than that of this metal alone. Ni** and Cu®*" in combination
with Cd*" in bi-metal systems apparently behaved as
antagonists.

Multi-metal biosorption of Cu®T/Ni**/Cd**

The experiments on multi-metal biosorption by alginate-
immobilised C. sorokiniana were carried out under the
same conditions as the experiments on bi-metal systems.
The results obtained from these experiments, the equilib-
rium capacities and efficiencies in regard to initial con-
centrations of each of the metals in the solution, are shown
in Table 4.

’r @ Springer

In general, similar trends were found as in bi-metal
systems. When the concentration of one of the metals
increased (for example Cu* from 30 up to 100 mg/L), and
the other two remained constant (30 mg/L), the capacity
for the primary metal also increased. The situation was
different when the primary metal was at the lowest con-
centration in the solution (30 mg/L) and the other two
metals were higher, one at 50 and another at 100 mg/L or
the reverse. Then the highest capacity was found for the
metal with the highest initial concentration in the solution.
However, the capacities in multi-metal biosorption were
lower compared to bi-metal and single-metal systems for
almost all metals (see Table 4). Thus, increasing the
number of co-metals in the solution decreased the
biosorption capacities for the metals involved. For
instance, the biosorption capacity (removal efficiency) for
Cd>™ ions at the initial metal concentration of 30 mg/L was
in the multi-metal system 12.59 mg/g (47.41 %), in the bi-
metal system of Cu?*/Cd*" 17.06 mg/g (62.31 %) and for
the Cd**/Ni*" system 15.10 mg/g (63.03 %). The highest
capacity, 18.33 mg/g (73.40 %) for Cd™ ions, was found in
the single-metal system. A similar tendency was already
noticed in a study on multi-metal biosorption of the Ni**/
Zn**/Pb*" system (Rodrigues et al. 2012). The behaviour
of metals tested in bi-metal and multi-metal systems in this
study can be described as being the closest for antagonism
(Aksu and Dénmez 2006). Biosorption of Cu®", Ni*™ and
Cd>" ions in multi-metal systems, as in single and bi-metal
systems, followed the kinetics of the pseudo-second-order
model (correlation coefficients >0.8851). In addition, the
values of theoretical biosorption capacities were in agree-
ment with the experimental values; nevertheless, further
investigation is needed to clarify the kinetics of such
systems.

When comparing single-metal solutions to multi-metal
solutions, the removal efficiency for Cu®* in multi-metal
solution decreased by only 5-7 %. On the other hand, a
considerably greater decrease was observed in the cases of
Cd** and Ni** biosorptions, whereas the removal effi-
ciencies for these two metals could decrease by as much as
30 %. These results showed that multi-metal biosorptions
of Cu®*, Ni*" and Cd*" ions by alginate-immobilised C.
sorokiniana are much more complex than biosorptions of
bi- or single-metal systems. Although biosorption at higher
initial concentrations is possible and sufficient effective-
ness could be obtained, the biosorption operation at such
concentrations, especially in bi-metal and multi-metal
systems, could lead to a toxicity effect of these metals on
the cells of C. sorokiniana.

From the collated results, it was also noticed that dif-
ferences in the removal efficiencies (or biosorption
capacities) between single and bi-metal systems are smaller
than the differences between single-metal and multi-metal
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Fig. 6 The FTIR spectra of alginate-immobilised C. sorokiniana beads exposed to solutions containing different metals and combinations (b—

e) in comparison to the spectrum of the unexposed algal beads (a)

or bi-metal and multi-metal systems. There were some
exceptions in the case of Cu*t sorption; however, as in the
bi-metal and multi-metal systems, similar or even higher
capacities were detected than in the single-metal solution.
Otherwise, the capacities of both Cd*" and Ni*™ were
negatively affected by Cu®" ions, which means that in the
multi-metal system, alginate-immobilised algae had a
higher affinity for Cu®" than for the other two metals. The
adsorption experiments on a similar multi-metal system of
Cu®", Zn*" and Ni*" performed with alginate-immobilised
Scenedesmus quadricauda also showed higher selectivity
of that biosorbent for Cu®' ions than for the other two
metals (Bayramoglu and Yakup Arica 2009). Otherwise,
the preference for the metals tested was the same as already
mentioned in bi-metal systems.

Since Fourier transform infrared spectroscopy (FTIR)
has been successfully implemented in various studies on
surface chemical characteristics of adsorbents (D’Souza
et al. 2008; Saleh 2011; Saleh 2015a, b; Samuel et al.
2013), the FTIR spectra of the biosorbents used in this
study were recorded before and after exposure to metals.
The FTIR spectra of alginate-immobilised C. sorokiniana
beads exposed to different combinations of Cu®", Ni*™
and Cd*" ions (at initial metal concentrations of 30 mg/L)
compared to that of unexposed algal beads are shown in
Fig. 6. The surface chemical characteristics, i.e. func-
tional groups of the alginate-immobilised algal beads
unexposed to metals (Fig. 6, sample a), were examined
precisely in our previous study (Petrovic and Simonic
2015), whereby the strongest absorption peak found at
3402 cm™! corresponded to the —OH stretching of
hydroxyls, indicating the presence of these groups on the
biosorbent. The region 3600-3300 cm ™' showed, next to
the O-H vibrations, the characteristic bands for N-H
stretching vibrations, which can be attributed to algal

biomass. Besides this, several other functional groups
were identified, such as C-H bending of the aliphatic
functional group (2924-2854 cm™') and C—C stretching
vibrations of the aromatic ring (1419 cm_l), whilst C-N
stretching of aromatics and C-O stretching of alcohols
and carboxylic acids were found in the region of
1265-1319 cm™'. In the region between 1800 and
1500 cm ™', the characteristic bands for proteins can be
seen, more specifically C=O stretching vibrations of
peptide bonds typical of amide-I bands and N-H bending
vibrations characteristic of amide-II bands. The strongest
peak in this area was found at 1604 cm ™', reflecting the
amines and amides of algal biomass. On the other hand,
the C-O stretching vibrations of alcohols, carboxylic
acids and carbohydrate of polysaccharides of both algal
biomass and alginate were noticed in the region between
1026 and 1087 cm™" (see Fig. 6).

A comparison of the spectra of unexposed biosorbent
and metal-exposed biosorbent shows that the strongest
peaks were observed in the case of unexposed algal beads,
indicating that the biosorbent consisted of a large number
of functional groups that are available for the binding of
metals. After biosorption of metal (for example Cd*"
ions, Fig. 6, sample b), the peaks showed a shift to lower
wavenumber, as a result of the occupying of free func-
tional groups by sorbate. A similar decrease in the
intensity of absorption bands in the region
1800-800 cm™" (which is specific for proteins and car-
bohydrates) has been already reported for marine brown
algae treated by Cd*" ions (D’Souza et al. 2008). How-
ever, with increasing numbers of sorbates (i.e. metals) in
the solution, the difference was even more striking and the
peaks were even weaker (samples ¢ and d). The weakest
peaks were found in the sample of algal beads exposed to
a combination of Cu2+, Ni** and Cd** ions in the
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solution (sample e). This can be explained by the fact that
with increasing the number of metals, more and more
functional groups are occupied; therefore, fewer free sites
are available for the biosorptions of metals and conse-
quently the peaks were lower. Thus, the comparison of
FTIR spectra of unexposed and metal-exposed biosorbent
provides clear evidence that the highest decrease in the
bands’ intensities were noticed in the cases of —OH
stretching of hydroxyls, C-O stretching of alcohols, car-
boxylic acids and carbohydrate, and the N-H bending of
amines and amides, indicating that these functional
groups play a significant role in binding the tested metals.
Hydroxyl groups present in polysaccharides have a high
affinity for divalent cations, so they can significantly
contribute to biosorption of metals (D’Souza et al. 2008).

Conclusion

This study demonstrated that C. sorokiniana cells immo-
bilised in Ca-alginate can be effective biosorbents for
Cu**, Ni** and Cd** removal, but in the case of Ni*,
lower biosorption efficiencies than for the other two metals
can be expected. The biosorptions of the metals were
strongly affected by the initial metal ion concentrations and
initial pH. The highest removal yields for Cu®*, Ni** and
Cd>* ions were 97, 51 and 74 %, respectively.

The Langmuir, Freundlich and Redlich—Peterson model
fit closely the equilibrium data obtained during these
experiments, demonstrating that both monolayer biosorp-
tion and heterogeneous surface biosorption occur during
biosorption by immobilised algae. At an initial metal
concentration of 25 mg/L, alginate-immobilised C.
sorokiniana cells could be used for 5 or even more suc-
cessive biosorption—desorption cycles and still sufficiently
remove metal ions. However, at the highest initial metal
concentrations tested, all three heavy metals affected algal
growth. The biosorption capacities and separation factors
of Cu2+, Ni** and Cd** ions showed that biosorptions
follow the order of Cu’' > Cd** > Ni**, indicating
selective biosorption. The biosorption capacities for all
metals were the highest in the single-metal systems, and
they decreased with the number of co-ions in the solution.
Although the presence of other metals in the solution
negatively affects biosorption uptake, alginate-immobilised
C. sorokiniana could still sufficiently remove heavy metals
from drinking water samples containing total metal con-
centrations of up to 100 mg/L.
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