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a b s t r a c t

This paper presents the possibility of using alginates as biosorbents for the removal of representative 
of the lanthanide group La(III) ions and heavy metals Cd(II) and Cu(II) ions from aqueous solutions. 
The calcium alginate in the form of beads obtained by the drop method was used. Biosorption was 
performed by the static method, studying the effects of pH, sorbent mass, phase contact time, initial 
solution concentration and temperature on the sorption process efficiency. The greatest removal per-
formance was obtained for pH equal 5 and the sorbent mass equal 0.05 g. The maximum amounts of 
adsorbed metals were equal to 37.59 mg/g for La(III), 20.08 mg/g for Cd(II) and 15.09 mg/g for Cu(II). 
In order to determine the kinetic and isotherm parameters of the sorption process, the pseudo-first 
order, pseudo-second order, intra particle diffusion model kinetic equations as well as the Langmuir 
and Freundlich isotherms were used. Thermodynamic studies show that the sorption process is 
spontaneous and exothermic. The sorbent was characterized by attenuated total reflectance Fou-
rier transform infrared spectroscopy, scanning electron microscopy and X-ray photo electron spec-
troscopy. Moreover, the point of zero charge was determined. The results pointed out that calcium 
alginate beads can find promising applications for removal and recovery of lanthanide’s and heavy 
metals from aqueous effluents.
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1. Introduction

With the development of modern technology the 
demand for various types of materials required for their 
manufacture has increased. This mainly concerns a par-
ticular group of elements known as rare earths elements 
(REEs). The rare earth elements are present in the earth’s 
crust in a significant amount, but their concentration in the 
extracted ore is low, resulting in high costs of enrichment. 
Despite that the use of rare earth elements in industry is 
growing due to their unique electrical, magnetic and optical 
properties. Nowadays they are associated with every aspect 
of life. These metals are widely used in such fields as metal-
lurgy, optics, ceramics, permanent magnets, lasers, catalysts 
and electronics [1–9]. The wide spread use of these elements 

causes their accumulation in the environment and presence 
in the waste waters. Numerous publications report about 
the toxic effects of rare earth elements for bacteria, animals 
and plants [6]. Toxic effects on the environment, the high 
price of most lanthanide’s and their broad applications 
require recovery of these elements from industrial efflu-
ents. Hence there is a need to find a suitable and econom-
ical method of rare earth elements recovery from aqueous 
solutions [1,10,11].

The most common methods of rare earth elements, radio 
nuclides and heavy metals removal from aqueous solutions 
are chemical precipitation, ion exchange, filtration, reverse 
osmosis, electrolysis and adsorption [12,13]. These methods 
vary mainly in efficiency and costs. Apart from adsorption, 
they have some disadvantages, such as high operating 
costs, poor selectivity, high consumption of chemicals and 
energy or production of secondary metabolites. Therefore, 
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it becomes necessary to find more economical and environ-
mentally friendly methods [1,3,6,14,15].

It has been shown that biosorption is a very efficient and 
effective method for removing heavy metals and rare earth 
elements from the dilute aqueous solutions. In addition, 
biosorption has gained an advantage over the conventional 
methods due to its low cost, simplicity of design and ease 
of use. Therefore investigations are focused on the prepara-
tion of new, low cost and more efficient sorption materials 
[1,4,16–19].

Among the natural polymers, one of the promising bio-
sorbents is an alginate. It is a well-known polysaccharide 
obtained from marine algae, mainly brown algae (Phaeophy-
ceae) or produced extracellularly by some bacteria, such as 
Azotobacter vinelandii, Pseudomonas aeruginosa or Pseudomo-
nas fluorescens [2,20].

The original structure of the alginate depends on the 
source of the marine algae (algae species, seasonal variation 
and geographical origin) or type of bacteria that produce 
them [20–22]. Alginate is a water-soluble linear polysac-
charide consisting of residues of β-D-mannuronic acid (M 
blocks) and α-L-guluronic acid (G blocks) linked together 
by β-1,4 glycosidic bonds [6,18,23,24]. These blocks M 
and G can be present in various proportions and various 
arrangements along the chain (for example MMM, GGG 
and MGM). From an industrial and biotechnological points 
of view, the most important feature of alginate is associated 
with its ability to bind effectively the cations in the second 
oxidation state, such as Ca(II), Sr(II) and Ba(II). This prop-
erty leads to the formation of hydrogels (Fig. 1).

Alginate also forms gels with other metal ions which are 
in different oxidation states, for example Fe(III) and Cr(III). 
The free carboxyl groups present in both G and M subunits 
have the ability to form complexes with metal cations. The 
result of this is the creation of structures resembling an “egg 
box” [25]. These properties make that alginates can be used 
for removal of heavy metals and rare earth elements from 
waste waters. In addition, alginate is preferred over other 
materials because of its natural origin, biodegradability and 
being harmless for the environment. The interaction of algi-
nates with calcium ions was used for the design and manu-

facture of the active dressings [16,20,26]. It is also a polymer 
used in the drug delivery systems, cell encapsulation as 
well as food and cosmetic industries [27].

The present work focuses on examining the application 
of calcium alginate beads as a metal sorbent for the disposal 
of aqueous solutions containing metals such as lanthanum, 
cadmium and copper obtained from the suitable metal 
salts. La(III), Cd(II) and Cu(II) ions sorption was studied 
in the batch system. Influence of pH, sorbent mass, contact 
time, initial concentration and temperature on the biosorp-
tion process was investigated. The equilibrium biosorption 
data were calculated using the Langmuir and Freundlich 
isotherm models. In this study surface morphology and 
chemical composition of biosorbent were studied. 

2. Materials and methods

2.1. Materials 

Sodium alginate (ROTH) and calcium chloride hexa-
hydrate CaCl2·6H2O (Chempur) were used to prepare cal-
cium alginate beads. Standard solutions of lanthanum(III) 
ions were prepared from a 1000 mg/L standard solution 
La(NO3)3 (Romil Pure Chemistry). Cadmium(II) and cop-
per(II) ions solutions were prepared from cadmium(II) 
nitrate salt Cd(NO3)2 and copper(II) chloride dihydrate 
CuCl2·2H2O (Avantor Performance Materials Poland S.A.), 
respectively. In order to adjust the pH of the metal ions 
solutions, sodium hydroxide (Avantor Performance Materi-
als Poland S.A.) and hydrochloric acid (Chempur) solutions 
were used. All the solutions were prepared using distilled 
water. In this paper all reagents were of analytical grade. 

2.2. Methods

2.2.1. Preparation of calcium alginate beads

1% solution of sodium alginate was prepared by dis-
solving 1 g of sodium alginate powder (ROTH) in 100 mL 
of ultrapure water with continuous stirring (350 rpm) at 

Fig. 1. Alginate hydrogel formation.
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room temperature (293 K). After complete dissolution, the 
sodium alginate solution was added dropwise using a per-
istaltic pump (type PP1 B-05A, Zalimp) to a 2% solution of 
calcium chloride at the flow rate 2.5 mL/min. The beads 
were left in the calcium chloride solution for 24 h. Then they 
were washed several times with distilled water. The pres-
ence of chloride ions was checked using the 0.1 M AgNO3 
solution. The calcium alginate beads were left for a few days 
to dry at room temperature and then put in a plastic bottle. 

2.2.2. Sorbent characterization

Fourier Transform Infrared (FTIR) spectroscopy using 
the ATR (Attenuated Total Reflectance) technique was 
applied to identify specific functional groups present in the 
calcium alginate beads. For this purpose the Agilent Cary 
630 FTIR spectrometer was employed. Infrared spectra were 
recorded in the range of 4,000–650 cm–1. Spectrum measure-
ments were performed for the calcium alginate beads before 
and after La(III) ions sorption. The zero point of charge 
(pHpzc) of the alginate beads was determined by the pH drift 
and potentiometric titration methods using the analytical 
set of precise titration Dosino, Titrando (Metrohm, Swiss).
The pH drift method is commonly applied [28]. The 100 mL 
volumetric flasks were used in this study. The pH values 
(pH0) of the 0.01 M NaCl solutions were in the range 2–12. 
The samples of calcium alginate beads (0.5 g of dry weight) 
were shaken in 50 mL of the 0.01 M NaCl solution for 24 h 
using a laboratory shaker with the rate of 180 rpm. Then the 
pH of these solutions was determined (pH1). The difference 
between the pH0 value and the pH1 value (pH1−pH0) was 
plotted against the pH0. The pH value which intersects with 
the x axis gives pHpzc of the sorbent. The morphology of cal-
cium alginate beads before and after adsorption was iden-
tified by scanning electron microscopy (SEM, Tescan Vega, 
USA). The calcium alginate beads were further estimated 
by the X-ray photo electron spectroscopy (XPS, multi-cham-
ber analytical system UHV, PREVAC, Poland).

2.2.3. Preparation of the stock solution

For the studies the stock solutions of metals were pre-
pared. For this purpose a suitable volume of standard solu-
tion of La(NO3)3 and a suitable amount of Cd(NO3)3·4H2O 
and CuCl2·2H2O salts were added into the 1 L flasks sep-
arately. The flasks were filled with distilled water to the 
mark. The concentration of stock solutions was 100 mg/L.

2.2.4. Batch biosorption experiments

Batch biosorption experiments were conducted to find 
out the most suitable conditions for the biosorption process 
of metal ions on the calcium alginate beads. Sorption stud-
ies were carried out in the defined range of pH, mass of 
sorbent, contact time of the phases, initial concentration of 
the solution and temperature. The measurements were per-
formed at room temperature. 

The values of pH were determined by the pH-meter 
(model PHM82 Radiometer, Copenhagen). Batch adsorp-
tion experiments were conducted using the laboratory 
shaker type 358A (Elphin+) with the constant amplitude 

of vibration (8) and the constant rate of 180 rpm. Concen-
trations of lanthanum (III) ions in the solutions were deter-
mined by Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES, 720-ES, Varian). Concentrations 
of cadmium (II) and copper (II) ions in the solution were 
determined by Flame Atomic Absorption Spectrometry 
(FAAS, Spectr AA 240FS, Varian).

The parameter characterizing applicability of the sor-
bent is the sorption capacity, expressed as the mass of metal 
ions adsorbed in the dry sorbent mass in relation to the cur-
rent concentration in the aqueous solution. 

The amount of adsorbed metal (qt) was estimated from 
the following relation:

q C C
V
mt t= −( ) ×0 � (1)

where qt is the amount of adsorbed metal (mg/g), C0 is 
the initial concentration of metal in the solution (mg/L), 
Ct  is the concentration of metal in the solution after time 
t (mg/L), V is the volume of the solution containing metal 
ions (L), m is the mass of dry calcium alginate beads (g).

The percentage of adsorption (%S) is that of metal 
adsorbed on the calcium alginate beads calculated by the 
following equation:

% %S
C C

C
t=

−
×0

0

100 � (2)

The influence of pH (from 1 to 6) on metal ions adsorp-
tion was investigated using 0.05 g of calcium alginate beads 
and 20 mL of 100 mg/L La(III), Cd(II) and Cu(II) of stock 
solutions. In the same way the influence of sorbent mass 
was investigated using different masses of the sorbent in 
the range 0.05–0.2 g. The solutions with the alginate beads 
were stirred for six hours. Then separation of the ions solu-
tion from the sorbent was done by filtration. Finally the con-
centrations of metals were determined.

The kinetic experiments were performed in 100 mL 
flasks at 293 K. The samples of calcium alginate beads 
(0.05  g of dry weight) in the 20 mL prepared solution of 
metal ions were shaken for fixed time (1, 3, 5, 7, 10, 30, 60, 
180, 240 and 360 min). The initial concentration of the metal 
ions La(III), Cd(II) and Cu(II) was 100 mg/L. The pH of the 
solution was equal to 5. Then the concentrations of metal 
ions were analyzed. 

In the next step, the impact of initial concentration of 
the tested ions was investigated. The initial concentrations 
of each metal were ranged from 50 to 200 mg/L. 0.25 g of 
the alginate beads was put into the 250 mL Erlenmeyer flask 
and poured with the 100 mL of the prepared working solu-
tion of La(III), Cd(II) and Cu(II). The pH of the solution was 
maintained at 5. The shaking time was equal to 6 h. The 
influence of temperature was studied at three selected tem-
peratures (293, 313, 333 K).The test procedure was the same 
as above.

3. Results and discussion

3.1. Characterization of alginate beads

The ATR-FTIR analysis provides information about the 
functional groups of the sorbent responsible for the mecha-
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nism of biosorption. Fig. 2a presents the ATR-FTIR spectra 
of the alginate before and after La(III) ions sorption. On the 
spectrum a band of 3,362 cm–1 was observed which corre-
sponds to the stretching vibrations of OH groups present in 
the structure of the alginate [29–31]. The band at 2,926 cm–1 
was due to the stretching vibrations in the –CH and –CH2 

groups [32]. The bands at 1,589 and 1,415 cm–1 correspond to 
the asymmetric and symmetric stretching vibrations of C-O 
group in the –COO– one. These bands confirm the presence 
of the carbonyl group in the sorbent [33,34]. The spectrum 
showed other bands at 1,300 and 1,026 cm–1 corresponding 
to the stretching vibrations of C-O-H and C-O-C [35]. After 
sorption of Cd(II), Cu(II) and La(III) ions slight changes in 
the shift bands and disappearance of bands were observed. 
These may be due to the coordination of O atom and metal 
ions [29,33–36].

The point of zero charge (pHpzc) is one of the most 
important parameters for determining surface properties 
of solids in aqueous solutions. The pHpzc is a pH at which 
the surface of a solid in water has a zero electric charge. 
The sorbent surface is negatively charged when this value 
is below that of pH of solution. This may cause an increase 
in the removal of metal ions from the solution. In another 
case, the surface is positively charged and it may promote 
anion sorption. This point for the calcium alginate beads 
was obtained by two methods: the drift and potentiometric 
titration methods. The results are shown in Figs. 2b,c. As 
follows from the comparison of the two methods, similar 
values were obtained. pHpzc equal 6.01 was obtained using 
the drift method and pHpzc 5.94 the titration method. Simi-
lar values were obtained by Hassan et al. [37,38]. Based on 
the results it can be concluded that the value of pHpzc of the 
calcium alginate beads in the water does not depend on the 
ionic strength.

Scanning electron microscopy (SEM) was used in order 
to determine morphology of the alginate surface before and 
after biosorption. The morphology of the alginate beads is 
presented in Figs. 3a–d.

 It can be noticed that the beads have a corrugated struc-
ture and rough surface. There can be found unequally dis-
tributed nodules with cavities between them on the whole 
surface showing the ‘eggs-box’ structure, Figs. 3a–d. The 
SEM results after biosorption of the metal ions onto beads 
showed a corrugated and weakly heterogeneous surface. 
The alginate surface after biosorption of La(III), Cu(II) and 
Cd(II) is rough and porous implying interactions of the 
metal with the sorbent surface and dislodging of polymer 
chains.

X-ray photo electron spectroscopy was used in order to 
determine the interactions between the functional groups 
on the alginate and the La(III) ions adsorbed and allow 
the explanation of binding mechanisms. Table 1 shows the 
composition of the elements and their binding energy in the 
alginate before and after La(III) biosorption. 

Reduction of the percentage composition of Na (from 0.2 
to 0%) and Ca (from 3.1 to 2.6%) ions after La(III) ions sorp-
tion was observed. Figs. 4a, b show the XPS spectra before 
and after La(III) sorption. A new peak which appeared at a 
binding energy 837.7 eV is due to the presence of La. This 
confirms sorption of La(III) ions on the alginate and may 
indicate an ion exchange mechanism during the adsorption 
process [16]. After the process the intensity of Ca 2p peak 
decreased. This indicates an ion exchange mechanism. Figs. 
4c-d present O 1s spectra for the alginate and alginate + 
La(III). The peaks at the binding energies 532.88 and 531.58  
eV are assigned to the C=O and C-O groups, respectively. 
After the sorption process these peaks shifted to 532.58 
and 531.18 eV, respectively. This may suggest interactions 
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between the carboxyl groups in the alginate with La(III) ions 
and consequently formation of chemical bonds [34,39,40]. 

Analogous results were obtained by Oliveira et al. 
[39]. In this paper there was investigated the mechanism 
involved in the biosorption process of La(III) on Sargas-
sum sp. biomass belonging to brown seaweed. After the 
biosorption process new peaks appeared at the binding 
energy 835.2–839.5 eV. They are associated with the pres-
ence of La(III). It was shown that the peak at 529.7 eV 
refers to the interactions of La(III) with oxygen atoms of 
the chemical groups present on the surface of Sargassum 
biomass. 

In the paper by Yu et al. [41] the mechanism of sorp-
tion process of Cu(II) on the Fe3O4-alginate modified bio-
char microspheres was investigated. It was found that 
in the case of magnetic microspheres (MM) of calcium 
alginate (CA) encapsulated biochar (BC) and Fe3O4 after 
Cu(II) ions sorption, the Ca(II) ions content in MM was 
reduced. The peaks at 932 eV, 932.5 eV and 951.8, 952.4 
eV refer to Cu2p3/2 and Cu2p1/2. Moreover, shift for Cu2p 

 

	 (a)	 (b)

 

	 (c)	 (d)

Fig. 3. Morphology of a) calcium alginate beads and b) with La(III), c) Cu(II) and d) Cd(III) ions.

Table 1
Composition of the elements (Cat) and binding energy (EB) 
determined using XPS for unloaded and loaded La(III) calcium 
alginate beads

Elements Identification Alginate Alginate+La(III)

Cat (%) EB (eV) Cat (%) EB (eV)

C 1s C-C, C-H 63.8 284.7 62.3 284.7
C-OH, C-O-C 286.3 286.3
C=O 287.9 287.8
O=C-O 288.8 288.7

O 1s C=O, La-O 30.9 531.6 31.9 531.4
C-OH, C-O-C 533.0 532.8

Ca 2p Ca 2p3/2 3.1 347.5 2.6 347.5
Na 1s Na2CO3 0.2 1070.2 – –
N 1s N-C=O 2.3 399.2 2.9 399.2
La 3d La-O – – 0.2 837.7
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to smaller binding energies was observed after Cu(II) 
adsorption onto MM and MBC. Therefore it can be con-
cluded that coordination/ion exchange is involved for 
Cu(II) sorption on MM or MBC. Moreover, significant shift 
for Fe2p to smaller binding energies was also observed 
after Cu(II) adsorption onto MM, suggesting that  
the coordination reaction occurs between Cu(II) and 
Fe3O4. The mechanism of Cr(VI) sorption on the sodium 
alginate-based magnetic carbonaceous biosorbents was 
also described by Lei et al. [42]. Huang et al. [43] were 
studied sorption process mechanism of Cu(II) and Pb(II) 
ions on the ethylenediamine-modified calcium alginate 
aerogel (ECAA). The spectra analyses indicated that 
Cu(II) was adsorbed via the chelation of –OH, –CO-NH 
and –NH2. After Cu(II) uptake new peaks at 400.2 eV 
and at 531.8 eV appeared. It was indicated that the oxy-
gen groups on ECAA were involved in chemisorption 
of Cu(II) ions. The mechanism of Cu(II) ions on the 
graphene oxide encapsulated polyvinyl alcohol/sodium 
alginate hydrogel micro spheres (SPG) was presented by 
Yi et al. [44]. The main Cu2p peak in the spectrum for SPG 
after adsorption of Cu(II) ions at 934.1 eV corresponds 
to Cu(II). The results demonstrated that the Cu(II) ions 
were attached to the surface of the SPG by ion-exchange 
or complexation.

3.2. Effect of pH

An important parameter affecting the sorption process is 
pH. Sorption of metal ions onto the calcium alginate depends 
on pH of the initial solution. This parameter influences the 
protonation of the carboxyl groups in M and G blocks of the 
sorbent. The effect of pH on La(III), Cd(II) and Cu(II) ions 
uptake after 360 min of contact time is illustrated in Fig. 5. 

With the increasing pH sorption of these metal ions 
increases. The maximum sorption capacity was obtained at 
pH 5 for the tested ions. At this pH, partial deprotonation of 
the carboxyl groups present in the alginate structure takes 
place. Thus exchange of hydrogen ions into other metal ions 
is possible. At pH < 5, lower sorption capacity was observed. 
This is due to the competition between hydrogen (H+) and 
metal ions in the solution. For pH ≥ 6 there are observed for-
mation of complex ions and precipitation of metal ions in the 
form of hydroxides which can lead to decrease of sorption. 
In this study the solution pH is lower than pHpzc but sorp-
tion effectiveness is the highest. This can be explained by the 
fact that in some cases the surface charge is not so important 
because other interactions such as the electrostatic ones are 
more significant. For the investigated metals, the optimum 
pH for the sorption process was found to be about 5. There-
fore this pH value was used in further studies.
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3.3. Effect of sorbent mass

The second significant parameter influencing on the 
process is sorbent mass. This parameter is directly related 
to the sorption capacity for the chosen concentration of 

metal ions. In order to find an appropriate mass of the sor-
bent, the experiment was conducted with the alginate mass 
0.05– 0.2 g, the initial La(III), Cd(II) and Cu(II) ions concen-
tration 100 mg/L and pH of solution 5.0. The effect of adsor-
bent dosage is presented in Fig. 6. When the sorbent mass 
increased from 0.05 to 0.2 g, the sorption capacity decreased 
from 37.21 to 9.38 mg/g for La(III) ions and 20.18 to 4.91 
mg/g for Cd(II) ions, but the removal percentage increased 
from 98.4 to 99.3% for La(III) ions and  44.1 to 50.7% for 
Cd(II) ions, respectively. The same relation was found for 
Cu(II) ions. It is considered to be due to the amount of the 
metal solution which can be insufficient to provide com-
plete coverage of the binding sites present on the sorbent 
surface, thus causing a slight uptake of sorbate ions. As a 
result, small changes in the removal percentages compared 
to those of sorption capacity, 0.05 g sorbent mass was cho-
sen in further experiments.

3.4. Sorption kinetics 

The sorption kinetics of La(III), Cd(II) and Cu(II) ions 
by the alginate beads was investigated at the initial pH 
equal 5.0. Based on the obtained results it can be con-
cluded that with the increasing contact time of phases 
of the solution-sorbent, the amount of adsorbed metal 
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ions onto the calcium alginate increases until equilib-
rium is reached. The kinetic curve for the investigated 
ions is presented in Fig. 7. It shows that the sorption was 
initially rapid. The fast adsorption process at the begin-
ning can be due to more accessible sites for adsorption. 
An equilibrium state was reached after about 180 min. 
The effectiveness of the sorption process was 99.3% for 
La(III), 51.1% for Cd(II) and 35.6% for Cu(II) ions. A 
larger amount of adsorbed metals on calcium alginate 
was observed for La(III) ions than for Cd(II) and Cu(II) 
ones. The equilibrium capacities (qe) of the alginate beads 
were 37.59 mg/g for La(III), 20.18 mg/g for Cd(II) and 
15.09 mg/g for Cu(II). 

Sorption studies of Cd(II), Cu(II) and La(III) ions on 
various materials were carried out by many scientists. The 
adsorption properties of polyaniline Sn(IV) silicate towards 
Cd(II) ions were studied by Naushad et al. [45]. They 
revealed that maximum removal of Cd(II) ions occur at pH 
9 and equals 89.0%. In another study Naushad et al. [46] 
synthesized and applied the curcumin formaldehyde resin 
for the removal of Cd(II) from waste waters. The equilib-
rium was established after 60 min where 91.2% Cd(II) was 
adsorbed. The sorption process of Cd(II) ions on YVO4: Eu3+ 
nano particles was also performed by Naushad et al. [47]. 
In this case the equilibrium state was equal to 90 min. The 
effectiveness of the sorption process of Cd(II) was 82.0%. 
Naushad et al. [48] performed sorption of Cu(II) from a syn-
thetic mixture of metal ions: Hg(II), Cd(II), Fe(III), Pb(II), 
Cu(II) and Zn(II), pharmaceutical and brass alloy samples 
using the sodium dodecyl sulfate–Th(IV) tungstate (SDS–
TT) nano composite cation exchanger. The results indicated 
the high efficiency and the percentage recovery was more 
than 83.0% which suggested that SDS–TT was good mate-
rial for the removal and recovery of Cu(II) in the synthetic 
and natural samples. Adsorption of rare earth elements i.e. 
La(III), Nd(III), Eu(III) and actinide Th(IV) from aqueous 
solutions using graphitic-C3N4 (g-C3N4) nano sheets was 
carried out by Liao et al. [49]. The adsorption equilibrium 
was reached after 420 min and the removal percentages of 
Eu(III), La(III), Nd(III), Th(IV) was 43.0%, 48.0%, 50.5%, 
53.0%, respectively.

In order to describe the rate of biosorption process 
and parameters which confines it, there can be used three 
kinetic models, which are based on the sorption capacity of 
the sorbent. Kinetics of La(III), Cd(II) and Cu(II) sorption 
on the calcium alginate was studied using the pseudo-first 
order (PFO), pseudo-second order (PSO) as well as Weber 
and Morris intraparticle diffusion (IPD) models.

Kinetic parameters of metal ions sorption onto the bio-
sorbent were determined using the following equations 
[50]:

•	 the pseudo-first order

log( ) log( )
.

q q q
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te t e− = − ×1

2 303
� (3)

•	 the pseudo-second order
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q k q q
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t e e

=
×

+ ×
1 1

2
2 � (4)

•	 the intraparticle diffusion

q k t Ct i i= × +1 2/ � (5)

where qe is the mass of adsorbed metal ions at equilib-
rium (mg/g), qt is the mass of adsorbed metal ions at time 
t (mg/g), k1, k2 and ki are the reaction rate constants of the 
pseudo-first order (1/min), pseudo-second order (g/mg 
min) and intraparticle diffusion (mg/g min1/2) models and 
Ci is the intraparticle diffusion constant associated with the 
boundary layer thickness.

Figs. 8a–c present the curves representing the pseu-
do-first order, pseudo-second order and intraparticle dif-
fusion models of La(III), Cd(II) and Cu(II) ions sorption. 
The kinetic parameters of PFO and PSO obtained for the 
adsorption of metal ions onto the calcium alginate beads are 
shown in Table 2. 

Comparing the data obtained for the pseudo-first order 
and pseudo-second order equations shows that the sorp-
tion process proceeded according to the reaction mecha-
nism typical of the pseudo-second order reaction [51]. This 
is confirmed by the high values of correlation coefficients 
R2, which were equal to about 0.999. For the pseudo-second 
order kinetics, the calculated sorption capacities (qcal) were 
consistent with the experimental sorption capacities (qexp) 
for the studied metal ions as shown in Fig. 8b. This indicates 
that the rate of biosorption process depends more on avail-
ability of sorptive sites than on the concentration of metal 
ions in the solution. Therefore the pseudo-second order 
mechanism prevails and the chemical adsorption including 
ion exchange and electrostatic attractions can be the rate 
limiting step which controls the biosorption process.

However, the pseudo-second order kinetic model 
observes the biosorption process as a rate-controlling 
step which does not identify the contribution of diffusion 
processes. Therefore to provide information about the 
rate-controlling step of metal ions biosorption, the Weber 
and Morris intraparticle diffusion model was employed. 
The determined kinetic parameters of the model are given 
in Table 3.

The kinetic curves are shown in Fig. 8c. The value of ki 
was calculated from the slope of the plot qt vs. t1/2. The diffu-
sion process and transport into the pores of sorbent is easier 
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Fig. 7. Influence of contact time on La(III), Cd(II) and Cu(II) 
sorption process. Conditions: m = 0.05 g, V = 20mL, Co = 100 
mg/L, pH = 5, t = 1–360 min, T = 293 K.
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when the ki values is greater. From Fig. 8c it can be con-
cluded that the intraparticle diffusion process is a three-step 
one. The first section corresponds to the rapid adsorption on 
the outer surface of the sorbent grains, the second section 
corresponds to the mild adsorption step, in the third section 
in the final equilibrium step, the intraparticle diffusion starts 
to decrease due to low concentrations of metal ions in the 
solution. The obtained curve does not pass through the ori-
gin. These results indicate that intraparticle diffusion is not 
the only mechanism controlling the biosorption rate but can 
be accompanied by additional mechanisms [52].

3.5. Effect of initial concentrations

Another important factor influencing the efficiency 
of biosorption is the initial concentration of sorbate. The 
impact of initial concentrations of metal ions (50, 100, 150 
and 200 mg/L) on biosorption is illustrated in Figs. 9a–c. 

As can be seen, the amount of adsorbed La(III) ions onto 
the alginate beads is higher than that of Cd(II) and Cu(II) 
ions at the same concentrations. The adsorption of ions 
increases sharply at the beginning of the process until equi-
librium is reached. It is faster in the initial stages because of 
greater active sites accessibility on the sorbent surface. Then  
these sites were occupied by the metal ions and a decrease 
of active sites for the metal ions remaining in the solution 
was monitored. An equilibrium is established more rapidly 
for lower than higher concentrations. At 50 mg/L, equilib-
rium was reached after 60 min whereas at higher concentra-
tions after approximately 240 min. The results showed that 
the amount of adsorbed La(III) ions per unit mass of bio-
sorbent increases with the increasing initial concentrations 
of the metals. With the increase of the initial concentrations 
of metal ions from 50 to 200 mg/L the amount of adsorbed 
La(III) ions onto the alginate beads at equilibrium increased 
from 17.28 to 61.51 mg/g. Similar observations were made 
for Cd(II) and Cu(II) ions adsorption. In this case, the 
increase of the initial concentration from 50 to 200 mg/L 
resulted in an increase of the amount of adsorbed metals 
at equilibrium from 9.05 to 38.2 and 7.70 to 28.83 mg/g for 
Cd(II) and Cu(II) ions, respectively.

3.6. Adsorption isotherms

At the time of the equilibrium state establishment, dis-
tribution of metal ions in both the biosorbent and solution 
took place. Commonly it is described by means of adsorp-
tion isotherm models showing the relation between the 
amount of the adsorbed substance in the form of ions per 
unit of mass of sorbent and the equilibrium concentration at 
constant temperature. The adsorption isotherms are of great 
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Fig. 8. Biosorption kinetic models: a) pseudo-first order, b) pseu-
do-second order and c) intraparticle diffusion for sorption pro-
cess of La(III), Cd(II) and Cu(II) on the calcium alginate beads. 
Conditions: C0 = 100 mg/L, pH = 5, m = 0.05 g, V = 20 mL, t = 
1–360 min, T = 293 K. 

Table 2
Kinetic parameters of the biosorption process of La(III), Cd(II) and Cu(II) ions onto calcium alginate (Co = 100 mg/L)

Pseudo-first order (PFO) Pseudo-second order (PSO)

qe, exp q1, cal k1 R2 q2, cal k2 R2

La(III) 37.59 32.73 0.020 0.992 40.35 0.001 0.996
Cd(II) 20.18 11.63 0.014 0.978 20.47 0.005 0.999
Cu(II) 15.09 6.93 0.012 0.931 15.17 0.010 0.999
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importance for investigations of adsorption mechanisms 
and description of interactions between the adsorbate and 
the adsorbent. In this paper the Langmuir and Freundlich 
isotherm models were used to describe the adsorption equi-
librium data derived from La(III), Cd(II) and Cu(II) ions 
adsorption onto the calcium alginate beads. The studied 
equilibrium adsorption isotherms were of the metal ions 
concentrations ranging from 50 to 200 mg/L with the solu-
tion pH equal 5 and fixed sorbent mass.

The monolayer adsorption theory developed by Lang-
muir is a commonly used model describing the sorp-
tion equilibrium. It assumes that on the sorbent surface 
the number of active sites capable of binding the adsor-
bate is defined. Furthermore, no interactions between the 
adsorbed molecules and the formed monomolecular layer 
are observed. As a result, the maximum concentration of the 
surface layer is equal to the number of active sites present 
on the adsorbent surface. The linear form of the Langmuir 
model is described as follows [35,53]:

C
q

C
q bq

e

e

e

m m

= +
1 � (6)

where Ce are the liquid-phase concentrations of metal 
ions at equilibrium (mg/L), qe is the amount of metal ion 
adsorbed at equilibrium (mg/g), qm is the maximum mono-
layer adsorption capacity (mg/g) and b is the Langmuir 
constant (L/mg). 

When the Langmuir equation describes the experimen-
tal data, significant importance is the dimensionless sepa-
ration factor RL which it can be determined according to the 
following equation [38]:

R
bCL =

+
1

1 0

�  (7)

where C0 is the initial metal concentration. The RL parame-
ter predicts the efficiency of the biosorption process. When 
RL = 0 the biosorption is irreversible, when 0 < RL < 1 favour-
able, when RL = 1 linear and when RL >1 unfavourable.

The Freundlich isotherm model determines the 
adsorption of substances from a liquid to a solid surface. 
It describes the adsorption equilibrium between the adsor-
bent in solution and its surface using a multi-site adsorp-
tion isotherm for heterogeneous surfaces. The linear form of 
the Freundlich model is presented as follows [54]:

log log logq K
n

Ce F e= +
1

�  (8)

where Ce are the liquid-phase concentrations of metal ions 
at equilibrium (mg/L) and qe is the amount of metal ion 
adsorbed at equilibrium (mg/g). KF and 1/n are the Freun-

Table 3
Kinetic parameters of the Weber and Morris intraparticle diffusion model for the tested ions (Co = 100 mg/L)

Intraparticle diffusion (IPD)

ki,1 C1 R2 ki,2 C2 R2 ki,3 C3 R2

La(III) 2.79 0.986 0.933 2.57 4.481 0.924 0.11 35.451 0.991
Cd(II) 3.33 1.426 0.970 0.68 10.039 0.990 0.20 16.421 0.896
Cu(II) 3.52 0.336 0.991 0.32 9.911 0.998 0.15 12.325 0.944
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Fig. 9. Influence of initial concentration on metal ions sorption: 
a) La(III), b) Cd(II) and c) Cu(II). Conditions: m = 0.25 g, V = 100 
mL, Co = 25–200 mg/L, pH = 5, t = 1–360 min, T = 293 K.



D. Kołodyńska, D. Fila / Desalination and Water Treatment 131 (2018) 238–251248

boxyl groups in G and M blocks in the polymer structure 
[19,26].

The metal ions are exchanged with the calcium ions 
present in the active groups of alginate according to the fol-
lowing equation:

R COOCa M R COOM Can n− + → − ++ − + +( )1 2 � (9)

As can be seen there is a competitive reaction between 
the Ca2+, Mn+ and COO– groups. Fig. 10 shows a possible 
binding mechanism of alginate with cations in the second 
Cd(II), Cu(II) and third La(III) oxidation states. Cadmi-
um(II) and copper(II) ions attach to two COO– groups in the 
alginate, while La(III) ions coordinate with three carboxylic 
groups.

The results reveal greater affinity of the alginate for 
La(III) than Cd(II) and Cu(II) ions. Papageorgiou et al. 
[18] suggested that interactions between the metal ions 
and ligands are regulated by parameters of metal ions, for 
example charge and radius [58]. Accordingly, ions with 
higher charge are preferred by alginates than those with 
lower charge.

3.8. Thermodynamic parameters

The influence of temperature on La(III), Cd(II) and 
Cu(II) ions sorption on alginate was also investigated. 
The experiments were performed at 293, 313 and 333 K. 
Determination of thermodynamic parameters of the sorp-
tion process is necessary to understand the process nature. 
The following parameters: change of Gibbs free energy 
(ΔG°), change of standard enthalpy (ΔH°) and change of 
standard entropy (ΔS°) were calculated according to the 
equations [3,32,45,59]:

ΔG RT KL
° = − ln � (10)

Δ Δ ΔG H T S° ° °= − � (11)
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e
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H
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° °Δ Δ
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where R is the gas constant 8.314·10–3 (kJ/mol K), KL is the 
Langmuir constant and T is the temperature (K).

The Van’t Hoff plots were used to measure change of 
standard enthalpy. The quantities ΔH° and ΔS° were calcu-
lated from the slope and intercept of the plot lnKLvs. 1/T.

The results are given in Table 5. Comparing the amount 
of adsorbed metal ions at equilibrium at different tempera-
tures, it can be stated that the increase of temperature causes a 
decrease of the sorption capacity of the alginate relative to the 
tested metal ions. This can be due to the fact that increasing 
temperature causes decreasing of adsorptive forces between 
metal ions and active sites on the sorbent surface causing a 
decrease in sorption capacity. The thermodynamic calcula-
tions indicate the exothermic nature of the sorption process 
(negative values of ΔH°). The negative values of ΔG° at all 
temperatures indicate that the sorption of La(III), Cd(II) and 

dlich constants where n indicates the degree to which an 
adsorption process is favourable and KF (mg/g (mg/L)1/n) 
is the adsorption capacity of the adsorbent.

The isotherm parameters and the correlation coeffi-
cients for biosorption of La(III), Cd(II) and Cu(II) ions onto 
the calcium alginate are shown in Table 4.

The maximum monolayer adsorption capacities (qm) of 
La(III), Cd(II) and Cu(II) ions determined from the Lang-
muir equation were 65.60, 38.36 and 31.87 mg/g, respec-
tively. The parameter b is a measure of the affinity and 
efficiency of the biosorption process for the biosorbent. 
The large value of this parameter indicates a high affin-
ity of the biosorbent for the metal ions (Table 4). Based on 
the obtained values of the parameter b it can be concluded 
that calcium alginate is characterized by greater affinity for 
La(III) than Cd(II) and Cu(II) ions. The magnitude of RL was 
calculated at 100 mg/L initial metal ions concentration. The 
obtained values of this factor indicate that the biosorption 
process is favourable [55]. The high values of correlation 
coefficients (0.993–0.999) indicate that the biosorption pro-
cess can be described by the Langmuir model. 

Table 4 presents the Freundlich parameters, KF, n and 
the correlation coefficient (R2). Biosorption is considered as 
acceptable when the Freundlich constant takes the values 
in the range 1–10. The obtained values of this parameter 
are consistent with the above. The Freundlich constant, 
KF for La(III) ions was the highest compared to the others, 
pointing out that calcium alginate has the greatest affinity 
for these ions. The R2 values are in the range 0.959–0.987 
indicating that the biosorption process is better defined by 
the Langmuir model than the Freundlich one. Based on 
the adsorption isotherms it can be concluded that the bio-
sorption process of La(III), Cd(II) and Cu(II) ions proceeds 
favourably onto calcium alginate [56].

3.7. Mechanism of sorption process

Calcium alginate beads are characterized good affin-
ity for the tested ions. This is due to the presence of active 
groups in the alginate structure. They are carboxyl and 
hydroxyl ones present in the subunits of mannuronic (M) 
and guluronic (G) acids. Chemical binding of heavy metals 
with the functional groups can take place by ion exchange, 
electrostatic attraction or complexation reaction. It was 
shown that biosorption of multivalent metal ions by the 
calcium alginate beads occurs predominantly via the ion 
exchange reaction [57]. This can be caused by electrostatic 
interactions between the metal cations and the anionic car-

Table 4
Isotherm parameters for biosorption of La(III), Cd(II) and Cu(II) 
ions onto calcium alginate

Metal ions Isotherm models

Langmuir Freundlich

qm b R2 n KF R2

La(III) 65.60 1.328 0.998 2.48 28.67 0.959
Cd(II) 38.36 0.242 0.993 1.71 9.31 0.963
Cu(II) 31.87 0.106 0.999 1.23 4.49 0.987
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Cu(II) ions is spontaneous and favourable [46]. La(III), Cd(II) 
and Cu(II) ions after the sorption process are more organized 
than before as evidenced by the negative value of ΔS° [60].

3.9. Regeneration studies 

Regeneration of the alginate beads was discussed in 
many papers. For example, the magnetic alginate com-

posite regeneration was greater than 98.6% with 0.01 
mol/L HCl. The magnetic alginate composite could 
be repeatedly utilized for crystal violet removal with 
a negligible loss in sorption capacity [61]. In the paper 
by Kumar et al. zirconium oxide (HZO) incorporated 
into the alginate beads (HZO@AB) adsorbent was effec-
tively reused for three cycles of sorption-desorption 
of Cr(VI). The adsorption capacity of the regenerated 
composite adsorbent for Cr(VI) was 6.92  mg/g in the 
third cycle, and the adsorbent retained approximately 
73% of its original Cr(VI) adsorption capacity [62]. Also 
the percentage of dyes removal after 3 cycles of adsorp-
tion-desorption using vineyard-alginate biocomposite 
formulated with different concentrations of CaCl2 and 
1.25% of cellulosic residue as well as 2.2% of sodium 
alginate did not change [63]. The desorption experiment 
was also performed by Wang et al. [64]. The desorption 
process of Cu(II) and Cd(II) ions from alginate-based 
attapulgite foam using 0.2 mol/L HCl as a desorption 
agent was performed. In the first cycle the adsorp-
tion capacities of alginate-based ATP foam SP-0.25 for 
Cu(II) and Cd(II) ions were equal to 73.9 and 75.7 mg/g, 
respectively. After five cycles the adsorption capacity 
of sorbent for Cu(II) decreases by 32%. For Cd(II) ions 
the adsorption capacity increases by 26% and remains 
unchanged from the second cycle. It was found that 
these materials have special recyclability for Cu(II) and 
Cd(II) ions removal.
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Fig. 10. Probable mechanism of Cd(II), Cu(II) and La(III) ions sorption on alginate.

Table 5
Thermodynamic parameters of the sorption process of La(III), 
Cd(II) and Cu(II) ions on calcium alginate

Adsorbed 
ions

T (K) qe 

(mg/g)
ΔH°  
(kJ/mol)

ΔS°  
(J/mol K)

ΔG°  
(kJ/mol)

La(III) 293 37.59 –42.97 –118.20 –22.77
313 34.76 –23.90
333 30.98 –25.19

Cd(II) 293 20.18 –4.21 –24.03 –14.01
313 16.22 –14.62
333 12.42 –15.35

Cu(II) 293 15.09 –23.12 –90.79 –11.83
313 10.76 –12.97

333 5.98 –13.20
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4. Conclusions

The obtained results showed that the efficiency of the 
biosorption process affected by the following factors: pH 
of solution, mass of alginate, contact time of the phases, 
initial concentration of metal solutions and temperature. 
The optimal conditions for the sorption process were 
chosen: pH of solution equal 5, sorbent mass equal 0.05 
g, contact time of phases equal 240 min and process tem-
perature equal 293 K. Calcium alginate beads have greater 
affinity for La(III) ions than for Cd(II) and Cu(II) ones. 
This indicates preference of higher charge. On the basis 
of these results the series of affinities were determined: 
La(III)>Cd(II)>Cu(II). The ATR-FTIR and XPS analyses 
confirmed the presence of functional groups (carboxyl 
and hydroxyl) in the alginate structure and interactions 
of tested ions with oxygen atoms present in the alginate 
groups. The results indicate that ion exchange is one of 
the mechanisms found in the biosorption process. La(III), 
Cd(II) and Cu(II) ions sorption on calcium alginate is the 
best described by the pseudo-second order kinetic model. 
Intraparticle diffusion was extremely important although 
it was not the only step controlling the rate of the whole 
process. The adsorption equilibrium is best described by 
the Langmuir isotherm model. Based on the thermody-
namic study, the sorption process was of spontaneous and 
exothermic character. Satisfying results of the process sug-
gest the possibility of using calcium alginate as an effec-
tive material for removal of rare earth elements and heavy 
metal ions from waste waters.
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