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Abstract
The aim of this work was to investigate the influence of the crosslinking agent on the production of biopolymer compos-
ites with immobilized eggshells. Capsules with various chemical composition were produced: pure alginate (ALG) and 
alginate with carboxymethylcellulose and different content of biosorbent (5 wt% and 10 wt%). Two crosslinking agents 
have been used for the production of composites, i.e. Cu2+ ions and Ca2+ ions. Physicochemical properties (drying kinetics, 
swelling) and sorption properties of the structures were examined. Composite functional groups responsible for bind-
ing Cu2+ cations using Fourier transform infrared spectroscopy were located. Desorption of Cu2+ ions was performed to 
investigate the effect of crosslinkers on the release of cations (composites crosslinked with Ca2+ ions slower desorb the 
Cu2+ ions). The results showed that the type of the crosslinking agent has a significant influence on the physicochemical 
properties of biocomposites, as well as the binding and release of Cu2+ ions. Based on the result, biocomposites with 
immobilized biomass crosslinked with Ca2+ ions could be used in the future as controlled release fertilizers.
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List of symbols
C0	� Initial concentration of Cu2+ (mg L−1)
Ce	� Equilibrium concentration of Cu2+ in the solution 

(mg L−1)
Ct	� Concentration of Cu2+ after contact time (mg L−1)
k	� Empirical coefficients in models (h−1)
k1	� Process rate constant (1 min−1)
k2	� Process rate constant (min mg−1 s−1)
kp	� Rate of intra-particle diffusion (mmol g−1 min−0.5)
Kb	� Langmuir constant related to sorption affinity (L 

mg−1)
KF	� Freundlich constant related to uptake capacity (L 

mg−1)
KS	� Sips constant related to sorption affinity (L mg−1)
n	� Empirical constant in models (–)
n1	� Order rate of the reaction (–)
nF	� Constant known as sorbent intensity (–)
ns	� Constant known as sorbent intensity (–)
pH0	� Initial pH of the solution (–)

pHk	� Final pH of the solution (–)
Qe	� Equilibrium sorption capacity (mg g−1)
Qmax	� Maximum sorption capacity of sorbent (mg g−1)
Qt	� Sorption capacity over time (mg g−1)
t	� Time (min)
V	� Volume of the solution (L)

Abbreviations
ALG	� Sodium alginate
CMC	� Carboxymethyl cellulose
PFOR	� Pseudo-first order reaction
PSOR	� Pseudo-second order reaction
GRLE	� General Rate Law Equation

1  Introduction

The main problem of traditional fertilizers is the release rate 
of mineral substances into the soil. The ingredients pen-
etrate quickly enough that the plants are unable to take the 
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total amount. Accumulation of unused components, their 
leakage to groundwater and introduction of subsequent 
doses of fertilizers pose a threat to the environment. Reduc-
tion of nutrient losses and increased fertilization efficiency 
can be provided by controlled-release fertilizers (CRF) [1]. 
The process of releasing nutrients from polymer coated 
granules takes place in a few stages. The water present in 
the soil solution migrates inside the granule and dissolves 
the nutrients. If the coating can withstand rising pressure, 
nutrients will gradually penetrate into the soil. Compared 
to traditional fertilizer, the diffusion of these substances is 
slower. The coating provides a barrier by which the release 
rate is more adapted to the nutritional requirements of 
plants. The material and thickness of the polymer coating 
plays an important role in the release process [2].

Controlled release fertilizers have gained a lot of inter-
est, but the degradation of the polymer coating can act 
negatively on the environment [3]. The promising alter-
native may be biosorbents immobilized in a biopolymer 
matrix. The enrichment of biomass with valuable micro-
nutrients and immobilization in the gel structure gives the 
opportunity to create composites that release substances 
gradually and are environmentally safe—a coating mate-
rial is biodegradable, biocompatible and non-toxic. Such 
features have alginate and chitosan, which belong to the 
group of biopolymers. Composites based on biopolymers 
are used not only in agriculture but also as drug carriers in 
the pharmacy and medicine [4].

Alginate is a non-branched polysaccharide composed 
of monomers of β-D-mannuronic acid and α-L-guluronic 
acid [5]. It has the ability to form a three-dimensional gel 
structure. This phenomenon is described as egg—box 
model. Hydrogels can be obtained by adding sodium 
alginate to a crosslinking solution in which divalent ions 
are present. Divalent ions interact with guluronic mono-
mers and form ionic bridges that lead to the formation of a 
hydrophilic 3D structure [6]. The stability of the structures 
produced is influenced by the type and concentration of 
the crosslinking agent. The size of the ions and their dif-
fusion capacity is also crucial in the formation of alginate 
composites. Ions of larger sizes can fill larger space in the 
alginate structure and create a more compact system than 
smaller ions. The appropriate structural integrity of the 
hydrogel can reduce the permeability of solutes and gases, 
and also slow down the release of active ingredients [7].

Biocomposites can be easily modified. The introduc-
tion of a new component may change the properties of 
the hydrogel. Alginate with the addition of carboxym-
ethylcellulose forms composites characterized by higher 
porosity and better mechanical strength. Similarly, car-
boxymethylcellulose is an eco-friendly biopolymer that 
can form 3D structures in the presence of multivalent 
cations [8, 9]. These two biodegradable compounds 

combined with immobilized biomass give the opportu-
nity to create porous structures with new properties that 
can be used as innovative controlled release fertilizers.

The aim of this work was to produce composites 
enriched with micronutrients using various crosslinking 
agents—Ca2+ and Cu2+ ions. Calcium chloride is a com-
monly used crosslinking agent for obtaining alginate 
beads. The CuSO4 solution was also used as a crosslinking 
agent because Cu2+ ions belong to the group of essential 
micronutrients. Eggshells were used for research as easily 
available waste material (reduction of production costs). 
The effect of individual components of the hydrogel on 
its physicochemical properties and sorption capacity was 
also investigated. This study focuses on enriching com-
posites with copper ions as an example of a micronutrient 
that is necessary for the initial stages of plant growth.

2 � Materials and methods

2.1 � Materials

Eggshells were obtained from a local producer as waste 
from the agri-food sector. The cleaned and dried biosorb-
ent was ground and sieved. The size of the crushed parti-
cles was 0.43 μm. Sodium alginate and carboxymethyl-
cellulose were purchased from Sigma Aldrich. Calcium 
chloride (CaCl2) and copper (II) sulfate (CuSO4) (POCH, 
Poland) were used as crosslinkers.

2.2 � Preparation of beads

2.2.1 � Crosslinking with Ca2+ ions

The 2.5 wt% solution of sodium alginate was prepared by 
dissolving sodium alginate in distilled water at 50 °C. After 
cooling, 1 wt% sodium carboxymethyl cellulose and 10 
wt% ground eggshells were added to the alginate solution. 
In order to investigate the effect of individual components 
of the hydrogel on its physicochemical properties, an addi-
tional three solutions were prepared analogously with vari-
ous contents of sodium alginate, carboxymethylcellulose 
and biosorbent. The chemical composition of the hydro-
gels is shown in Table 1. Each of the solutions was dropped 
into 0.2 M CaCl2 solution and crosslinked for 24 h. After this 
time, the structures formed were washed several times with 
distilled water and stored for further experiments at 4 °C.

2.2.2 � Crosslinking with Cu2+ ions

2.2.2.1  Kinetics of  the  crosslinking ions of  copper (II)  The 
composites crosslinked with Cu2+ ions were produced 
using the 0.05  M CuSO4, analogously to the point 2.2.1. 
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During the dropwise addition of an alginate solution with/
without additives to a solution of Cu2+, the crosslinker 
solution was sampled to examine the content of Cu2+ ions.

The sorption capacity of the produced structures was 
determined using the equation [10]:

where Qt—sorption capacity over time (mg g−1), C0—ini-
tial concentration of Cu2+ (mg L−1), Ct—concentration of 
Cu2+ after time t (mg L−1), V—volume of the solution (L), 
m—mass of biocomposite (g).

Parameters of Cu2+ crosslinking kinetics were deter-
mined using the pseudo-first (Eq. 2) and pseudo-second 
order model (Eq. 3) as well as general rate law equation 
(Eq. 4) [11].

where Qe—equilibrium sorption capacity (mg g−1), k1—
process rate constant (min−1), k2 –process rate constant 
(g mg−1 min−1), kn—process rate constant (g mg−1 min−1), 
n—order rate of the reaction.

2.3 � Physicochemical properties of hydrogels

2.3.1 � Drying kinetics

To determine the water content of the composites pro-
duced, 20 beads of each type were weighed at specific 
intervals of 24 h. The loss of mass allowed to determine 
the relative water content in composites described by the 
equation [12]:

(1)Qt =

(

C0 − Ct
)

⋅ V

m

(2)Qt = Qe ⋅

(

1 − e−k1⋅t
)

(3)Qt =
Q2
e
⋅ k2 ⋅ t

1 + Qe ⋅ k2 ⋅ t

(4)Qt = Qe −
(

Q1−n
e

+ (n − 1) ⋅ kn ⋅ t
)

1

1−n

(5)MR =
ut

u0

Two models were used to describe the kinetics of dry-
ing and determinate the parameters of this process: the 
Newton model (Eq. 6) and the Page model (Eq. 7) [12].

where MR—relative water content (gH2O g−1 dry mass), 
u0—initial water content (gH2O g−1 dry mass), ut—content 
above after time t (gH2O g−1 dry mass), k—empirical coef-
ficients in models (min−1), t—time (min), n—empirical 
constant in the Page model (–).

2.3.2 � FTIR

To identify functional groups, which are responsible for 
the binding of Cu2+ ions, Fourier transform infrared spec-
troscopy was used (FTIR). The study was conducted in the 
4000–400 cm−1 wave range.

2.3.3 � Swelling properties

To examine the degree of hydration of composites in vari-
ous media, 7 conical flasks containing 50 ml of distilled 
water, 1 wt% aqueous NaCl, 1 wt% aqueous NaNO3, 0.1 M 
citric acid, aqueous solutions at pH 3, pH 7 and pH 10 were 
prepared. 1 g of composites was weighed into each of the 
media.

The samples were weighed again after 24 h and 96 h. 
The experiment was carried out for composites crosslinked 
with calcium ions as well as copper (II) ions.

Biocomposites weight change was determined by the 
equation [13]:

where %mas.—change in weight of the composite (%), 
m0—the initial mass of the composite (g), mt—mass of 
composite after time t (g)

2.4 � Kinetics of biocomposites enrichment with Cu2+ 
ions

200  ml aqueous solution with concentration of Cu2+ 
200 mg L−1 with fixed pH 5.00 was prepared in Erlenmeyer 
flasks. Appropriate mass of beads (15 g L−1) was weighed 
and transferred to a solution of copper (II) ions. The flasks 
with the beads were agitated on an orbital shaker at room 
temperature. At specific intervals, the pH was measured 
and a sample was taken to determine the content of cop-
per (II) ions by the ICP–OES. The test was conducted only 
for composites crosslinked with calcium ions. The experi-
ment was carried out until reaching equilibrium (after 24 h 

(6)MR = exp (−k ⋅ t)

(7)MR = exp
(

−k ⋅ tn
)

(8)%mas. =
mt −m0

m0

⋅ 100

Table 1   Chemical composition of biocomposites

Types of samples

ALG CMC B5 B10

Composition of the biocomposites
 Sodium alginate 2.5 wt% 2.5 wt% 2.5 wt% 2.5 wt%
 Sodium carboxym-

ethylcellulose
– 1 wt% 1 wt% 1 wt%

 Eggshells – – 5 wt% 10 wt%
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for ALG and CMC composites, after 48 h for B5 and B10 
composites).

The sorption capacity was determined by the Eq. 5 
given in Sect. 2.2.2.1.

Parameters of Cu2+ ion sorption kinetics were deter-
mined using the pseudo-first (Eq. 6) and pseudo-second 
order model (Eq. 7) as well as general rate law equation 
(Eq. 8) (Sect. 2.2.2.1).

The kinetics of the sorption process was also described 
using the internal particle diffusion model proposed by 
Weber–Morris (Eq. 9) [14]:

where kp—rate of intra-particle diffusion (mg g−1 min−0.5), 
C—constant (–)

(9)Qt = kp ⋅ t
1

2 + C

2.5 � Release of cations in various media

2.5.1 � Beads crosslinked with calcium ions

The biocomposites (15 g L−1) were added to 2 L of Cu(II) 
ions solution with the initial concentration of 200 mg L−1 
(pH 5.0). After 48 h, beads were separated and rinsed with 
distilled water in order to remove the residual Cu2+ ions 
solution. Then, three aqueous solutions were prepared: pH 
3, pH 7 and 1 wt% NaNO3.

To examine the effect of various media on the desorp-
tion of Cu2+ ions, appropriate mass of beads was weighed 
(the initial content of copper (II) in all composites was the 
same) and transferred to 100 ml of prepared solutions. 
Desorption was carried out for 14 days. Samples were 

Fig. 1   Kinetics of crosslinking of Cu2+ ions for ALG (a), CMC (b), B5 (c) and B10 (d) biocomposites (dashed line: PFOR, PSOR and GRLE model; 
T: 20 °C; contact time: 24 h)
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taken for analysis on the content of Cu2+ ions in solutions 
and the eluent was replaced at various time intervals.

2.5.2 � Beads crosslinked with copper (II) ions

Three aqueous solutions were prepared: pH 3, pH 7 and 1 
wt% NaNO3. To examine the effect of various media on the 
desorption of Cu2+ ions, appropriate mass of beads was 
weighed (the initial content of copper (II) in all compos-
ites was the same) and transferred to 100 ml of prepared 
solutions. Desorption was carried out for 14 days. Samples 
were taken for analysis on the content of Cu2+ ions in solu-
tions and the eluent was replaced at various time intervals.

3 � Results and discussion

3.1 � Kinetics of the crosslinking with copper (II) ions

In order to investigate the rate of formation of 3D struc-
tures during crosslinking with Cu2+ ions, kinetic profiles 
for composites of different composition were created 
(Fig. 1). The fastest cation binding was observed for a 
composite containing pure alginate (ALG) because the 
equilibrium was reached after 60 min. The addition of 
carboxymethylcellulose reduces the porosity of the 
composite, and thus the crosslinking process stabilizes 
longer (120 min for the CMC composite). The rate of 
structure formation depends on the diffusion of cations 
from the solution until the Cu2+ ions bind to the compos-
ite functional groups. The immobilization of the biosorb-
ent in the polymer matrix additionally prolongs the 
crosslinking process, because the internal diffusion of 
Cu2+ ions proceeds slowest. As a result, the time required 
to reach equilibrium for composite B5 amounted to 
approx. 190 min. Increasing the amount of biosorbent 
in the biocomposite leads to the multiplication of active 
sites, which react with cations. A large number of differ-
ent functional groups may cause binding of Cu2+ ions to 
be based on various physicochemical phenomena, i.e. 
chemisorption, ion exchange, complexation or physical 
adsorption [11]. Composite B10 was characterized by 
diversified chemical composition and the largest amount 
of biosorbent, therefore the mechanism of Cu2+ binding 
was the most complex. The achievement of equilibrium 
lasted the longest (300 min).

Modeling of experimental data allowed to determine 
the parameters of Cu2+ ions kinetics (Table 2). For all types 
of composites, the best-fitting model was the GRLE, as 
evidenced by R2 values. The rate constants for the Cu2+ 
ion binding process of the ALC, CMC, B5 and B10 com-
posites were determined, which are 5.30e−03  g  mg−1 Ta
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min−1, 8.85e−04 g mg−1 min−1, 4.80e−04 g mg−1 min−1 and 
3.19e−04 g mg−1 min−1, respectively. Sorption capacities 
were found, which are 124.67 mg g−1 for the ALG compos-
ite, 112.61 mg g−1 for the CMC composite, 44.98 mg g−1 
for the B5 composite and 27.95 mg g−1 for the B10 com-
posite. The estimated sorption capacities differ from the 
values resulting from the experimental data. The equation 

defining the sorption capacity describes this parameter as 
the ratio of the difference in concentrations of Cu2+ ions 
in the solution to the mass of the composite. It follows 
that the higher the mass of the composite, the smaller the 
sorption capacity. During the investigation of crosslink-
ing kinetics, the largest loss of Cu2+ ions in the solution 

Fig. 2   Drying kinetics of ALG (a), CMC (b), B5 (c) and B10 (d) biocomposites crosslinked with Ca2+ ions (dashed line: Newton model, Page 
model; T: 20 °C; dosage: 20 capsules; time: 24 h)

Table 3   Analysis of Newton 
and Page drying kinetics 
parameters for ALG, CMC, 
B5 and B10 biocomposites 
crosslinked with Ca2+ ions by 
non-linear regression method

Composite Newton model Page model

k (min−1) R2 k (min−1) n R2

ALG 5.95e−03 ± 2.63e−04 0.978 2.37e−03 ± 1.82e−04 1.32 ± 2.99e−02 0.998
CMC 4.92e−03 ± 1.95e−04 0.981 1.81e−03 ± 1.62e−04 1.28 ± 2.62e−02 0.998
B5 3.13e−03 ± 7.12e−05 0.994 1.23e−03 ± 3.81e−04 1.11 ± 3.14e−02 0.996
B10 3.02e−03 ± 6.00e−05 0.995 1.21e−03 ± 2.59e−04 1.08 ± 1.67e−04 0.997
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containing B10 composites was recorded, which indicates 
that the largest sorption capacity is obtained.

3.2 � Physicochemical properties of hydrogels

3.2.1 � Drying kinetics

The water content decreases exponentially over time for 
composites crosslinked with Ca2+ ions, which is shown in 

Fig. 2. To determine the parameters of the drying kinet-
ics, a regression analysis of changes in the relative water 
content of the composites was carried out over time [15]. 
The coefficients k determining the rate of removal of 
water from composites are shown in Table 3 [16]. The val-
ues of this parameter vary for the Newton model and the 
Page model, but show the same relationship. The fastest 
water was removed from the composite containing pure 
alginate. The change in the porosity resulting from the 

Fig. 3   Drying kinetics of ALG (a), CMC (b), B5 (c) and B10 (d) biocomposites crosslinked with Cu2+ ions (dashed line: Newton model, Page 
model; T: 20 °C; dosage: 20 capsules; time: 24 h)

Table 4   Analysis of Newton 
and Page drying kinetics 
parameters for ALG, CMC, 
B5 and B10 biocomposites 
crosslinked with Cu2+ ions by 
non-linear regression method

Composite Newton model Page model

k (min−1) R2 k (min−1) n R2

ALG 1.314e−02 ± 3.19e−04 0.993 8.64 ± 1.49e−03 1.10 ± 3.99e−02 0.995
CMC 9.67e−03 ± 3.04e−04 0.989 5.93 ± 1.09e−03 1.14 ± 4.78e−02 0.994
B5 5.99e−03 ± 1.22e−04 0.994 5.07 ± 8.23e−04 1.04 ± 3.50e−02 0.993
B10 5.73e−03 ± 7.88e−05 0.997 4.86 ± 6.77e−04 0.993 ± 2.36e−02 0.997
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Fig. 4   FTIR spectra for ALG (a), CMC (b), B5 (c) biocomposites crosslinked with Ca2+ ions before and after sorption of Cu2+ ions

Table 5   Functional groups observed on the ALG biocomposite by FTIR spectroscopy

No. Wave number (cm−1) Before sorption After sorption Differences Bond Functional group

1 3355–3322/
3297–3255

3333 3264 − 69 O–H
stretching

Alcohols

2 2950–2877/
2958–2806

2923 2930 7 C—H
stretching

Alkanes

3 1718–1488/
1772–1488

1590 1589 − 1 COO−

stretching
Carboxylic acids

4 1490–1348/
1490–1336

1420 1411 − 9 C–C
bending

Alcohols

5 1072–954/
1024–958

1020 1020 0 C–O–C
stretching

Ethers

6 902–867/
912–844

889 885 − 4 –CH deformation Alkanes
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introduction of additional substances (carboxymethylcel-
lulose, biosorbent) as well as the increase in the amount 
of biosorbent (B10) causes the drying process to occur 
more slowly. The equations describing the drying kinetics 
differ only by the parameter n, which ensured a better fit 
of the Page model to the experimental data (R2 > 0.996). 
The drying rate constant was 2.37e−03  min−1 for the 
ALG composite, 1.81e−03 min−1 for the CMC composite, 

1.23e−03 min−1 for the B5 composite and 1.21e−03 min−1 
for the B10 composite.

The drying kinetics study was also carried out for com-
posites crosslinked with Cu2+ ions (Fig. 3). To determine 
the process parameters, the same logarithm models were 
used (the Newton model and the Page model). The drying 
rate constant was 8.64e−03 min−1 for the ALG composite, 
5.93e−03 min−1 for the CMC composite, 5.07e−03 min−1 
for the B5 composite and 4.86e−03  min−1 for the B10 

Table 6   Functional groups observed on the CMC biocomposite by FTIR spectroscopy

No. Wave number (cm−1) Before sorption After sorption Differences Bond Functional group

1 3222–3195/3259–3236 3207 3247 40 O–H stretching Alcohols
2 2948–2925/2690–2765 2931 2928 − 3 C—H stretching Alkanes
3 1620–1508/1783–1488 1586 1586 0 COO− stretching Carboxylic acids
4 1490–1357 1420 1413 − 7 C–C bending Alcohols
5 1363–1269/1359–1197 1327 1322 − 5 C—H stretching Alkanes
6 1199–1107/1197–956 1012 1025 13 C–O–C stretching Ethers

Table 7   Functional groups observed on the B5 biocomposite by FTIR spectroscopy

No. Wave number (cm−1) Before sorption After sorption Differences Bond Functional group

1 3309–3325/3255–3269 3318 3260 − 58 O–H stretching Alcohols
2 2900–2937 2923 2916 − 7 C—H stretching Alkanes
3 1554–1726 1584 1581 − 3 COO− stretching Carboxylic acids
4 1189–1554/1223–1547 1401 1404 3 CO3

2− Carbonic acid
5 1016–1050 1032 1033 1 C—H stretching Ethers
6 825–891/866–885 872 873 1 CO3

2− Carbonic acid
7 673–727 712 712 0 CO3

2− Carbonic acid

Fig. 5   Swelling of ALG, CMC, 
B5 and B10 biocomposites 
crosslinked with Ca2+ ions in 
various media (T: 20 °C; sorb-
ent dosage 20 g L−1; contact 
time: 96 h; media: water, aque-
ous solution at pH 3, 7 and 10, 
0.1 M citric acid, 1 wt% NaCl, 1 
wt% NaNO3)
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composite (Table 4). Same as the composites crosslinked 
with Ca2+ ions, the dehydration process occurs fastest in 
the composite ALG and the slowest for the composite B10. 
Comparing the same types of composites, it was noticed 
that composites crosslinked with Cu2+ ions have higher 
values of k parameters than composites crosslinked with 
Ca2+ ions. This means that composites crosslinked with 
Cu2+ ions dry faster because they were more porous.

3.2.2 � FTIR

To identify the functional groups present responsible for 
the binding of divalent cations, Fourier transform infra-
red spectroscopy (FTIR) was used. The analysis comprised 
dry ALG, CMC and B5 composites crosslinked with Ca2+ 
ions before and after enrichment with Cu2+ ions (Fig. 4). 
The composition of the B5 and B10 composites was the 
same, they differed only in the percentage content of the 
biosorbent, and thus the functional groups are identical.

FTIR spectra for ALG composite before and after sorp-
tion of copper (II) ions are shown in Fig.  4a. Spectral 
analysis showed the presence of carboxyl groups. Their 
identification is related to the stretching vibrations -OH at 
3333 cm−1 and the stretching vibrations –CH at 2923 cm−1. 
What’s more, the peak located at 1590 cm −1 also has a 
connection to the carboxyl group—it concerns the 
stretching of COO- bonds [17]. Absorption bands in the 
region below 1500 cm−1 are the fingerprint region, which 
is characteristic of a given molecule. Bending vibration 

C–C at 1420 cm−1 and a band at 889 cm−1 corresponding 
to deformation –CH of β-mannuronic acid residues belong 
to the “fingerprint” area of the alginate [18]. Changing the 
shape of the spectrum and its shift after the Cu2+ ion sorp-
tion process confirmed that localized functional groups 
in the ALG composite (Table 5) actively participate in the 
binding of Cu2+ ions.

The FTIR spectra for the CMC biocomposite are shown 
in Fig. 4b. Spectral analysis showed that both alginate and 
carboxymethylcellulose present in the composite possess 
Cu2+ ion-binding groups in the sorption process (Table 6). 
Stretching vibrations of the carboxyl groups with -OH 
3207 cm−1 are characteristic not only of the alginate, but 
also for the carboxymethylcellulose [19]. The absorption 
band in the region of 2931 cm−1 is related to the vibra-
tion stretching –CH of hydrogen atoms derived from the 
carboxymethylcellulose methane ring. The “fingerprint” 
range of carboxymethylcellulose is located at 1012 cm−1, 
because C–O–C stretching vibrations in this area have a 
polysaccharide backbone [20].

FTIR spectra for composite B5 before and after Cu2+ ion 
biosorption process are presented in Fig. 4c. In addition 
to alginate and carboxymethylcellulose, the composite 
contained a biosorbent in the form of ground eggshells. 
The main component of the dry shell is calcium carbonate 
(85–95%), similarly to known sorbents, i.e. limestone or 
calcite. Therefore, the binding of copper (II) ions with the 
participation of B5 composite should take place mainly 
by ion exchange [21]. Spectral analysis revealed three 

Fig. 6   Swelling of ALG, CMC, 
B5 and B10 biocomposites 
crosslinked with Cu2+ ions in 
various media (T: 20 °C; sorb-
ent dosage 20 g L−1; contact 
time: 96 h; media: water, aque-
ous solution at pH 3, 7 and 10, 
0.1 M citric acid, 1 wt% NaCl, 1 
wt% NaNO3)
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characteristic peaks, which confirm the participation of 
carbonate minerals in the sorption of Cu2+ ions (1401 cm−1, 
872 cm−1 and 712 cm−1) [22, 23]. As a result of the pres-
ence of CO3

2−, bands in the area of 872 cm−1 and 712 cm−1 
exhibit, deformation beyond the plane and in the plane, 
respectively [24, 25]. Visible shift of the spectrum con-
firmed changes occurring in the biocomposite during the 
sorption process of Cu2+ ions. Functional groups of com-
posite B5 responsible for binding Cu2+ cations are shown 
in Table 7.

3.2.3 � Swelling properties

Changes in the degree of hydration of composites 
crosslinked with Ca2+ ions in various aqueous solutions 
are shown in Fig. 5. B5 and B10 composites are charac-
terized by high porosity resulting from the presence of 

biosorbent, therefore they have better water absorption 
capabilities than ALG and CMC structures. The highest 
weight gain for all types of composites was observed 
in 0.9 wt% NaCl solution and 1 wt% NaNO3 solution. 
Sodium ions do not bind in any way to functional groups 
of composites, but they interact electrostatically with 
COO− carboxyl groups present in polysaccharides chain. 
The resulting ionic strength causes strong enough inter-
actions that may even destroy the structure of the hydro-
gels [26]. Degradation of all composites crosslinked with 
Ca2+ ions was observed in the 0.9 wt% solution NaCl after 
24 h. In the case of salt solutions containing Na+ cations, 
the salt anion also influences the degree of swelling of 
the structures. Chloride anions have a higher diffusion 
coefficient than the anions of NaNO3. This means that the 
sodium chloride solution penetrates into the composite 
faster than sodium nitrate solution [27]. Considering the 

Fig. 7   Kinetics of binding of Cu2+ ions for ALG (a), CMC (b), B5 (c) and B10 (d) biocomposites crosslinked with Ca2+ ions (dashed line: PFOR, 
PSOR and GRLE model; T: 20 °C; sorbent dosage 15 g L−1; contact time: 48 h; pH: 5; C0: 200 mg L−1)
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possibility of using biocomposites as controlled release 
fertilizers, the key aspect was to investigate the degree 
of hydration in the NaNO3 solution because it imitates 
soil conditions. Slower diffusion of the “soil solution” is 
advantageous because it will not damage the structure 
of the hydrogels, and thus will not disturb the controlled 
release of micronutrients from the polymer matrices. 
Approximately 40% of the weight loss of the composites 
in the citric acid solution was also noted. Moreover, the 
structures of the B5 and B10 hydrogels were degraded 
(gas bubbles were observed that raised the beads to 
the surface of the solution). The main component of the 
biosorbent (calcium carbonate) decomposed due to H+ 
ions, which led to the formation of carbon dioxide.

The influence of the aqueous environment on swelling 
properties was also tested for composites crosslinked with 
Cu2+ ions. The results are shown in Fig. 6. In comparison 
to composites crosslinked with Ca2+ ions, all structures 
crosslinked with Cu2+ ions shrink in aqueous solutions. The 
largest loss in weight was also observed for the composites 
immersed in a solution of citric acid. Structures B5 and B10 
were damaged by decomposition of calcium carbonate. In 
addition to floating spheres, a loss of the blue color of the 
composites was noted after 94 h. Discoloration of com-
posites indicates the removal of Cu2+ ions from hydrogels. 
Based on the results, cations from the crosslinking agent 
have an effect on structural integrity. This may be due to 
the size of the cations. Ca2+ ions have a larger ionic radius 
(0.097 nm) than Cu2+ ions (0.072 nm). Therefore, Ca2+ ions 
form a more compact system, filling up more space in the 
alginate structure. The matrix of composites crosslinked 
with Cu2+ ions is characterized by a looser structure and 
the diffusion of the liquid occurs faster [7].

3.3 � Kinetics of enrichment with Cu2+ ions 
of composites crosslinked with Ca2+ ions

The PFORE, PSORE and GRLE models were used to describe 
the process of enrichment with Cu2+ ions of composites 
crosslinked with Ca2+ ions, which relate to the rate of 
reaction occurring in the biosorption process [11]. Fitting 
these models to experimental data is shown in Fig. 7. The 
complexity and multistage character of the Cu2+ sorption 
process confirm the high values of the R2 parameter of the 
GRLE model, which proved to be the best fit for the experi-
mental data. The determined coefficients k describing the 
rate of binding of Cu2+ ions for ALG, CMC, B5 and B10 com-
posites are respectively: 1.12e−03 min−1, 6.15e−04 min−1, 
7.38e−05 min−1 and 1.00e−06 min−1 (Table 8). Based on 
the determined parameters of the kinetics as well as the 
graphs, it was noted that the sorption process is fastest 
for ALG composite and the slowest for B10 composite. It 
was observed that the equilibrium established only in the Ta
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case of ALG and CMC composites (Fig. 7a, b). To determine 
the cause of this phenomenon, the mechanism of bind-
ing of Cu2+ ions to biocomposites was examined using the 
Weber–Morris diffusion model.

The biosorption process includes not only chemical 
reactions, but also diffusion, which can significantly reduce 
the rate of binding of Cu2+ ions. Straight lines that illus-
trate the biosorption stages for all types of composites 
crosslinked with Ca2+ ions are shown in Fig. 8. Parameters 
determined using the Weber–Morris model are collected 
in Table 9. Based on the results, ALG and CMC composites 
are characterized by a simplified, two-step mechanism of 
Cu2+ ion binding, which involves the transport of cation 
from the solution to the composite surface (first area of 
linearization) and internal cation diffusion into the interior 
of the composite (second linear section). In the case of 
B5 and B10 hydrogels, an additional step can be distin-
guished, which concerns the binding of Cu2+ ions to the 

surface and interior of the biosorbent immobilized in the 
polymer matrix (third area of linearization).

3.4 � Release of cations in various media

The percentage of Cu2+ ions released during desorption of 
crosslinked with Ca2+ composites is shown in Fig. 9. In an 
acidic environment, the biopolymer structure is loosened. 
More specifically, the bond between the hydrogen and the 
carboxylic acid group present in the alginate is relaxed. At 
low pH, there is also an ion competition between H+ and 
Cu2+, which can be described by the following equation [28]:

The ALG composite quickly releases Cu2+ ions from all 
types of hydrogels crosslinked with Ca2+ ions. Carboxy-
methylcellulose as an additional biopolymer component 

(10)
(R-COO)2 − Ca2+ + 2H+ + Cu2+ → 2

(

R-COO-H+
)

+ Ca2+ + Cu2+

Fig. 8   Kinetics of binding of Cu2+ ions for ALG (a), CMC (b), B5 (c) and B10 (d) biocomposites crosslinked with Ca2+ ions (dashed line: Weber–
Morris model; T: 20 °C; sorbent dosage 15 g L−1; contact time: 48 h; pH: 5; C0: 200 mg L−1)
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in CMC, B5 and B10 hydrogels strengthens the structure, 
thanks to which the desorption process takes place more 
slowly. Na+ ions present in the sodium nitrate solution 
due to strong electrostatic interactions with the carbox-
ylic groups COO− also contribute to the relaxation of the 
hydrogel structure, causing the release of Cu2+ ions.

Compared to composites crosslinked with Ca2+ ions, 
hydrogels crosslinked with Cu2+ ions are more sensitive 
to the relaxation of structures in the presence of an acidic 
environment or as a result of strong electrostatic effects 
of Na+ ions, because they release larger amounts of Cu2+ 
ions in the desorption process (Fig. 10). Once again, the 

importance of the crosslinking agents for the durability 
and coherence of hydrogels was observed. Composites 
crosslinked with Ca2+ ions release the Cu2+ ions more 
slowly than those crosslinked with Cu2+ ions.

4 � Conclusions

The type of crosslinking agent has a significant impact 
on the physicochemical properties of biocomposites as 
well as the sorption and release of Cu2+ ions. Compos-
ites crosslinked with Ca2+ ions have greater structural 

Table 9   Analysis of Weber–
Morris model parameters for 
wet and dry biocomposites for 
ALG (A), CMC (B), B5 (C) and 
B10 biocomposites crosslinked 
with Ca2+ ions method by 
linear regression

Composite

ALG CMC B5 B10

I part of linearization
 t (min) 0–253 0–253 0–42 0–137
 kWM (mg g−1 min0.5) 6.332 ± 0.180 5.345 ± 0.220 1.019 ± 0.108 1.212 ± 0.090
 CWM − 2.808 ± 1.697 − 3.651 ± 2.18 0.126 ± 0.493 − 0.535 ± 0.639
 R2 0.994 0.992 0.989 0.989

II part of linearization
 t (min) 253–1545 253–1545 42–1182 137–1182
 kWM (mg g−1 min0.5) 0.462 ± 0.037 0.915 ± 0.072 1.819 ± 0.062 2.204 ± 0.030
 CWM 92.361 ± 1.169 67.538 ± 2.294 − 6.408 ± 1.183 − 11.145 ± 0.639
 R2 0.987 0.994 0.997 0.999

III part of linearization
 t (min) – – 1182–2880 1182–2880
 kWM (mg g−1 min0.5) – – 0.921 ± 0.124 0.978 ± 0.097
 CWM – – 26.142 ± 5.373 31.685 ± 4.192
 R2 – – 0.982 0.990

Fig. 9   % release of Cu2+ ions in various media for ALG, CMC, B5 
and B10 biocomposites crosslinked with Ca2+ ions (T: 20  °C; con-
tact time: 14 days; media: aqueous solution at pH 3 and 7, 1 wt% 
NaNO3)

Fig. 10   % release of Cu2+ ions in various media for ALG, CMC, B5 
and B10 biocomposites crosslinked with Cu2+ ions (T: 20  °C; con-
tact time: 14 days; media: aqueous solution at pH 3 and 7, 1 wt% 
NaNO3)
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integrity than those crosslinked with Cu2+. The combi-
nation of alginate and carboxymethylcellulose gives the 
possibility of creating porous structures used for sorption 
processes. Immobilization of biomass inside a polymer 
matrix increases the sorption capacity of hydrogels, gen-
erating new properties that can be used in the creation 
of innovative fertilizers with controlled release of micro-
nutrients. Considering the potential use of composites as 
controlled release fertilizers, calcium ions have been the 
better crosslinking agent.
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