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Abstract

The aim of this work was to study the properties of biocomposite based on sodium alginate and carboxymethyl cellulose
with immobilized alfalfa as a material with controlled release of Cu®* ions. Physicochemical (swelling, pH,pc) and sorption
(kinetics, equilibrium) properties of the produced structures were investigated. Kinetic data were best described using
a general rate law model, and the value of kinetic rate constant was 5.34 x 1075. The sorption kinetics are also described
using the Weber-Morris model, and the analysis revealed a three-step sorption. The maximum sorption capacity was
determined using the Sips model and amounted to 9 mg g~'. Desorption of Cu* ions in soil solution (NaNO; 1 wt%)
was carried out, and biocomposites released micronutrients in a slow way. The results showed that biocomposites with
immobilized alfalfa are a very good material for potential applications in the agrochemical industry as a controlled

released fertilizer.
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1 Introduction

The agrochemical industry is growing rapidly with the
population growth. Due to this, the use of chemical soil
fertilizers increased significantly in the second half of the
twentieth century [1]. The quality of the crop depends
mainly on the amount of water and the composition of
the soil. Form of micronutrients delivery into the soil has a
significant effect on the plant growth. Nutrients are mainly
served in the form of synthetic chelates and technical salts.
Well-soluble fertilizers are quickly leached from the soil
to groundwater. This causes environmental pollution and
economic losses associated with the need to fertilize one
crop several times per year. For this reason, controlled
release fertilizers are more often used, which ensure the
release of nutrients during the entire cultivation cycle. Typ-
ically, such properties are obtained by coating traditional
fertilizers with different polymers. A very important aspect,
due to environmental protection, is the degradation of the
coating [2, 3].

Enriched with microelements biomass can be an alter-
native to traditional fertilizers. Biosorption processes are
commonly used to remove ions from aqueous solutions
[4]. Biomass enriched with micronutrients can be used in
the agrochemical industry. Increasing the sorption capac-
ity can be achieved by fragmentation of biosorbent and
immobilization in hydrogel matrix. Immobilization of the
biomaterial also results in obtaining controlled release
properties of related micronutrients [5].

The most well-known biopolymer used to immobilize
various materials is alginate. This polysaccharide is linear,
unbranched copolymer composed of two monomers 3-d-
manuranate and a-1-guluronate, which are organized in
blocks. The most commonly used variant of alginate is the
sodium salt of alginic acid. Alginates can form very strong
hydrogels by exchanging metal with divalent cations (e.g.
Ca®"). The cation reacts with blocks of acidic residues,
resulting in the creation of a 3D network [6]. The alginate
can be co-polymerized or mixed with other biopolymers
such as carboxymethyl cellulose and chitosan. The use of
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an additional component increases the mechanical prop-
erties and the sorption capacity of the structures [5].

This paper presents new hydrogel biocomposite based
on alginate, carboxymethyl cellulose and alfalfa (Medicago
sativa) after supercritical extraction as a new material for
controlled release of Cu?* ions. Copper plays a huge role in
the early stages of plant development. It takes part in the
photosynthetic transport of electrons, oxidative phospho-
rylation and immobilization of iron in cells. Its deficiency
causes deformation of young leaves and disturbances in
the development of generative restrictions. Physicochemi-
cal studies of prepared structures were carried out, includ-
ing swelling properties and pH . The sorption capacity
of biocomposites was determined using Langmuir, Freun-
dlich and Sips models. Studies on the release of microele-
ments in various media have been carried out.

2 Materials and methods
2.1 Materials

Sodium alginate (ALG) and carboxymethyl cellulose (CMC)
were purchased from Sigma-Aldrich. Copper(ll) sulphate
(CuS0O,), calcium chloride (CaCl,), acetic acid (CH;COOH)
were purchased from POCH (Poland). Alfalfa (Medicago
sativa) (A) after supercritical extraction was obtained from
a polish producer.

2.1.1 Preparation of Cu?* stock solution

To prepare a solution containing of 1000 mg L™' cop-
per ions, Cu(SO,), was dissolved in distilled water. Other
concentrations were obtained by diluting this stock solu-
tion. Hydrochloric acid (HCl) 0.1 M and sodium hydroxide
(NaOH) 0.1 M solution were used to adjust the pH solution
containing of Cu?* ions.

2.2 Preparation of beads

The solution of ALG (2.5 wt%) and CMC (1.0 wt%) was pre-
pared by dissolving a known amount of those substances
in distilled water at 65 °C. After cooling, 5 wt% of alfalfa (A)
was added to this solution and stirred to complete dissolu-
tion. Mixture was dropped into 0.2 M CaCl, solution (cross-
linking solution). The biocomposites were cross-linked for
24 h. After this time, structures were washed and stored in
distilled water for future experiments.

2.3 Analytical measurements

Biocomposites were observed under the optical micro-
scope (DMi8, LEICA, Germany). The concentration of Cu?*
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in the solution was measured with the ICP-OES (induc-
tively coupled plasma-optical emission spectrometry).
Mathematical modelling of experimental points was per-
formed using the OriginLab (8 Technology, OriginLab Cor-
poration, USA).

2.4 Physicochemical properties of biocomposites
2.4.1 Swelling properties

ALG-CMC-A biocomposites (1 g) were weighted and trans-
ferred to four flasks containing 50 mL 0.1 M aqueous solu-
tion of citric acid, 1 wt% aqueous solution of sodium chlo-
ride (NaCl), water and 1 wt% aqueous solution of sodium
nitrate (NaNO;). Next, structures were weighted after 24,
48 and 96 h. The percentage changes in mass are shown
with reference to the zero sample.

2.4.2 pHype: point of zero charge

ALG-CMC-A capsules (0.5 g) were weighted and trans-
ferred to eight flasks containing 50 mL 1 wt% aqueous
solution of NaCl at the pH range from 2 to 9. The samples
were left on laboratory shaker for 24 h. After this time, the
pH of the solutions was again measured. The pH,p was
determined by means of a graph pH,, — pH, = f(pHﬁxed).

2.5 Influence of pH on the process

Four flasks with 50 mL aqueous solution with a concen-
tration of Cu?* ions 200 mg L™, at the pH range from 3 to
6 were prepared. ALG-CMC-A biocomposites (1.5 g) were
weighted and transferred to the flasks. The samples were
left for 24 h in an orbital shaker. After this time, the solu-
tion was analysed for the Cu®* ions concentration.

2.6 Sorption of Cu**ions
2.6.1 Kinetics

ALG-CMC-A (3 g) were weighted and transferred to flask
containing 200 mL aqueous solution with a concentra-
tion of Cu?* 200 mg L™' (pH 5). The flask was agitated in
an orbital shaker. Samples were collected at specific time
intervals. Sorption was carried out to achieve equilibrium
(24 h).

2.6.2 Equilibrium

Six flasks containing 50 mL aqueous solution with a con-
centration of Cu?* ions range from 50 to 500 mg L™ (pH
5) were prepared. Biocomposites (1.5 g) were weighted
and transferred to the flasks. The flasks were agitated in
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an orbital shaker for 24 h. After this time, the solution
was analysed for the Cu®* ions concentration.

2.7 Desorption
2.7.1 Enrichment of biocomposites with Cu?* ions

Biocomposites were weighed (15 g) and transferred to
1 L of the solution containing Cu?* ions with the con-
centration of 1000 mg L™". After 24 h (sorption equilib-
rium), the biocomposites were separated and washed
several times with distilled water.

2.7.2 Desorption in various media

Previously enriched biocomposites (3 g) were trans-
ferred to four flasks containing 100 mL 0.1 M aqueous
solution of citric acid, 1 wt% aqueous solution of NaCl,
water and 1 wt% aqueous solution of NaNO;. Desorp-
tion was carried out for 14 days. The aqueous solutions
were replaced at specific interval times. The solutions
were analysed for the Cu?* ions concentration.

Fig. 1 Swelling of biocom- 30
posites in various media (T:

20 °C; sorbent dosage 30 g L™'; ]
contact time: 96 h; media: 20 -

aqueous solution of 0.1 M citric
acid, NaCl 1 wt%, NaNO; 1 wt% i
and water) 10

mass (%)

=30

40 -

3 Results and discussion
3.1 Physicochemical properties of biocomposites
3.1.1 Swelling properties

The swelling of the prepared structures in various media
(0.1 M citric acid, NaCl 1 wt%, NaNO; 1 wt% and water)
is shown in Fig. 1. Determining the swelling properties
is very important for hydrogel structures, especially for
release of micronutrients. It has been found that the com-
posites swell most in NaCl solutions (19 and 22% after 24
and 48 h) and in model soil solution—NaNO; (17 and 19%
after 24 and 48 h). In both solutions, ion exchange occurs
between the Ca?* ions, present in the composites, and the
Na* ions, present in the solution. This causes electrostatic
repulsion between COO™ groups and thus relaxation of
polymer chains. This ultimately leads to degradation of
the hydrogel [7]. The swelling promotes the release of ions
from the inside of the capsule. In the acidic environment,
shrinkage of structures was observed. At a pH lower than
3.65, the carboxyl groups present in alginate and carboxy-
methyl cellulose bind to H* ions. The formation of ~-COOH
groups causes more hydrophobic structures and thereby
shrink [8]. The mechanism of shrinking and swelling of bio-
composites at low and high pH is shown in Fig. 2.
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Fig. 3 pHpyc for biocomposites (T: 20 °C; sorbent dosage 10 g L™";
contact time: 24 h; pH 5-9)

3.1.2 pHypc (point of zero charge)

The pHypc point is one of the most important param-
eters, describing the surface properties of a biomass in
solution. In this point, the sum of positive and negative
charges on the surface is equal to zero, and structures
show specific properties. Figure 3 shows the depend-
ence pH,, — pHy = f(pHg,eq)- The intersection of the lin-
earized graph is determined by the pH - value, which
in this case is 7.21. Below pHypc, the sorbent surface is
positively charged and the Cu?* ion sorption decreases.
The contribution of H* ions inhibits contact with active
sites in the sorbent and metal ions. In contrast, when the
pH is higher surface it has a greater ability to exchange
cations [9].
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Fig.4 The influence of pH on the sorption process (T: 20 °C; sorb-
ent dosage 30 g L™'; contact time: 24 h; pH 3-6; C,; 200 mg L™)

3.2 Influence of pH on the process

The pH of the solution has a significant effect on the
degree of sorbent ionization and determines the surface
charge of the sorbent. This makes the parameter have
a very important impact on the sorption process. The
effect of pH on the enrichment of composites is shown
in Fig. 4. The smallest percentage of enrichment (11%)
was obtained at pH 3. This is related to existing H" ions
competing with Cu?" ions for active sites in the biocom-
posite. The best degree of enrichment of the structures
(56%) was obtained in the solution at pH 5. A similar
value was obtained in the solution at pH 6. The turbid-
ity of the solution was observed, which may indicate
the precipitation of copper in the form of copper(ll)
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hydroxide. Subsequent studies were carried out in the
solution at pH 5.

3.3 Uptake kinetics

In this study, three different kinetics models (pseudo-first
order (PFOR) (Eqg. 1) [10], pseudo-second order (PSOR)
(Eq. 2) [11] and general rate law equation (GRLE) (Eq. 3)
[12]) were used to predict kinetics parameters.

Q=0.- (1-e™*) 0
0 Qé'kz't

t_1+Qe.k2.t (2)
Q= 0, = (Q)"+ (m = 1) - hy ) ®

where Q,—the sorption capacity over time, Q.—equi-
librium sorption capacity (mg g™'), k,—the process rate
constant (min~"), k,—the process rate constant (g mg™’
min~"), k,—the process rate constant (g mg~' min™'), and
the n,—order rate of the reaction.

In order to investigate the mechanism of sorption of
Cu?* ions on the biocomposite, experimental data were

6
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described with the Weber-Morris intramolecular diffu-
sional model (Eq. 4) [13].

Q =k, -ti+C @)

where k,—the rate of intra-particle diffusion
(mmol g~" min~®%) and C—constant (-).

Figure 5a shows the profile of the kinetics of Cu®* ions
sorption on the biocomposite. The cation-binding pro-
cess takes place most intensively for 30 min. It is caused
by a large number of active sites in biocomposite at the
beginning of sorption. Then, the process slows down sig-
nificantly. Cu?* ions are transported from the surface of the
composite into the interior of the hydrogel matrix. In the
last stage, adsorption of cations on the surface of immo-
bilized biomass takes place. This stage is the longest and
lasts 21 h.

PFOR, PSOR and GRLE models were used to determine
the kinetic parameters (Table 1). These models have been
designed to describe sorption in homogeneous systems.
However, they are used to predict the rate of the process in
hydrogels [14]. The fit to the experimental data is shown in
Fig. 4a. The kinetics of the process were best described by
the GRLE model, where the correlation coefficient was 0.999.
The best fit of this model results from the three parameters
present in the model. The expected sorption capacity was

1 1~ T T T T T
10 15 20 25 30 35 40 45

Time™' (min™)

Fig.5 Kinetics of binding of Cu?* for biocomposites: dashed line—PFORE, PSORE and GRLE model (a) and dashed line—Weber-Morrison
model) (b) (T: 20 °C; sorbent dosage 30 g L™'; contact time: 26 h; pH 5; Co: 200 mg L™")

Table 1 Analysis of PFOR, PSOR and GRLE adsorption kinetics parameters for biocomposites by nonlinear regression method

PFOR PSOR GRLE
k;(min™)  Q.(mgg™) R? ky(dm3>mol~" min™  Q.(mgg™") R? k, n Q.(mgg™) R?
2.79E-03 4.25 0.974 5.7E-03 5.02 0.993 5.34E-06 5.23 7.61 0.999
+5.5E-04 +02.7E-03 +9.26E-05 +2E-02 +9.26E-08 +4.79E-02 +4.2E-02
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7.6 mg g~'. The n value determined in this case does not
imply physical meaning in this case. The determined reaction
rates of the PFOR and PSOR models differ significantly from
the one determined by the GRLE model (2.79x 1073 min~",
5701072 dm>?mol™" min~', 5.34x1079).

The Weber-Morris model was used for the following
description of the process kinetics. Due to the varied speed
of the sorption process over time, data analysis is presented
in successive three stages at Fig. 5b. The parameters deter-
mined from the linearization of experimental data are pre-
sented in Table 2. The binding of ions in the hydrogel with
the immobilized biosorbent can be presented in three trans-
port stages. The first part of linearization—transport of Cu**
ions to the surface of the biocomposite—the second part of
linearization—diffusion inside the polymer matrix and the
third part—adsorption on the biomass surface. Each subse-
quent stage of sorption is longer. The copper ions are incor-
porated into the biocomposite, and this makes it difficult to
transport subsequent cations.

3.4 Sorption isotherms

Isotherms are of key importance in the description of sorp-
tion processes; they are necessary to obtain the data needed
to design the installation, e.g. sorption capacity. Three
adsorption isotherm models (Langmuir, Freundlich and Sips,
Egs. 5-7) [14-16] were applied to describe the experimen-
tal data. The Langmuir model assumes that the adsorption
takes place on a completely homogeneous surface with
negligible interaction between the adsorbed components,
the Freundlich isotherm determines the heterogeneity of
the adsorption system, and the Sips model is a combination
of the two mentioned models.

0.=0Q Kb : Ce
e = Umax " 7T 5)
1
Qe = KF . Ce"F (6)
A
Ks : Ce:’S
Q. = Qmax - ——2—+ )
14+K,-C”

where C,—the equilibrium concentration of metal ions in
the solution (mg g"), Qpnax—the maximum sorption capac-
ity of sorbent (mg g™'), K,—the Langmuir constant related
to sorption affinity (L mg”), Kc—the Freundlich constant
related to uptake capacity (mgg™") (Lmg™")1 n™"), n;, ng—
the constant known as sorbent intensity (=), and Ks—the
Sips constant related to sorption affinity (L mg™).

The values of the correlation coefficient R? calculated
from the adsorption models clearly indicate that the Lang-
muir model provides a better fit to the experimental data
than the Freundlich model (Fig. 6; Table 3). The maximum
adsorption capacity for Cu?* ions is 10.97 mg/g. According
to the highest correlation coefficient (R?>0.999), sorption
onto hydrogel biocomposite is best described by the Sips
model, mainly because it is a three-parameter model. The
determined maximum sorption capacity does not differ
significantly from the parameters determined by the Lang-
muir equation. According to the theory, the determined
parameter ns decreases with the increase in the number
of sorbent components. Values ns closer to zero are related
to the heterogeneity of the surface, and close to unity with
relatively homogeneous places on the sorbent [14].

Calcium alginate contains two different types of ion
binding sites. They are associated with different configu-
rations of polymer chains—G (guluronic acid) and M (man-
nuronic acid) blocks. M blocks are more readily available
forions, and hydroxyl groups are also present on polymer
chains, which also interact with the ions bonded [17].
The complex structure of the biocomposite, enriched
with the presence of biomass in the hydrogel structure,
can be clearly classified into a specific group of sorbents,
which could be easily described by one type of equilibrium
model.

3.5 Desorption in various media

The release of Cu?* ions is shown in Fig. 6. After first 24 h,
the largest percentage of desorption was observed in cit-
ric acid. In the acidic environment, the bonds between
the carboxyl group and hydrogen are loosened. A much
smaller degree of desorption was observed in the soil solu-
tion NaNO;. In Fig. 7, it can be observed that the release of
ions increases during the desorption process. Sodium ions
interact electrostatically with negatively charged carbox-
ylic groups in the polysaccharide. The ionic strength causes

Table 2 Analysis of Weber-Morris model parameters for biocomposites by linear regression method

First part of linearization

Second part of linearization

Third part of linearization

t(min) k,(mgg™ min® ¢ R? t(min) k,(mgg' min®?) C R? t(min) k,(mgg~' min®) C R?
0 0.425 6.35E-05 0.999 45 0.208 1.329 0.999 150 0.055 3.179  0.998
30 +1.24E-03 +4.78E-07 150 +2.78E-03 +1.2E-02 1620 +5.21E-04 +0.024
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Fig. 6 Equilibrium of binding
of Cu?* ions for biocompos-
ites (dashed line: Langmuir,
Freundlich and Sips model; T:
20 °C; sorbent dosage: 30 g L™,
contact time: 24 h; pH 5; C;:
50-500 mg L")

10 5
8 -
6 -
o |
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E
y A
<
2 -
Langmuir model
- Freundlich model
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0 T T T T T T T T T T T T T ]
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Table 3 Analysis of Langmuir, Freundlich and Sips sorption isotherm parameters for biocomposites by nonlinear regression method

Langmuir Freundlich Sips

Quac(Ma/g) K (dm3*mg) R K¢ ne R? Qmax (Ma/g) K n R?
10.97 3.18e2 0.964 1.70 3.13 0.925 8.99 2e-3 1.99 0.999
+1.29e-01 +1.01e-04 +8.1e-02 +1.0e-02 +7.9e-02 +2.96e—05 +5.09e-03

Fig.7 Release of Cu**ionsin
various media for biocompos-
ites (T: 20 °C; sorbent dosage
15 g L™"; contact time: 7 days;
media: aqueous solution of
citricacid 0.1 M, NaCl 1 wt%,
NaNO; 1 wt% and water)

Release (%)

citric acid NaCl 1 wt.% NaNO, 1 wt.% walter
0.1M
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the formation of negative charges along the polymer
chains. This leads to slow degradation of the composite,
which is closely related to the slow release of Cu®* cations
[18]. The slowest release rate was observed in water. In this
case, the only driving force of desorption is the difference
inion concentrations in the medium and in the composite.
The increasing percentage of ion release is closely related
to the swelling of structures and the greater possibility of
cation transport from the interior of the polymer matrix.

3.6 Future perspectives

The development of the agrochemical sector for fertiliz-
ers with controlled release of micronutrients is a challenge
for scientists all around the world. Solutions are sought to
increase the efficiency of fertilizers while reducing their
costs. Traditional fertilizers are available in the form of
synthetic chelates and technical salts. Unfortunately, the
forms of this type of fertilizer are very soluble in water. This
causes micronutrients leakage to groundwater, which gen-
erates economic losses but also environmental hazards.
An alternative to traditional fertilizers and the solution to
this problem are fertilizers with precise adjustment of the
dose of micronutrients at a given stage of plant develop-
ment. Composite granules presented in the work create a
great potential as a bio-fertilizer with controlled release of
micronutrients. One of the substrates is waste after extrac-
tion, which significantly reduces the cost of preparing
composites. The remaining substrates are relatively inex-
pensive, and the production process can be transferred
on an industrial scale. Market introduction would require
conducting research directly related to the effect of ferti-
lizer on plant growth.

4 Conclusion

Immobilization of biomass had a positive effect on the
sorption properties of the material and to obtain a con-
trolled release of Cu?* ions from the composite. The opti-
mal pH of the solution for enriching biocomposites was
5.The kinetics of sorption of Cu?* ions is three-stage, and
each subsequent stage is characterized by a lower rate of
diffusion of micronutrients inside the matrix. Equilibrium
of sorption process was best described by the Sips model.
The maximum sorption capacity of the biocomposite was
9mg g~'. Biocomposites released micronutrients in a slow
way in soil solution. The results showed that biocompos-
ites with immobilized alfalfa are a very good material for
potential applications in the fertilizer industry.
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