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Abstract The main goal of this paper was to elaborate the possibility of industrial
application of biosorption properties of Enteromorpha prolifera (production of mineral feed
additives for livestock). In this study, biosorption process was used in the binding of
chromium(IIT) ions from aqueous solution by the green macroalga. The kinetics of
biosorption process was studied in a batch system with respect to the initial pH,
temperature, initial metal ion concentration, and initial biomass concentration. E. prolifera
demonstrated good biosorption properties. The equilibrium biosorption capacity increased
with pH and with initial concentration of metal ions. The uptake of chromium(III) ions by
the dried alga was affected by the temperature, but in small extent. With increase of the
biomass concentration, the decrease of biosorption capacity at equilibrium was observed.
The best biosorption conditions were determined as the initial pH 5, temperature 25 °C, the
initial chromium(IIl) ions concentration 400 mg/L, and biosorbent concentration 1.0 g/L.
Biosorption capacity at equilibrium reached at these conditions was 100 mg/g. The
mechanism of the biosorption of chromium(Ill) ions by E. prolifera was analyzed in
equilibrium experiments. Equilibrium data were fitted to Langmuir, Dubinin—Radushke-
vich, and Freundlich adsorption isotherms. The most suitable model for describing the
obtained data was Langmuir model. The experimental results and the analysis of the
solution before and after biosorption process suggested ion-exchange mechanism.

Keywords Enteromorpha prolifera - Biosorption - Chromium(III) ions - Kinetics -
Isotherm - Mineral feed additives
Introduction

Increasing attention toward the application of algae in many branches of industry is caused
by the permanent growth of human population, pollution, and overexploitation of land.
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Abundance of macroalgae in marine and freshwater environments could provide energy,
raw materials, feed for animals, and food for human [1]. In this paper, a particular attention
was paid to an edible green macroalga—FEnteromorpha prolifera—that is available on the
Polish coast almost throughout the year. In the littoral zone of the Gulf of Gdansk,
Enteromorpha sp. is currently the dominant group of algae [2]. Generally, in the case of
Enteromorpha, there is a worldwide distribution (e.g., Japan [3], China [4], Mexico [5],
Turkey [6], Hawaiian Islands [7]), with some species tolerating waters as warm as 30 °C
and others occurring in Antarctic waters where the maximum temperature is 1.8 °C. In
addition to growing well at normal salinity, Enteromorpha may also occur in hypersaline
lakes (at 52% salinity) or in tide pools, as well as brackish and freshwaters [8].

There are several algal-derived applications that have already been proven to be of value.
The first is supplementation of food and feed products. Harvesting of macroalgae for
consumption has a long history. For example, the commercial product “aonori” (a mixture
of Ulva pertusa, E. prolifera, and Monostroma latissum) is commonly consumed mainly in
Japan [3]. In India, Enteromorpha compressa is used as an ingredient in the preparation of
Pakoda, a common traditional snack food [9]. In the recent years, there is also increasing
interest in the application of macroalgae, as a source of polysaccharides in food, cosmetic,
and pharmaceutical industries [10]. In edible E. prolifera, polysaccharides demonstrate
gelling abilities [11]. Also, marine algae are considered as a source of bioactive substances
that are useful in the treatment of various diseases: bacterial and viral infections, cancer, and
inflammation [12]. Some macroalgae are also consumed by animals (directly from the
seashore or as an ingredient of the fodder), but it depends on the taste of seaweeds [13]. A
special attention is paid to edible Enteromorpha sp. because this macroalga is rich in
proteins [5, 9, 14], minerals [4, 5, 15, 16], essential amino acids [5], essential fatty acids [5,
9, 14], fiber [5, 9], and carbohydrates [9, 14]. Moreover, Enteromorpha sp. is approved for
human and animal consumption by the obligatory law [17, 18]. Nevertheless, the major use
of seaweeds on a global scale is found in human nutrition. The total volume of seaweeds
used in food is considerably larger than the sum of the industrial applications, when
considering both tonnage and value [1]. For many years, several macroalgae have been also
used as fertilizers [13, 19]. Seaweeds like Phymatolithon spp., Ecklonia spp., and
Ascophyllum nodosum are utilized to produce fertilizers and soil conditioners, especially
for the horticultural industry [19].

Another application of macroalgal biomass concerns wastewater treatment processes.
The use of algae to treat wastewater has been investigated for over 40 years, with one of the
first descriptions of this application being reported by Oswald and Gotaas [20]. In the past
several decades, increasing attention was paid to the application of biosorption processes in
wastewater treatment [21]. Macroalgae, with natural property of binding metal ions from
aqueous solutions, were proved to be very effective and cheap biosorbents [21, 22].
Literature reports that E. prolifera was found to be a very good biosorbent for the removal
of cationic dyes (Acid Red 337, Acid Blue 324, and Acid Red 274) [23, 24] and Ni(II) ions
[6] from wastewaters. Another application of algae in wastewater treatment concerns the
usage of a high-rate algal ponds (HRAP). Nowadays, they are tested to treat effluents from
an intensive marine cultures (e.g., fish farms), which are characterized by high nutrient
concentrations (especially nitrate and phosphate, which are responsible for eutrophication).
In HRAP, macroalgae act as a biofilter of dissolved nutrients [25, 26]. Moreover, metal and
heavy metal content in such algal tissues at the end of the monitoring period suggested no
metal contamination so that macroalgal species could be used in the food industry [25].

In this paper, biosorption process of chromium(IIl) ions by E. prolifera was described.
The novel application of this macroalga aimed at combination of nutritional value and its
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biosorption properties. This means that the biosorption process will be used not for removal
of metal ions from aqueous solutions but for incorporation into the biological material. The
biomass of E. prolifera enriched with chromium(IIl) ions could be used as mineral feed
additive to supplement livestock diet with the recommended daily intake of this
microelement. Chromium is accepted as nutritionally essential for animals and humans.
The primary role of chromium in metabolism is to stimulate the action of insulin through its
presence in an organometallic molecule called glucose tolerance factor. Chromium is
thought to be essential for activating certain enzymes and for stabilization of proteins and
nucleic acids [27]. In the recent years, there is an increasing interest in the utilization
of chromium(IIl) in animal nutrition. However, the dietary requirement of livestock for
chromium has not been defined yet. Nevertheless, it has been reported that dietary
chromium supplementation has a positive effect on growth rate and feed efficiency in
growing poultry [28].

Previously, we discussed the application of algae enriched with chromium(IIl) ions
(microalgae: Chlorella vulgaris [29], Spirulina sp., and macroalga Pithophora varia [30])
in animal feeding. Moreover, the feeding experiments on laying hens with macroalgae E.
prolifera and Cladophora sp. enriched with microelements confirmed that microelements
were transferred to eggs and supplementation of algae enhanced the color of egg yolks
(Michalak et al., in review).

The main goal of this paper was to elaborate a possibility of the application of
biosorption properties of E. prolifera in fodder industry. The application of the biomass of
macroalgae on commercial scale requires identification of the best biosorption conditions
such as pH, temperature—7, biomass concentration—Cg, and initial metal ion concen-
trations—Cy. The preliminary experiments concerned the kinetics and equilibrium of
biosorption of chromium(IIl) ions. This kind of studies is significant, because it provides
valuable insights into the process pathways and into the mechanism of biosorption [31].

Materials and Methods
Sorbent Preparation

The alga E. prolifera was collected in June 2006 from the Baltic Sea (Niechorze—Poland).
It was identified in the Department of Botany and Plant Ecology of the Wroctaw University
of Environmental and Life Sciences. The collected biomass of alga was washed with tap
water several times to remove foreign matter and afterward with deionized water three
times. Then, the biomass was dried at 60 °C until the constant mass was reached (to ensure
there will be no bioaccumulation process). The biomass of dry alga was grinded and used in
biosorption experiments.

Batch Biosorption Experiments

The experiments were performed in 250 mL Erlenmeyer flasks containing 200 mL of
chromium(IIl) ions solution (for kinetic experiments) and 20 mL (for equilibrium
experiments) in thermostated water bath shaker at 150 rpm. The solutions of chromium
(IIT) ions were prepared in deionized water (by dissolving appropriate amounts of Cr
(NO3);3-9H,0 (from POCh S.A. Gliwice, Poland)). pH of the solutions was adjusted with
0.1 mol/L solution NaOH/HCI (from POCh S.A. Gliwice, Poland). pH was measured with
pH meter Mettler-Toledo (Seven Multi; Greifensee, Switzerland) equipped with an
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electrode InLab413 with compensation of temperature. Process parameters for kinetic
experiments are as follows: the effect of pH 3-5 (Cy 150 mg/L, Cs 1.0 g/L, T 25 °C), of
temperature 25-60 °C (Cy 150 mg/L, Cs 1.0 g/L, pH 5), of Cs 0.5-1.5 g/L (T 25 °C, pH 5,
Cp 150 mg/L), and of C, 50400 mg/L (T 25 °C, pH 5, Cs 1.0 g/L).

The equilibrium experiments were carried out at the best process conditions (25 °C, pH
5, Cs 1.0 g/L) determined in kinetic experiments. The concentrations of chromium(III) ions
in the solutions ranged from 10 to 400 mg/L. The contact time was 4 h (determined from
the kinetic experiments). Biosorption capacity (¢) was evaluated as the difference between
the initial (Cy) and concentration of metal ions in the solution at time ¢ (Cy) divided per the
concentration of the biomass in the solution (Cs).

Analytical Methods

Samples of sorbent suspension were taken to determine residual concentration of chromium
(I1) ions in the solution. Before analysis, samples were immediately filtered through no. 2
paper filter. The concentration of metal ions in the solution was determined directly
spectrophotometrically by complexation with thylenediaminetetraacetic acid by Varian
Cary 50 Conc. Instrument (Victoria, Australia) [32]. The concentrations used in the
preparation of the calibration curve were also analyzed by inductively coupled plasma-
optical emission spectrometer (Varian VISTA-MPX ICP-OES, Victoria, Australia) in the
Chemical Laboratory of Multielemental Analysis at Wroctaw University of Technology
accredited by International Laboratory Accreditation Cooperation Mutual Recognition
Arrangement and Polish Centre for Accreditation.

Approximately 0.5 g of the natural biomass was digested with 5 mL of concentrated
69% nitric acid (Supra pure grade from Merck, Darmstadt, Germany) in a microwave oven
(type Milestone MLS-1200 MEGA, Bergamo, Italy). The solution after mineralization was
diluted to 50 mL. The concentrations of metal ions in the samples were determined by ICP-
OES method. The samples were analyzed in three repeats (the relative standard deviation of
the measurement did not exceed 5%). The presented data are the arithmetic average from
three measurements. Uncertainty of measurements was reported. For the preparation of
standard solutions (1.0, 10, 50, 100 mg/L), the multielemental standard (100 mg/L
Astasol®, Prague, Czech Republic) was used [33].

Results and Discussion
Kinetic Studies

Kinetics of biosorption of metal ions by algae is generally described by pseudo-second-
order model (Eq. 1) [6, 23, 24, 31, 34-36].

dg

E = kz,ad X (Qeq - qt)2 (1)

where ¢.q and g, are the amounts of adsorbed metal ions on the biosorbent at equilibrium
and at time ¢, respectively (milligrams per gram) and k,,,q is the rate constant of second-
order biosorption (grams per milligram minute). Pseudo-second-order rate model is based
on the assumption that chemical sorption involves valency forces through sharing or
exchange of electrons between the sorbent and sorbate and this is the rate-limiting step [31].
In the conducted experiments, the biomass was employed as a free cell suspension in a

KU
3& Humana Press



1544 Appl Biochem Biotechnol (2010) 160:1540-1556

well-agitated batch system. According to Aksu [34], all the cell wall binding sites were
made readily available for metal uptake, so in this case, effect of external film diffusion on
biosorption rate could be assumed not significant and ignored. For the boundary conditions
t=0 to t and ¢=0 to ¢, the integrated and linear form of Eq. 1 is expressed as (Eq. 2):

t 1 t

_—— 2
g hoaa- ng Geq @)

If the pseudo-second-order kinetics is applicable, the plot of #/q, against ¢ of Eq. 2 should
give a linear relationship, from which g.q and &, .4 can be determined from the slope and
intercept of the plot. The parameters of pseudo-second-order model are presented in
Table 1. The experimental data showed good compliance with the proposed pseudo-second-
order model (Fig. 1). The regression coefficients for the linear plots were higher than 0.99.

The kinetic experiments of the biosorption process were conducted to determine the
contact time required to reach the sorption equilibrium and to assess the impact of process
parameters: pH—Fig. 2, temperature—Fig. 3, Cs—TFig. 4, Co—TFig. 5—on g¢q and k4.
Biosorption of chromium(IIl) ions by E. prolifera was a relatively quick process with the
equilibrium reached after 2 h. The quick kinetics has significant practical importance when
considering that on industrial scale [34]. The process would be carried out in continuous
mode with short biomass residence time, and thus, the dimensions of the biosorber can be
small.

Comparing the biosorption properties of marine E. prolifera with freshwater P. varia
Wille [36], it can be concluded that freshwater macroalga was characterized by higher
values of g.q than marine alga in the same experimental conditions. The value of g.q at

Table 1 The comparison of parameters of pseudo-second-order model at different pH (Cy 150 mg/L, T 25 °C,
Cs 1.0 g/L), temperatures (Co 150 mg/L, pH 5, Cs 1.0 g/L), Cs (Co 150 mg/L, pH 5, T 25 °C), and C, (T 25 °C,
pH 5, Cs 1.0 g/L).

Parameter Geq (Mg/g) k.24 (g /mgmin) R?
pH

3 35.0 0.0986 0.999
4 43.9 0.00516 0.995
5 71.9 0.00265 0.998
Temperature (°C)

25 71.9 0.00265 0.998
40 84.0 0.00354 0.999
50 74.6 0.00372 0.999
60 78.7 0.101 0.999
Cs (gL)

0.5 107.5 0.00131 0.997
1.0 71.9 0.00265 0.998
1.5 60.2 0.00444 0.999
Co (mg/L)

50 412 0.00945 0.999
150 71.9 0.00265 0.998
300 93.5 0.00134 0.995
400 100.0 0.00109 0.991
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Fig. 1 The pseudo-second-order kinetic model plots at different a pH, b temperature, ¢ Cs, and d C,

different pH was averagely 0.699+0.102 smaller for E. prolifera than for P. varia Wille, at
different temperatures 0.911+0.021, at different Cs 0.695+0.115, and at different Cy 0.907+
0.032. The same tendency was observed for both macroalgae when comparing the value of
I 2q In the same experimental conditions.

Effect of pH

The uptake of chromium(IIl) ions by E. prolifera is a function of solution pH, which
influences both cell surface metal binding sites and metal chemistry in aqueous solutions
[34]. The effect of initial pH on the equilibrium uptake of chromium(IIl) ions by the
macroalga was analyzed in pH range from 3 to 5 (Table 1). In this range, chromium(III)
ions occur as CrOH?", as a result of hydrolysis, according to the generalized expression:
M3*(aq.) + nH,0 = M(OH)* " +nH" (where M>" = Cr**). When the initial pH of the
solution was adjusted to a value higher than pH 5.5, chromium(III) ions precipitated as Cr
(OH);, because of higher concentration of OH  ions in the biosorption system [37]. For this
reason, the experiments were not conducted above pH 5. As presented in Fig. 2, the
biosorption capacity of alga toward chromium(IIl) ions increased with pH. The highest
value of g.q was obtained at pH 5 (71.9 mg/g) and the smallest at pH 3 (35.0 mg/g). At low
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Fig. 2 The effect of pH on 80
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pH, there was a high concentration of protons in the solution, which competed with metal
ions in forming a bond with the active sites (the functional groups) on the surface of the
algae. As the pH increased, more ligands (carboxyl, phosphate, hydroxyl, and amine
groups) were exposed and carried negative charges with subsequent attraction of metallic
cations and biosorption onto the cell surface [38]. The effect of pH on second-order
adsorption rate constant was inverse to the effect on g.,—the higher pH, the smaller k 4.
Similar tendency was observed also for freshwater macroalga P. varia Wille [36]. In the
literature, the effect of pH on k; ,q is rarely studied. Most papers concern the investigation
of the influence of Cs, Cy, and temperature on biosorption kinetics. Some authors report
that with the increase of pH, biosorption rate constant increases (i.e., during biosorption of
Cu(Il) by powdered waste sludge [39]). In the case of biosorption of Cr(Ill) ions by
Enteromorpha sp., kj »q decreased with the increase of pH. This could be explained by the
fact that chromium(III) cations in aqueous solution form various complexes. In the range of
pH 1-5, chromium cations are present as Cr° " and CrOH>". The first form dominates at pH
3.0. At pH 3.55, the concentrations of Cr** and CrOH?" in the aqueous phase are identical.
At higher pH, CrOH?" is the dominant species (at pH 4.0~74%) [35]. Tobin et al. indicated
that actual radii of complexes with charge <3 are significantly larger than that for a simple
chromium(IIT) ion [40]. Therefore, as the consequence of the size and geometry of
complexes of chromium cations, the biosorption rate constant decreased with increase of
pH.

Effect of Temperature

To investigate the effect of temperature, the biosorption of chromium(IIl) ions onto dried
biomass of E. prolifera was studied at different temperatures—25 °C, 40 °C, 50 °C, and
60 °C (Table 1). The uptake of chromium(III) ions was affected by the temperature, but this
effect was not strong—Fig. 3 (from 71.9 mg/g at 25 °C to 84.0 mg/g at 40 °C). This shows
that physical adsorption is not rather the dominating mechanism of chromium(IIl) ions
biosorption by E. prolifera. With the increase of temperature, the value of k;,4 also
increased. This phenomenon could be due to higher frequency of interactions (i.e., high
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Fig. 3 The effect of temperature 100
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energy levels) among the chromium(IIl) ions and the adsorbent particles at high

temperatures [39].

Effect of Biomass Concentration

The influence of biosorbent concentration on the biosorption of chromium(IIl) ions by E.
prolifera was investigated at different biomass concentrations—0.5, 1.0, and 1.5 g/L. In the
Fig. 4, typical biosorption kinetic curves showed the effect of biomass concentration. With
increase of Cs, goq decreased. As presented in Table 1, the values of 4, ,q increased with
increase of the biomass concentration. This could be since the increasing biomass
concentration in the solution increases the surface area for sorption and hence the rate of

Fig. 4 The effect of Cs on
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chromium(IIT) sorption increases when the initial metal ion concentration remains constant.
Considering economical aspects, it is beneficial to conduct biosorption process at higher
biomass concentrations, because with increase of Cg, the amount of bound ions from the
solution also increased—for Cs 0.5 g/L—53.7 mg of chromium(IIl) ions were bound from
1 L of the solution, for Cg 1.0 g/L—71.9 mg/L, and for Cg 1.5 g/L-90.3 mg/L.

Effect of Initial Concentration of Chromium(IIT) Ions

The effect of initial chromium(IIl) ions concentration on the biosorption capacity of E.
prolifera was studied under conditions (pH 5, 25 °C, Cs 1.0 g/L), which seemed to be the
most appropriate taking into account the value of g.q and economical aspects. Figure 5
shows the influence of Cy on kinetics of the process. It was found that with the increase of
Co, geq increased and k oq decreased (Table 1). The same tendency was obtained for the
biosorption of Ni(I) ions by E. prolifera at identical experimental conditions (pH 5, 25 °C,
Cs 1.0 g/L) [6] and for the adsorption of dye—Acid Red 274 (AR 274)—on E. prolifera
[24]. Increasing concentration of the solute in the solution could reduce the diffusion of
solute in the boundary layer and to enhance the diffusion in the solid [41]. At higher
concentrations (Cy>300 mg/L), the available sites for biosorption became fewer and the
saturation of the sorption sites was observed.

Equilibrium biosorption capacity of E. prolifera toward chromium(IIl) ions determined
from pseudo-second-order model under examined experimental conditions increased in the
following order: pH 3<4<35, temperature 25<50<60<40 °C, Cs 1.5<1.0<0.5 g/L, and C,
50<150<300<400 mg/L. Since the future aim of our work is to bring the biosorption
process from the laboratory to industrial scale, it was necessary to choose the best process
conditions for the manufacture of mineral feed additives with microelements. The best pH
was 5, temperature 40 °C, at which g.q was 17% higher than g4 at 25 °C, and Cs 0.5 g/L;
however, the biomass bound only 53.7 mg of chromium(III) ions from 1 L (for Cs 1.0 g/L
biomass bound 34% more ions) and Cy—gcq for 400 mg/L was only 7% higher than for
300 mg/L. Taking into account the obtained results, for further experiments, the following
conditions were chosen: pH 5, 25 °C, Cg 1.0 g/L, and Cy 300 mg/L.

Fig. 5 The effect of C, on bio- 100
sorption kinetics (25 °C, pH 5, Cs
1.0 g/L)

q (mg/g)
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Equilibrium Modeling

The sorption isotherm represents the relationship between the amount adsorbed by a unit
mass of solid sorbent and the amount of solute remaining in the solution at equilibrium. The
results of biosorption experiment of chromium(III) ions at different initial concentrations of
metal ions (ranging from 10 to 300 mg/L) were described by three isotherms: Langmuir and
Freundlich (the most commonly used) and additionally by Dubinin—Radushkevich (D-R).
The aim was not only to describe the experimental data but also to determine parameters of
these models, which will be helpful in the characteristics and identification of the
mechanism of biosorption process. The mean free energy determined from D-R will allow
additionally distinguishing between the physical and chemical biosorption. The equilibrium
experiment was conducted at the best process conditions determined from kinetic
experiments (25 °C, pH 5, Cs 1.0 g/L). The isotherm appeared to follow the Langmuir
model more closely (R* 0.983) than the Dubinin—Radushkevich (R* 0.964) and Freundlich
model (R* 0.958).

The model parameters of Langmuir equation [42] were determined by nonlinear
regression (Mathematica v. 3.0.; Eq. 3).

_ GmaxbCeq

o, = TmaxOCeq 3
qq 1+bceq ()

The maximum chromium(III) ions biosorption capacity (¢max) Was found to be 85.8 mg
chromium(IIT) ions per gram of dry mass of biomass (or 4.95 meq/g—milliequivalent is the
molar unit, which considers the valency of an ion). High b value, which is the Langmuir
adsorption constant (b 0.0344 L/mg), indicated high affinity of biomass for binding of
chromium(IIT) ions. Similar results were obtained for biosorption of Ni(Il) by E. prolifera,
where ¢ma.x was equal 58.8 mg/g (2.00 meq/g) and b was 0.0754 L/mg (25 °C, pH 5, Cq
1.0 g/L) [6]. The maximum biosorption capacity for chromium(IIl) ions was 2.5 times
higher than for Ni(Il) ions, which could result from the valency of cations. The essential
characteristics of the Langmuir equation can be also expressed in terms of a dimensionless
separation factor, R, defied as (Eq. 4):

Ry =1/(1+bCo) (4)

where C is the highest initial solute concentration and b the Langmuir adsorption constant.
The Ry value implies the adsorption to be unfavorable (R;>1), linear (R =1), favorable (0<
Ry <1), or irreversible (R =0) [43]. In the case of biosorption of chromium(III) ions by E.
prolifera, R was 0.0883, which indicated favorable adsorption.

The Freundlich isotherm model [44] is another commonly used equation to describe the
sorption of metal ions on solid sorbents (Eq. 5).

Geq = kcclq/n (5)

The values of Freundlich parameters (k—adsorption capacity and n—adsorption
intensity) were obtained from the linear correlation (Eq. 6) between the values of In g.q
and In Cgq.

In gegg=In k+1/n In Ceq (6)

These parameters can be used to predict the affinity between the sorbate and sorbent. High
values of n (2.86) and & (12.7) indicated high adsorptive efficiency and suggested favorable
uptake of chromium(IIl) ions by algal biomass at pH 5. The value of n, which is greater
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than unity, indicated also favorable adsorption of chromium(IIl) ions by E. prolifera, what
is in accordance with obtained Ry value, implying also favorable adsorption.

Another less commonly used model is the Dubinin—Radushkevich isotherm, which is
based on Polany’s adsorption potential theory and Dubinin’s minipore filling theory [45].
This model was applied to distinguish between the physical and chemical biosorption of
chromium(IIl) ions by E. prolifera. The linear form of the D-R model is given by Eq. 7:

In Geq = In gmax — ﬁ52 (7)

where ¢4 is adsorbed metal ion quantity per gram of biosorbent at equilibrium (mole per
gram), ¢max 18 the sorption capacity of biosorbent per unit weight (mole per gram), (3 is a
constant related to the mean free energy of biosorption per mole of the biosorbate (square
mole per square kilojoule) and ¢ is Polanyi potential, which is equal to RT In(1+1/C,),
where R (kilojoule per mole kelvin) is the gas constant and 7 (kelvin) is the absolute
temperature. Hence, by plotting In g.q versus €2, it is possible to generate the value of ¢max
from the intercept and the value of 3 from the slope. The value of ¢,.x evaluated from D-R
model was 162 mg/g and was almost two times higher than the value evaluated from
Langmuir model. Figure 6 shows the D-R isotherm for chromium(III) ions biosorption by
E. prolifera.

The constant § gives information about the mean free energy E (kilojoule per mole) of
biosorption per mole of the biosorbate when it is transferred to the surface of the solid from
infinity in the solution and can be calculated using the relationship (Eq. 8) [46]:

E=1/2p)" (8)

This parameter gives information about the type of biosorption mechanism as chemical ion-
exchange or physical biosorption. The magnitude of E between 8 and 16 kJ/mol
corresponds to a chemical ion-exchange process [47] while the value of E<8 kJ/mol
represents a physical nature of the process [48]. In the case of chromium(IIl) ions
biosorption by E. prolifera, the value of the mean free energy was found to be higher than
8 kJ/mol (11.3 kJ/mol) for 25 °C and this indicated that the biosorption mechanism may be

Fig. 6 Dubinin—Radushkevich 6,2
plot for the biosorption of chro-
mium(III) ions onto E. prolifera 6.4

at 25 °C
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a chemical ion-exchange. Langmuir, Freundlich, and Dubinin—Radushkevich isotherms for
the biosorption of chromium(III) ions by E. prolifera are presented in Fig. 7.

In order to identify the mechanism of the biosorption process, the multielemental analysis of
the natural and enriched with chromium(III) ions biomass (Fig. 8a) and the solution (Fig. 8b)
before and after biosorption process (25 °C, pH 5, Cs 1.0 g/L, Cy 300 mg/L) was performed.
On the basis of the solution composition, it was calculated that . prolifera bound 84 mg/g of
chromium(IIT) ions, which confirmed the value obtained from Langmuir equation (¢max
86 mg/g) in another experiment.

During biosorption of chromium(IIl) ions, E. prolifera released from the biomass not
only microelement ions (e.g., B(III) ions—50%, Zn(II) ions—56%, and Mn(II) ions—74%)
but also mainly alkali (Na(I), K(I)) and alkaline earth metal (Mg(Il), Ca(Il)) ions. The
content of K(I) ions in the biomass decreased after biosorption process 30 times, Mg(II)
ions 26 times, Ca(Il) ions six times, and Na(I) ions four times. This indicated that
chromium(IIT) ions were exchanged with light metal ions, which are naturally bound with
the functional groups on the surface of algal cell wall and were detected by multielemental
analysis of the biomass (Fig. 8a). In the solution after biosorption process, significantly
higher concentrations of K(I), Mg(Il), and Ca(Il) ions were observed (Na(I) ions were not
taken into consideration, because their high concentration in the solution before (132 mg/L)
and after biosorption process (139 mg/L) was attributed to 0.1 M NaOH, which was used to
adjust initial pH). The comparison of the composition of biomass before and after
biosorption was in conformity with the comparison of the solution composition before and
after process. This confirmed that cations were eluted from the biomass to the solution.

On the basis of the conducted experiments, it could be concluded that macroalga E.
prolifera showed very good biosorption properties. In the biosorption process of chromium
(IIT) ions under the best experimental conditions, the examined alga was able to bind
85.8 mg/g, which means that the concentration of chromium(IIl) ions in the biomass after
the process increased 45,159 times, when compared with the concentration in the natural
biomass (0.0019 mg/g). This implies that E. prolifera has the potential to be applied in
fodder industry as a biological carrier of microelement cations, which are essential to
animals. Moreover, the composition of macroalga meets the requirements of Polish and

Fig. 7 Langmuir, D-R, and 90
Freundlich isotherms for the bio-
sorption of chromium(III) ions 80
(25 °C, pH 5, Cs 1.0 g/L)
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Fig. 8 The mineral composition
of the natural and enriched with
chromium(III) ions biomass (a)
and the solution (b) before and
after biosorption process
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European Directive concerning the level of toxic metals in fodder materials [49, 50]. The
multielemental analysis of E. prolifera revealed the presence of toxic elements (e.g., Pb,
Cd, Ni) in the biomass, but their content was below the toxic limits (As 2—40 mg/kg, Pb 5—
40 mg/kg, and Cd 0.5-10 mg/kg). In Table 2, the composition of obtained chromium(III)
feed additive is presented. Literature reports that chromium(III) should be supplemented in
the livestock feed. However, these findings are new and have not been considered in
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Table 2 The composition of obtained chromium(IIl) feed additive.

Element Concentration (mg/g)
Microelements Cr(I1I) 61.5+£9.2
Fe(II) 0.349+0.052
Zn(II) 0.00991+0.00248
Cu(II) 0.00687+0.00172
B(II) 0.00540+0.00140
Mn(II) 0.00421+0.00105
Light metals Ca(Il) 1.15+0.17
Na(I) 1.15+0.17
Mg(ID) 0.320+0.048
K@) 0.193+0.029
Ba(Il) 0.0268+0.0067
Toxic metals As(IIT) LLD<0.0915
Pb(II) 0.0002+0.00004
Cd(II) 0.0002+0.00004
Ni(II) 0.0009+0.0002

LLD below detection limit (mg/L)

official feeding standards yet. It is suggested that quantity of chromium(IIl) in the feed
should be 10 mg/kg [S1]. Assuming that E. prolifera would be a feed additive that covers
100% of the total amount of chromium(III) in feed for livestock, 1 kg of the feed should be
supplemented with 0.163 g of the biomass enriched with chromium(IIl). Concluding,
macroalgae enriched with microelements during biosorption process would carry a
biologically bound concentrated form of microelements to the livestock diet.

Conclusion

Information on the kinetics of metal ions uptake is required for the selection of the best
operational conditions for full-scale and continuous batch metal binding processes.
Biosorption of chromium(Ill) ions by E. prolifera was influenced by the experimental
parameters such as pH, temperature, initial metal ion, and biomass concentrations. The
kinetics of chromium(III) ions biosorption by the algal biomass was described by pseudo-
second-order model and the biosorption equilibrium by the Langmuir, Dubinin—Radushke-
vich, and Freundlich adsorption models. The highest regression coefficient was obtained in
the case of using Langmuir adsorption model.

E. prolifera demonstrated good biosorption properties. Macroalga appeared to be
effective in binding of chromium(IIl) ions from aqueous solutions. The best biosorption
conditions were determined as pH 5, 25 °C, Cy 400 mg/L, Cgsl.0 g/L, and for these
conditions, g.q; was 100 mg/g. These data were necessary to conduct enrichment of
macroalgal biomass with microelements essential for animals (Cu(Il), Zn(II), Mn(II), Co
(I)) in single-metal system, which is planned in the future.

On the basis of the equilibrium data, it could be concluded that metal ions exchange
mechanism of biosorption is predominant. Mean free energy (11.3 kJ/mol), determined on
the basis of D-R isotherm, indicated chemical ion exchange. Also, slight influence of
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temperature on the biosorption kinetics excluded physical adsorption. Moreover, bio-
sorption of chromium(III) ions by E. prolifera was a favorable process (R <1 and n>1) and
Langmuir parameter b and Freundlich » and & indicated high affinity of biomass for binding
of chromium(III) ions.

The main objective of this paper was to draw attention to the enormous and unused
potential of macroalgae. Good biosorption properties of E. prolifera, confirmed in this
paper, should find an application in industrial processes (e.g., in wastewater treatment or in
animal feeding). The examined macroalga having relatively high content of microelements
in the natural biomass can be potentially used as mineral feed supplement for livestock.
Moreover, in this paper, it was shown that there is a possibility to greatly increase the
concentration of desired microelements in the biomass by using biosorption process.

Nomenclature

Ceq  Residual metal ion concentration at equilibrium (mg/L)
Co Initial metal ion concentration (mg/L)

Cy Final metal ion concentration (mg/L)
Cs Alga concentration (g/L)
q Adsorbed metal ion quantity per gram of alga at any time (mg/g)

geq  Adsorbed metal ion quantity per gram of alga at equilibrium (mg/g)

gmax Maximum biosorption capacity (mg/g)

ky,a  Second-order adsorption rate constant (g/mg min)

b Langmuir adsorption constant (L/mg)

n Freundlich adsorption constant—adsorption intensity

k Freundlich adsorption constant—adsorption capacity

R The gas constant (kJ/mol K)

T The absolute temperature (K)

I} Constant related to the mean free energy of biosorption per mole of the biosorbate
(mol*/kJ?)

€ The Polanyi potential

E The mean free energy (kJ/mol)

R Coefficient of determination
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